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CNRS / Université d’Aix-Marseille / Inserm, CIML Rapporteur

Helder Nakaya
Associate Professor,
University of São Paulo, Department of Clinical Analyses and
Toxicology
Adjunct professor,
Emory University, Department of Pathology

Rapporteur

Nathalie Mantel
Responsable d’unité,
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Introduction

Vaccination: principle, successes and current limits
Vaccination, as defined by the World Health Organization, consists of the injection of

any biological that enhances immunity toward a given disease. It relies on the ability of
the immune system to remember previous encounters with a given pathogen, the so-called
immune memory. As a consequence, the immune system can react more rapidly and ef-
ficiently at the next pathogen encounter, which usually prevents the disease to occur.
This also impedes the transmission of the disease from person to person and thus also
ensures group protection at the public health level (Figure 1). That is why vaccination
was described as one of the main advances ever made along with access to clean water,
sanitation and antibiotics discovery (Greenwood, 2014; Rappuoli et al., 2014).

Examples of vaccination can be found several centuries ago, with reports of inoculation
of extract of smallpox sore into healthy people, a relatively unsafe process (potentially
lethal) called variolation, which could reduce risks of infection but also propagate the
disease. Such processes were still widely in use in the middle 18th century (Greenwood,
2014; Rappuoli et al., 2014). The field of vaccination knew a massive expansion with the
work of Jenner in 1796 who immunized people with animal poxviruses that cause very
mild symptoms in humans, but prevented them to develop the much more severe small-
pox (Tognotti, 2010; Plotkin, 2014). A century after, in 1880, Louis Pasteur successfully
inoculated dead/attenuated pathogens and prevented infection in the animals and hu-
mans inoculated. He notably developed the first vaccine against rabies. Afterwards, with
the progresses made in molecular biology, recombinant vaccines were designed, consisting
of purified proteins associated with adjuvants molecules designed to elicit a sufficiently
intense inflammation. This technics notably led to the development of the first hepatitis
B vaccine (Plotkin, 2014).
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A

unvaccinated
susceptible to the disease

vaccinated
protected from the disease

vaccination
injection, non-invasive 

administration

B

low vaccine coverage
disease can propagate

high vaccine coverage
disease cannot propagate

Figure 1. Principle of vaccination. Vaccination induces protection at (A) the indi-
vidual level and (B) the population level, called herd immunity.

Nowadays, 26 vaccines are referenced by the WHO (including phase III vaccine trials)
to prevent a wide variety of pathogens and diseases: cholera, dengue, diphteria, hepatitis
A, B and E, Haemophilus influenzae B, human papillomavirus, influenza viruses, japanese
encephalitis, malaria, measles, menincogoccal meningitis, mumps, pertussis, pneumococ-
cal disease, poliomyelitis, rabies, rotavirus, rubella, tetanus, tick-borne encephalitis, tu-
berculosis, typhoid fever, chickenpox/shingles and yellow fever (Table 1). They consist
either of live-attenuated micro-organisms (e.g. yellow fever virus vaccine), inactivated
micro-organisms (e.g. inactivated poliovirus vaccine), recombinant microbe proteins with
adjuvants (e.g.. hepatitis B virus vaccine), or toxoids –non toxic modified toxins– (e.g.
diphteria vaccine).
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Vaccination: principle, successes and current limits

Great successes were met in the past decades, with the eradication of smallpox in
1980 (WHO), the near-eradication of poliomyelitis (99% reduction of cases, with 29 cases
reported to WHO in 2018), or the drastic reduction of cases of measles in the past decades
(from around 4,000,000 deaths in 1980 vs. less than 100,000 deaths in the last few years)
(Figure 2A). However, more than two centuries after the invention of the term vaccine,
infectious diseases still remain one major threat to population with more than 10 mil-
lion death every year (WHO). Vaccines are still lacking for many complex pathogens,
including but not limited to, human immunodeficiency virus (HIV, causing the acquired
immunodeficiency syndrome -AIDS), respiratory syncytial virus (RSV, causing neona-
tal bronchiolitis) or henipaviruses (causing lethal encephalitis). In addition, for some
pathogens, existing vaccines are insufficiently efficient to allow for a good protection, such
as influenza virus -seasonal flu (Wong &Webby, 2013; Sautto et al., 2018), mycobacterium
tuberculosis –tuberculosis (Andersen & Doherty, 2005; Voss et al., 2018), dengue virus
–dengue (McArthur et al., 2013; Bos et al., 2018), or Plasmodium –malaria (Snounou
et al., 2005; Frimpong et al., 2018) (Figure 2B).

Difficulties to develop new vaccines can rely on the complexity of the pathogen it-
self, due to its ability to evade immune response (e.g. rapid genetic variation for HIV
(Barouch, 2008), polymorphism of immunogenic antigen for Plasmodium (Hisaeda et al.,
2005), genetic shift and drift for influenza viruses (van de Sandt et al., 2012)). But the
main reason for this impediment in vaccine design is that despite decades of studies of
the immune system and immune responses to pathogens, we are still nowadays far to
completely understand all the aspects of the immune response.

For example, only few live vaccines (17D yellow fever virus vaccine and vaccinia virus
smallpox vaccine) elicit a life-lasting immune protection (Amanna et al., 2007; Wrammert
et al., 2009), while most vaccines, including live-attenuated (e. g. measles and mumps
vaccine), inactivated (e.g. rabies virus vaccine) and recombinant (e. g. hepatitis B)
vaccines require several injections to develop a long-lasting protection in most people –a
first immunization called prime and latter ones called boost(s) (Ramshaw & Ramsay,
2000; Woodland, 2004). The sole prime can induce a short-lasting and/or only partial
protection from the disease (Figure 3A). In addition, since responses to vaccines dif-
fer between individuals, prime may only induce a protective immunity in a fraction of
the population (Figure 3B). Overall prime-boost strategies aim to enhance individual
response by recalling a primary immune memory, and enhance the frequency of vaccine
responders among the population, to ensure protection from the disease at both level.

Determination of the best vaccination schedule is still empirically defined, based on
clinical trials that may miss the optimal settings. For example the schedule reported by
WHO for diphteria, tetanus, poliomyelitis and pertussis combination vaccine is 2, 4, and
11 months old in France, 2, 3, 4 and 15 months in Belgium, and 2, 4, 6, 15-24 months old
in Switzerland, but we miss an objective argumentation to rationally choose any of these
schedules.
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Table 1. Current vaccines.

Disease and main pathogen
targeted Type of vaccine Limitations

Cholera
Vibrio cholerae inactivated bacterium -

Dengue
Dengue virus

live-attenuated viral vector
YFV-based

recommended only for
individuals with pre-existing
immunity against DENV

Diphteria
Corynebacterium diphtheriae toxoid -

Viral hepatitis
Hepatitis A virus

inactivated or
live-attenuated virus -

Viral hepatitis
Hepatitis B virus recombinant protein -

Viral hepatitis
Hepatitis E virus recombinant protein -

Bacterial pneumonia/meningitis
Haemophilus influenzae B recombinant saccharide -

Viral genital cancers
Human papillomavirus recombinant protein -

Flu
Influenza virus inactivated virus low efficiency

(around 50% each year)
Japanese encephalitis

Japanese encephalitis virus
inactivated or live-attenuated

virus -

Malaria
Plasmodium falciparum recombinant protein short-term and partial

protection
Measles

Measles virus live-attenuated virus -

Bacterial meningitis
Neisseria meningitidis recombinant saccharide -

Mumps
Mumps virus live-attenuated virus -

Whooping cough
Bordetella pertussis

inactivated bacterium or
recombinant protein

prevention of the symptoms
but not infection (recombinant

vaccine)
Pneumococcal diseases

Streptococcus pneumoniae recombinant protein -

Poliomyelitis
Poliomyelitis virus

inactivated or live-attenuated
virus

rare paralysis with the
live-attenuated vaccine

Rabies
Rabies virus inactivated virus -

Viral diarrhea
Rotavirus live-attenuated virus -

Rubella
Rubella virus live-attenuated virus -

Tetanus
Clostridium tetani toxoid -

Tick-borne encephalitis
Tick-borne encephalitis virus inactivated virus -

Tuberculosis
Mycobacterium tuberculosis live-attenuated bacterium poor protection against adult

pulmonary disease
Typhoid fever

Salmonella typhi
live-attenuated bacterium or
recombinant saccharides -

Yellow fever
Yellow fever virus live-attenuated virus -

Currently available vaccines, as reported by the WHO, are provided. The type of the vaccine (live-
attenuated, inactivated, recombinant or toxoid) is also indicated. DENV: dengue virus. MPLA:
monophosphoryl lipid A. YFV: yellow fever virus.
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B

26 vaccines
available

life expectancy increase

1 death prevented
every 15 seconds

infectious disease elimination

smallpox eradication in 1980
poliomyelitis burden reduced by 99%

measles burden reduced by 97%

prevention of
infection-linked cancers

hepatitis B cancer
papillomavirus cancer

positive social effects

enhancement of social and gender equity
promotion of economic growth
protection against bioterrorism

prevention of
antibiotic/antiviral resistance

multi-drug resistant tuberculosis
artemisin-resistant Plasmodium (malaria)

antiretroviral therapies resistant HIV
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tuberculosis
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Ebola virus infection
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infection-linked cancers
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Figure 2. Overview of vaccination impact on public health nowadays. Current
successes (A) and unmet challenges (B) of vaccination, based on WHO estimations, are
represented.
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This sheds light on the fact that despite decades of studies on vaccine-induced response,
we still miss the complete picture and are unable to capitalize our current knowledge in
simple parameters that vaccinologists could use to modulate immunity (e.g. route of
immunization, type of antigens, number of injections, delay between each injection. . . ).
Going further into the rational design of vaccine requires a better characterization of the
initial trigger of vaccine-induced immune response, the innate immunity, and how this
impacts the adaptive immune response that is known to mediate memory.
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A

unvaccinated
susceptible to the disease

fully vaccinated
protected from the disease

prime vaccination

B

no vaccination
disease can easily propagate

prime vaccination
(high vaccine coverage)

disease can partially propagate

prime vaccinated
partially protected from the disease

(e.g. attenuated symptoms)

boost vaccination

time

adaptive
immune response

boost vaccination
(high vaccine coverage)

disease cannot propagate

initial state primary response secondary response

effector phase

memory phase

effector phase

memory phase

Figure 3. Rationale for prime-boost strategy. (A) Impact of prime-boost at indi-
vidual level. Prime vaccination induces a primary memory, which can be only partially
protective, whereas boost vaccination recalls the primary memory, giving rise to a sec-
ondary immune memory that is likely more protective. (B) Impact of prime-boost strat-
egy at the population level. Prime vaccination results in only a fraction of the population
that is fully protected from the disease, whereas after boosting, individuals whose pri-
mary immune memory was not fully protective developed a protective secondary immune
memory.
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Innate immunity and vaccination

Innate immune cells, an overview

Vaccines are designed to mimic at most the infection of pathogen, including the trig-
gering of a strong and robust immune response, but obviously without the pathogenicity
associated with the pathogen. As a consequence, the detection of a vaccine follows similar
pathways as a pathogen, including the recognition by innate immune cells.

Innate immunity is composed of a wide range of cells, including both myeloid and
lymphoid ones. They essentially arise from bone marrow hematopoiesis (Orkin & Zon,
2008; Laurenti & Göttgens, 2018), although some new cell generation can also occur in
other organs, including yolk sac during development and adult liver (Taniguchi et al.,
1996; Palis & Yoder, 2001; Yamamoto et al., 2016) (Figure 4). Note that beyond the
simplified overview represented here, several intermediate cells are involved in the gen-
eration of a wide range of fully differentiated immune cells, including a high plasticity
potential of cell progenitors (Manz et al., 2001). In addition, the development of new
recent technologies allowed to unveil an unprecedented heterogeneity among immune cell
precursors, suggesting that immune cell development is likely more complex than what
was initially thought (Perié & Duffy, 2016).

Innate immune cells share the ability to react rapidly upon pathogen infection or vac-
cine injection. They are often described as the first line of defense of the immune system,
although non-immune cells (e.g. epithelial cells, fibroblasts) are actually the first to en-
counter pathogen in most cases. Overall, innate immune cells accomplished numerous
functions.
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HSC

MEP

GMP

CMP CLP

erythrocyte

platelets

cDC pDC NK cell γδ T cellother ILC αβ T cell B cellmonocyte macrophageeosinophil neutrophil basophil
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Innate
immune cells
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non-immune cells
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mononuclear phagocytic systems lymphocytes

Figure 4. Classical hematopoiesis overview. A simplified overview of the generation
of the major immune cell populations is displayed. Intermediate populations between the
different progenitors and precursors are not represented, neither the heterogeneity within
each progenitor population. Dotted arrows indicate suggested alternative differentiation
pathways of DCs. Dotted lines separate each compartment (granulocytes, monocytes,
DCs and lymphocytes). Innate and adaptive immune cells are highlighted in yellow and
purple frames respectively. Non-immune cells and derivatives arising from hematopoiesis
are highlighted in a gray frame. HSC: hematopoietic stem cell. CMP common myeloid
progenitor. CLP: common lymphoid progenitor. MEP: megakaryocyte-erythrocyte pro-
genitor. GMP: granulocyte-monocyte progenitor. DC: dendritic cell. cDC: classical DC.
pDC: plasmacytoid DC. NK: natural killer. ILC: innate lymphoid cell.
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Innate cells as effector cells

Recognition of pathogens

Once a pathogen or a vaccine enters the body, it can be directly recognized by receptors
expressed by innate immune cells, but also non-immune cells, called pattern recognition
receptors (PRR) (Takeuchi & Akira, 2010). These receptors can specifically recognize
patterns associated with danger, damage or pathogen (Damage/Danger/Pathogen associ-
ated molecular pattern DAMP or PAMP). The list of PRR and associated DAMP/PAMP
is wide and still growing (Akira et al., 2006; Takeuchi & Akira, 2010; Cai et al., 2014). We
will here just give an overview of the main PRR triggering direct pathogen recognition
(Figure 5).

Toll-like receptors (TLR) are transmembrane proteins recognizing several patterns as-
sociated with micro-organisms, including proteins (e.g. TLR2), saccharides (e.g. TLR4),
or nucleic acids (e.g. single-stranded RNA and derived products -TLR7 and TLR8- or
extra-nuclear DNA -TLR9) (Medzhitov, 2001; O’Neill et al., 2013; Tanji et al., 2015;
Zhang et al., 2016; Ohto et al., 2018). RIG-like receptors (RLR) especially recognize
double-stranded RNA (Reikine et al., 2014; Yoneyama et al., 2015; Hur, 2019). NOD-like
receptors (NLR) are cytosolic receptors that can recognize peptidoglycans (e.g. NOD1),
proteins (e.g. NLRP1), or nucleic acids (e.g. NLRP3) (Kanneganti et al., 2007; Franchi
et al., 2009); mutations in NLR genes were recently linked with cancer progression (Sax-
ena & Yeretssian, 2014). C-type lectin like receptors (CLR) mainly recognized sugars (e.g.
mannose, β glucan) present in fungi, viruses, but also in auto-immune diseases, allergy
or cancer (Dambuza & Brown, 2015; Saijo & Iwakura, 2011; Shrimpton et al., 2009; Lu
et al., 2018). Finally the recently discovered cGAS protein can recognize cytosolic DNA
dimers through a complex pathway (Sun et al., 2013; Wu et al., 2013; Li et al., 2013;
Cai et al., 2014). It was also recently shown that it could detect HIV nuclear DNA, in
cooperation with the NONO protein that targets a conserved region of the HIV capsid
(Lahaye et al., 2018).

Since recognition by PRR is one the most initial events in immune response, it is a cru-
cial event in vaccine-induced immune response. Actually, PRR can be targeted by vaccine
adjuvants used with recombinant vaccines (which are not immunogenic enough by them-
selves, in contrast to live-attenuated vaccines), to elicit a strong immune response. For
example, among adjuvants widely used in clinical development, poly(I:C) (polyinosinic-
polycytidilic acid) and its derivatives activate TLR3 and RLRs, MPLA (monophosphoryl
lipid A) activates TLR4, flagellin activates TLR5, imiquimol activates TLR7 and CpG
containing oligonucleotides activate TLR9 (Coffman et al., 2010; Vasou et al., 2017).
Note that the activation of distinct PRR trigger qualitatively different innate responses,
as shown for TLR stimulation (Kwissa et al., 2012). Surprisingly, for alum, the most
widely used adjuvant, it is not fully clear which receptor is at play, though NLRP3 in-
flammasome seems important (Coffman et al., 2010).
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Figure 5. A wide range of receptors directly recognizing pathogen/vaccine.
The main human pattern recognition receptors are represented with their cognate lig-
ands, when known. TLR: Toll-like receptor. CD: cluster of differentiation. DCIR:
dendritic cell immunoreceptor. DC-SIGN: dendritic cell-specific intracellular adhesion
molecule-3-grabbing non-integrin. Mincle: macrophage inducible Ca2+-dependent lectin
receptor. cGAS: cyclic guanosine monophosphate adenosine monophosphate synthase.
NOD: nucleotide-binding oligomerization domain-containing protein. NLRP: NOD-like
receptor family pyrin domain containing. RIG-I: retinoic acid-inducible gene I. MDA5:
melanoma differentiation-associated protein 5. LGP2: laboratory of genetics and phys-
iology 2. LPS: lipopolysaccharide. ss: single-stranded. ds: double-stranded. iE-DAP:
D-glutamyl-meso-diaminopimelic acid. MDP: muramyldipeptide.
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In parallel, live-attenuated or dead pathogens used for vaccines are self-adjuvanted
since they are strongly recognized by multiple PRRs. For example, yellow fever vaccine
is recognized by TLR2, 7, 8 and 9 to trigger a robust immune response (Querec et al.,
2006). Measles vaccine activate TLR2, 4, 5, 7 and 8, as well as RIG-I (Kennedy et al.,
2012). Influenza vaccine is recognized by several PRRs including TLR3,7 and 8, RIG-I,
NLRP3 inflammasome, as well as NLRs (Iwasaki & Pillai, 2014).

In addition to this direct PRR-mediated recognition, pathogens/vaccines can be de-
tected through antibody-binding. Antibodies are immunoglobulin molecules synthesized
by plasmablasts and plasma cells, which are specific to antigens. Following a previous
encounter with the same pathogen/vaccine by the immune system, antibodies against the
same pathogen/vaccine can be constitutively secreted in the body. They will thus bind
to their target and stain the pathogen/vaccine for the innate immune cells. The recogni-
tion of these antibody-coated pathogen/vaccine is driven by so called Fc receptors (FcRs)
that can recognize the constant fraction of antibodies, each receptors displaying its own
specificity (in term of antibody classes) and affinity (Bruhns & Jönsson, 2015; Cho et al.,
2006) (Figure 6A). An intra-cellular FcR, named TRIM21, which can recognize IgM and
IgG was also identified (McEwan et al., 2013).

Besides, complement molecules, consist of proteins (constitutively present in the body,
but inducible upon infection/vaccination) that activate themselves when bound to a
pathogen or a vaccine, or an antibody-bound pathogen/vaccine, eventually leading to
membrane disruption of the pathogen/vaccine (Merle et al., 2015a;b). Complement-bound
pathogens can be recognized by so-called complement receptors (CR) expressed on im-
mune and non-immune cells –e.g. erythrocytes expressing CR1 (Merle et al., 2015a;
Dustin, 2016) (Figure 6B).

Note that infected cells can also be labelled by both antibodies and complement
molecules, and produce DAMPs.

Eventually, the abnormal immune signature of infected cell can be detected (Figure
7). Indeed, all cells express molecules called major histocompatibility complex (MHC)
of class I that carries peptides deriving from the degradation of the proteins expressed
within the cells (Neefjes et al., 2011; Rock et al., 2016). Should the cell be infected then
pathogen/vaccine protein derived peptides will be presented by MHC I molecules on cell
surface. In addition non-classical MHC molecules induced by cellular stress (e.g. MICA,
MICB) will be expressed on cell surface. The MHC signature can be detected by the CD8
T cells in the adaptive part of the immune system and the natural killer (NK) cells on
the innate side of the immune system (Vivier et al., 2008; Neefjes et al., 2011; Campbell
& Hasegawa, 2013; Rock et al., 2016). CD8 T cells are specific of a given MHC I bound
antigen, which they recognize through their T cell receptor (TCR). By contrast, NK
cells have a broader repertoire of ligands, MHC class I molecules as well as non-classical
MHC molecules, that are recognized by several NK receptors, whose expression is highly
stochastic among NK cells (Wilk & Blish, 2018). NK cells can also be activated by a
downregulation of MHC molecules, which can be induced by infection.
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Figure 6. Indirect recognition of pathogen through antibody or complement
binding. Mechanisms of indirect detection of pathogen via bound antibodies (A) or
bound complement (B) is displayed. The main receptors are displayed in each panel.
Fc: constant fraction. CD: cluster of differentiation. CR: complement receptor. iC3b:
inactive C3b.
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Figure 7. Recognition of infected cell signature via MHC molecules. Cells
infected by a pathogen present peptides on MHC I that differ from non-infected cells.
The infected cells also present stress-induced non-classical MHC molecules. Eventually
MHC class I molecule expression can be downregulated upon infection. NK cells detect
this overall abnormal MHC signature through several NK receptors. CD8 T cells detect
a sole MHC I carrying a given antigen, through their T cell receptor (TCR).
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Clearance of pathogens

The recognition of a pathogen will trigger a cascade of activation involving several
pathways (e.g. MyD88/TRAF, TRIF, ZAP kinases), depending on the receptor involved,
such as PRR (Takeuchi & Akira, 2010; Shaw et al., 2010; Loo & Gale, 2011; Wen et al.,
2013; Reikine et al., 2014; Cai et al., 2014; Hoving et al., 2014; Sellge & Kufer, 2015;
Balka & De Nardo, 2018) (Figure 8), FcR (Sánchez-Mejorada & Rosales, 1998; Getahun
& Cambier, 2015) (Figure 9A) and complement receptors (Bohana-Kashtan et al., 2004;
Dustin, 2016) (Figure 9B). Regarding the particular case of NK cells, the balance be-
tween inhibitory signals (steady-state associated MHC signature) and activating signals
(for example infection associated MHC signature) provided by a target cell determines
whether an NK cell will be activated or not (Vivier et al., 2008; Chan et al., 2014) (Figure
10).

Note that despite the precise molecular characterization of the pathways involved, this
knowledge at cell level does not allow to draw a comprehensive picture of the impact of
each receptor activation at the immune system level.

Overall, these cascades will activate innate immune cells triggering several functions
(Figure 11). Upon activation, some cells such as neutrophils, eosinophils, monocytes,
macrophages and DCs can phagocyte the whole pathogens/vaccines they recognized (Gor-
don, 2016; Rosales & Uribe-Querol, 2017). This can be done following PRR-mediated
recognition, complement-based recognition or antibody-mediated recognition (in this case,
it is called antibody dependent cell phagocytosis ADCP). The process to facilitate pathogen
uptake by phagocytic cells is called opsonization. Besides, some cells, mainly NK cells,
NKT cells and γδ T cells in the innate immunity can secrete cytotoxic molecules that
can disrupt pathogen/vaccine or infected cell membranes (e.g. perforin) and proteases
that can trigger an apoptosis cascade in infected cells (e.g. granzyme) (Trapani, 2001;
Trapani & Smyth, 2002; Caligiuri, 2008; Osińska et al., 2014). NK cell cytotoxicity can
be triggered by an aberrant MHC I signature as well as by antibody-bound pathogen,
the latter process being called antibody dependent cell cytotoxicity (ADCC). Besides, a
specificity of neutrophils is their ability to expulse DNA out of their nucleus to capture
microbes into DNA fibers, a process called neutrophil extra-cellular trap (NET) (Kaplan
& Radic, 2012; Yang et al., 2016; Delgado-Rizo et al., 2017; Boeltz et al., 2019).

Eventually, upon activation every innate immune cells, as well as non-immune cells,
can produce a wide range of cytokines (small proteins modulating cell behavior). In
particular, they produce so-called inflammatory cytokines (such as IL-1α, MIP-1α, MIP-
1β, CCL5, IL-12. . . ). In addition to cytokines, some complement proteins, the so-called
anaphylotoxins (C3a, C4a and C5a), also share these pro-inflammatory properties (Klos
et al., 2009). These molecules will be recognized by immune and non-immune cells and
initiate a process called inflammation.
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Inflammation notably includes the recruitment of effector cells through the binding of
chemokines (cytokines driving effector cell chemotaxis) on their cognate receptor on innate
cells, the enhanced phagocytosis on phagocytes (e.g. macrophages, DCs, neutrophils), the
increased permeability of vascular vessel to allow for recruitment of effector cells, and the
generation and release of effector cells from bone marrow (Akdis et al., 2016; Pietras,
2017). Also, some cytokines produced have direct anti-pathogen effects and stimulate in-
trinsic immunity -a constitutive immunity of individual cells, mediated by endogenously
expressed proteins inhibiting pathogen replication. For example type I interferon (e.g.
IFNα and IFNβ) induces the production of anti-viral genes in all cells, the so-called inter-
feron stimulated genes (ISG), in addition to its immunomodulatory effect on immune cells
(Yan & Chen, 2012; Schneider et al., 2014; McNab et al., 2015). All cells cannot produce
all cytokines (e.g. pDCs are specialized in IFN I production, NK cells are main producers
of IFN II (IFNγ) (Akdis et al., 2016)), but all will contribute to the overall inflammatory
state. Inflammation is a positively self-regulated process, since a consequence of cell ac-
tivation by pro-inflammatory molecules is the release of more pro-inflammatory molecules.
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Figure 8. Signaling pathways activated upon PRR interaction with its ligands.
The signaling cascade is indicated for each of the aforementioned PRR. Red/orange:
PRRs. Magenta: adapter protein. Yellow: downstream components. Green: transcrip-
tion factor. Modified from Metzger et al. (2018).
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Figure 9. Signaling pathways activated upon indirect pathogen recognition.
Exemplified signaling pathways induced by indirect pathogen recognition via IgG re-
ceptors (FcγR) and complement receptors. Only activating receptor signaling pathway
is displayed here, and not inhibiting receptor signaling pathway (e.g. CD32b signaling
pathway). Modified from Rosales (2017).
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Figure 11. Consequences of innate immune cells activation by pathogens or
vaccines. Upon activation, innate cells will produce inflammatory cytokines (activating
themselves and promoting apoptosis of infected cells), produce chemokines (attracting
more effector cells) and kill pathogen and infected cells (e.g. through phagocytosis, cyto-
toxic activity, NET (neutrophil extra-cellular trap)).

In term of spatio-temporal dynamics, the resident cells at the site of infection or im-
munization (such as macrophages, dendritic cells, ILCs, γδ T cells on the immune part,
but also non-immune cells, such as epithelial cells) will trigger the initial inflammatory
response recruiting more effector cells, essentially neutrophils, the most abundant and
short-lived cell population in blood (Pillay et al., 2010), but also monocytes, which could
notably differentiate in macrophages and potentially cDCs (Gonzalez-Mejia & Doseff,
2009). This initial response can clear the pathogen/vaccine from the body, especially if
few infectious agents or vaccine particles were present. But in addition to this effector
function, a second function of the innate immune system is to activate, modulate and
shape not only itself but also the second arm of the immune system, the adaptive one,
constituted by T and B cells.
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Innate cells as modulator cells

Activation and shaping of adaptive immunity

T cell activation and polarization
Each T cell is able to recognize one sole antigen, encoded by non-self cells or micro-

organisms, that is presented on an MHC molecule after processing. This recognition is
mediated through its TCR arising from somatic rearrangements, during T cell matura-
tion. (Zúñiga-Pflücker, 2004; Koch & Radtke, 2011).

Cells such as dendritic cells, monocytes/macrophages and B cells, carry MHC class
II molecules (in addition to class I), which can present antigen, not expressed within the
cell (conversely to class I) but from pathogens/vaccines or infected cells they internal-
ized (Neefjes et al., 2011; Rock et al., 2016). They are thus called professional antigen-
presenting cells. Among them, cDCs are almost the only ones that can activate previously
naive T cells (priming), while the other APCs can restimulate primed T cells. cDCs can
migrate from the site of infection/immunization to secondary lymphoid organs (lymph
nodes, spleen, gut associated lymphoid tissue, nasal associated lymphoid tissue) through
lymphatic vessels. Note that some cDCs also reside within lymphoid organs. In these
tissues, cDCs can present MHC II carrying antigen to so-called CD4 T lymphocytes, and
MHC I carrying antigen to so-called CD8 T lymphocytes, to activate them (Figure 12A).
T cell priming was also shown to occur in bone marrow in several contexts, including can-
cer and infections (Schirrmacher et al., 2003). Strikingly, following vaccination with a
smallpox vaccine, transport of antigen to the bone marrow was made by neutrophils and
not cDCs in mice (Duffy et al., 2012). Still, in mice also, blood circulating antigens are
eventually presented to T cells by cDCs (Feuerer et al., 2003).

All cDCs can do both presentations (to CD4 and CD8 T cells) but not with the same
efficacy; actually two main subclasses of cDCs are defined: cDC1s and cDC2s (Schlitzer
et al., 2015; Vu Manh et al., 2015; Collin & Bigley, 2018). cDC1s essentially present
antigen captured during phagocytosis on MHC class I molecules (a process called cross-
presentation) and are more efficient in antigen presentation to CD8 T cells (Figure 12B),
though they also activate CD4 T cells via MHC II (Bedoui et al., 2009; Eickhoff et al.,
2015). cDC2s essentially present antigen on MHC II molecules and are major activator
of CD4 T cells (Figure 12C), though they can also perform cross-presentation (Segura
et al., 2013; Sheng et al., 2017). Note also that other cDC population exist, such as tissue
resident Langherans cells or monocyte-derived DCs (Vu Manh et al., 2015).

Three signals are required to activate T cells, the first is the interaction between MHC
(MCH I for CD8 T cells and MHC II for CD4 T cells) and the TCR, the second is the in-
teraction between co-stimulation molecules expressed on both cells (e.g. CD80/86-CD28,
CD40-CD40L), the last and third signal is the cytokine micro-environment that is essen-
tial to polarize T cell differentiation.
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Several subpopulations of CD4 T cells were identified based on their cytokine produc-
tion, transcription factors expression, immune functions, and protective capacity (O’Garra,
2000; Zhu & Paul, 2008; Zhu et al., 2010; Geginat et al., 2014; Crotty, 2015; Raphael et al.,
2015; DuPage & Bluestone, 2016). For example, among CD4 helper T cells (Th), Th1 cells
are described as potentiators of macrophage activation and NK cell activation through
IFNγ production, whereas Th2 cells as activator of eosinophils, basophils and mast cells
via IL-4, IL-5 and IL-13 production (Raphael et al., 2015; DuPage & Bluestone, 2016).
Follicular helper T cells (Tfh) were shown to be crucial in B cell activation and antibody
production and maintenance, notably via IL-21 production (Tangye et al., 2013). By
contrast, CD8 T cells are usually more homogeneously described as producer of cytotoxic
molecules and proteases, allowing them to kill infected cells they recognized via MHC I
mediated antigen presentation (Zhang & Bevan, 2011; Halle et al., 2017).

The differentiation in one or the other T cell subset is dependent of multiple factors,
including the tissue of T cell activation and the quality of the initial innate immune
response (relying notably on the site of injection, the PRR targeted, the cDC subpop-
ulation activated and the inflammation induced). Accordingly, vaccine response can be
shifted towards one of the other T cell response, based on the adjuvant used. For ex-
ample, MPLA formulated with cationic DDA (dimethyldioctadecylammonium) liposome
(DDA/MPL) was described as inducing a Th1 response, including a potent IFNγ produc-
tion (Rosenkrands et al., 2005), whereas alum was described as an inducer of a Th2 with
poor CD8 T cell mediated immunity (HogenEsch, 2002). As adjuvant in mice vaccination,
lipopolysaccharide (LPS) stimulates TLR4 and lead to generation of T helper 1 (Th1)
cells in the lymphoid tissue, but Th17 cells in the gut (McAleer & Vella, 2010). In com-
bination with a tuberculosis candidate vaccine in mice also, the liposome system CAF01
induced Th1/Th17 cells, while squalene-based oil-in-water emulsion triggered Th1/Th2
responses (Ciabattini et al., 2016). Also, cyclic dinucleotides targeting the cGAS pathways
induced preferentially Th1/Th17 cells during tuberculosis vaccination of mice (Van Dis
et al., 2018). Note that adjuvants inducing distinct T cell response, also induced distinct
early innate response, both qualitatively and quantitatively, further supporting the deep
interconnection between innate and adaptive immunity (Korsholm et al., 2010).

Overall, given the key role of dendritic cells at the interface between innate and adap-
tive immunity, better targeting them to trigger a more efficient antigen presentation is a
promising filed of research in vaccinology (Dubsky et al., 2005; Palucka & Banchereau,
2013). For instance, targeting some DC-expressed PRRs (such as DCIR and CD205), was
shown to potentiate and orientate the subsequent T cell response (Dudziak et al., 2007;
Soares et al., 2007).

Interestingly, other innate immune cells, not classified as professional APCs, were
shown to participate directly or indirectly to T cell activation and shaping. Indeed, neu-
trophils and in a lesser extent eosinophils and basophils, which are usually not classified
as APCs were shown to express MHC class II molecules and acquire a functional ability to
present antigen in vitro and ex vivo in both mice and humans (Abi Abdallah et al., 2011;
Vono et al., 2017; Lin & Loré, 2017; Costa et al., 2019). NK cells and cDCs interaction
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was proved crucial in CD8 T cells activation, allowing for CD4 T helper cells independent
activation (Mocikat et al., 2003; Adam et al., 2005; Ge et al., 2012). NK cells were also
shown to regulate the differentiation of T helper cells induced by cDCs (Martín-Fontecha
et al., 2004), to initiate IFN I production required for CD8 T cell response induction
(Cocita et al., 2015), to kill infected cDCs -dampening T cell activation (Andrews et al.,
2010)-, and kill CD4 T cells -dampening CD8 T cells activation (Welsh &Waggoner, 2013).

B cell activation and polarization
B lymphocytes can recognize one sole native antigen (unprocessed), on the variable

part of their B cell receptor (BCR), deriving from genetic recombinations (Batista & Har-
wood, 2009; Pieper et al., 2013). The antigens recognized by B cells can be captured as
they circulate through lymphoid organs and/or be presented unprocessed by macrophages
and DCs in these organs (Heesters et al., 2016).

The mature B cells are activated only when co-activated by both the circulating anti-
gen (either released from the pathogen/infected cell directly in the lymph or carried by
immune cells toward the lymph nodes) and by CD4 T cells. Few exceptions exist, with
some extremely potent antigens able to induce a B cell response in the absence of CD4
T cell co-stimulating signal (Levinson et al., 1995; Goodyear & Silverman, 2005). Upon
activation, B cell will undergo a complex maturation process, including several cycle of
mutations of the BCR sequence, the so-called somatic hyperrmutation (Dörner & Rad-
bruch, 2005; Pieper et al., 2013; Suan et al., 2017). This maturation process, tightly
regulated by Tfh, will allow for the generation of new B cell clone carrying high affinity
BCR. From these B cells, antibody secreting cells will be induced, that can secrete the
soluble form of the BCR, the antibody (Figure 13). NK cells were shown to be involved
in B cell differentiation and maturation (Gao et al., 2001; 2008), as well as modulation
of antibody generation, especially via Tfh regulation (Cook et al., 2015; Rydyznski et al.,
2018). Inflammatory monocytes also take part in this modulation (Sammicheli et al.,
2016), as well as neutrophils (Costa et al., 2019). Antibody secreting cells will produce
antibody that will bind pathogen and/or the infected cell. This can impair pathogen
ability to move and/or enter target cell (neutralizing effect), but also activate FcR ex-
pressed by innate cells as previously described. Note that some FcR are also expressed
by adaptive cells.

Adaptive immune response: effector and memory phase
T and B cells, activated in the lymph node, will be recruited into the inflamed tissue

via interaction between chemokines receptor and chemokines produced at the site of in-
fection/injection. They will also participate in the elimination of the pathogens/vaccines,
via the previously mentioned functions (e.g. cytotoxicity, pathogen neutralization). This
corresponds to the effector phase of the adaptive immunity (Figure 13).
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Figure 12. Activation of T cells by innate immune cells. (A) General mechanism
of T cell priming by a dendritic cell in the lymph node. The three signals received by T
cells are indicated. For cytokine-mediated signal 3, cDC can be assisted by another cell.
(B-C) Overview of cells involved in MHC I-dependent CD8 T cell (re-)activation (B),
and MHC II-dependent CD4 T cell (re-)activation (C). Antigen-presenting cells (APCs)
are indicated in the frame, the main APC able to prime the T cell is indicated in bold.
Cells that do not directly present antigen but modulate antigen presentation or orientate
differentiation are also indicated.

25



Introduction

cDC
cDC - T cell
interaction

CD8 T cell

CD4 T cell

B cell

antibody-bound
pathogen

antigen-BCR interaction

co-activation

effector CD8 T cell

cytotoxic activity
proliferation and

differentiation

pathogen neutralization

pathogen/infected cell
opsonization

antibody secreting cell

infected cell

dying cell

antibody-bound
infected cell

proliferation and
differentiation

Figure 13. Overview of direct anti-pathogen activity of adaptive response.
The different adaptive cells are represented, with their main direct impacts on pathogen
clearance after activation. Note that the different subsets within each population are not
represented, neither are the different steps of differentiation process.

While the pathogen/vaccine is being cleared, some long-lived (years) subsets will arise
among these adaptive cells. These subsets can react more rapidly at any subsequent in-
fection with the same pathogen, the previously mentioned immune memory (Dörner &
Radbruch, 2005; Farber et al., 2014; Omilusik & Goldrath, 2017; Phan & Tangye, 2017).
Some of these subsets will be maintained in the periphery (e.g. Tcm cells), whereas
other will patrol in the tissues (e.g. Trm cells). Antibodies will be produced in the long
term by long-lived antibody producing cells and will result in the constitutive presence of
pathogen-specific antibodies in the serum (Yoshida et al., 2010; Brynjolfsson et al., 2018).

The maintenance of these long-lived cells requires notably cytokine signals (e.g. IL-7
and IL-15 for T cells, IL-6 and APRIL for plasma cells) (Sallusto et al., 2010). Besides,
restimulation of primary memory cells at recalls will give rise to qualitatively distinct sec-
ondary memory responses (e.g increased cytokine production, increased antibody affinity)
(Masopust et al., 2006; Peixoto et al., 2007; Blanchard-Rohner et al., 2009; MacLeod et al.,
2010; Wirth et al., 2010; Zabel et al., 2014).

These memory populations as well as resulting antibodies are the ones vaccines aim
to induce. Indeed, these T and B cell populations (and antibodies) will mediate a more
efficient response towards subsequent pathogen encounter, thus potentially protecting the
body from the corresponding infectious agents. Since T cells and B cells recognize specific
antigens, this highlights the crucial role the choice of the antigen(s) vaccines should contain
to be efficient (Flower et al., 2010; Rueckert & Guzmán, 2012).
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Modulation of innate cell effector functions by adaptive and innate immunity

Adaptive cells produce cytokines that modulate innate cells functions. For example,
CD8 T cells produce IFNγ, notably enhancing phagocytosis by macrophages/monocytes
and DCs (Zhang & Bevan, 2011). CD4 T cells, including memory cells, produce cytokines
that will alter innate cell behavior, notably cytokine production, and allow for a more
efficient innate response at recall (Strutt et al., 2010; 2011). Memory CD8 T cells increase
innate effector functions (Narni-Mancinelli et al., 2007; Soudja et al., 2014; Schenkel et al.,
2014; Ariotti et al., 2014). T cells modulate NK cells mediated IFNγ production and cyto-
toxic activity in infectious contexts (He et al., 2004) and following vaccination (Horowitz
et al., 2010). B cells are known to produce cytokines, including IFNγ and IL-12, that
will regulate innate cells in addition to T cells (Lund, 2008). They can also participate to
inflammation through production of TNFα, lymphotoxin and IL-6 (Vazquez et al., 2015).
Eventually, antibodies will form immune complexes labelling pathogens and infected cells
for phagocytosis or cell killing by innate cells.

Besides, innate cells mutually interact with one another, modulating their functions.
For example, NK cells are potent producers of IFNγ and TNFα, which will activate DC
and macrophages for phagocytosis. Upon activation, DCs and macrophages produce type
I IFN, as well IL-12, IL-15 and IL-18 that will activate NK cells (Vivier et al., 2008).
Modulation of DC activation and maturation was proved crucial for the efficient removal
of infectious agents (Alter & Altfeld, 2011). In addition, direct cell-cell contact between
monocytes and NK cells was shown to regulate NK cell activity (Michel et al., 2012).

Overall, all innate lymphoid cells (ILCs) are potent modulators of adaptive immunity
activation (Withers, 2016; Vivier et al., 2018). Since modalities of vaccination strongly
impact ILC response (e.g. route of immunization (Li et al., 2018)), ILCs stand as a
promising target for vaccine optimization. Few adjuvants/self-adjuvanted vaccines are
known or designed to directly target NK cells. Though, since NK cells can express PRRs
(notably TLRs and NLRs), many adjuvants likely activate NK cells as a bona fide mech-
anism (Martinez et al., 2010; Souza-Fonseca-Guimaraes et al., 2012; Adib-Conquy et al.,
2014). In addition, NK cell activity can be enhanced via the induction of Th1 response
(Jost et al., 2014; Martins et al., 2014; Van den Bergh et al., 2014). Also, for therapeu-
tic vaccines, injection of NK cell–susceptible targets (e.g. MHC deficient cells) enhanced
NK-cell mediated potentiation of adaptive responses (Kelly et al., 2002; Krebs et al., 2009).

Besides, neutrophils and monocytes/macrophages can mutually potentiate their ac-
tivity during inflammation (Prame Kumar et al., 2018). Moreover, neutrophils can take
part in cDCs activation and function (van Gisbergen et al., 2005). Eventually, neutrophils
and NK cells deeply modulate their mutual activity via cytokine production (Costantini
& Cassatella, 2011), including for example potentiation of NK cells functions (Amano
et al., 2015). Overall, several studies highlighted the important role of neutrophils in
vaccination (Di Pilato et al., 2015; Trentini et al., 2016; Musich et al., 2018).

These cross-interactions of both innate and adaptive cells usually end up with the
clearance of the pathogen/vaccine (Figure 14).
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Figure 14. Scheme of crosstalk between innate and adaptive immunity re-
sulting in pathogen clearance. Black arrows indicate interactions occurring at ev-
ery pathogen encounters. Purple arrows indicate interactions at recall responses only.
Pathogen/infected cells activate innate immunity, triggering a crosstalk between innate
and adaptive immunity, resulting in pathogen clearance. At a second encounter, pathogens
and infected cells activate innate cells and restimulate memory responses, resulting in a
faster pathogen clearance.
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Resolution of inflammation

Eventually, after the clearance of pathogen/vaccine, in the absence of danger signals,
inflammation resolves (Ortega-Gómez et al., 2013; Headland & Norling, 2015; Sugimoto
et al., 2016) (Figure 15).

Inflammation resolution is mediated by several molecular and cellular interactors. In-
deed, IL-10, TGFβ and other anti-inflammatory signals, promoting resolution of inflam-
mation, can be produced by numerous cells upon pathogen detection (Saraiva & O’Garra,
2010; Johnston et al., 2016), likely simultaneously with pro-inflammatory signals (Serhan
& Savill, 2005). They will avoid excess of inflammation that could be detrimental to the
body, notably by dampening immune cell activation (Headland & Norling, 2015).

Besides, neutrophil apoptosis is a crucial trigger of inflammation resolution (El Kebir
& Filep, 2010; Sugimoto et al., 2016). Indeed, neutrophils half-life is less than a week
(Pillay et al., 2010), and will then likely die at their site of recruitment (Wang, 2018).
Some reports indicate that in addition neutrophils could also leave the site of recruitment
and migrate to bone marrow to die, a process called reverse migration (Robertson et al.,
2014; Powell et al., 2017; Wang et al., 2017). At their death site, they will undergo apop-
tosis, a process that is amplified by the anti-inflammatory signals released by effector cells.
This apoptosis will trigger the release of several anti-inflammatory signals (Ortega-Gómez
et al., 2013), including “eat-me signals”.

These “eat-me” signals trigger the phagocytosis of dying neutrophils by monocytes
(Fox et al., 2010), a process called efferocytosis, which is highly regulated by the pro-
duction of the anti-inflammatory cytokine IL-10 (Saraiva & O’Garra, 2010; Gabryšová
et al., 2014). The efferocytosis will promote the conversion of monocytes from an inflam-
matory M1 phenotype to an anti-inflammatory tissue repairing M2 phenotype (Martinez
& Gordon, 2014). They will notably cleave chemokines, stopping the influx of incoming
neutrophils and classical monocytes (Ortega-Gómez et al., 2013). In addition they will
produce high levels of inflammatory cytokines such as IL-10 and TGFβ that will promote
an amplifying loop of immune response dampening. They will also promote tissue repair
and especially vascularization through production of VEGF (Wu et al., 2010; Johnson &
Wilgus, 2014).

The so-called myeloid derived suppressor cells (MDSCs) could also play a concomitant
role in inflammation resolution (Gabrilovich & Nagaraj, 2009; Budhwar et al., 2018; Veglia
et al., 2018). These cells, including monocyte and neutrophil subpopulations, were firstly
described in cancer patients as cells promoting tumor growth and preventing immune
response, but were later shown to have a beneficial role in inflammatory disorders includ-
ing auto-immune diseases and sepsis (Ortega-Gómez et al., 2013; Budhwar et al., 2018).
These cells notably produce arginase which degrades arginine an amino-acid required for
T cell survival, as well reactive oxygen species (ROS) triggering neutrophil apoptosis
(Gabrilovich & Nagaraj, 2009). They are known to produce the anti-inflammatory cy-
tokines IL-10 and TGFβ.
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MDSCs were shown to be major player in several contexts including cancer, infectious
diseases, auto-immune diseases; obesity and pregnancy (Ortega-Gómez et al., 2013; Veglia
et al., 2018). In particular, high MDSC levels were associated with therapeutic vaccine
failure in melanoma, non small cell lung carcinoma and colon adenocarcinoma (Kimura
et al., 2013; Butterfield et al., 2017). MDSCs were shown detrimental in both acute and
chronic infectious diseases, including Staphylococcus aureus, hepatitis B and HIV infec-
tion (Veglia et al., 2018). It is not clear however what their role is during preventive
vaccination, and few studies actually focused on that question. Though, MDSCs were in-
duced following immunization of rhesus macaques with influenza vaccine (Lin et al., 2018)
and are thought to play a role in the reduced vaccine responsiveness of infants (Gervassi
et al., 2014).

Besides, upon activation, NK cells can also differentiate into so-called regulatory NK
cells, which dampens T cells activation and amplify IL-10 production (Lee et al., 2009;
Perona-Wright et al., 2009). Also, anti-inflammatory N2 neutrophils could be induced,
though they were mostly described in cancer context and their potential role in vaccina-
tion and acute infection is not established yet (Shaul & Fridlender, 2017). Note that they
differ from MDSCs in term of transcriptomic profile and cytokine production (Fridlender
et al., 2012).

Eventually, on the adaptive part of the immune system, a subset of CD4+ T cells
notably expressing high level of CD25 and FoxP3 called CD4+ regulatory T cells (Treg)
are T cells can promote an anti-inflammatory response by producing high levels of both
IL-10 and TGFβ (Corthay, 2009; Kondělková et al., 2010; Josefowicz et al., 2012). They
were first described to inhibit effector T cells functions, but the cytokines they produce
obviously impact also innate cells effector functions (Taams et al., 2005; Pedroza-Pacheco
et al., 2013; Romano et al., 2018). For example they are known to be one the main reg-
ulator of NK cell activity through IL-2 production (Sitrin et al., 2013; Gasteiger et al.,
2013a;b). As for regular T cells, the development of Treg is tightly regulated by innate
immunity and especially by cDCs (Kabelitz et al., 2006), but they can also be induced
by MDSCs, at least in cancer context (Huang et al., 2006; Serafini et al., 2008). The role
of Treg in vaccination is important though not fully clear, since on one side they pre-
vent over-inflammation, but on the other side they also dampen overall immune response
(Brezar et al., 2016).

Similarly, B regulatory cells were also described (Lund, 2008; Mauri & Menon, 2015;
Rosser & Mauri, 2015). They also modulate and dampen immune responses through the
production of anti-inflammatory cytokines (IL-10, TGFβ, IL-35).

Overall, the anti-inflammatory crosstalk between innate and adaptive immunity will
result in inflammation resolution after pathogen/vaccine clearance (Figure 15). This
notably includes the reduction of immune cell number in the site of inflammation via
different cell death pathways including autophagy, notably based on the end of anti-
gen/pathogen/vaccine stimulation of the immune system (Marrack et al., 2010; Freire &
Van Dyke, 2013).
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Figure 15. Integrated scheme of inflammation resolution. The main cell types
involved in the resolution of inflammation are represented and their interactions depicted.
The group of effector cells include most innate and adaptive immune cells. Blue arrows
indicate production. Red arrow indicate inhibition of functions and recruitment. Green
arrow indicate activation. Black arrow correspond to the indicated cellular processes,
likely the initial trigger of the resolution of inflammation. MDSC: myeloid-derived sup-
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Memory within innate immunity

Trained innate myeloid cells

The concept of immune memory was discovered on the study of B and T cell response
and thought to be specific of adaptive immune cells. Innate immunity was then assumed
to lack memory and react the same at each encounter with a pathogen. This concept was
put in question by several findings showing that innate myeloid cells could have memory
features, a concept called trained innate immunity (Song & Colonna, 2018; Mourits et al.,
2018; Gourbal et al., 2018; Boraschi & Italiani, 2018).

Historically, epidemiological data on children receiving BCG vaccine (Bacillus Calmette-
Guérin, the first tuberculosis vaccine strain) in Sweden between 1927 and 1932 suggested
that BCG vaccination protected against other diseases than tuberculosis. Similar find-
ings were obtained in the following decades (Benn et al., 2013; Goodridge et al., 2016;
Netea & van der Meer, 2017). Also, in mouse model, BCG vaccination, fungi infection
with Candida albicans, and viral infection with murine cytomegalovirus (MCMV) induced
non-specific protection against unrelated infections (Bistoni et al., 1988; van’t Wout et al.,
1992; Barton et al., 2007).

At cell level, this protection seemed not mediated by lymphocytes but rather by mono-
cytes/macrophages that react more strongly to stimuli compared to untrained innate cells.
Later, it was shown that injection of β glucan (a component of fungi such as Candida
albicans and Saccharomyces cerevisiae) and BCG vaccination of mice and healthy volun-
teers resulted in epigenetic modifications of monocytes and non-specific protection against
re-infection in mice (Quintin et al., 2012; Kleinnijenhuis et al., 2012). NOD2 signaling
was shown crucial in this last study. Innate training was also shown by in vitro stimu-
lation of monocytes with β glucan or BCG (Quintin et al., 2012; Bekkering et al., 2016;
Garcia-Valtanen et al., 2017). Cell wall chitin from Saccharomyces cerevisae also induced
training in monocytes with increase IL-6 and TNFα production, though the intensity
differed qualitatively across the different strains (Rizzetto et al., 2016).

More recently, trained monocytes induced by BCG vaccination in human volunteers
were able to protect individuals from unrelated yellow fever vaccine infection (Arts et al.,
2018b). In addition, in mouse model, BCG vaccination and β glucan injection resulted
in transcriptional modifications of short-term hematopoietic stem cells (in addition to
circulating monocytes and bone-marrow derived monocytes). These cells were altered to-
wards myelopoiesis and gave rise to new trained progeny that were notably able to protect
against a subsequent infection (Kaufmann et al., 2018; Mitroulis et al., 2018).

In immune cells, cross-protective training was reported in monocytes/macrophages
and their progenitor (essentially short-term stem cell), but not in DC and neutrophils,
though all these cells share the same myeloid origin. A recent study reported the induc-
tion of functionally enhanced neutrophils after adenovirus vaccination in rhesus macaques,
but these cells were not formally called trained (Musich et al., 2018). Interestingly, some
non-immune cells, including epithelial stem cells, interstitial stromal cells and fibroblasts
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were also shown to carry epigenetics features linked to memory, suggesting that memory
is not the attribute of the sole immune system (Hamada et al., 2018).

The pathways involved in innate cells training is not well understood although some
metabolites were reported to be of major importance in the process, such as mevalonate,
in addition to cytokines such as IL-1 and IFNγ (Bekkering et al., 2018; Moorlag et al.,
2018; Domínguez-Andrés et al., 2018). Also, activation of the NALP3/NLRP3 inflam-
mation may also participate in the training process, as shown in mice under western-diet
(Christ et al., 2018). Note that adaptive immunity could play a role in trained immune cell
induction, since CD8 T cell were proved crucial for the priming of alveolar macrophages
following adenovirus infection in mice (Yao et al., 2018). Also, trained innate myeloid
cells potentiate NK cell and adaptive CD8 T cell response, as shown during controlled
malaria infection in human after BCG-vaccination induced training (Walk et al., 2019).

Also the duration of this training is not clear. A duration of weeks to months was
suggested (Cassone, 2018), but epidemiological studies that unveiled cross-protection of
vaccinated people against unrelated infections pledge for years instead (Benn et al., 2013).
Interestingly, in addition to BCG, several live-attenuated vaccines, including smallpox,
measles, poliomyelitis and yellow fever vaccines, as well as the live-attenuated pertussis
vaccine candidate BPZE1, were shown epidemiologically and/or in animal studies to con-
fer cross-protection against unrelated infections, suggesting that trained immunity could
be at play (Benn et al., 2013; Saadatian-Elahi et al., 2016; Cauchi & Locht, 2018).

Eventually, which pathogen(s) and vaccine(s) are able to induce trained immunity, and
how, is still unknown yet (Figure 16). Also, the exact link between the early innate effec-
tor response and the generation of trained innate immunity remains to be addressed. But
trained immunity stands now as a promising targets for vaccination, for instance to induce
both specific and non-specific protection (Töpfer et al., 2015; Sánchez-Ramón et al., 2018).

Note that training of innate cells can be detrimental in certain conditions. For exam-
ple, patients recovering from sepsis were shown to exhibit epigenetically modified tolerant
monocytes that were less protective against secondary infections (Bomans et al., 2018;
Bouras et al., 2018). It was suggested to be mediated by LPS, since LPS stimulation
induced tolerance in monocytes (Foster et al., 2007; Ifrim et al., 2014). Also, in mice,
systemic inoculation of TLR ligands, malaria parasite infection and respiratory infections
in mice were shown to impair DC functions at least for weeks, notably cross-presentation
(Wilson et al., 2006; Roquilly et al., 2017). Similarly, vaccination with the recombinant
diphteria-tetanus-pertussis vaccine was suggested to reduce innate immune responsive-
ness in children, especially in girls, though the involved mechanism remains elusive (Aaby
et al., 2012; Saadatian-Elahi et al., 2016). Quite interestingly, in both cases, these effects
could be reverse by BCG or β glucan stimulation, which revealed the plasticity of train-
ing/tolerance of innate immunity (Novakovic et al., 2016; Blok et al., 2019a).

Furthermore, following graft, trained infiltrating macrophages were shown as potent
activators of alloreactive CD8 T cells, promoting graft rejection (Braza et al., 2018). In-
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terestingly, targeting of lipoprotein pathway prevented the generation of those trained
macrophages, supporting the involvement of metabolism in the training of innate cells
(Braza et al., 2018). Also, several studies reported the role that trained immunity could
play in the development and maintenance of auto-immune and inflammatory disorders,
such as rheumatoid arthritis, systemic lupus erythematosus, Sjögren’s syndrome, Behçet’s
disease, systemic sclerosis, Wegener’s granulomatosis, sarcoidosis, type 1 diabete mellitus
(Arts et al., 2018a), and especially in atherosclerosis (Bekkering et al., 2013; Leentjens
et al., 2018). Indeed, in those contexts, several innate immune functions are altered. The
same was true for monocytes from hyper-IgD syndrome patients (Bekkering et al., 2018).
This goes with epigenetic modifications, as well changes in metabolism, which resembles
innate immune training (Dowson et al., 2017; Weidenbusch et al., 2017; Kiripolsky et al.,
2017; Arts et al., 2018a). Eventually, BCG-induced innate immune training, including
enhanced innate functions, was shown potentially detrimental to simian/human immun-
odeficiency virus (SIV/HIV) infection. Indeed, the increased activation of the immune
system by innate cells, trained with BCG vaccination, goes with an increased recruitment
of CD4 T cells that could be infected by SIV (Jensen et al., 2017).
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Figure 16. Current view of trained immunity in vaccination. The current cellular
and molecular knowledge of trained immunity are exemplified here, as well as remaining
unknown features. Innate immune training can occur at system-wide level, with pathogen
encounter triggering modifications of hematopoietic progenitors that will give rise to a
trained progeny, more potent to clear subsequent pathogen encountered. Simultaneously,
innate immune training can occur at the cellular level, inducing epigenetic modifications
of the fully differentiated cells. Vaccines proved or suspected to trigger training are indi-
cated. LAPV: live-attenuated pertussis vaccine. mTOR: mechanistic target of rapamycin.
oxLDL: oxidized low-density lipoprotein. Modified from Song & Colonna (2018).
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“Memory“ NK cells

Memory-like features were also reported amongst NK cells, although the mechanisms
could be distinct from the myeloid training (Min-Oo et al., 2013; Geiger & Sun, 2016;
Paust et al., 2017). Still, the terms trained NK cell immunity can be found in the lit-
erature (Kleinnijenhuis et al., 2014b; Schlums et al., 2015; Mourits et al., 2018; Gamliel
et al., 2018).

In mice, NK cells displaying antigen-specificity, a feature thought to be the sole
attribute of adaptive immunity, were generated after vaccination (Ly49C-I+ NK cells)
(O’Leary et al., 2006) or MCMV infection (Ly49H+ NK cells) (Smith et al., 2002; Arase
et al., 2002). Interestingly these NK cells were able to induce protection against the same
pathogen after adoptive transfer into naive animals (Sun et al., 2009; van Helden et al.,
2012). Such antigen-specific NK cells were also observed in primates (Reeves et al., 2015),
as well as in humans in which human cytomegalovirus (HMCV) infection was reported
to induce such NK cells, which expressed high levels of NKG2C and CD57 (Lopez-Vergès
et al., 2011; Foley et al., 2012). Actually, NKG2C was reported as the receptor for the
viral UL40 encoded by HCMV (Hammer et al., 2018); interestingly CD8 T cell clones
were also found specific to HLA-E bound UL40.

Also, in vitro stimulation of NK cells with cytokines (essentially IL-12, IL15 and IL-
18) was sufficient to induce so-called cytokine-induced NK cells (Min-Oo et al., 2013).
These cells were phenotypically similar to naive NK cells in mice and expressed high lev-
els of CD94, NKG2A, CD69 and NKp46 in humans, but had stronger ability to secrete
cytokines, in particular IFNγ (Cooper et al., 2009; Romee et al., 2012; 2016). In addition
to antigen-specific NK cells, MCMV infection in mice also induced so-called cytokine-
activated NK cells, which were long-lasting and secreted more IFNγ upon pathogen en-
counter but not after cytokines restimulation and might thus not be perfectly similar
to cytokines-induced memory-like NK cells (Nabekura & Lanier, 2016). Similarly, BCG
vaccination in both humans and mice was shown to give rise to trained NK cells with en-
hanced cytotoxicity and cytokines production ability (Kleinnijenhuis et al., 2014b). These
trained NK cells protected mice against unrelated infections.

In addition, liver-restricted pathogen-specific memory NK cells could be generated in
a contact hypersensitivity model in mice (O’Leary et al., 2006). These NK cells are cru-
cially dependent on CXCR6 for their functions and were able to induce protection against
lethal infection with the same pathogen (Paust et al., 2010).

Besides, in mice, the adoptive transfer of resting NK cells into NK cell deficient host
was shown to induce the proliferation of the transferred NK cells. They infiltrated both
lymphoid and non-lymphoid tissues and were maintained for several months. These so-
called homeostatic proliferation-induced memory NK cells displayed enhanced cytotoxic
activity and ability to secrete cytokines (Sun et al., 2011).
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Overall, a quite large nomenclature co-exist in literature, notably including memory
NK cells, memory-like NK cells, adaptive NK cells, cytokines induced NK cells, cytokines
activated NK cells, antigen-specific NK cells, each referring to a given subset in given
condition, and the phenotype and transcriptional profile of each is not always well defined
(Figure 17). The pathways involved in their differentiation is not yet solved, though the
inflammasome was proved important, as for innate myeloid cell training (van den Boorn
et al., 2016).

In addition to their previously mentioned role as modulator of immune cell functions,
this memory-like feature made NK cells a key player in vaccine design optimization (Ry-
dyznski & Waggoner, 2015). Inducing potent long-lasting NK cells with enhanced func-
tions is indeed a promising target in vaccine design, since such NK cells were reported
after vaccination against influenza, yellow fever and tuberculosis (BCG) in human, as well
as SIV vaccination in macaques (Wagstaffe et al., 2018). The lifespan of these memory
NK cells is still under debate. In mice, MCMV-induced memory NK cells were shown to
wane after 4-5 months (Sun et al., 2009; 2010), though the extrapolation to human lifes-
pan with respect to mice suggest a longer duration. Consistently some results pledged
for a memory NK cell lifespan of more than a year in humans (Suliman et al., 2016).
NK cell repertoire was also shown to shift durably along lifetime according to previous
infections (Strauss-Albee et al., 2015). Moreover, NK cell count is similar in elderly vs.
young people, despite a reduced generation of de novo NK cells in elderly people (Zhang
et al., 2007). Overall, these results suggested an even longer lifespan for memory NK cells.
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Figure 17. Diverse populations within “memory” NK cells. The main contexts
giving rise to memory NK cells and the resulting functions of those cells are presented.
Some of these NK cells (e.g., cytokine-activated and cytokine-induced NK cell) show
similar enhanced functions, but not following the same stimuli. Red arrows indicate that
the resulting NK cell is pathogen-specific. Blue arrows indicated that the resulting NK
cell is non-pathogen specific.

37



Introduction

Hypotheses and aims of the project
Overall, massive data were generated in the past decades on immune cell biology

and functions in several contexts (e.g. steady-state, infection, cancer), which helped us
to better understand the immune response induced by pathogen or vaccine. In partic-
ular, tremendous findings have been made in fundamental immunology, including cDC
development and functions, NK cell and ILC subpopulations characterization and their
interactions with other cell types, unveiling of neutrophil plasticity, maturation and de-
velopment of T and B cells, humoral response establishment and maintenance. These
findings as well as the wide literature of immunology opened numerous perspectives of
research in several fields, including of host-pathogen interaction and co-evolution, cancer
control and treatment, allergy or auto-immune disorders, as well as vaccinology.

Still, our current knowledge is unsufficient to answer basic and pragmatic questions
to optimize current and future vaccines, such as choice of the route of immunization, vac-
cine type, dose, number of immunizations and delay between each immunization. Such
knowledges are required to come closer to personalized vaccines for all populations (e.g.
the general population, young children, elderly people, immunocompromised people).

Besides, the scheme of vaccine-induced immunity was complexified by the description
of several cell subsets especially in innate immunity, but their exact dynamics upon infec-
tion/vaccination are not well known, neither are the exact interactions existing between
theses cell types. In addition, the recently described innate immune memory opens new
possibilities on the potential modulation of vaccine design.

Also, there is a complex interplay between innate and adaptive immunity with all
cells modulating the behavior of each other. Furthermore, adaptive memory B and T
cells respond differently at each pathogen encounter and produce different cytokines with
different kinetics compared to naïve cells. Though the literature is more abundant on the
ability of innate cells to activate adaptive immunity rather than the impact of adaptive
immunity on innate cells at prime and recall, we assume that innate immune cells can
receive different activation signals at each pathogen encounter (e.g. different cytokines,
antibody-bound pathogen rather than raw one), and thus differently respond at each
immunization. Finally, given the memory-like potential of innate immunity via epigeneti-
cally modified cells following several stimuli, we suspect that such trained innate cells can
be induced during vaccine encounters.

In addition, since most vaccines require several injections to induce a potent mem-
ory response, given the time-lapse that is required for memory to be set and that both
innate and adaptive responses are continuous dynamic phenomena, we assume that the
delay between each immunization will impact the immune response at each immuniza-
tion. Consequently, we hypothesize that the delay between prime and boost is of high
importance for optimizing vaccines. Indeed, should the boost occur too early, it will
re-activate a memory that is not yet fully established, thus disrupting the maturation
process; conversely, should the boost be given too late, the primary immune memory
could have started to wane.
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Eventually, since innate immunity mediates effector functions, activates and shapes
adaptive immunity, modulates its own effector functions, and includes potential memory
cells, understanding vaccine-induced innate immune response appear crucial to optimize
vaccine design.

In my PhD project, I thus address the following questions (Figure 18):
- which precise innate subsets are impacted by vaccination and with which kinetics?
- are the innate responses similar between the prime and the following boost(s)?
- what is the impact of the delay between prime and boost on innate immune responses?
- what are the link between the kinetics and quality of the innate responses and the adap-
tive immune memory resulting from immunizations?

time
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Figure 18. Graphical abstract of the project aims. The main objectives of the
project are depicted, along the timeline of the prime-boost vaccination schedule. 1: de-
termining the innate subsets impacted by vaccination with their dynamics. 2: comparing
innate responses to prime and boost. 3: determining the impact of prime-boost delay on
the innate response. 4: assessing the correlations between innate and adaptive responses.
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Chapter 1. Experimental model and
technologies used

Animal model: cynomolgus macaque
The overall aim of the research group is to have an integrated vision of all immune

compartments, including not only blood but also other tissues, with very close sampling
dates, to have a longitudinal follow-up. This was the main criterion to choose an animal
model. Humans were indeed excluded, since one part of the project, beyond the scope
of this thesis, was to assess the cells that remained in different tissues, long-time after
vaccination, which required euthanasia.

Animal models in immunology, towards the choice of non-human
primate

Mouse models

A common animal model in immunology is rodents (mice essentially), for which many
interesting tools exist. For examples, genome of mice is well-characterized, which allow
for the use of genetic engineering (e.g. knock-out/knock-in to study the impact of a pecu-
liar set of genes and to perform mechanistic studies) (Bouabe & Okkenhaug, 2013). The
existence of two isoform of the CD45 molecules (expressed by all immune cells) across
mice strains is an efficient tool to track down the origin and fate of immune cells during
adoptive transfer. Also, humanized mice carrying parts of the human immune system
allow to mimic human diseases (Shultz et al., 2012; Walsh et al., 2017).
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These models were shown to be highly valuable in various contexts, including can-
cer, infectious diseases, aging, neurosciences and neurodegenerative diseases (Wong et al.,
2002; Shultz et al., 2012; Vandamme, 2015; Zitvogel et al., 2016; Drechsler et al., 2016;
Ellenbroek & Youn, 2016; Walsh et al., 2017; Kipp et al., 2017; Evering & Tsuji, 2018).
Indeed, the relatively low cost and constraints of housing make it a very powerful tool
to study several aspects of the immune system with a strong statistical power given by a
high number of animals. Overall, mouse models led and continue to lead to several major
discoveries in immunology.

Still, mice are far from humans in term of phylogenetics (Figure 19). Accordingly,
they display strong differences in term of immune system composition, response to treat-
ment or infectious agents (Mestas & Hughes, 2004; de Jong & Maina, 2010). For example,
mice and humans differ in immune cell composition in blood: in humans 50-70% of leuko-
cytes cell are neutrophils and lymphocytes represent around 30-40%, whereas in mice,
75-90% of leukocytes are lymphocytes and neutrophils represent less than 25% of all
leukocytes (Mestas & Hughes, 2004; Bjornson-Hooper et al., 2019). B cells are far more
abundant in mice (more than 10%) than in humans and NHPs (around 1-10%) (Bjornson-
Hooper et al., 2019). Hematopoietic stem cell differ by the expression the tyrosine kinase
FLT3 between mice and humans (Mestas & Hughes, 2004). Mice macrophages produce
nitric oxide upon IFNγ and LPS stimulation (Bogdan, 2001), but not their human coun-
terpart, in which IFN I, IL-4 and CD23 signaling seemed more important (Weinberg,
1998). Actually mice and human macrophages were reported to use different pathways
to synthesize nitric oxide (Schneemann & Schoedon, 2002). Besides, the receptors acti-
vating NK cells in mice and humans are highly distinct, suggesting differential abilities
to respond to stimuli beyond an overall conserved function (Lanier, 1998; Colucci et al.,
2002).

These interspecies differences can make the translation to humans difficult. For ex-
ample, rodents do not have the same susceptibility and pathology to tuberculosis than
humans (Dharmadhikari & Nardell, 2008). In pertussis infection, mice do not cough (Elahi
et al., 2007), which impairs the assessment of vaccine or treatment efficacy on symptoms
and disease transmission. In multiple sclerosis, IFNγ treatment was protective in a mouse
model (Lublin et al., 1993; Heremans et al., 1996) but not in human patients (Panitch
et al., 1987). In humanized mouse model limits exist, since humanization is not complete
(e.g. stromal cells are murine), impeding the full mimicry human immunity (e.g. mucosal
immunity) (Brehm et al., 2013; Akkina et al., 2016; Laudanski et al., 2018).

The small size and weight of the animal also matters. Indeed, the size limits the vol-
ume of vaccine/treatment that one could inject in the mice, and it is not easy to determine
which dose in mice will accurately reproduce what happens in humans, especially when it
comes to pharmacodynamics/pharmacokinetics (de Jong & Maina, 2010). The heart bite
of mice is around 600 per minute (compared to around 80 for human). As a consequence,
mice tolerate higher dose of drugs than human (the half-life of many compounds is shorter
in mice than in humans), which can impair their use in dosage safety studies, although
allometric scaling across species reduced this bias (de Jong & Maina, 2010).
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Figure 19. Phylogenetic tree of mammals. The phylogenetic distance between
each mammal taxon is represented. The tree was built based on the alignment of 68,262
codons. Branch length is proportional to the number of substitutions per site. Modified
from Nikolaev et al. (2007).

Eventually, the amount of blood that could be collected is reduced in mice, making
longitudinal analyses with very narrow sampling dates (required to study innate immu-
nity kinetics) tricky (de Jong & Maina, 2010), although it was proved feasible (Kadoki
et al., 2017).

Given the narrow sampling schedule we need to put in place, the amount of blood
required to investigate in deep the innate immunity of each immunization, and since we
wanted to be as close to human as possible, we chose not to use mouse models.
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Non human primate models

Among other mammals available for animal experimentation, non-human primates
(NHPs) are the closest to humans (Figure 19), since the NHP branch diverged from
the human very lately in evolution, around 5 million years ago (Perelman et al., 2011).
Indeed, NHPs are usually susceptible to human pathogens (and thus to vaccines derived
from them) with similar clinical outcomes (Estes et al., 2018) (Figure 20), though not all
NHPs are susceptible to all human pathogens. For example HCV infection is restricted
to humans and chimpanzee (Sandmann & Ploss, 2013). Also NHPs are usually not sus-
ceptible directly to HIV but rather to SIV, although simian tropic HIV have now been
developed to overcome species specific restrictions (Hatziioannou & Evans, 2012; Fen-
nessey & Keele, 2013; Misra et al., 2013).

Inconvenients for this model exist. Indeed, their price is higher than for mice. Also
they require specific and more complex installations, both due to their size and ethical
considerations. This notably limits the number of animals one can use. As a consequence,
this can limit the statistical power of the study. Besides, although closer to humans than
mice, NHPs are still not humans with respect to their immune system composition (e.g.
NHP leukocytes comprised around 6% of NK cells whereas human ones contained around
2% of NK cells) (Bjornson-Hooper et al., 2019). NK cells that are defined via the expres-
sion of CD56 in humans, are CD56- CD8+ in NHPs (Hong et al., 2013), whereas human
monocytes are CD56- and NHP monocytes are CD56+. Similarly, NKp46 which is widely
express in all human NK cells, is only express in some NK cell subpopulations in NHPs
(Hong et al., 2013). Also NHP carry more alleles of HLA genes, which makes antigen
recognition trickier than in humans (de Groot et al., 2012).

Despite these caveats, NHP immune system is very close to human in term of cell
composition (Messaoudi et al., 2011). As a consequence, NHP was proven valuable in
the understanding of the human immune system in various context, including infectious
diseases such as tuberculosis or HIV/AIDS and auto-immune diseases, such as multiple
sclerosis (Brok et al., 2001; Hatziioannou & Evans, 2012; Phillips et al., 2014; Peña & Ho,
2015), and their high size and weight allowed narrow longitudinal sampling.

For these reasons we chose to use NHP for this project.
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Figure 20. Non-human primates mirror human diseases. Pathogens infecting
humans and non-human primates are presented on each side of the doted line. Note that
apes represented here cannot be used as animal model for ethical reasons. HIV: Human
immunodeficiency virus. SIV: simian immunodeficiency virus. SHIV: simian/human im-
munodeficiency virus. stHIV: simian tropic HIV. ZIKV: Zika virus. DENV: dengue virus.
HCV: hepatitis C virus. HEV: hepatitis E virus. GBV-B: hepatitis G virus B /GB-virus B.
CHIKV: Chikungunya virus. HCMV: human cytomegalovirus. EBV: Epstein-Barr virus.
KSHV: Kaposi’s sarcoma associated herpes virus. VZV: varicella-zoster virus. RhCMV:
rhesus cytomegalovirus. RhLCV: rhesus lymphocryptovirus. RRV: rhesus macaque rhadi-
novirus. SVV: simian varicella virus. Modified from Estes et al. (2018).
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Non human primate models and vaccination, an overview

NHPs have been used to develop vaccine for a long time period and for several vaccines
(Rivera-Hernandez et al., 2014). We will here mention some of these fields of research.

In tuberculosis research, NHPs displayed a similar susceptibility and pathology com-
pared to humans, which allows for a good assessment of candidate-vaccine protection
(Dharmadhikari & Nardell, 2008). Cynomolgus macaques were especially reported as the
best model in this context (Lin et al., 2009). Furthermore NHP allowed for the assessment
of vaccine efficacy in co-infection settings, such as co-infection with HIV/SIV, a major
threat to public health nowadays (Shen et al., 2002).

In pertussis vaccine development, NHPs (more particularly baboons) were shown to
reproduce human pathology including cough and were proven valuable in the assessment
of vaccine efficacy (Elahi et al., 2007; Warfel et al., 2012). In particular, NHP model
allowed to establish that the acellular recombinant vaccine, in contrast to whole cell vac-
cine, prevented only the symptoms of whooping cough, but not the propagation of the
bacteria (Warfel et al., 2014).

In dengue vaccines, current vaccine development pipelines widely use NHPs to assess
safety, immunogenicity and efficacy of vaccine candidates (Guirakhoo et al., 2000; 2004;
Guy et al., 2009; Halstead, 2013), generating valuable data for human clinical trial design.
Eventually, neutralizing antibody titer in NHP serum was identified as a relevant correlate
of protection for vaccine efficacy (Barban et al., 2012).

In HIV vaccine research, NHP model has already been proven valuable since it re-
produces the human pathology (Geretti, 1999; Misra et al., 2013). Still, some criticisms
emerged, since a trial using adenovirus 5 vector encoding for HIV proteins, a construct
suggested strongly potent in non-human primates (Shiver et al., 2002; Casimiro et al.,
2005) failed in humans (Buchbinder et al., 2008). This called for the improvement of
NHP models and better understand the extent of the findings (Shedlock et al., 2009;
Robb, 2011). Still, given its ability to reproduce pathogenicity, NHPs remain nowadays
the most promising model to assess HIV pathology in acute and persistent phase and
design future anti-HIV vaccines (Lynch et al., 2013; Kumar et al., 2016).
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Cynomolgus macaques as a model among non human primates

For all the previously mentioned reasons, we chose to use NHPs as animal model.
Among NHPs, a wide number of model were developed to mimic human infectious dis-
eases and thus serve as a good basis for vaccine efficacy evaluation (Gardner & Luciw,
2008).

For example, both cynomolgus and rhesus macaques were shown to mimic Streptococ-
cus pyogenes infection, and were thus considered as promising model for vaccine design
(Skinner et al., 2011). Regarding measles infection, both models were shown valuable, al-
though cynomolgus tend to reproduce more accurately human infection (El Mubarak
et al., 2007). In tuberculosis infection, rhesus and Mauritian cynomolgus macaques
were closer to humans in term of pathology, compared to Chinese cynomolgus macaques
(Maiello et al., 2018). Besides, cynomolgus macaques were more homogeneously per-
missive to SIV and simian/human immunodeficiency virus (SHIV) infection than rhesus
macaques and are thus an important model in HIV vaccine design (Antony & MacDonald,
2015).

We then eventually chose the cynomolgus macaques (macaca fascicularis) as our ani-
mal model, a widely used model in biomedical research, including vaccination (Carlsson
et al., 2004; Ebeling et al., 2011). These cynomolgus macaques originated from Mauritius
and arose from a restricted number of animals, which implies a reduced genetic variability
(Kawamoto et al., 2008; Ogawa & Vallender, 2014). This relatively low genetic hetero-
geneity also reduced inter-individual heterogeneity and may mitigate the low statistical
power inherent to NHP studies.
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Vaccine model: modified vaccinia virus Ankara
Among the existing vaccines, poxviruses were used as anti-variola vaccines, which led

to the first, and currently sole, eradication of a human pathogen, the smallpox virus.
These viruses indeed induce a robust and protective immunity. Among them, our interest
came on the modified vaccinia virus Ankara (MVA).

From vaccinia virus to a new smallpox vaccine

MVA derives from vaccinia virus (VACV), the virus efficiently used as smallpox vac-
cines, which allowed for smallpox eradication. VACV is a poxvirus, from the orthopoxivrus
genus (as variola virus causing smallpox). VACV is a complex DNA virus of around 200kb
encoding for approximately 200 genes (Condit et al., 2006). As most poxviruses, it is not
clear which receptors VACV actually uses to enter cells (Moss, 2006; Schmidt et al., 2012).
VACV can infect a wide range of cells, including immune and non-immune ones, from sev-
eral animal species (McFadden, 2005; Jacobs et al., 2009). Though, intra-cellular factors
can restrict cell infection. Actually, the infection cycle of poxvirus is quite complex and
includes several steps of maturation, and two potentially infectious particles (McFadden,
2005). Details on this infectious cycle are given in Figure 21.

VACV was able to induce a strong and long-lasting anti-smallpox immunity, mediated
by both T and B cells, although the exact contribution of each is not well defined (Fulginiti
et al., 2003a). VACV was the trigger to smallpox eradication (Jacobs et al., 2009). Still,
some concerns emerged about its safety, since documented side-effects, ranging from mild
to life-threatening were reported during the vaccination campaign (Fulginiti et al., 2003b;
Belongia & Naleway, 2003). These effects notably included generalized vaccinia (241 cases
per million), eczema (39 cases per million), post-vaccinal encephalitis (12 cases per mil-
lion) and death (1 case per million). This called for a safer smallpox vaccine.
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Figure 21. Poxvirus viral cycle. The complex infectious cycle of poxviruses is pre-
sented here. Briefly, infection can be initiated by two virions, IMV and EEV (both differ
in the glycoproteins they contain and the number of membranes that surround them).
Several proteins are at play for viral binding and entry (both on virus and cell surface).
Full replication goes with three consecutive steps of protein expression (early, interme-
diate and late). The resulting IMV traffics to Golgi network where it is wrapped to
form IEV. The IEV fuses with plasma membrane, forming cell-associated enveloped virus
(CEV not represented here). CEV can be released as EEV. Note also that IMV can
directly bud through the cell membrane, without going through the IEV form. Red bars
indicate the steps that are defective in the replication incompetent MVA cycle. GAG:
glycosaminoglycans. EEV: extracellular enveloped virus. IMV: intracellular mature virus.
IEV: intracellular enveloped virus. Modified from McFadden (2005).
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Modified vaccinia virus Ankara: development and immunity

The attenuated MVA was randomly obtained after more than 500 passages on em-
bryonated chicken egg (Volz & Sutter, 2017). It resulted in a loss of around 15% of its
genome and many virulence factors (Meyer et al., 1991). As a consequence, MVA was
unable to replicate in mammalian cells, since it cannot form mature particle due to de-
fect in morphogenesis steps (Figure 21) although it could infect them (Drexler et al.,
1998). Still, MVA induced a protective immunity against other poxviruses in several ani-
mal models including NHPs (Wyatt et al., 2004; Earl et al., 2004; Stittelaar et al., 2005;
Knitlova et al., 2014; Jones et al., 2016). It was successfully inoculated to individuals
considered at high risk with regard to VACV vaccination, without triggering any adverse
effect (Blanchard et al., 1998).

MVA induced a very mild local reaction, by contrast to VACV, in cynomolgus macaque
model (Volz & Sutter, 2017). Though, it is a very efficient inducer of innate immu-
nity. MVA is thought to be recognized via TLR2-TLR6, MDA-5 and activation of
NLRP3/NALP3 inflammasome, which trigger the production of several pro-inflammatory
cytokines (e.g. TNF, IL-6, MIP-1α, IL-1β and IL-8) (Delaloye et al., 2009) (Figure 22).
In addition, MVA induces a strong interferon response (both type I and II), by contrast
to VACV that possesses virulence factors inhibiting interferon responses, notably soluble
interferon receptors (Waibler et al., 2009; Price et al., 2013). Type I response seemed to
be independent of TLR9 signaling (Waibler et al., 2007; Delaloye et al., 2009) and rather
dependent on cGAS/STING pathway activation (Dai et al., 2014) (Figure 22). Also,
chemokines, such as CCL2, CCL3, CCL4, CXCL8 and CXCL10 (IP-10), are produced.
They allow for the efficient recruitment of monocytes, NK cells and T cells. Among them,
CCL2 was proven the key chemokine (Lehmann et al., 2009).

Similarly to VACV, MVA was reported to induce a strong adaptive immunity, includ-
ing both cellular (T cell mediated) and humoral (antibody mediated) responses (Amanna
et al., 2006; Panchanathan et al., 2008; Kennedy et al., 2009). However, MVA required
two doses (prime and boost) to induce an efficient seroconversion in all participants (Voll-
mar et al., 2006). To date, the delay between prime and boost seemed important, since
reducing the delay below three weeks (by contrast to one month) impairs neutralizing an-
tibodies generation in healthy volunteer (Jackson et al., 2017). Note also that the route
of immunization was shown to impact the quality of the humoral response induced, and
the subcutaneous route seemed to be more efficient in neutralizing antibodies induction
(Damon et al., 2009).

MVA was licensed as a third generation vaccine against smallpox in Europe and
Canada, in accordance with the European medical agency and Health Canada respec-
tively (Volz & Sutter, 2017).
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Figure 22. MVA sensing by the immune system. The PRR involved in MVA
recognition (TLR2/6, MDA-5, NALP3/NLRP3 inflammasome and cGAS) and the result-
ing pathways activated, notably including IFNβ production, are represented. Numbers
indicate the chronology of events. Modified from Delaloye et al. (2009).

53



Chapter 1. Experimental model and technologies used

Modified vaccinia virus Ankara as a vaccine vector

Given their large genome, poxviruses including MVA allow for insertion of foreign
genes. This permits to use MVA as a vector to build vaccines (mostly preventive but also
therapeutic) against a wide variety of pathogens and diseases, including respiratory dis-
eases, yellow fever, Ebola virus, papillomavirus, malaria, tuberculosis and HIV (Martinon
et al., 2008; Altenburg et al., 2014; Iyer & Amara, 2014; Borducchi et al., 2016; Sebastian
& Gilbert, 2016; Schweneker et al., 2017; Julander et al., 2018; Leung-Theung-Long et al.,
2018; Cabo Beltran & Rosales Ledezma, 2019).

Note that many viral vectors exist, such as lentivirus, adenovirus, alphavirus or cy-
tomegalovirus based vaccines (Choi & Chang, 2013; Ura et al., 2014). Each presents
several advantages and disadvantages. For example, retrovirus-based vaccine, allow for
long-term gene expression, but can give rise to replication-competent virus. By contrast,
adenovirus-based vaccines are highly immunogenic but efficiency can be reduced by pre-
existing immunity against the vector (Ura et al., 2014).

Overall, MVA was shown to induce a strong immune response against the transgene
during a prime-boost vaccination schedule (Cottingham & Carroll, 2013). Still note that
as for other vectors, heterologous prime-boost (with a distinct vector, such as an aden-
ovirus for instance) are widely used to reduce the impact of anti-vector immunity at the
boost (Cottingham & Carroll, 2013; Ura et al., 2014). MVA exhibits a remarkable genetic
stability, even with foreign genes inserts. Thus, altogether with the other viral vectors,
MVA is a potent vaccine vector candidate against diseases for which an efficient vaccine
is not yet available (Cottingham & Carroll, 2013; Choi & Chang, 2013; Ura et al., 2014;
Ramezanpour et al., 2016).
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Modified vaccinia virus Ankara as vaccine model in the project

MVA is a potent inducer of innate responses (Delaloye et al., 2009; Teigler et al., 2014;
Dai et al., 2014). This allows to easily study vaccine-induced innate immunity. Also, MVA
requires a prime-boost regiment to fully induce a long-lasting immune memory, which is
crucial in order to study the impact of the prime-boost delay on the resulting immunity.
Strikingly the delay between prime and boost seemed to have a strong effect an antibody
generation (Jackson et al., 2017). Accordingly, the recommendation for MVA vaccination
is a prime-boost delay of more than 28 days.

Besides, given that MVA can induce both humoral and cellular responses, including in
macaques (Earl et al., 2004; Grandpre et al., 2009), one can hypothesize that vaccination
strategy (in particular vaccine schedule), and the resulting innate immunity induced can
have a differential impact on the quality of both arms (B and T cells) of immune memory
developed. For all these reasons, we chose to use MVA as our vaccine model in this project.

Note that for practical reasons, we used the recombinant MVA HIV B vaccine de-
veloped by the French ANRS (MVATG17401; Transgene, Illkirch-Graffenstaden, France)
(Brandler et al., 2010), encoding several HIV proteins fragments (Gag, amino-acids 1-519;
Pol, amino-acids 172-219, 325-383 and 461-519; Nef, amino-acids 66-147 and 182-206), to
which we had access via our LabEx “Vaccine Research Institute”. Since we were interested
in the response to the vaccine itself, and not the HIV insert at first intention, we used
a homologous prime-boost strategy (as for vaccination against smallpox), rather than an
heterologous prime-boost strategy (as for current candidate vaccines focusing on anti-
insert immunity).

The European medical agency recommend to use subcutaneous injection for human
MVA vaccination. Besides, preliminary pilot studies from the laboratory indicated that
subcutaneous injections induced a stronger neutralizing antibody response than other
routes of immunization, consistently with literature (Damon et al., 2009). Neutralizing
antibody response, in addition to T cell response, was proved a good correlate of protec-
tion for several vaccines including smallpox (Sarkar et al., 1975; Plotkin, 2008; Kennedy
et al., 2009; Moss, 2011). For these reasons, the subcutaneous immunization route was
used for this project.

Also, the dose recommended for MVA vaccination is more than 5.107 infective units.
A pilot study in the laboratory led us to choose an injection dose of 4.108 plaque-forming
units (PFU), since it induced a more homogeneous response across tested animals com-
pared to lower doses. This dose is consistent with the dosage usually used in humans
(1-5.108 PFU).
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Main experimental technology: mass cytometry

The requirement of single-cell measurement

Defining a precise picture of the immune system require a multi-dimensional mea-
surement given the complexity of the immune system. In addition, since we aimed to
investigate immune cell response, we needed a technology that allows for measurements
of cell phenotypes, rather than genomic analyses (Brodin et al., 2015). Eventually, to
precisely decipher the exact subphenotypes that are impacted by vaccination, we needed
to assess it at a single-cell level.

Indeed, beyond the classical populations of innate cells (e.g. neutrophils, monocytes,
NK cells, cDC1, cDC2), innate immunity is composed of heterogeneous cell populations
comprising several subphenotypes (Taylor & Gordon, 2003; Freud et al., 2017; Collin &
Bigley, 2018; Ng et al., 2019; Olingy et al., 2019). Whether distinct subphenotypes define
distinct subpopulations, or solely reflect distinct activation or maturation status within
the same population adds alayer in immune system complexity.

Within neutrophil population, although the nomenclature and associated phenotype
is not completely established nowadays, it is acknowledged that intermediate subpopula-
tions exist between granulocyte-monocyte progenitor and mature neutrophils (proposed
names, pro-neutrophils, pre-neutrophils and immature neutrophils) (Marini et al., 2017;
Evrard et al., 2018; Ng et al., 2019). Also, in blood, “aged” neutrophils differ in pheno-
type (e.g. CD62Llow CXCR4high) and function (e.g. increased phagocytic potential) from
“young” neutrophils (Martin et al., 2003; Adrover et al., 2016; Uhl et al., 2016).

Among cDC2 populations, CD5low and CD5high cDC2 induced differential differentia-
tion of CD4 T cells (Collin & Bigley, 2018). Besides, precursor of DC, the so-called pre-DC
were identified, and actually several cDC subpopulations were proposed (Villani et al.,
2017). Also according to tissues, different phenotypes can be found, for example CD1a+

DC in the skin (Ochoa et al., 2008). Langerhans cells or dermal DC also exhibited dis-
tinct functions including the differential activation adaptive immunity (Klechevsky et al.,
2008). Similarly, several subpopulations of DC deriving either from CD34+ precursors or
from monocytes were proposed (Kohl et al., 2007). In monocytes-macrophages derived
populations, phenotypes and function highly differ according to the tissue (e.g. brain,
skin, gut, lung) (Ginhoux & Guilliams, 2016; Gordon & Plüddemann, 2017), giving rise
to self-maintaining distinct subpopulations (Perdiguero & Geissmann, 2016).

Regarding NK cells, the distinction between CD56dim and CD56bright subpopulations
dominated the field in humans for a long time (Cooper et al., 2001; Poli et al., 2009), but
new subpopulations were identified, for example based on CD27 and CD11b in humans
(Hayakawa et al., 2010), or CD2, CD7, CD16, CD161 and NKG2A in rhesus macaques
(Webster & Johnson, 2005). In addition, NK cell subpopulations strongly differ in phe-
notype according to the tissue they reside in (Freud et al., 2017). Also, the increasing
diversity of NK receptors strongly suggests a wide heterogeneity within each NK cell sub-
population (Wilk & Blish, 2018).
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To assess and understand in depth this wide diversity of innate immune cells that can
be impacted by vaccination, we thus needed an analysis strategy working at single-cell
level. Overall, two class of approaches fitted these criteria, each with it own advantages
and drawbacks: transcriptomics (targeting RNAs), and proteomics (targeting proteins)
(Chattopadhyay & Roederer, 2015; Furman & Davis, 2015; Reeves et al., 2018) (Table 2).

Table 2. Main technologies available to decipher vaccine-induced immune re-
sponse.

Technology Advantages Challenges

microarray,
RNAseq

Unbiased transcriptional profile of
cell populations or tissue Loss of single-cell information

single-cell RNAseq Unbiased transcriptional profile of
individual cells Reduction in throughput

mass spectrometry Unbiased proteomic profiling of cell
populations or tissue Loss of single-cell information

flow cytometry

Cost effective, low acquisition time,
cell size discrimination, live-cell
sorting , tracking of cell division

with CFSE

Reduced number of parameters
resulting from spectral overlap and

background

mass cytometry

High parameter analysis of single
cells using metal tags conjugated to
standard antibodies, significant
reduction in background and

channel spil, data maximization
from small volume serial study

samples

Per sample cost is higher than
standard flow, reduced acquisition

rates and sampling efficiency

The main advantages and drawbacks of each technology is indicated. Transcriptomic approaches are
described on top. Proteomic approaches are described at bottom. Modified from Reeves et al. (2018).
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Proteomics vs. transcriptomics: pros and cons

On the one hand, transcriptomics allows for the simultaneous measurement of vir-
tually all genes expressed by a given cell (RNAseq), or at least a high number of them
(microarrays) (Furman & Davis, 2015). Still, these measurements are usually done on
bulk of cells, which allow to extract an overall signature but not to define precise cell
populations. Newly developed technologies, such as single-cell RNAseq, combine single-
cell isolation and RT-qPCR sequencing to perform such analyses at a single-cell level
(Kolodziejczyk et al., 2015). Though powerful, this can only be done on a relatively low
number of cells (from hundreds to few thousands), and thus requires to determine a priori
the cell population one would like to investigate. In addition the sensitivity is not high,
thus rare transcripts may not be detected.

Since my project was more exploratory and not limited to precise cell subsets within
the innate immune system, we did not use these technologies in first intention (Table 2).

On the other hand, proteomics allows for the direct measurement of several mark-
ers. Technics working on bulk cells (e.g. mass spectrometry) allow for the definition of
signature but not yet for individual cell response (Glish & Vachet, 2003), although new
single-cell measurement methods are currently being developed in the community (Budnik
et al., 2018). Still, multiplex fluorescence-based luminex technics that allows to measure
soluble factors (including cytokines) secreted by cells can be valuable in our context to
understand immune cell functions (Furman & Davis, 2015).

Single-cell proteomics analysis technics allow for the simultaneous measurement of
several (dozens) markers. One historical and widely used technology is flow cytometry
that used antibodies combined with fluorochromes to stain cells, allowing to assess up to
18 markers at a single-cell level (O’Donnell et al., 2013; Furman & Davis, 2015). Among
the main advantages of flow cytometry is the high-throughput (millions of cells can be
analyzed in minutes), and ability to sort cells to perform further analyses, such as tran-
scriptional profiling or functional tests, on purified cells. Still, the main limitation is the
number of markers, since adding new markers require to carefully redesign each antibody
panel due to overlapping emission spectra of the fluorochromes used. In practical, 12-
colors panel are widely used, panels with higher number of markers are scarcer, even with
newly developed spectral flow cytometry, which relies on the deconvolution of emitted sig-
nal rather than on signal compensation (Nolan & Condello, 2013; Schmutz et al., 2016).
In any case, even 20 markers would be somewhat limitating to assess a wide range of
immune cells (Table 2). This drove us to use rather mass cytometry.
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Mass cytometry as the main analysis technics

Mass cytometry is a technology that was developed around 10 years ago (Bandura
et al., 2009; Ornatsky et al., 2010; Bendall et al., 2012; Atkuri et al., 2015; Spitzer &
Nolan, 2016), which combines flow cytometry (cells are stained with antibodies and sig-
nal is measured at a single-cell level) and mass spectrometry (antibodies are labelled with
heavy metals, essentially lanthanides, which are not naturally found in cells). Since each
metal label can be uniquely identified without interference with its neighbors, this tech-
nology allows for the simultaneous measurement of up to 40 markers at a single-cell level
(Figure 23).
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Figure 23. Principle of mass cytometry. The different steps of mass cytometry
analysis of single-cells are described. Briefly, cells are labelled using heavy metal-bound
antibodies. Then cell are nebulized and ionized so that each single cell forms a unique
ion-cloud that can be analyzed with mass spectrometer. Each heavy metal contained
in the ion cloud is then detected, so that the expression of the marker (targeted by the
antibody) expressed by the cell can be quantified and analyzed by the user. Modified
from Bendall et al. (2012).

The main caveat is the low throughput (around 1 million cells are analyzed in 1h) and
the inability to sort cells (since cells are vaporized during analysis process) (Table 2).
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Processing of mass cytometry data requires data normalization (to compensate for the
loss of signal overtime during acquisition (Finck et al., 2013)). Also, barcoding technics
allow to pool all samples during the procedure, before deconvolution afterwards during
FCS files processing. This ensures that all samples are treated equally during the whole
staining/acquisition procedure, reducing intra-staining variability. The most widely used
barcoding technics in mass cytometry is based on the individual staining of each sample
by a unique trio of three palladium isotopes (Zunder et al., 2015).

In addition, to reduce discrepancies in intensity across different stainings, one needs to
use the same batch of antibodies for a full experiment. Besides, the use of control samples
included in all stainings allow to measure technical inter-staining variability and ensure a
good quality of the data generated, a procedure reported for both flow and mass cytom-
etry (Lillacci & Khammash, 2013; Kleinsteuber et al., 2016). Eventually, recent findings
suggest that even though signal should not overlap from one metal to the other in theory,
background spillover can still be observed due to metal impurity or oxidation for example.
As a consequence, the signal can be compensated as for flow cytometry (Chevrier et al.,
2018). Still this multidimensional analysis potential makes of mass cytometry an excellent
candidate to explore immune system characteristics on several cell populations.

Indeed, mass cytometry was successfully applied to characterize in depth numerous
cell populations including notably T cells (Newell et al., 2012; Mason et al., 2015; Sen
et al., 2015; Wong et al., 2015; 2016; Corneau et al., 2017; Kunicki et al., 2018; Nor-
ton et al., 2019), including γδ T cells (Wanke-Jellinek et al., 2016), B cells (Bendall
et al., 2014; Hansmann et al., 2015; Nair et al., 2016; Good et al., 2018), DC (Guil-
liams et al., 2016; Alcántara-Hernández et al., 2017; See et al., 2017), monocytes (Roussel
et al., 2017), neutrophils (Blazkova et al., 2017; Evrard et al., 2018), basophils (Tordesillas
et al., 2016), brain-resident myeloid cells (Mrdjen et al., 2018), and ILCs including NK
cells (Horowitz et al., 2013; Strauss-Albee et al., 2014; 2015; Simoni et al., 2018). This
includes longitudinal follow-up studies, for example after Mycobacterium tuberculosis in-
fection (Roy Chowdhury et al., 2018), HBV infection (Cheng et al., 2019) or Plasmodium
falciparum infection (Sundling et al., 2019).

On the innate side, those studies, conducted in various contexts including steady
states, infection and cancer, contributed to unveil a high phenotypic diversity within
the innate myeloid and lymphoid compartment. This further complexified the picture of
innate immunity composition, notably in term of tissue, development and immune expe-
rience based variations, strengthening the requirement to use single-cell analysis in our
setting. Note that non-immune cells were also recently studied with mass cytometry, for
example epithelial cells (Pelissier Vatter et al., 2018; Scurrah et al., 2019), basal cell from
mammary glands (Knapp et al., 2017), myogenic cells (Porpiglia et al., 2017) or pancre-
atic cells (Wang et al., 2016).
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Still, despite these numerous results obtained so far, the use of mass cytometry in
vaccination is quite scarce. For flu vaccine, PBMCs from vaccinated participants were
re-stimulated either with split influenza virus or TLR7/8 agonists in vitro to assess sim-
ilarities and noteworthy discrepancies in immune cell activation profiles. The authors
looked at multiple immune cells including T cells, B cells, CD14high and CD16high mono-
cytes, CD66+ granulocytes, pDCs, cDCs and NK cells (O’Gorman et al., 2014). After
adenovirus-MVA based HCV vaccination of human volunteers, hepatitis C virus (HCV)
specific T cells were longitudinally tracked in two members of the cohort, and the func-
tionality of those cells in term of cytokine production was assessed (Swadling et al., 2014).
In RSV vaccination, pre- and post-vaccination samples from elderly participants helped
defining a predictive vaccine responsiveness immune signature, based antigen-specific on
T cell subpopulations, in this elderly populations (Lingblom et al., 2018). They notably
identified HLA-DR+ T cells as a good predictor. Also, after typhoid vaccination, CD4
and CD8 T cell responses were compared in adult and children, evidencing a stronger
multifunctionality of adult T cells (Rudolph et al., 2019).

Given the successes met by mass cytometry in several contexts, it stands as a promising
tool to assess vaccine-induced innate immunity.
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Toward a systems immunology approach

Bioinformatic tools are required for mass cytometry data explo-
ration

Classical methods in flow cytometry are based on 2 dimension representations, called
bi-plots, which allow for the visualization of the expression pattern of two markers at a
time. Doing so, one can isolate cell subpopulations or subphenotypes, based on the ex-
pression each marker (usually defining positive and negative expression, rather than the
staining intensity itself).

Given the number of parameters measured at a single-cell level for a high number of
cells, classical ways of analysis (e.g. manual gating on bi-plots) cannot be applied for mass
cytometry dataset analysis. Indeed, should one analyze manually the expression pattern
of 32 markers by manual gating, one should go through 496 plots for each cell population
studied, which is strongly time-consuming, error prone and at high risk to neglect large
parts of the dataset (Bendall et al., 2012) (Figure 24).

High-dimensional space
manual analysis unable

to explore the whole space

Low-dimensional space
manual analysis possible

9 parameters
C9

2=36 potential plots
2 parameters
C2

2=1 potential plot

3 parameters
C3
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32 parameters
C32
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Figure 24. Representation of the high dimensionality generated by mass cy-
tometry. While it is possible to manually explore a space defined by less than 10 dimen-
sions, spaces with more than 30 dimensions generated by mass cytometry makes manual
analysis time-consuming and error prone. Cn

k indicates mathematical combination (k
among n). Modified from Bendall et al. (2012).

New analysis tools dedicated to explore and analyze such multi-dimensional datasets
are required to go further. Several analysis tools and algorithms were developed for mass
cytometry dataset (Reeves et al., 2018), but two main approaches are widely used in the
field, viSNE (based on dimension reduction) and SPADE (based on cell clustering).
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viSNE vs. SPADE algorithm, pros and cons

viSNE: visualization of t-distributed stochastic neighbor embedding results

viSNE (Amir et al., 2013) is an adaptation of a non-linear dimensionality reduction
method, performed through t-distributed stochastic neighbor embedding algorithm (t-
SNE) (Maaten & Hinton, 2008) to single-cell analysis. It is notably widely used in the
single-cell RNAseq community.

Computationally, a similarity matrix is computed to assess the distance between every
points (cells) in the high-dimensional space. Briefly, similarity between cells is defined as
the conditional probability than one cell would "choose" the other one as its neighbor,
assuming that neighbor cells are chosen based on a Gaussian distribution of cell density,
centered on the first cell (Maaten & Hinton, 2008; Amir et al., 2013). Note that the
standard deviation of the distribution is indirectly set through the definition of perplex-
ity, which consists roughly in the measure of the number of neighbors of each cell. This
parameter has to be manually defined for each dataset, and should be all the smaller since
the dataset is denser (Maaten & Hinton, 2008).

A random mapping in a low dimensional space (typically 2D or 3D) is then performed
and a new similarity matrix is computed, based on Student t-distribution. Quality of the
resulting space is assessed with the Kullback-Leibler divergence (which is proportional
to the distance between the similarity between two cells in the high-dimensional space,
and the same similarity in the low dimensional space) (Maaten & Hinton, 2008). An
optimization of this low dimensional mapping is applied, based on gradient descent, in
which the gradient is proportional to sum of dissimilarities between cells, and the actual
difference observed between two cells, for all the pairs of cells in the dataset (Maaten &
Hinton, 2008). Note that a user-defined epsilon factor (learning rate) is also applied to
define the amplitude of the strength of each iteration.

As a result, each iteration moves further apart cells that are closer in the low-dimensional
space than in the original space, and attracts to each other cells that are more distant in
the low-dimensional space than in the high-dimensional space (Maaten & Hinton, 2008).
The use of Student distribution to measure neighborhood in the low-dimensional space
aims to avoid the so-called crowd problem, resulting from the loss of information during
dimensionality reduction, which can lead to an artificially cell crowded area in the center
of the representation. Indeed, the tailed t-distribution allow for expulsing force to prevent
two cells to become too close to each other in the final representation (Maaten & Hinton,
2008).

The final low-dimensional mapping can be visualized using the cyt tool implemented
in viSNE, that can help visualizing marker expression in each cell plotted on the final
mapping (Amir et al., 2013) (Figure 25).
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The heaviness of the overall approach precludes the use of too many cells, and no
more than 2-3 million cells are usually used in a single analysis. It means that a random
pre-downsampling of the data is required prior to the viSNE analyis itself (resulting in
the loss of the non-sampled data), though new methods were developed to circumvent
this issue, notably using hierarchical t-SNE analyses (Pezzotti et al., 2016; Höllt et al.,
2016; van Unen et al., 2017).
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Figure 25. Examples of viSNE representation. Cells were mapped into a low-
dimensional space (2D). The corresponding projection is colored on each panel with the
expression of the indicated marker. Modified from Amir et al. (2013).
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This algorithm is very powerful to visualize at a glance cell heterogeneity across sam-
ples, and has the advantage to plot individual cells, as done by most manual technics used
so far. Thus all the information obtained at a single-cell level are conserved and visualized.

Still, one has to be careful when interpreting the resulting viSNE plots (Wattenberg
et al., 2016). Indeed, several parameters, such as number of iterations and perplexity,
have a tremendous impact on cell segregation or splitting. But quite worryingly, it is
not clear neither a priori nor a posteriori which parameters give the best representation
of the data. Indeed, according to the parameters used, even random noise could display
potential cluster based organization (Wattenberg et al., 2016). Also, based on the param-
eters used, a great distance between two cells, may or may not mean anything.

Given these drawbacks, we chose not to use this method as first approach for our
analyses, although it was successfully applied in the past in the laboratory to confirm
results obtained from SPADE analysis (Pejoski et al., 2016).

65



Chapter 1. Experimental model and technologies used

SPADE: spanning-tree progression analysis of density normalized events

On the other side, the clustering approaches proposed by SPADE is based on the clus-
tering of cells that share similar staining profiles in all markers, so that one only needs to
look at hundreds of clusters instead of millions of cells (Qiu et al., 2011).

Briefly, it relies on a first downsampling of events acquired in each sample. Conversely
to viSNE though, this downsampling is not random but density-based, (e.g. a down-
sampling of 10% will remove cells in part of the multidimensional space where density is
above 10%). Density corresponds to number of cells in the neighborhood of a given cell.
Neighborhood is defined with L1 norm with a threshold so that each cell possesses at least
one neighbor (Qiu et al., 2011). Note that a threshold is also applied to remove all cells
within too low density part of the multidimensional space (usually a cut-off of 0.01% is
used).

This density-based downsampling allows to enrich the downsampled pool with rare
events (Figure 26). Afterwards, the algorithm combined all downsampled cells from the
different files and performs a randomly initiated agglomerative clustering. Briefly, one
cell is randomly chosen and clustered with its nearest neighbor. Then at each step of this
iterative process, another cell (out of the cells already clustered) is chosen and clustered
with its nearest neighbor that was not previously clustered. Thus, at the end of the first
round, the number of clusters is reduced to half the number of cells. Each cluster charac-
teristics are defined as the median marker expression of the cells that compose the cluster.

At the next round, a random cluster is chosen and clustered with its nearest cluster
neighbor, as for the cells of the first round. The process continues so on and so forth until
the number of clusters reaches a number defined manually by the user.

A minimum spanning tree is then constructed to link the resulted nodes (clusters),
based on Boruvka’s algorithm and L1 metric (Pettie & Ramachandran, 2002). Briefly,
each edge is added iteratively. At first iteration, the two nodes with the shortest in-
between distance are connected together. At each iteration then, all the distances between
each node within the tree and the unconnected nodes are computed. The two nodes (one
within the tree, one outside) with the shortest in-between distance are then connected.
The process continues until all nodes are at least connected to another one (Qiu et al.,
2011).

Finally, the clusters are upsampled with the cells that were discarded during the
density-based downsampling. This is done by associating each non-donwsampled cell to
the same cluster as its closest neighbor among downsampled cells (Qiu et al., 2011).

Overall, this is a very powerful algorithm, designed to extract rare cell populations,
which also allows for an easy quantification of cell populations in different conditions,
compared to viSNE. Still two main drawbacks remained.
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Firstly, should two samples contain highly distinct number of cells (e.g. one with 1
million cells, and one with 10,000 cells), the number of downsampled cells will differ across
samples. The initial pre-downsampling is indeed density-based, thus proportional to the
initial number of cells in the sample. As a result, the generation of the clusters will be
biased by the samples containing many cells. To avoid this issue, we designed an anal-
ysis pipeline that equally and randomly pre-downsamples each sample before applying
the SPADE algorithm and the density-based downsampling, and re-upsamples all cells
afterwards, not to lose any information in the process (Figure 26).

Secondly, the user still needs to indicate two parameters: downsampling thresholds
and number of cluster targeted. This choice can be user biased, and in addition, one
does not have an a priori idea of the best parameters to choose. We thus developed an
R-package, called SPADEVizR (Gautreau et al., 2017), which is notably able to assess
the quality of the SPADE clustering. Briefly, to be defined as good quality, a clustering
should contain mostly clusters with a unimodal and narrow distribution for all markers.
With this criterion, we can assess the quality of the clustering with each set of parame-
ters. Thus, after parameter benchmarking one can choose the combination of parameters
that allows for the normatively best classification. In addition, one knows exactly which
marker is not unimodally and narrowly expressed in which cluster.

Admittedly, the main reproach done for SPADE is that, conversely to viSNE, one
does not look at individual cells directly but rather on cluster of cells. Still, given the
possibility to ensure a good clustering quality, the ability to find rare populations, and
since the interpretation is less subject to biased representation (compared to viSNE), we
preferably chose SPADE as a strategy to analyze our mass cytometry data.
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Figure 26. The SPADE algorithm. The different steps of the modified SPADE
algorithm are indicated, as detailed in the text. Changes made in the original algorithm
are displayed in red. Modified from Qiu et al. (2011).
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Toward a systems immunology approach

Multi-dimensional analysis tools

To analyze the results from SPADE clustering, several bioinformatic tools were needed.
Some were embedded in the SPADEVizR package (Gautreau et al., 2017). We refined
the existing package during the thesis project, by adding new functionalities (cell cluster
fusion, histogram representation. . . ). An overview of the main tools is given hereafter.

A first tool is the possibility to visualize the SPADE tree, consisting of all the clusters
with their connection. It notably allows, when coloring the tree with each marker, to
annotate each cluster (e.g. CD3+ T cells, HLA-DR+ CD20+ B cells, HLA-DR+ CD14+

monocytes. . . ), and thus extract each cell compartment (granulocytes, monocytes-DCs,
NK cells. . . ) for the rest of the analysis (Figure 27A).

In addition, to visualize at a glance the phenotypic diversity of the dataset, phenotypic
heatmaps were used. Briefly, for each marker, the range of expression was divided into
five categories between the 5th and 95th percentiles, and each cluster was then given a
category for each marker (1 to 5). Based on these categories, a hierarchical clustering of
markers and clusters was performed (Figure 27B).

Kinetics of individual clusters or of cell populations (groups of clusters) can be visual-
ized overtime. Similarly, individual cluster / cell population phenotype can be visualized
through classical dotplots/bi-plots or histogram displaying mean signal intensity (MSI)
for each marker.

Also, to compare datasets arising from different stainings, we developed and refined
another package called CytoCompare that notably allows to assess similarities and dis-
similarities between two SPADE clusterings (Platon et al., 2018). It basically uses the
mean signal intensity (MSI) of every marker for each cluster, and addresses the correlation
between every cluster from one dataset and all the clusters from the other, as a surrogate
of cluster proximity. One can then easily appreciate similarity and dissimilarity of the
two datasets (Figure 27C). This package was also refined during this thesis project, no-
tably to allow to compare not only MSI but also categories of expression, as well as using
different metrics of comparisons.

Other data analysis approaches were also used. In particular, our aim is to distinguish
features similar and dissimilar between responses to prime and boost. To do so, dis-
criminant analyses, such as linear discriminant analyses (LDA), can be used to segregate
features (cell populations) distinguishing each class (prime response or boost response).
It relies on the optimal orthogonal projection of each sample on an n-1 dimension space
(where n is the number of classes targeted), so that the distance between classes is maxi-
mized. Since a selection of the informative features among non-informative ones is needed,
selection approaches, such as least absolute shrinkage and selection operator (LASSO) can
be used. It is based on the iterative construction of linear models with an increasing pe-
nalization of feature numbers and weight. Quality of the model built at each iteration is
assessed using leave-one-out crossvalidation.
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Figure 27. Main data representations from the packages developed and used
in this project. (A) Visualization of a SPADE tree, colored by CD20 expression. (B)
Heatmap representation of the phenotype of a given set of clusters on a given set of
markers. Each column correspond to a marker, each line to a cluster. Marker expression
was divided into five bins between the 5th and 95th percentiles of expression among all
clusters, each bin was associated with the indicated color. (C) Circos representation
of correlations existing between clusters from two datasets (in orange and blue). Links
correspond to phenotypic correlation between clusters with R > 0.65 and p < 0.05.
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Experimental approach, summary
Eventually, we used cynomolgus macaques, MVA and mass cytometry to assess the

innate responses induced by vaccination, its interactions with adaptive immunity, with
respect to vaccine schedule (Figure 28).

Since a longitudinal follow-up is required, we essentially used blood samples, and al-
though it is obviously relevant, we could not assess in parallel the local immunity (at the
site of injection or draining lymph nodes for example), nor bone marrow, since this could
alter the normal development of immune responses. Dedicated animals should be used to
do so.
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Figure 28. Experimental strategy. As a vaccination model, we used cynomolgus
macaques immunized subcutaneously with MVA-HIV B vaccine, following a prime-boost
vaccination schedule. Different delays between prime and boost were used to assess the
impact of this time-lapse on the resulting immunity. Both innate and adaptive immu-
nity were studied among the research group. Blood samples were collected after prime
and boost for each schedule, including samples taken in the first few hours following
immunization, to reconstruct the kinetics of innate immunity more accurately. These
samples were analyzed with mass cytometry. A dedicated bioinformatic pipeline, based
on SPADE clustering, was developed to explore, efficiently use and compare the resulting
high-dimensional datasets.
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Chapter 2. Validation of the
experimental model: comparison of
blood innate immune cells in human

and cynomolgus macaques

Overview
Before the direct evaluation of vaccine-induced immune response to vaccine, we wanted

to validate our experimental strategies. To do so, we used blood samples at steady state
from macaques and humans, and performed mass cytometry analyses on them. Human
blood samples were analyzed by Jamila Elhmouzi-Younes, a former post-doctoral fellow
from the laboratory.

On an immunological point of view, we wanted to assess the immunological proximity
between cynomolgus macaques and humans at a high-resolution. On an analytical point of
view, we wanted to refine and validate our tools to explore and analyze high-dimensional
datasets generated with mass cytometry.

We wanted to study not only monocytes and DCs, which are usually targeted by vac-
cinologists as APCs, but also granulocytes, which are very labile and difficult to preserve
due to cryosensitivity. For this reason, their role in vaccine-induced immunity has been
overlooked and is thus potentially undersestimated. We thus developed a strategy to store
samples, preserving granulocytes. Based on a methodology previously described (Egger
et al., 2001), we adapted a fixation mixture, containing formaldehyde and glycerol, which
extemporaneously fixes whole blood leukocytes without activating them, also allowing to
lyze red blood cells before freezing. This protocol was latter used for all our analyses.
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Chapter 2. Validation of the experimental model: comparison of blood
innate immune cells in human and cynomolgus macaques

Note that eosinophils were excluded from the analysis, since they capture heavy met-
als through interaction with their positively charged granules, and are thus artefactually
positive for all markers used in the panel. A procedure based on the use of heparin during
the staining allows to prevent this binding. This method was unfortunately not available
at that time our first studies were performed (Rahman et al., 2016).

We then designed antibody panels dedicated to the biology of innate myeloid cells,
one reacting with human cells (19 markers), one reacting on macaque cells (20 markers).
These panels notably include markers targeting activation markers, chemokine receptors
and FcR. For each antibody clone, we validated their reactivity not only with macaque
cells, but also with fixed cells, a caveat inherent to our settings. Some markers were ex-
cluded during the process of antibody panel design, due to lack of reactivity (e.g. CD33).

Consistently with the close phylogenetic proximity between humans and NHPs, strong
similarities were found between human and macaque innate myeloid compartments, in
term of cell number and composition.

Some discrepancies were found though, such as a wider expression of CD23 in human
neutrophils, compared to macaque neutrophils that expressed a wider range of expression
of CD32. Also, the activation status of innate myeloid cells seemed higher in macaques
compared to humans, with an increased expression of CD11b and CD32 in neutrophils,
CD11b, CD32 and CD86 in monocytes and CD16 in cDCs. Interestingly, while CD16
expression clearly distinguished cDCs subphenotypes in humans, CD16 was highly and
homogeneously expressed in all cDCs in macaques. Note that our cDCs were defined as
(HLA-DR+ CD11c+ CD14-) and the use of CD11c to define cDCs is quite controversial in
NHPs since some monocytes were shown to express CD11c in rhesus macaques (Dutertre
et al., 2012; Sugimoto et al., 2015), but not in cynomolgus (Guilliams et al., 2016). CD16
expression by cDCs was previously reported in literature for rhesus macaques (Brown &
Barratt-Boyes, 2009; Autissier et al., 2010; Soulas et al., 2015).

Eventually, we detected the expression of the Fc receptor CD64 on a wide range of
cells (neutrophils and monocytes as expected, but more surprisingly on lymphocytes and
cDCs).

Interestingly, we identified a population of CD14+ CD11c+ CD16+ cells that were
phenotypically close to both monocytes and cDCs. We annotated them as inflammatory
cDCs / non-classical monocytes, for consistency purpose with the literature. The exact
frontier between CD16+ cDCs and CD14low/dim CD16+ non-classical monocytes is indeed
not fully clear in literature (Collin & Bigley, 2018).

Overall, we used the Cytocompare R-package, our comparison tool dedicated to cytom-
etry profiles (Platon et al., 2018), to assess the similarities and discrepancies between both
species. We unveiled very close associations between each compartment in both species,
strengthening the value of the cynomolgus model for the study of human immunology.
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"In Depth Comparative Phenotyping of Blood Innate Myeloid Leukocytes
from Healthy Humans and Macaques Using Mass Cytometry"

"In Depth Comparative Phenotyping of Blood Innate
Myeloid Leukocytes from Healthy Humans andMacaques
Using Mass Cytometry"

All these results were published in a co-first authorship paper in Cytometry part A in
2017 (Elhmouzi-Younes et al., 2017), provided hereafter.
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In Depth Comparative Phenotyping of Blood

Innate Myeloid Leukocytes from Healthy

Humans and Macaques Using

Mass Cytometry

Jamila Elhmouzi-Younes,1† Jean-Louis Palgen,1† Nicolas Tchitchek,1 Simon Delandre,1

Inana Namet,1 Caroline L. Bodinham,2 Kathleen Pizzoferro,2 David J.M. Lewis,2

Roger Le Grand,1 Antonio Cosma,1 Anne-Sophie Beignon1*

� Abstract
Comparative immune-profiling of innate responses in humans and non-human pri-
mates is important to understand the pathogenesis of infectious and chronic inflamma-
tory diseases as well as for the preclinical development of vaccines and immune
therapies. However, direct comparisons of the two species are rare and were never per-
formed using mass cytometry. Here, whole-blood-derived leukocytes from healthy
humans and cynomolgus macaques were analyzed with mass cytometry. Two similar
panels of around 30 monoclonal antibodies targeting human markers associated with
innate myeloid cells to stain fixed human and macaque leukocytes were constructed. To
compare the circulating innate cells from the two primate species, an analysis pipeline
combining a clustering analysis by the Spanning-tree Progression Analysis of Density-
normalized Events (SPADE) algorithm with a two-step hierarchical clustering of cells
nodes and markers was used. Identical SPADE settings were applied to both datasets,
except for the 20 clustering markers which slightly differed. A correlation analysis
designed to compare the phenotypes of human and macaque cell nodes and based on
16 markers, including 15 shared clustering markers and CD19 for humans or CD20 for
macaques, revealed similarities and differences between staining patterns. This study
unique by the number of individuals (26 humans and 5 macaques) and the use of mass
cytometry certainly contributes to better assess the advantages and limits of the use of
non-human primates in preclinical research. VC 2017 International Society for Advancement of

Cytometry

� Key terms
CyTOF; mass cytometry; whole blood; leukocytes; innate myeloid immunity; macaque;
human

THE contribution of non-human primates (NHP) to the development of mod-

ern medicine is historically proven. Yellow fever virus was isolated in rhesus

macaques and the subsequent development of an effective vaccine heavily relied

on the use of the same experimental model (1). The similar manifestations of

tuberculosis disease in humans and monkeys were the ground for the use of

this model for vaccine and drug regimens development (2). The immunological

similarity between humans and NHP is also the basis for their use as models

for infectious and autoimmune diseases (3–5). More recently, a clear descrip-

tion of HIV-1 pathogenesis was obtained by the use of NHP models (6). Nev-

ertheless, experimental data generated in NHP models need the continuous

cross-validation with human data (7).
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In the field of flow cytometry based immune-

monitoring, efforts have been already initiated to build exper-

imental tools, such as shared flow cytometry multicolor anti-

body (Ab) panels, to investigate human and monkey immune

system in a parallel fashion (8–10).

Here, we show two multi-parameter mass cytometry Ab

panels and their application in healthy humans and cynomolgus

macaques. Samples were collected using a protocol able to

recover the whole leukocytes, including granulocytic popula-

tions. Human and macaque fixed leukocytes were stained with

similar panels of 32 and 33 Abs respectively and targeting

markers associated with innate myeloid cells. Twenty-five

markers were included in both Ab panels, including 13 shared

Abs clones. We used an analysis pipeline combining a clustering

analysis by the Spanning-tree Progression Analysis of Density-

normalized Events (SPADE) algorithm with a two-step hierarchi-

cal clustering to identify cell population, also called cell nodes, in

both datasets and to classify them. Identical SPADE settings were

applied to both datasets, except for the clustering markers which

slightly differed. In order to compare the phenotypes between

human and macaque cell nodes, we performed a correlation

analysis based on 16 markers, 15 shared clustering markers plus

CD19 for humans, allowing to target B-cell subsets at various

developmental stages (such as plasmablasts and plasma cells) or

CD20 for macaques. We were then able to highlight significant

similarities and differences of staining profile and intensity

between immune cells derived from the two species. Macaque

cells showed a generalized stronger staining for markers associ-

ated with activation and inflammation, such as CD32, CD11b

on neutrophils and monocytes, and a homogeneously high

expression of CD16 on myeloid dendritic cells (mDC). In con-

trast, macaque mDC showed a lower staining of HLA-DR and

CD86 compared with macaque monocytes and human mono-

cytes and mDC. Discrepancies between species can be explained

by the relative cross-reactivities of human Abs with macaque

determinants inherent to any cross-species comparison, or by

true biological differences between humans and macaques. This

comprehensive map of healthy human immune cells in compari-

son to macaque cells admittedly calls for gene expression and

functional analyses to further define similarities and differences

between innate myeloid cells in humans and macaques. Never-

theless, our work already constitutes a strong basis for compara-

tive and translational studies in the field of immunology.

MATERIALS AND METHODS

Volunteers and Whole Blood Collection

Human whole blood was collected from informed and

consenting volunteers enrolled into a clinical study conducted

at the Surrey Clinical Research Centre, University of Surrey

(UK), as part of the BioVacSafe consortium-funded clinical

study protocol CRC305A (11). Inclusion criteria are described

in Supporting Information Table 1. The aim of the study is to

generate an exploratory training dataset to characterize clini-

cal events, physiological and metabolic responses, and innate

and adaptive immune responses following immunization with

commercial vaccines or saline placebo in healthy adults with

no previous immunity. Whole blood was collected into lith-

ium heparin vacutainer tubes (BD Biosciences, San Jose, CA)

and cells were fixed within 3 hours of blood draw. In the pre-

sent manuscript, 26 subjects were analyzed before any vaccine

or saline injection to study blood innate myeloid cells at

steady-state. This cohort is aged of 29.3 years (67.23) with a

mean body mass index (BMI) of 23.95 (63.17). It contains 16

males and 10 females, split on race in 18 White, 5 Asian, and 3

other persons and on ethnicity in 1 Hispanic or Latino, 24

non-Hispanic nor Latino, and 1 not reported.

Non-Human Primates and Whole Blood Collection

Five healthy adult male cynomolgus macaques (Macaca

fascicularis) were imported from Mauritius and housed in the

animal facility of IDMIT infrastructure at CEA, Fontenay-

aux-Roses, France. Blood was collected using lithium-heparin

tubes (Vacutainer BD, USA) under anesthesia using an intra-

muscular injection of 10 mg/kg of ketamine (Rhone-M�erieux,

Lyon, France) and processed with the same protocol as used

in the human trial.

Ethics Statements for the Human Study

The human study was approved by London - Surrey Bor-

ders Research Ethics Committee (REC Ref: 12/LO/1871) and

the study was registered on http://clinicalltrials.gov

(NCT01765413) before participant enrollment. All partici-

pants provided written informed consent after adequate

explanation of the aims, methods, anticipated benefits, and

potential hazards of the study.

Ethics Statements for the Non-Human Primate Study

The macaque study was approved by the “Ministère de

l’�education nationale, de l’enseignement sup�erieur et de la

recherche” (France) and the ethics committee “Comit�e

d’�ethique en exp�erimentation animale n844” under the refer-

ence 2015031314518254.02 (APAFIS#319). Animals were han-

dled by veterinarians in accordance with national regulations

(CEA Permit Number A 92-32-02) and the European Direc-

tive (2010/63, recommendation N89) and in compliance with

Standards for Human Care and of the Office for Laboratory

Animal Welfare (OLAW, USA) under OLAW Assurance num-

ber #A5826-01.
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Reagents and Solutions

Fixation Mixture (FM) used to store cells was prepared

extemporaneously as previously described (12). Briefly, two

parts of double concentrated Dulbecco’s phosphate buffer

(DPBS) was prepared from a solution of DPBS modified 103

without CaCl2 and without MgCl2, pH 7.4 (Gibco by Life Tech-

nologies, Villebon-Sur-Yvette, France). One part of 20% formal-

dehyde was prepared from 36% paraformaldehyde (VWR BDH

Prolabo, Fontenay-sous-Bois, France) and mixed all together

with one part of 75% glycerol (Sigma-Aldrich, Lyon, France).

The resulting solution was stored at 148C and used within three

days. Fixation solution (PBS/PFA 1.6%) used for the staining,

was prepared by diluting 16% paraformaldehyde (PFA; Electron

Microscopy Sciences, Hatfield, USA) in DPBS modified 103

and Milli-Q water. Staining buffer (PBS/BSA 0.5%) was pre-

pared by mixing DPBS modified 13 (Gibco by Life Technolo-

gies) with 0.5% BSA (Sigma-Aldrich, Lyon, France).

Cell Preparation and Storage

Blood samples were processed accordingly to a freezing

procedure allowing the recovery of all blood leukocytes, espe-

cially polymorphonuclear cells, which are highly labile and

cryosensitive cells. We adapted a previously described cell

preparation procedure consisting of fixation, red cell lysis, and

freezing (12). One ml of whole blood was mixed with 10 mL

FM and incubated on ice for 10 min. After centrifugation, red

cells were lysed by adding 10 mL of Milli-Q water at room

temperature (RT) for 20 min. After two washes with DPBS

modified 13, cells were counted and stored at 2808C in FM

at a final concentration of 15 3 106 fixed leukocytes/mL and

distributed in aliquots containing 3 3 106 cells.

Staining and CyTOF Acquisition

Three millions of cryopreserved fixed cells were thawed

at 378C, washed twice with PBS/BSA 0.5% and incubated on

ice for 30 min with the metal-labeled surface antibodies listed

in Supporting Information Table 2. After two washes with

DPBS modified 13, cells were fixed with PBS/PFA 1.6% at RT

for 20 min and permeabilized with 13 Perm/Wash Buffer

(BD Biosciences) at RT for 10 min. Intracellular Abs and irid-

ium nucleic acid intercalator were incubated on ice for 30

min. After two washes with DPBS modified 13, cells were

fixed with PBS/PFA 1.6% at RT for 20 min, centrifuged and

stored overnight with 0.1 mM iridium nucleic acid intercalator

in PBS/PFA 1.6%. The following day, cells were washed with

Milli-Q water, resuspended in 1 mL of Milli-Q water and fil-

tered by using a 35 mm nylon mesh cell strainer (BD Biosci-

ences), before the addition of EQTM Four-Element Calibration

Beads (Fluidigm, San Francisco, USA) according to the manu-

facturer’s instructions. Each sample was split into two and dis-

tributed in a 96-well microplate (Sigma-Aldrich, St Louis,

MO). The acquisition was done using the autosampler device

to automatically deliver samples into the CyTOF instrument

(Fluidigm). The number of acquired cells is given in Support-

ing Information Table 3 for each sample.

Data Processing and Analysis

Cytometry data were normalized using Rachel Finck’s

MATLAB normalizer (13). Replicates were concatenated using

the FCS file concatenation tool (Cytobank, Mountain View,

CA). Four-Element Calibration Beads were excluded by man-

ual gating on the Ce140 channel. Singlets were selected on an

Ir191 (DNA intercalator)/cell_length bivariate plot. Of note, a

clear population of cells showing a strong background in all

channels was consistently observed in all samples and

excluded on a CD66abce/CD3 bivariate plot. The number of

cells non-double positive (CD66abce1/CD31) is given in Sup-

porting Information Table 3 for each sample. Recently, Rah-

man et al. (14) showed a generalized nonspecific metal

conjugated antibody binding by eosinophils during staining of

fixed whole blood resembling to the pattern observed in our

fixed whole blood samples, suggesting these double-positive

cells could be eosinophils.

Two Spanning-tree progression analyses of density-

normalized events (SPADE) (15) were independently per-

formed on the human and macaque datasets using 19 and 20

clustering channels respectively (Supporting Information

Table 2). Cell nodes generated by SPADE were manually anno-

tated according to the rules shown in Table 1.

For a deeper analysis of these nodes, we used the recently

released SPADEVizR R-package (16), dedicated to cytometry

data analysis with a main emphasis on SPADE-derived data.

To categorize these SPADE-nodes, we calculated the 1st and

99th percentiles of the expression distribution of the total cells

for each marker and divided this range into five categories.

The mean of the median marker expression of cells contained

in each node was then used to assign each marker expression

to one of the five categories. Individuals with less than 50

Table 1. Restricted set of markers used to manually annotated nodes in SPADE tree and for manual bi-variate gating

MARKERS USED TO ANNOTATE NODES (NUMBER OF NODES)

CELL POPULATION HUMAN MACAQUE

Neutrophils CD661(27) CD661(26)

Basophils CD66- CD1231 HLA-DR-(2) CD66- CD1231 HLA-DR-(1)

Monocytes CD141 HLA-DR1(18) CD141 HLA-DR1(12)

pDC CD19- CD14- HLA-DR1 CD1231(1) CD20- CD14- HLA-DR1 CD1231(1)

mDC CD19- CD14- HLA-DR1 CD11c1(5) CD20- CD14- HLA-DR1 CD11c1(8)

NK cells CD66- CD3- Granzyme B1(5) CD66- CD3- CD81(9)

T-cells CD31(27) CD31(22)

B-cells CD191 HLA-DR1(8) CD201 HLA-DR1(17)
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events in a given node were excluded from this calculation

since we considered that medians calculated on less than 50

events might bias the phenotypical characterization of these

cell nodes. Hierarchical clusterings were performed using the

Euclidean metric and the complete linkage method. Correla-

tion analysis between humans and macaque nodes was gener-

ated based on their categories using the Spearman coefficient

of correlation, based on the relative expression of CD66abce,

HLA-DR, CD3, CD64, CD123, CD11a, CD11b, CD23, CD86,

CD32, CXCR4, CCR5, CD16, CD11c, CD14, and CD19 for

humans and CD20 for macaques. Raw FCS files have been

uploaded on FlowRepository and are available through acces-

sion ID: FR-FCM-ZZSR (for the macaque dataset) and FR-

FCM-ZZSQ (for the human dataset). All Supporting Informa-

tion materials were also uploaded at the same IDs.

RESULTS

Definition of the Main Leukocyte Populations in

Humans and Non-Human Primates

Leukocytes derived from 26 healthy humans and 5

healthy cynomolgus macaques were characterized using simi-

lar Ab panels shown in Supporting Information Table 2, and

staining was compared within and between the two species by

the use of a common analytical pipeline.

The panel dedicated to define human samples was firstly

established to analyze cells mediating innate responses at

steady state or following in vitro stimulation with TLR

ligands. This panel comprised 33 human monoclonal Abs. On

the basis of this first human Ab panel, Ab clones were tested

for cross-reactivity with cynomolgus macaque cells. In the

case of lack of cross-reactivity, Abs were replaced by other

clones or even with Abs having other specificities. Addition-

ally, studies conducted in human subjects showed that despite

the innate cell orientation, the inclusion of markers such as

CD4 and CD8, might uncover unforeseen patterns during

data analysis. As a consequence, the Ab panel designed to

define macaque cells targeted 32 markers, 25 of which were

shared with the human analysis, including 13 identical Ab

clones. The differences in the two Ab panels account for the

above considerations.

Doublets and background events were removed from

data files. In particular, CD66abce1CD31 aberrant leukocytes

(likely due to the non-specific binding resulting from the

recently reported interactions between metals from the conju-

gated Abs and charged proteins present in eosinophilic gran-

ules) were discarded (14).

To assess the validity of our interspecies comparison, we

first confirmed that the markers in common between the two

Ab panels had a comparable dynamic range of expression

using histograms, excepted for CCR5, CD11c, CD32, CD64,

and CXCR4 (Supporting Information Fig. 1). The relative

ranges of expression were also computed and summarized by

displaying the 1st and 99th percentiles of the expression distri-

bution on total leukocytes (Supporting Information Fig. 2).

We observed some heterogeneity of staining intensity and of

marker expression density between individuals within the

same species for some markers, such as CD11b in humans or

CD32 both in humans and macaques (Supporting Informa-

tion Fig. 1).

We then performed two SPADE analyses (15) on the

human and macaque datasets using similar settings. Specifi-

cally, we targeted a total of 100 nodes and we applied a 5% of

downsampling. To perform clustering, we used 15 surface

markers shared between the human and macaque Ab panels,

to which we added CD19, CD28, Perforin and Granzyme B

for humans, and CD20, CD4, CD8, CCR7, and CD45 for mac-

aques (Supporting Information Table 2) with the goal to clus-

ter cells as much as possible and to capture the largest

phenotypic diversity and complexity for each species. It is of

note that intracellular cytokines, TLRs and NF-kB-pS529 were

not used as clustering markers. Actually, neither cytokine

secretion, TLR expression modulation, nor NF-kB activation

were detected as steady-state without ex vivo restimulation

with stimuli and addition of brefeldin A (data not shown).

The SPADE algorithm does not have the possibility to

simultaneously visualize multiple trees, to perform aggrega-

tions, or to specifically filter nodes. Therefore, median stain-

ing intensities (MSI) associated to each node were extracted,

formatted using the Google Refine application and visualized

using the Tableau Desktop software (Fig. 1). In human sam-

ples, CD66abce, CD3, CD19, CD14, HLA-DR, CD11c,

CD123, and Granzyme B were used to manually categorize

SPADE nodes into eight distinct main cell populations;

namely neutrophils, basophils, monocytes, mDC, plasmacy-

toid DC (pDC), NK cells, T cells, and B cells (Table 1). The

same populations were identified in the macaque dataset but

CD19 and Granzyme B were substituted by CD20 and CD8,

respectively, to identify B, T, and NK cells. Following these

rules, we were able to assign to these 8 main cell populations

93 and 96 nodes out of 100 nodes for the human and the

macaque dataset, respectively (Fig. 1 and Supporting Informa-

tion Fig. 3). Note that for both species, since CD16 was not

included as annotation marker, HLA-DR1 CD142/l8w CD161,

described in the literature either as inflammatory mDC

(8,17,18) or non-classical monocytes (19,20) were considered

here as inflammatory mDC, solely to account for this initial

annotation choice. Seven human nodes and four macaque

nodes remained undefined. Some nodes corresponded to

abundant cell subphenotypes (e.g., human node 21 with up to

20% of parents), while others contained very few cells (e.g.,

human node 97 with <0.06% of parents), but they still dis-

played a singular markers co-expression profile (Supporting

Information Figs. 4 and 5). This demonstrates the power of

the SPADE algorithm to reach equal representation of rare

and abundant cell types thanks to its density-based down-

sampling procedure. Using these restricted sets of eight

markers, some similarities and differences could already be

documented between the two species for the intensity and

profile of markers expression, with different patterns for CD3,

CD11c, and CD123, visualized on the colored SPADE trees

(Fig. 1).

To further control our interspecies comparison, we ana-

lyzed the relative marker expression using bivariate plots over
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the main eight blood cell populations identified by SPADE

analyses followed by manual nodes annotation in representa-

tive individuals (Fig. 2 and Supporting Information Fig. 6),

as well as parallel coordinate representations showing the

marker expression ranges for each SPADE nodes (Supporting

Information Figs. 4 and 5). The 15 surface markers shared

between the human and macaque Ab panels as well as CD19

for humans and CD20 for macaques showed a quite similar

dynamic range over the eight main cell populations. CD86

range of expression is difficult to assess on the whole leuko-

cytes population. Nevertheless, while clearly showing a posi-

tive signal in a subpopulation of human HLA-DRmid mDCs,

CD86 appeared to have a negative profile on the macaque

main cell populations, except in HLA-DRmid monocytes. Note

that HLA-DR shows a similar range of expression in both spe-

cies. In contrast to human cells, CD32 was strongly expressed

by macaque cells, in particular by neutrophils, basophils,

monocytes, pDCs and B cells (Supporting Information Fig.

6). Similarly, CD64 expression differed between humans and

macaque, with a higher expression by macaque neutrophils,

basophils and pDCs. CD16 and in a lesser extent

CD11a expression was differentially expressed by human

HLA-DRhighCD86mid and HLA-DRmidCD86l8w mDCs con-

trary to macaque mDCs which express more homogeneously

a high-level of CD16 and CD11a. CD11b was expressed by

macaque monocytes in contrast to human monocytes, while

human monocytes expressed CD11c in contrast to macaque

monocytes (Supporting Information Fig. 6). The clone 3.9 we

used for macaque staining was described to preferentially bind

the activated form of CD11c (21) while this is unclear for the

clone B-ly6 (22) we used in the human dataset. It is thus pos-

sible that macaque monocytes carry inactivated CD11c mole-

cules. Besides, as the CD11c expression was high on macaque

mDC, it would also suggest that macaque mDC express con-

stitutively active CD11c molecules. In addition, in humans

only, one subpopulation of mDC (mainly node 78, but also

node 27 and 38) express CD123 in addition to CD86 and

CD16 (as well as CCR5mid, CXCR4mid, HLA-DRmid, CD11a-
mid, and CD11cmid as all mDC nodes). This population is

described in the literature to be a potential immature mDC

population with high pro-inflammatory potential (23–25),

suggesting that mDC in macaque could be more mature than

in humans. The staining profiles of the anti-CXCR4 and anti-

CCR5 Abs did not match between species with an overall

Figure 1. Data analysis workflow. Events generated from human (A) and macaque (B) samples were manually gated to exclude the EQTM

Four-Element Calibration Beads, select singlets and gate out nonspecific background likely generated by metal conjugated Ab binding eosi-

nophils (see Materials and Methods). The SPADE algorithm was performed independently on the human and macaque samples. Mean stain-

ing intensities and number of event per node were extracted from Cytobank and exported to Tableau Desktop for optimal visualization and

annotation purpose. The Tableau Desktop rendered SPADE trees are shown for humans and macaques. Eight trees are shown for each spe-

cies according to the markers used to discriminate the eight distinct leukocyte populations as described in Table 1. Each circle represents a

node colored according to the median expression of all the 26 humans or 5 macaques. Node dimension size does not relate to the number of

events. The color gradient is proportional to the expression of each marker and is shown on the top of each tree. The tree manually annotated

for the eight leukocyte populations is shown on the left with the relative color legend. The gray node, labeled ND, remained undefined

according to the rules of Table 1. A magnified version of the annotated trees with node ID is available as Supporting Information Fig. 3.
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higher detection in human cells. However, CXCR4 staining

was detected on macaque monocytes and pDCs. Finally, the

intensity of HLA-DR expression was higher in human than in

macaque monocytes and mDCs (Supporting Information Fig.

6). Further experiments are obviously required to understand

better the impact of these discrepancies of pattern of expres-

sion between the two species, mostly between monocytes and

mDCs.

Figure 2. Bi-dimensional dot plot representations of selected markers on human and macaque leukocyte populations. Representations

were performed on the leukocyte populations identified in the spade trees. Human cell populations were compared with their macaque

cell counterparts for the expression of the following marker pairs: CXCR4 (Dy-164)/CCR5 (Er-166), CD16 (Sm-152/Er-167) [for human/

macaque respectively]/CD11c (Er-168), CD11b (Nd-150)/CD32 (Gd-155/Dy-161), CD64 (Nd-144)/CD86 (Sm-154), HLA-DR (Nd-142)/CD11a

(Sm-149). For each species one representative subject is shown (human #7017 and macaque #BB078).
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We then compared the frequencies of the manually anno-

tated main cell populations in humans and macaques

(Fig. 3A). Considering the limitations cited above as well as

the restricted number of individuals, our approach showed

that similar frequencies of neutrophils were found in the two

species whereas significantly lower frequencies of basophils

were observed in macaques (P values 5 0.0012). Lower mono-

cytes frequencies were detected in macaque in comparison to

human (P values 5 0.0010) while mDC showed an inverse

pattern (P values 5 0.0003). Of note, pDC already considered

a rare population in humans (median 0.22%: range 0.09–

0.44) showed frequencies ranging between 0.03% and 0.08%

in macaques (P values< 0.0001). These results may partially

contradict our previous reported observations (22) and may

argue for technical limitations in accurately identifying these

populations with the defined panels. The frequency of NK

cells was significantly higher in macaque when compared with

human (P values 5 0.0005). T cells showed significant lower

Figure 3. Comparison in the proportion of leukocyte populations between human and macaque. Frequencies of leukocytes populations

were calculated over the total amount of leukocytes. Data from 26 humans and 5 macaques are shown; each point represents one individ-

ual. Percentages of neutrophils, basophils, monocytes, mDC, pDC, NK cells, T cells, and B cells were defined either after SPADE analysis

followed by manual annotation of the SPADE tree (Fig. 1 and Table 1) (A) or after “classical” manual bi-variate gating (B); the gating strat-

egy used is described in Supporting Information Figure 7. They were compared between humans and macaques using a Mann–Whitney

test implemented in GraphPad Prism version 6 and P< 0.05 are shown. Medians with interquartile ranges are shown.
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frequencies in macaque, whereas no significant difference was

observed in B cells. To validate our comparison, we confirmed

these frequencies after SPADE analysis followed with manual

annotation of cell nodes with bivariate plots (Fig. 3B, Sup-

porting Information Figs. 7 and 8).

In Deep Phenotypic Characterization of Human and

Non-Human Primate Cell Populations

To visualize at a glance the expression profiles of the 100

SPADE nodes for the totality of their respective clustering

markers, we charted the relative mean of marker median

intensities using heatmap representations with hierarchical

clustering at both the cell nodes and marker levels (Fig. 4).

Marker intensities were classified in five bins calculated

based on the 1st and 99th percentile range expression divided

into uniform categories (shown in Supporting Information

Fig. 2). This approach allowed to compare and contrast more

easily the sub-phenotypes from the same or between the two

species and also to uncover patterns of marker co-expressions.

Nodes manually classified on the SPADE trees using a

limited set of eight canonical markers (Fig. 1) clustered

together in the heatmaps demonstrating the validity of the

hierarchical clustering approach. In addition, to quantify the

number of phenotypically similar human and macaque nodes

and their degree of similarity, we performed a Spearman’s

rank correlation analysis based on the 15 markers shared

between the human and macaque Ab panels in addition to

CD19 for humans and CD20 for macaques (Fig. 5 and Sup-

porting Information Table 2). Although these two markers do

not exactly define the same populations, the circular graph

representation (Fig. 5A) show that a large panel of human and

macaque nodes correlated with each other.

Neutrophils were the most represented population in fre-

quency and number of nodes in both species (Fig. 3). In

macaque, neutrophils were clearly divided into two subsets

characterized by the simultaneous differential detection of

CD11b and CD66 (CD11bhigh/CD66high or CD11bmid/

CD66mid). Within these two subsets, CCR7 showed a wide

range of expression from high to low range and CD45 expres-

sion varied from mid to low range. Strikingly, the overall level

of expression of CXCR4 and CCR5 in neutrophils was lower

in macaques as compared with humans. In humans, neutro-

phils stained by our Ab panel were more homogeneous with

some scattered single nodes expressing high levels of CD16,

CD23, Perforin, CD11b, CD32, Granzyme B, CD86, CD64,

Figure 4. Heatmaps showing the phenotypes of identified SPADE nodes for both species. The five-tiered color scale, from white to deep

red, represents marker expression within the range from the 1st and 99th percentile of the distribution of the totality of cells for each

marker of each cluster for the human (A) and macaque (B) datasets. Hierarchical clusterings were performed on SPADE nodes and SPADE

clustering markers to identify groups of nodes or markers having similar expression patterns. ND: not defined.
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Figure 5.



HLA-DR, and CXCR4. Of note, human nodes 46 and 24

(2.93% 6 6.49 of all leukocytes, reaching >10% for 3 out of

26 individuals) co-expressing higher levels of CD11b, CD32,

CD86 and CD11c as compared with other neutrophil nodes

might represent granulocytic myeloid-derived suppressor cells

(G-MDSC) (26). A similar population was not clearly distin-

guishable in macaque since CD32 and CD11b markers were

widely expressed in all the neutrophils nodes. Nevertheless,

macaque nodes 69, 22, and 20 (10.20% 6 4.86 of all leuko-

cytes) might represent G-MDSC characterized by a higher

expression of CD86 as the human counterpart and the novel

expression of CD23. If so, this would imply that macaques

carry in average more G-MDSC than their human counter-

part. Interestingly, both in humans (node 79) and macaques

(node 83 and 93), some neutrophil nodes displayed a high

expression of CD64, previously reported as a marker of bacte-

rial infection (27). Correlation coefficients relative to all

macaque nodes were plotted for each human neutrophils

node (Fig. 5B). Overall, human neutrophil nodes showed the

highest correlation with macaque neutrophil nodes in 24 out

of 27 instances (58.09% 6 7.09 of all leukocytes), except for

human neutrophils nodes 92, 93, and 83, (which are CD66l8w

HLA-DRhigh and CD11ahigh Granzyme Bhigh Perforinhigh,

respectively) and many of them with macaque neutrophil

nodes 89 and 20 (6.12% 6 3.96 of all leukocytes, both nodes

being CD66high CD11bhigh CD32high and node 20 being in

addition CCR7high), confirming our previous visual approach

with the circular graph.

Two basophil nodes (HLA-DR- CD1231) were observed

in humans (node 41 and 69), whereas a unique node was

observed in macaque (node 44). Correlation analysis associ-

ated the human basophil nodes 41 and 69 to the macaque

pDC node 87 (HLA-DR1 CD1231) and the macaque basophil

node 44, respectively (Fig. 5B).

Mononuclear phagocytes are a heterogeneous cell popu-

lation with antigen presenting functions including monocytes,

DC and macrophages; these latter predominantly found in tis-

sues (28). In the present study, performed on circulating leu-

kocytes, monocytes, mDC and pDC were classified on the

SPADE tree (Fig. 1) and distinctly represented on the heat-

maps (Fig. 4). In macaque, the dendrogram clearly divided

the 12 monocyte nodes into two distinct subpopulations

according to the simultaneous higher expression of CD32,

CD11b, CD64, CD86, and CD14. In humans, the 18 monocyte

nodes are patchier. Nevertheless, we could identify a group of

nodes expressing higher levels of CD32 localized in a region of

the heatmap where the expression of CD11c and CD14 was

more elevated. CD64 expression in human monocytes was

expressed in all nodes and reached the top 2 expression bins

in 13 out of 18 nodes (3.59% 6 2.25 of all leukocytes), while

in macaque, CD64 expression reached the top 2 expression

bins in only 1 out of 12 nodes (node 96 expressing in addition

CD32, CD11b, CD86, CD14, CXCR4, CCR5, CD45, and

HLA-DR, 0.06% 6 0.06 of all leukocytes), which represents a

very low amount of cells compared with their human counter-

parts. CD11a and CD11c displayed a similar pattern as shown

with the marker dendrograms with 16 and 13 human nodes in

the top 2 expression bins respectively (4.19% 6 2.36 and

3.26% 6 2.06 of all leukocytes, respectively). Remarkably, the

staining of CD11c was very low or absent in all macaque

monocytes nodes, which may reflect the difficulty in identify-

ing anti-human antibody clones with good cross-reactivity

with the macaque determinant, as previously reported by

others (29). As expected, all human monocytes nodes are

characterized by a clear expression of this marker. Diversity

between human and macaque monocytes was evident also by

correlation analysis (Fig. 5B). Human monocyte nodes

showed the highest correlation value with a corresponding

macaque monocyte node in only 9 out of 18 instances

(human monocytes nodes 62, 40, 58, 80, 34, 61, 29, 43, and

35; 2.76% 6 1.08 of all leukocytes), and most of them corre-

lated with macaque monocyte node 63 (which is CD32mid

CD11bmid CD64mid, CD86mid CD14high CD11amid CXCR4mid

CCR5mid CD45mid HLA-DRmid). In all the other cases, the

human monocyte nodes were more similar to the macaque

mDC nodes 47 or 30 (which are CD11ahigh CD11cmid

CD16mid HLA-DRmid and CD11ahigh CD11chigh CD16high

HLA-DRl8w, respectively).

Myeloid DC nodes were more abundant in macaque and,

except for node 73 (HLA-DRhigh, CD11ahigh CD11cl8w

CD16l8w), showed a high expression of CD16. In humans, we

identified 5 mDC nodes with CD16 expression varying from

negative to positive. CD123, a marker of pDC and basophils,

was expressed at low levels in three macaque mDC nodes (18,

55, and 17; HLA-DRmid, CD11ahigh CD11chigh CD16high

CXCR4mid/high 0.94% 6 0.53 of all leukocytes) whereas we

found a full expression range in the 5 human mDC nodes

(0.92% 6 0.35 of all leukocytes). Of note, CD16 negative

mDC were also CD123 negative (node 90). In macaque mDC,

staining of CD86, CXCR4, CCR5, and HLA-DR was weaker

Figure 5. Correlation analysis of the node expression vectors of humans and macaques. (A) Circular graph representation showing the

significant correlations between the SPADE nodes of the human and macaque analyses. Each node of the graph corresponds to a SPADE

node and each line corresponds to a significant phenotype correlation between two human and macaque cell nodes (P> 0.7). (B) The

expression vector of each human node from the eight main subpopulations annotated manually on the spade tree, neutrophils, mono-

cytes, mDC, pDC, basophils, NK cells, B cells, and T cells, was compared with all the macaque node expression vectors. In each panel rep-

resenting one human node, the P values are shown for all the macaque nodes. Macaque nodes values shown on the first column share

the same annotation with the human node, in contrast to macaque nodes shown in the second column. The ID of the macaque node with

the highest P value is indicated. Macaque nodes are color coded as in Figure 1. For example, if we consider the human neutrophil node 92

(first panel at the top of the figure), it shows a higher correlation with macaque nodes in the second column (i.e., not belonging to the neu-

trophil population) and especially to the monocyte node 32, than with nodes in the first column belonging to the macaque neutrophil pop-

ulation. On the contrary, the human neutrophil node 60 clearly correlates with macaque neutrophil nodes shown in the first column and

in particular it shows the highest correlation with node 89. ND: not defined.
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than in macaque monocytes and indeed they were not parti-

tioned next to each other on the heatmap (Fig. 4B), whereas

in humans these same markers were equally expressed in the

two cell populations. Despite these disparities between the

two species, the correlation analysis showed that 4 out of the 5

human mDCs nodes (0.83% 6 0.27 of all leukocytes) showed

the highest correlation value with a corresponding macaque

mDC node, except human mDC node 78 (0.09% 6 0.21 of all

leukocytes, reaching 1% in one individual) a rare population

which expresses the highest level of CD123 (a feature not

found in macaque mDC) (Fig. 5B).

The exploration of the innate myeloid leukocytes was the

main aim of our comparative study. Nevertheless, the inclu-

sion of lineage markers in separate channels for the definition

of monocytes and DC and the unsupervised and global nature

of the analysis opened the way to a non-conventional vision

of NK cells, T, and B lymphocytes with the potentials to

uncover new patterns of expression of unusual markers. Five

and nine nodes were observed for human and macaque NK

cells, respectively. In humans, the five nodes were quite homo-

geneous although separated into two clusters by the neutro-

phil nodes. Perforin expression was the only evident difference

between the two groups of nodes, although Granzyme B

expression tends to follow the same pattern. Correlation anal-

ysis showed that the totality of human NK nodes correlated

with the macaque NK cell node 37 (Fig. 5B). In macaque, the

dendrogram divided NK cells into three groups. Node 37,

together with nodes 27 and 54 (2.53% 6 1.09 of all leuko-

cytes) formed a group of NK cells expressing high levels of

CD16 and CD11a as opposed to a group expressing these two

molecules at a lower level (node 82, 14, 36, 58, and 50;

3.44% 6 1.25 of all leukocytes). Node 75 (0.07% 6 0.03 of all

leukocytes) set apart with a characteristic high expression of

CD64, a marker not previously reported to be expressed in

NK cells, to our knowledge.

Similarly to NK cells, B cells were quite homogeneous in

humans (8 nodes) whereas in macaque, we observed 16 dis-

tinct nodes divided into two distinct populations by the

expression of CXCR4 and CCR5. In addition, some nodes

were characterized by the punctual high expression of CD32,

CD11b, CD66, CD64, CCR7, and CD23.

Surprisingly for an Ab panel combination dedicated to

the innate response (Table 1), T cells comprised 27 and 22

nodes (out of 100 nodes) in humans and macaques, respec-

tively (Fig. 1). In humans, the absence of anti-CD4 and anti-

CD8 Abs in the panel prevented a straightforward data analy-

sis. Nevertheless, we were able to observe some peculiar nodes

expressing the Fc receptors CD16, CD23, CD32, or CD64.

CD16p8s CD3p8s might represent NKT cells whereas the

expression of Fc receptors on T cells have been previously

observed only on T cell lines (30). In macaque, where Abs

directed to CD4 and CD8 were included in the panel, the den-

drogram clearly divided the T cells into two groups: CD4p8s T

cells (node 9 to 39; 8.01% 6 2.67 of all leukocytes) and CD8p8s

T cells (node 94 to 24; 11.01% 6 6.44 of all leukocytes). As

previously described (10,31), double positive CD4p8s and

CD8p8s T cells were observed and some of them were highly

positive for the Fc gamma RI CD64.

DISCUSSION

Simultaneous analysis of frequency and quality of

immune cell populations is key for understanding immuno-

pathogenesis of infectious diseases, cancer and autoimmune

syndromes. Flow cytometry was the technology of choice to

look at immune cells at the single cell level until the recent

advent of mass cytometry expanded the number of analyz-

able marker to greater than 40 and, hence, amplified the

number of discernable cell populations (32). The present

study takes advantage of the multiparameter capacities of

mass cytometry to simultaneously analyze innate myeloid

leukocytes in both humans and macaques with the aim of

obtaining a global vision of the different cellular populations

and setting the ground for future translational studies across

human and NHP models in healthy and pathological

situations.

Our Ab panels used to stain fixed human and macaque

leukocytes were similar, but not absolutely identical. This limit

is intrinsic to studies using Ab-based tools for interspecies

comparisons though. Abs clones generated against human tar-

gets were compared and selected for their reported or tested

reactivity with macaque cells, but attesting for a full cross-

reactivity with comparable affinity is tricky. This led us to use

different clones, antibodies concentration and sometimes dif-

ferent metals for the same marker in the two panels, which

may increase inter-species staining profiles differences. To cir-

cumvent these technical issues, we chose to reason on catego-

ries of expression for our analysis (Fig. 4). We compared

markers expression with respect to other cells from the same

species, so that we consider that a “high” or “low” expression

has the same “meaning” for human and macaque cells,

although absolute MSI can differ between the two species.

This constitutes a first limit of our approach. To ultimately

validate inter-species comparison, a negative cell line should

be transfected with human versus macaque cDNA and stained

with the suspect Ab clones and functional studies should be

performed by stimulating cells with ligands of the “suspect”

receptors and by assessing their response. Throughout the

manuscript, we also considered that a given marker ensures

the same function or has the same “meaning” on human or

macaque leukocytes, nevertheless this hypothesis might not be

always true as previously observed by Autissier et al. (8) for

the CD141 antigen in human and rhesus macaque mDC. This

constitutes a second limit of our approach. In overall, this

analysis remains explorative and oriented to build the basis

for future translational studies aiming to refine our knowledge

on inter-species similarities and differences. Finally, key

markers, such as CD1c or CD33 to identify mDC subsets and

MDSCs, were lacking. Actually, at the time when the experi-

ments were done we were not able to find Ab clones reactive

with fixed samples and it was mandatory to fix samples to

include granulocytes in our analysis since these cells are very

labile and cryosensitive.
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SPADE was used to mine our high-dimensional data as it

can handle large datasets and overall because its density-based

downsampling step avoids that abundant cells outnumber

rare cells which can then form their own cell nodes. SPADE

analyses were computed separately for the human and

macaque datasets. The main reasons for this parallel analysis

were that our sample sizes were not equal (n 5 26 humans

and n 5 5 macaques) and the ranges of expression of some

markers were different between species, even for markers with

the same cellular tropism of expression. This made difficult to

segregate meaningful cell populations based on the mean sig-

nal intensity using a single clustering analysis for both human

and macaque samples, without normalizing or transforming

data. In addition, similar but not identical markers were used

to cluster humans and macaque cells, with 15 markers shared

between the two species though. By increasing the number of

clustering markers rather than restrict ourselves to the shared

markers, we aimed to capture, for each species, cells clusters

defined with the deepest phenotype and more branch points

between them (15). In any cases, the subsequent correlation

analysis was computed only on the 15 shared markers, plus

CD19 for humans and CD20 for macaques.

It is also important to point out that five animals from

one facility and one gender are not a representative popula-

tion of the species. A representative population would require

hundreds of animals from different primate centers. This

small sample size for the macaque dataset size might explain

why we observed a lower pDC frequency in macaques than in

humans, in contrast to previous reports, including ours (33).

This statement is also true for the 26 human volunteers (34).

However, it should also be emphasized that the BIOVACSAFE

clinical training trials are conducted in an inpatient setting

with the confinement of the volunteers and the control of

many parameters such as diet and sleep, to ensure minimal

background variability and noise.

Despite efforts to control many parameters, sample col-

lection and processing likely differ between macaques co-

housed in an animal-care facility and human volunteers in a

hospital, which can also impact the variations we observed.

Variations can indeed be observed among individuals

from the same species, especially in humans (Supporting

Information Figs. 4 and 5), consistently with human variabil-

ity described in literature (34,35). These differences can also

be visualized in term of variations of the relative abundance of

each cell population (Fig. 2). Obviously 5 or even 26 individu-

als do not allow to fully assess intra-species variations. Further

functional and larger analyses will be required in order to

assess more deeply these variations as well as changes among

individuals after infection or vaccination. In particular, the

differences observed in term of maturation markers and cell

abundance in different cell types including NK cells and T

cells, may also be linked to different infection history between

wild animals and city-living humans, in addition to species

differences and genetics.

Finally, to our knowledge, only two studies reported a

high-dimensional phenotypic comparison between immune

cells from two different species (36,37). Using a new

algorithm, named Scaffold, (which stands for Single-Cell

Analysis by Fixed Force- and Landmark-Directed) map

designed to visualize and compare complex cellular systems,

Spitzer and colleagues compared human and murine blood

cells on the basis of the staining profiles for 15 shared markers

displaying similar cell subset expression patterns between

humans and mice (36). After independent clustering of each

sample using a clustering algorithm called CLARA (Clustering

for large applications), cell nodes with similar phenotypes

were linked by edges whose lengths were proportional to their

similarity measured using cosine as a distance metric. Human

samples were overlaid over the murine reference map. This

approach revealed previously known differences between mice

and humans as well as a similar overall immune compartment

organization. In the second study (37), Guilliams et al. devel-

oped a toolbox using unsupervised approaches (FlowSOM,

One-SENSE, and tSNE algorithms) to identify and align DC

subtypes (cDC1, cDC2, and pDC) in different tissues (blood,

skin, lung, spleen, lymph node) and species (mouse, macaque,

and human). They also confirmed these methods by manual

gating. Using flow cytometry data for the three species, as well

as mass cytometry data for mice and humans only, they built

a reference framework which we believe will be highly valuable

for future studies focusing on DC response in different species

and/or tissues.

Our approach aims to give both a global (different cell

types are studied) and a precise (several markers are analyzed)

insight of the immune structure of two species, human and

macaques, using mass cytometry approach. We believe these

kind of studies will be important to improve the transfer of

knowledge from animal models to humans and vice versa.

Despite the aforementioned caveats in our study to keep

in mind, our side by side analysis suggests a generalized higher

staining of markers associated with activation and inflamma-

tion in macaque neutrophils, and a lower expression of

markers associated with maturation in mDC. Indeed, CD11b

and CD32 were widely expressed in macaque neutrophils.

CD32, CD11b, and CD86 expression was observed in the

totality of macaque monocytes and defined two clear subsets

with high and mid expression. In addition, CD11b showed a

similar range of expression in both species, strengthening this

claim. Note that the range of expression of CD32 in macaques

was wider than in humans which can partially be due to dif-

ferent clones and metal used. In any case, relatively to other

cell types from the same species, macaque monocytes and

neutrophils expressed a higher level of CD32 compared with

human monocytes and neutrophils. CD16 absolute MSI dif-

fered between humans and macaques, which may be due to

cross-reactivity differences. CD16 was expressed at a high level

in almost all macaques mDC nodes while it was bimodal in

humans. Also, the distribution of chemokine receptors on

neutrophil nodes suggested a phenotype orienting their locali-

zation in the circulation. Similarly, the lower expression of

CD64 in macaque monocytes suggested a more mature phe-

notype. Indeed CD64 was detected at high MSI in different

cell types (including neutrophils and T cells), thus this low

expression in monocytes is unlikely to be solely caused by
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previously reported CD64 polymorphism (38), although it

can participate to it. Taken together, these observations sug-

gest a macaque innate immune system tuned to a high activa-

tion threshold compared with the Caucasian human

counterpart and a pool of circulating neutrophils ready to be

directed but not yet committed toward an eventual site of

inflammation. Alternatively, we could imagine innate immune

leukocytes of macaque, although from a breeding facility, as

exposed to a more intense antigenic challenge in comparison

to humans. Indeed, differences in inflammatory and homing

markers might be genetically determined or controlled by the

environment (39–41). The potential increased immune activa-

tion observed in macaque might help to explain differences in

the host-pathogen interaction between humans and NHP. For

instance, increased SIV replication kinetics in NHP models of

infection might be influenced by the global activation status

of the innate immune system and the best NHP model might

be the one with the lower activation threshold (42). To sup-

port such hypothesis, studies correlating the kinetic of infec-

tion in macaque and the expression of innate leukocytes

markers need to be performed. Such studies may also uncover

possible therapeutic targets aiming to modulate the control of

viral replication by the immune system.

Monocytes, together with CD4 T cells and macrophages,

can be infected by HIV and SIV, and are considered as a latent

proviral reservoir (43). Our analysis revealed a complexity in

human and macaque monocytes beyond the classical and

non-classical subsets, shaped by Fc receptors, adhesion mole-

cules and activation markers. Indeed, in macaque, within clas-

sic monocytes, we were able to identify two clear subsets

characterized by a differential expression of CD32, CD11b,

CD64, CD86, and CD14. Human nodes with a moderate

expression of CD32 were also observed in few instances with-

out shaping clear bimodal subsets. It will be of interest to

study which role these subsets play as virus reservoirs or dur-

ing the inflammation induced by HIV/SIV infection.

Neutrophils, previously considered as a homogeneous

cell population with simple functions were recently recognized

as a complex population able to shape the adaptive response

and exert multiple specific functions (44,45). In the present

work, we confirm this intraspecies heterogeneity and we

extend this knowledge to NHP. Neutrophils and basophils

were clearly identified by our analysis strategy but since CD16

expression on CD66p8s cells was relatively low, it was difficult

to differentiate eosinophils, usually identified as CD66p8s

CD16neg events in human (46). Moreover, the recent descrip-

tion of nonspecific binding by eosinophils of the metal conju-

gated antibodies (14) and our gating strategy excluding

background producing events might also account for the

absence of eosinophils. CD16 expression was clearly observed

on mDC and NK cells demonstrating the recognition of the

CD16 molecules by the clones B73.1 and 3G8 in humans and

macaque, respectively. It has been previously reported that

CD16 expression on neutrophils is down-modulated upon

apoptosis and that macaque neutrophils would lack CD16

(47–49). Therefore, it is conceivable that, despite our cell

preparation procedure was able to preserve polymorphonuclear

cells, neutrophils might have engaged an apoptotic phase losing

CD16 on their surface and hence decreasing our capacity to dis-

criminate neutrophils from eosinophils in humans. Using

another eosinophils-specific marker should allow us to circum-

vent this issue in the next studies.

Antibody panels were not specially dedicated to analyze

T cells and the capacity of the selected markers to unravel

such diversity was unexpected. T cells do not normally express

Fc receptors even though their expression was observed in T

cell-derived cell lines (30). Expression of Fc receptor by T cells

merits further investigation from a phenotypical and func-

tional point of view.

This comparison of human and macaque innate myeloid

cells revealed some differences between species, such as a dis-

tinct intensity of expression of some markers (and one of the

trick was to compare species specific relative marker expres-

sion) or co-expression of some markers. In particular, neutro-

phils and monocytes appeared more activated in macaques

than in humans, with a higher expression of CD11b and

CD32. In addition macaques mDC displayed a higher homog-

enous CD16 expression than their human counterparts. How-

ever, these differences were subtle and overall humans and

macaques share a common global innate myeloid compart-

ment both in terms of number (Fig. 2) and phenotype (Figs. 4

and 5A), supporting the use of NHP as preclinical models for

human infections and diseases.
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Part II.
Innate responses induced by a

prime-boost vaccination following a
classical vaccination schedule

93



Rationale
First, we wanted to determine the innate responses induced by vaccination following

a “classical” prime-boost schedule. Since the European medicines agency recommends a
delay of at least one month between each MVA immunization, a delay of two months was
chosen between prime and boost and considered as classical. At each immunization, a
dose of 4.108 PFU of MVA HIV B was injected subcutaneously to each of the five animals
of the cohort. This cohort will be latter referred as the classical boost group.

Preliminary analyses from the lab indicated that this schedule was able to induce a
long-lasting humoral response, including neutralizing antibodies (Pejoski et al., 2016). In
the very same animals, in addition to the measurement of the local and systemic inflam-
mation induced by each immunization and the level of cytokines present in plasma, we
used mass cytometry to decipher the phenotype of blood innate immune cells responding
to vaccination. We developed two antibody panels to decipher the phenotype of innate
immune cells following vaccination. The first panel targeted innate myeloid cells. The
second panel targeted NK cells. Giving the complexity of the analyses of each of these
cell populations, two distinct analyses were done and gave rise to two published papers.
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Chapter 3. Innate myeloid responses
after a prime-boost vaccination
following a classical schedule

Overview
In this classical boost group, we noticed that a local and systemic inflammation (as-

sessed via skin reaction scoring and C-reactive protein level respectively) was induced by
each immunization, but they were reduced in amplitude after boost compared to after
prime. Accordingly, the level of pro-inflammatory cytokines (IP-10, IL-6, MCP-1) in-
duced by both immunizations differed between the response to prime and to boost. Still,
at the scale of leukocytes, granulocytes and monocytes-DCs, the same early and transient
enrichment in cell number was observed after prime and after boost.

To challenge in more details these apparent discrepancies, we developed de novo a com-
putational pipeline of analysis to decipher the phenotype of these innate myeloid cells.
Briefly, as previously stated, we used SPADE to define cell clusters regrouping cell sharing
similar phenotypes. We notably used SPADEVizR R-package (Gautreau et al., 2017) to
deeply optimize the user-defined settings of our SPADE analysis. Based on the resulting
SPADE tree, each cluster was manually annotated (neutrophils, basophils, monocytes,
DCs, T cells, B cells, NK cells. . . ) and we extracted granulocytes (neutrophils and ba-
sophils) on one hand and monocytes-DCs (monocytes, cDCs, pDCs and the previously
mentioned uncharacterized APCs) on the other hand. Note that similarly to our previous
study (Elhmouzi-Younes et al., 2017), eosinophils had to be excluded from this analysis.

We used heatmap representations to visualize the phenotype of each subcompartment.
Given the stringency of our clustering, we likely overclustered the data so that marker
expression in every clusters was homogeneous (uniform and narrow). As a result, a given
cell subpopulation is likely subdivided in several clusters. To mitigate this effect, we used
cell cluster hierarchical clustering to pool together clusters that shared a similar pheno-
type into so-called phenotypic families, which more likely represent cell subpopulations.
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Chapter 3. Innate myeloid responses after a prime-boost vaccination
following a classical schedule

Note that the phenotypic characterization we performed was not perfect, in particular
regarding cDCs, since key markers discriminating known subsets (e.g. CADM1, CD1c
and CD172a distinguishing cDC1 and cDC2 populations (Guilliams et al., 2016)) could
not be included. Indeed, one of the limitation of our study is the use of fixed samples. As
fixation can alter some epitopes recognized by commercial antibodies, some markers could
not be targeted, since no antibody clone cross-reacting with macaque fixed cells could be
found. Some new clones were latter described, after the results of this first cohort were
acquired (Guilliams et al., 2016). In addition, at the time of these analyses, and still
nowadays, the nomenclature of neutrophil subpopulations is still being established, and
some markers that are now used to characterize them, such as CD10, CD101 or CD49d
(Ng et al., 2019), could not be included.

Despite these caveats inherent to our dataset, we documented a large phenotypic diver-
sity of blood innate myeloid cells. We notably identified striking features, in addition to
the ones previously reported in Chapter 2 (Elhmouzi-Younes et al., 2017). For example,
within the granulocytes compartment, three differentially activated (highly, intermedi-
ately and poorly activated) subphenotypes of neutrophils, differing in the expression of
CD66, CD32, CD11b, CCR7 and CD45 were observed. Also, a population of CD4+

neutrophils was found, which displayed a highly activated phenotype, including the high
expression of CD66, CD11b, CD23, CD32abc and CD11c. Such a CD4+ neutrophil sub-
phenotype was previously but scarcely reported in literature (Biswas et al., 2003), but its
exact role remained unknown. Based on the phenotype observed in our study, they are
very likely linked to a strong inflammation induction (Vella et al., 1999; Benoni et al.,
2001; Lewis et al., 2015). Also, note that within the monocyte-DC compartment we iden-
tified CD3- CD8- CD14- CD20- CD11c- CD16- CD123- HLA-DR+ cells that we classified as
uncharacterized APCs. Since they produce IP-10 and were clustered closely to monocytes,
they might correspond to activated monocytes, which have downregulated the expression
of CD14.

To further assess the kinetics of the cell populations we identified, we then clustered
together the phenotypic families that share a similar kinetic into so-called kinetic fami-
lies. While some of these kinetic families were poorly or similarly impacted by vaccination,
others only expanded after one but not the other immunization. Actually, some cell sub-
phenotypes were present at baseline, increased in number after prime, but disappeared in
late time post-prime and were missing at the time of the boost. A tremendous shift in cell
subphenotype composition was indeed observed between 14 and 58 days post-prime. Thus
some subphenotypes that were missing in the early response to the prime appeared at the
time of the boost. Consequently, the subphenotypes responding to the boost strongly dif-
fer from those responding to the prime. This is in better accordance to the measurement
of overall inflammation mentioned above.

To characterize the phenotypic differences existing between prime and boost, we used
linear discriminant analyses combined with LASSO approaches, to define which of the ki-
netic families were characteristic of the prime and which were characteristic of the boost.
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Overview

On the resulting segregation, we identified the most differentially expressed markers be-
tween subphenotypes discriminating each response, using Kolmogorov-Smirnov distances,
computed with the CytoCompare R-package (Platon et al., 2018). Interestingly, in all
innate myeloid cell populations, markers of activation/maturation (including CD11b and
CD11c -the α-chains of CR3 and CR4-, chemokine receptors CCR5 and CXCR4, FcRs
CD16 (FcγRIII) and CD32 (FcγRII), antigen-presentation molecule HLA-DR, pro- and
anti-inflammatory cytokines IL-8, IL-12 and IL-10), were upregulated in cells responding
to the boost. Note that both CD4+ neutrophils and inflammatory cDCs/non-classical
monocytes were more numerous after the boost than after the prime.

This suggests that cells responding to the boost were more mature/active, better
equipped to respond to the immunization and likely to get activated further upon pathogen
encounter. The upregulation of CD14 and CD11b by monocytes induced by MVA prime
and responding to MVA boost in our study is consistent with the phenotype of modified
phenotype of trained monocytes reported after BCG vaccination in humans without ex
vivo restimulation (Kleinnijenhuis et al., 2012; 2014a), supporting the hypothesis that
the monocytes responding to MVA boost were trained by MVA prime. In addition, it
was similarly shown that neutrophils isolated from rhesus macaques vaccinated against
SIV (adenovirus vector at prime, canary poxvirus –ALVAC at boost) displayed stronger
ability to phagocyte pathogens, produce reactive oxygen species and activate B cells than
their baseline counterparts (Musich et al., 2018). Consistently with our results, these
neutrophils had a higher expression of CD11b. The proportion of CD11b+ neutrophils
two weeks post-boost seemed lower than at baseline in their setting though. This may
be a result from a stronger neutrophil turnover (including neutrophil death) two weeks
after the boost compared to baseline. The overall phenotype of trained cells is largely
elusive, and may have been overlooked, within the literature. This may be attributed
to the limited number of markers that can be simultaneously assessed with flow cytom-
etry, the most widely used technique in the community. Consequently, the term trained
is admittedly restricted to cells with enhanced functions. Since no functional tests were
performed in our setting, we will cautiously call “likely trained” cells the aforementioned
cells that respond to the boost.

Note that the primary memory adaptive responses existing at the boost (anti-MVA
antibodies, as well as memory B and T cells) may also contribute to give a distinct signal
to innate cells. In addition, it is not clear which innate myeloid cells are modified exactly.
Indeed, monocyte-derived macrophages can survive for years (Gonzalez-Mejia & Doseff,
2009) but neutrophils are expected to die in a week (Pillay et al., 2010), a duration not
compatible with the persistence of the late phenotypic changes we observed here. This
suggests that these phenotypic modifications occur not on the terminally differentiated
cells but rather on the progenitors (likely in the bone marrow), as it was strongly sug-
gested in BCG- and β glucan-induced training in mice (Kaufmann et al., 2018; Mitroulis
et al., 2018). This would be consistent with the delay of apparition of these “likely trained”
cells in blood (between two weeks and two months after the first immunization).
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Chapter 3. Innate myeloid responses after a prime-boost vaccination
following a classical schedule

In any case, as a final take-home message, this study indicated that in classical prime-
boost schedule, prime induced a late modification of the innate myeloid compartment,
compatible with innate immune training, not only in monocytes, but strikingly in cDCs
and neutrophils also. This results in a distinct innate myeloid cell response to the boost
two months after prime.
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"Prime and Boost Vaccination Elicit a Distinct Innate Myeloid Cell Immune
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"Prime and Boost Vaccination Elicit a Distinct Innate
Myeloid Cell Immune Response"

These results were published in Scientific Reports (Palgen et al., 2018). The corre-
sponding paper is provided hereafter. The data are also available in an interactive fashion
on the IDMIT dissemination platform (http://data.idmitcenter.fr/). This publicly avail-
able dataset was used by an independent team to develop a computational analysis tool
called CytoFast, with which they also found a distinct innate myeloid response between
prime and boost (Beyrend et al., 2018).
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Prime and Boost Vaccination Elicit 
a Distinct Innate Myeloid Cell 
Immune Response
Jean-Louis Palgen1,2, Nicolas Tchitchek1,2, Jamila Elhmouzi-Younes1,2, Simon Delandre1,2, 
Inana Namet1,2, Pierre Rosenbaum1,2, Nathalie Dereuddre-Bosquet1,2, Frédéric Martinon1,2, 
Antonio Cosma  1,2, Yves Lévy2,3, Roger Le Grand1,2 & Anne-Sophie Beignon1,2

Understanding the innate immune response to vaccination is critical in vaccine design. Here, we 
studied blood innate myeloid cells after first and second immunization of cynomolgus macaques 
with the modified vaccinia virus Ankara. The inflammation at the injection site was moderate and 
resolved faster after the boost. The blood concentration of inflammation markers increased after both 
injections but was lower after the boost. The numbers of neutrophils, monocytes, and dendritic cells 
were transiently affected by vaccination, but without any major difference between prime and boost. 
However, phenotyping deeper those cells with mass cytometry unveiled their high phenotypic diversity 
with subsets responding differently after each injection, some enriched only after the primary injection 
and others only after the boost. Actually, the composition in subphenotype already differed just before 
the boost as compared to just before the prime. Multivariate analysis identified the key features that 
contributed to these differences. Cell subpopulations best characterizing the post-boost response were 
more activated, with a stronger expression of markers involved in phagocytosis, antigen presentation, 
costimulation, chemotaxis, and inflammation. This study revisits innate immunity by demonstrating 
that, like adaptive immunity, innate myeloid responses differ after one or two immunizations.

Many biological mechanisms involved with vaccination are still unclear and require further characterization. 
Several studies have highlighted the modulation of adaptive immunity by early innate immunity1, which may pro-
vide biomarkers to predict immune memory. Deciphering the mechanisms of the early innate immune response 
to vaccines will be valuable for optimizing them for protective immunity.

Innate myeloid cells are composed of mononuclear phagocytes, monocytes and dendritic cells (DCs), and 
granulocytes. They are involved in pathogen clearance, induction and resolution of inflammation, and antigen 
presentation2,3. They are often believed to react similarly to the first and subsequent pathogen encounters. Indeed, 
these cells are activated by germline-encoded pattern recognition receptors (PRR), are short-lived, except mac-
rophages, and unlikely to show memory features4. However, enhanced responsiveness to pathogen re-encounter, 
called trained immunity and related to epigenetic modifications, was reported for monocytes and macrophages5. 
The overall immune status also differs between the first and second pathogen encounters due to the presence of 
memory B and T cells and antibodies at the second encounter. In particular, antigen-antibody complexes are 
known to affect innate responses through the interaction of antibodies with Fc receptors found in most innate 
cells including granulocytes, monocytes/macrophages, and DCs6,7. This likely affects the behaviour of innate 
immune cells. However, this crosstalk between innate and adaptive immunity in the context of repeated vaccine 
injections, called prime-boost vaccine strategies, is still poorly understood, although they are widely used to 
increase the frequency of responders and enhance the immunogenicity and protective efficacy of vaccines8.

We studied the impact of vaccination on innate myeloid cells by immunizing cynomolgus macaques, which 
represent a relevant species for human vaccine research9,10. We used the modified Vaccinia virus Ankara (MVA), 
a smallpox vaccine, as a vaccine model to induce robust cellular and humoral immunity11. Unlike the vaccinia 
virus (VACV) from which it was derived, MVA requires a two-dose regimen to induce a strong antibody response 
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and provide full protection against VACV challenge in humans12,13 or monkeypox challenge in non-human pri-
mates14. MVA is also a potent vaccine vector currently being developed against several infectious diseases and 
cancers15. Many studies on cell tropism, innate immune activation and immune evasion used in vitro models16. 
However, a comprehensive overview of the mechanisms of MVA-induced immunity in vivo is still lacking.

Here, we developed a mass cytometry panel, focusing on innate myeloid cells, with the aim of identifying cell 
subphenotypes altered by vaccination. Mass cytometry is a promising technology for discovering cell subsets. It 
can unravel new mechanisms of the immunization process and help to design new vaccines. Currently, longitudi-
nal mass cytometry data analyses following immunization are scarce17,18. One of the main analysis challenge is the 
lack of appropriate pipelines. Here, we used the SPADE algorithm19 together with SPADEVizR20 to analyze our 
high-dimensional cytometry data. This analysis pipeline can be used for any kind of multidimensional cytometry 
data analysis, beyond the study of the dynamic of vaccine-induced immune responses or the study of vaccines 
modes of action. To make these complex data fully accessible to the scientific community, we publicly released 
them on the FlowRepository database and the Cytobank platform. We also created a website with interactive 
representations. We provide evidence of the phenotypic diversity of innate myeloid cells and of the qualitative and 
quantitative differences in their recruitment following MVA prime-boost immunization. This work constitutes 
the basis for future studies aiming to decipher how the differences in innate responses after one or two vaccine 
encounters depend on primary memory responses, and conversely how they affect the development of secondary 
memory responses.

Results
Changes in local and systemic inflammation following MVA prime and boost. Macaques were 
subcutaneously injected twice with MVA two months apart (Fig. 1). The specific antibody response developed 
by each animal was reported in a previous publication, and showed higher serum anti-MVA antibody titers after 
the boost than the prime18. We investigated in the very same animals the early responses to MVA injections. We 
tested if innate responses differed after prime and boost, as did adaptive immune responses. MVA injections 
induced low-grade, transient local inflammation at the injection site at early timepoints (Fig. 2a). Inflammation 
following prime was graded as 1.10 ± 0.22 and resolved by day 3 post-prime (D3PP), whereas it was milder 
(0.40 ± 0.55) and shorter after the boost.

The blood concentration of C-reactive protein (CRP) showed a transient peak at D1 post-injections (Fig. 2b). 
This peak was smaller after the boost than the prime (Supplementary Table S1). Among 24 tested soluble fac-
tors, only MCP-1, IL-6, and IP-10, were affected by vaccination, with concentrations differing significantly from 
pre-vaccination levels at two timepoints at least (Fig. 2c, Supplementary Figure S1 and Table S1). MCP-1 and IL-6 
were significantly induced after each MVA injection, with an earlier peak post-boost. We also detected high levels 
of IP-10 early after both the prime and boost. The area under the curve (AUC), as an approximation of exposure 
over time, showed that the cumulated concentration of IP-10 differed more between each immunization, than 
those of MCP-1 and IL-6. In addition, although non-significantly impacted, IFNγ, IL-10, IL-13, IL-15, IL-1Rα, 
IL-5, TGFα and TNFα concentrations tended to follow similar dynamics as MCP-1 and IP-10, whereas IL-1β 
tended to be closer to IL-6 (Figure S1).

Blood leukocytes following MVA injection. Changes in local and systemic inflammation after MVA 
prime-boost immunization were also accompanied by changes in blood cell concentration and composition. The 
absolute number of leukocytes increased significantly, as early as H3PP and H3PB, and rapidly returned to base-
line levels (Fig. 2d and Supplementary Table S2). However, in contrast to the macroscopic local reaction (Fig. 2a), 
leukocytes AUC were similar after each vaccine injection. Note that these transient post-injections increases 
of blood cell counts were specific to vaccine injections. Indeed, buffer injection only moderately impacted leu-
kocytes counts, and at a statistically significant lower level at H6 and D1 as compared to MVA (Supplementary 
Figure S2).

Figure 1. Experimental design and analysis pipeline. Five adult cynomolgus macaques were immunized, 
two months apart with MVA HIV-B at a dose of 4 × 108 PFU injected subcutaneously. Blood was collected 
longitudinally at the indicated timepoints, hours (H) or days (D), post-prime (PP) and post-boost (PB), for 
Luminex, ELISA, and mass cytometry analyses to evaluate the plasma concentrations of cytokines and CRP 
and to phenotype in deep innate myeloid cells. Local inflammation was also scored at the indicated timepoints. 
Baseline samples were collected 21 and 19 days before the first vaccine injection for plasma soluble factors and 
single cell mass cytometry analysis, respectively, as well as just before the first immunization at H0PP. A blood 
draw was also collected just before the boost at D58PP/H0PB.
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Figure 2. Local inflammation, systemic inflammation and complete blood count. (a) Individual local 
inflammation scores, as well as mean ± standard deviation, are represented over time. Local skin reactions 
at the site of the subcutaneous MVA injection were scored from 0 to 4, based on the evaluation of edema and 
erythema. 0: no swelling and normal color; 1: slight swelling with indistinct border and light pink erythema; 2: 
defined swelling and bright pink erythema, both with distinct borders; 3: defined swelling with a raised border 
(<1 mm) and bright red erythema with a distinct border; 4: pronounced swelling with a raised border (>1 mm) 
and dark red erythema. (b) The concentration of C-reactive protein (CRP), as well as mean ± standard 
deviation, was assessed in plasma before and after MVA immunization. Individual levels are shown. (c) The 
concentrations of MCP-1, IL-6, and IP-10 were measured in plasma after the first and second MVA injection. 
Individual concentrations are shown. The individual AUC after the prime (H3-D14PP) and boost (H3-D14PB) 
were computed and compared using a permutation test. The mean PP and PB AUC, and the p-values after the 
permutation test to compare them are indicated. The red arrows indicate prime and boost injections. The dotted 
line indicates the median concentrations for each cytokine at baseline (D-21PP and H0PP). (d) Blood leukocyte 
counts were followed over time. Individual absolute numbers are shown. Leukocyte counts were missing for 
macaques BB078 and BB231 at D8PB.
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Leukocytes correspond to the sum of several immune cell types with heterogeneous phenotypes and func-
tions. Thus, we used mass cytometry to more deeply phenotype blood immune cells over time after immuniza-
tion, focusing on innate myeloid cells (Fig. 3a and Supplementary Table S3). We developped an analysis pipeline 
adapt to longitudinal mass cytometry data. We used three successive complementary clusterings, which led to 

Figure 3. Mass cytometry. (a) Fixed leukocytes were stained with a panel of Abs designed to analyze innate 
myeloid cells by mass cytometry. Thirty-two targeted markers and their associated biological functions are 
indicated. (b) The steps of the mass cytometry data analysis are displayed. As the first analysis step, single cells 
from FCS files were grouped into clusters sharing similar phenotype using the SPADE algorithm. Clusters 
were annotated on the resulting SPADE tree based on the expression of a set of 10 markers, and granulocytes 
and monocytes-DCs were identified. As the second analysis step, clusters of granulocytes and monocytes-
DCs sharing the same categories of marker expression were regrouped into phenotypic families. As the third 
analysis step, phenotypic families sharing the same abundance profiles were clustered into kinetic families. 
Finally, after these three successive clusterings, and as the last analysis step, discriminant analyses were used 
to determine which kinetic families best distinguished between post-prime and post-boost immune response, 
and to define the phenotypic signature of each response. (c) Mass cytometry data were analyzed using 
SPADE. The topology of the SPADE tree is shown. This tree was built using all samples (all macaques and all 
timepoints). Only the topology of the tree is displayed where each node corresponds to a cell cluster. It does 
not correspond to a particular sample and size of node is not related to their cell content. Clusters with similar 
phenotypes are linked using a minimal spanning tree approach. SPADE clusters were annotated and colored 
with respect to the expression of markers indicated in Supplementary Figure S3 and as follows: neutrophils 
(CD66+), basophils (CD66-CD123+HLA-DR−), monocytes (CD14+HLA-DR+), cDCs (CD14−HLA-
DR+CD11c+CD16+), inflammatory cDCs/non-classical monocytes (CD14+HLA-DR+CD11c+CD16+), pDCs 
(CD123+HLA-DR+), uncharacterized APCs (CD3−CD8−CD14−CD20−CD11c−CD16−CD123−HLA-DR+), B 
cells (CD20+HLA-DR+), T cells (CD3+), and NK cells (CD3−CD8+). Granulocytes were defined as neutrophils 
and basophils, and monocytes-DCs as monocytes, cDCs, pDCs, inflammatory cDCs/non-classical monocytes 
and uncharacterized APCs.
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the identification of cell clusters, phenotypic families and kinetic families respectively. They were followed by the 
automated identification and ranking of the cell populations and markers that best discriminate the responses 
after the first and the second immunizations (Fig. 3b).

Mapping the phenotypic diversity of blood granulocytes, monocytes, and DCs. We first used 
the SPADE algorithm19 to identify clusters of leukocytes with similar phenotypes within the whole dataset (all 
animals and all timepoints). SPADE was optimally parameterized and resulted in the partition of leukocytes 
into 600 clusters (Supplementary Figure S3 and Tables S5-S6). The stringency of our analysis likely resulted in 
‘over-clustering’, generating many artificial cell subpopulations. However, we and others consider ‘over-clustering’ 
to be less misleading than ‘under-clustering’, particularly as an initial step21.

We annotated each cluster based on the SPADE tree and the expression of a restricted set of markers 
(Fig. 3c and Supplementary Figure S4). We identified 252 clusters of neutrophils (CD66+), seven of baso-
phils (CD66−HLA-DR−CD123+), 76 of monocytes (HLA-DR+CD14+), 47 of CD11c+ cDCs latter referred as 
cDCs (HLA-DR+CD14−CD11c+), four of inflammatory cDCs/non-classical monocytes (HLA-DR+CD14+C
D11c+CD16+), two of plasmacytoid dendritic cells (pDCs, HLA-DR+CD123+), and nine of uncharacterized 
antigen-presenting cells (APCs, HLA-DR+CD123−CD14−CD11c−CD16−). We focused our analysis on these 
innate myeloid cells. We also identified 61 clusters of B cells (HLA-DR+CD20+), 115 of T cells (CD3+), and 27 of 
NK cells (CD3−CD8+), which were not further studied.

Note that we previously reported that cynomolgus macaque cDCs expressed CD16 at a high and homogene-
ous level in cynomolgus macaques10. The use of CD11c to define cDCs in macaque is controversial. In rhesus and 
cynomolgus macaques, it has been shown that CD14highCD16high and CD14low/midCD16high monocytes expressed 
higher levels of CD11c than cDCs22,23. In contrast, cynomolgus macaques cDCs were recently defined based on 
their CD11c expression, although it did not allow to fully segregate cDCc into cDC1s and cDC2s by itself and 
other markers were required24. We annotated clusters that shared common features with monocytes and cDCs 
(HLA-DR+CD14+CD11c+CD16+) as inflammatory cDCs/non-classical monocytes, given that there is no con-
sensus yet for cynomolgus macaques DCs/monocytes subsets and that we lacked the critical markers to fully 
discriminate cDC1s and cDC2s.

We analyzed the dynamics of granulocytes (comprising neutrophils and basophils) (Supplementary Figure S5a 
and Supplementary Table S2) and monocytes-DCs (comprising monocytes, cDCs, pDCs, inflammatory cDCs/
non-classical monocytes and uncharacterized APCs) (Supplementary Figure S5b and Supplementary Table S2) in 
response to each vaccine injection. We calculated the absolute number of each cell population instead of using the 
percentage of parent cells because leukocyte counts highly varied during vaccination. Granulocytes represented 
the most abundant population among leukocytes at all timepoints and showed two significant rapid, transient 
increases, peaking at H6PP and H6PB. Granulocyte counts returned to baseline levels faster after the boost than 
the prime. However, their AUC were similar after each vaccine injection. The absolute number of monocytes-DCs 
also showed a first peak at H6-D1PP and a second, smaller one at H6PB, but without significant differences 
between the two immunizations.

The local macroscopic reaction likely reflected the recruitment of cells from the circulation and bone marrow 
to the vaccine injection site25. We next deeply characterized the phenotype of granulocytes and monocytes-DCs 
to reconcile the difference in local and systemic inflammation between prime and boost with the absence of major 
differences in blood cell counts on the scale of leukocytes, granulocytes, and monocytes-DCs.

SPADE clustering was followed by a second clustering (Fig. 3b). Hierarchical clustering was performed 
at both cell cluster and marker levels to better visualize the similarities between cell cluster phenotypes and 
marker co-expression patterns. We generated two categorical heatmaps to visualize phenotype of each cell clus-
ter at a glance, as oppposed to SPADE trees: one heatmap for the granulocytes compartment and one for the 
monocytes-DCs compartment (Fig. 4). Heatmaps represent the phenotypic diversity within the dataset, but not a 
particular sample and, in no case, a particular timepoint. They are not snapshots.

Clusters sharing similar phenotypes as measured by a close proximity on the heatmap cluster dendrogram, 
were gathered into phenotypic families. This analytical strategy prevents inaccurate interpretations due to poten-
tial ‘over-clustering’. Indeed, clusters may actually account for different stages of activation or maturation within 
a cell subpopulation, whereas phenotypic families may represent actual subpopulations.

For the granulocytes compartment (Fig. 4a and http://data.idmitcenter.fr/MVA-innate-myeloid/ for inter-
active heatmaps), 21 phenotypic families were distributed across five superfamilies, highlighting the richness 
of their phenotypes. The first superfamily A represented highly activated neutrophils (CD66mid/highCCR7highC-
D32highCD45highCD11bhigh) and comprised phenotypic families 9, 16, 6, 15, and 2. The second superfamily B rep-
resented intermediately activated neutrophils (CD66mid/highCCR7midCD32midCD45midCD11bmid) and contained 
phenotypic families 3, 7, and 5. The third superfamily C represented poorly activated neutrophils (CD66low/midC-
CR7lowCD32lowCD45lowCD11blow) and comprised phenotypic families 4, 13, 11, 19, and 1. Strikingly, phenotypic 
family 13 and a subpart of family 2 showed high expression of CD14. CD14high neutrophils were described in the 
literature26 but their functional importance remains to be characterized.

The fourth superfamily D corresponded to CD4mid/highCD23highCD11chigh neutrophils and comprised phe-
notypic families 17, 12, and 10. The expression of CD4 and CD23 correlated among granulocytes (R = 0.78) 
(Supplementary Figure S6a). CD4 expression was previously reported in neutrophils27 but was not functionally 
characterized. In addition, the expression of CD23 and CD11c by neutrophils was shown to be linked to inflam-
mation28–30. Family 17 showed a high level of several markers, including CD123, CD14, CD86, CD16, IP-10, 
MCP-1, CD4, CD3, CD8, IL-4, and IL-6. This phenotypic signature may be due to nonspecific staining or to 
the presence of contaminating cell doublets. It may account for the unexpected strong correlation between the 
expression of CD3 and CD8 (R > 0.75). One cluster (cluster 416) was annotated as basophils, based on the SPADE 
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Figure 4. High phenotypic diversity of granulocytes and monocytes-DCs. Hierarchical clustering of markers 
and (a) granulocytes or (b) monocytes-DCs clusters were computed and represented as heatmaps. Each line of 
the heatmaps corresponds to one cell cluster and each column to one marker. Marker and cluster dendrograms 
were generated to bundle clusters with similar phenotypes and markers with similar expression patterns. Based 
on the cluster dendrograms, 21 groups of clusters, called phenotypic families, which are arbitrarily colored 
and numbered using Arabic numerals, were identified for both granulocytes and monocytes-DCs. Groups of 
phenotypic families defining superfamilies were framed with bold lines, and labeled with capital letters. When 
describing the heatmaps, phenotypic families are always listed from top to bottom, with ‘;’ to separate them 
according to their superfamily origin. SPADE clustering markers are written in bold. Interactive heatmaps are 
available at http://data.idmitcenter.fr/MVA-innate-myeloid/.
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tree. Indeed, it showed far higher CD123 expression than its neutrophil counterparts (Supplementary Figure S3), 
confirming the relevance of our SPADE tree annotation.

The fifth superfamily E included basophils and neutrophils and comprised phenotypic families 20, 21, 14, 8, 
and 18. Family 18 contained six clusters of CD66lowCD123highIL-4high basophils and one cluster (cluster 598) anno-
tated as neutrophils, based on the SPADE tree. Although high, its CD123 expression was lower than in basophils 
clusters (Supplementary Figure S3), confirming the relevance of our SPADE tree annotation. Families 20, 21, and 
14 corresponded to neutrophils, displaying a unique phenotype characterized by varying expression of CD16, 
CD11c, CD45, CCR5, CXCR4, MCP1, IFNα, and IFNγ. CD16 and CD11c expression correlated with each other 
in granulocytes (R = 0.77) (Supplementary Figure S6a), suggesting that phenotypic families 20 and 21 could be 
highly activated neutrophils and linked to inflammation or modulation of the immune response, with potential 
IFNα production31,32.

We identified four phenotypic families (17, 15, 19, and 1) scattered throughout distinct superfamilies, as well 
as two clusters of basophils (cluster 577 and 598), expressing a high level of CD64 and IL-1α. The presence of 
these two markers highly correlated (R = 0.82) with each other (Supplementary Figure S6a). The expression of 
CD64 in neutrophils was described as a biomarker of infection33,34, whereas IL-1α was shown to be important for 
the recruitment of neutrophils and other myeloid cells35,36. In addition, there was a high correlation between IL-12 
and CCR7 expression among granulocytes (R = 0.75) (Supplementary Figure S6a). This association suggests a 
more mature and activated phenotype, since CCR7 was shown to be involved in granulocyte activation37 and 
IL-12 is also key to neutrophil activation38.

In the monocytes-DCs compartment, 21 phenotypic families were also identified (Fig. 4b and http://data.
idmitcenter.fr/MVA-innate-myeloid/ for interactive heatmaps). These phenotypic families segregated into three 
superfamilies. The first superfamily F corresponded to cDCs (phenotypic families 33, 40, 27, 39, 29, 37 and 
26). The second superfamily G comprised pDCs, CD14lowmonocytes, and uncharacterized APCs (phenotypic 
families 31, 30 and 28). Finally, the third superfamily H was composed of monocytes and inflammatory cDCs/
non-classical monocytes (phenotypic families 38, 42, 24, 23, 35, 41, 32, 36, 22, 25 and 34).

As expected, cDCs and monocytes clearly segregated apart from each other within distinct superfamilies, the 
former expressing a high level of CD16, CD11c and CD11a, whereas the latter expressed a high level of CD14. 
CD14+CD16+HLA-DR+ inflammatory cDCs/non-classical monocytes (phenotypic family 32) segregated with 
monocytes.

CD11a, CD11c, and CD16 expression highly correlated with each other (R > 0.75 for each correlation) 
(Supplementary Figure S6b), confirming this characteristic of macaque cDCs. cDCs showed varying expres-
sion patterns for CCR5, CXCR4, CD64 and HLA-DR. Phenotypic families 29 and 37 consisted of highly acti-
vated HLA-DRhighCCR5mid/highCXCR4mid/high cDCs. Phenotypic families 33, 40, 27, 39 and 26 regrouped less 
activated (potentially immunosuppressive) HLA-DRlow/mid cDCs. Phenotypic families 33, 40, 27 and 39 were 
CCR5highCXCR4high, whereas family 26 was CCR5lowCXCR4low suggesting different recruitment abilities to the site 
of inflammation. In addition, phenotypic families 27 and 39 were CD64low whereas phenotypic families 33 and 40 
were CD64high indicating different antibodies binding capacities and suggesting they could be monocytes-derived 
cDCs39.

Besides, CD14, CD11b, and CD32 expression correlated with each other (R > 0.75 for each correlation) 
(Supplementary Figure S6b), confirming these monocyte-specific features. Surprisingly, CD86 also correlated 
with CD14 (R = 0.81) and CD32 (R = 0.82) (Supplementary Figure S6b), suggesting that this costimulatory 
molecule is poorly expressed on macaque blood cDCs, in contrast to monocytes. Overall, monocytes displayed 
varying expression of CD32, CD11b, and CD45. Phenotypic families 36 and 22 regrouped likely immature and 
potentially immunosuppressive HLA-DRlow monocytes. Phenotypic families 25 and 34 regrouped poorly acti-
vated CD32lowCD11blowHLA-DRhigh monocytes. Phenotypic family 32 consisted solely of inflammatory cDCs/
non-classical monocytes. Phenotypic families 23 and 35 consisted of moderately to highly activated CD32mid/

highCD11bmid/highCD11amidHLA-DRhigh monocytes. Finally, phenotypic families 38, 42 and 24 consisted of highly 
activated CD32highCD11bhighCD11ahighHLA-DRhigh monocytes. Phenotypic family 41 consisted of IL-12 produc-
ing CD66highCCR7highHLA-DRhigh monocytes.

In the second superfamily G, clusters expressed a high level of HLA-DR and segregated closer to monocytes 
than cDCs. Phenotypic families 31 and 30, labeled as uncharacterized APCs, contained CCR5highCXCR4highIP-
10high cells. These cells could correspond to activated monocytes which have downregulated CD14 and CD11b, 
a feature linked to activation and macrophage differentiation40,41. Family 28 contained two CD123highIL-
4mid clusters, labeled as pDCs (clusters 360 and 75), and two clusters labeled as monocytes, that were solely 
HLA-DRhighCD14low (clusters 476 and 362). Interestingly, the two clusters of pDCs differed by the expres-
sion of CCR5 and CXCR4, suggesting different recruitment and/or maturation abilities. Most pDCs were 
CCR5highCXCR4high but surprisingly IFNαlow (Supplementary Figure S3). This may be explained by the ex vivo 
staining without cytokine secretion inhibitors. Indeed, whole blood was extemporaneously fixed after sampling 
and without blocking cytokine secretion to avoid granulocytes alteration. Using these settings, we may not cap-
ture the production of cytokines whose concentrations did not reach a certain threshold or that were secreted 
very fastly. Alternatively, blood pDCs may be non-activated and thus would not produce IFNα42. In addition, 
we may not capture all the pDC diversity due to the low amount retrieved from macaque blood (Supplementary 
Figure S7).

Our data show a high degree of phenotypic diversity among blood granulocytes and monocytes-DCs with 
several degrees of activation/maturation. We uncovered potential novel subsets with newly described marker 
co-expression. Such diversity was captured because of the high number of markers specifically targeting innate 
myeloid cells and the high number of clusters defined. However, this diversity was also captured because our orig-
inal longitudinal dataset was composed of samples collected at steady state, before or long after immunization, 
outnumbered by samples collected early after immunization, during acute inflammation.
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Distinct subphenotypes respond to first and second immunizations. The categorical heatmaps that 
we generated provided good information on cell subsets phenotypic diversity within the dataset. But these still 
pictures did not provide information on cell subset frequencies, or their continuous or transient presence. To go 
beyond these pictures, we studied the impact of MVA injections on the abundance of cells from the different phe-
notypic families with respect to animals and time. Various abundance profiles depending on the phenotypic fam-
ilies were found and the post-prime and post-boost transient expansions were not always equal (Supplementary 
Figures S8 and S9). Using a third clustering step (Fig. 3b), the 21 phenotypic families of granulocytes and 21 
phenotypic families of monocytes-DCs were gathered together into 12 kinetic families sharing similar abun-
dance profiles (Fig. 5, Supplementary Figures S9, S10 and Supplementary Table S4). The correspondence between 
kinetic families and phenotypic families is given in Table 1 and in Supplementary Figures S9 and S10, but more 
simply thanks to interactive heatmaps on http://data.idmitcenter.fr/MVA-innate-myeloid/.

Strikingly, although there was no significant difference between prime and boost leukocytes AUC (Fig. 2d), 
nor granulocyte AUC or monocytes-DCs AUC (Supplementary Figure S5), the dynamics of five of the 12 kinetic 
families displayed significant differences (measured with AUC) after the prime and boost. Poorly to moderately 
activated neutrophils (granulocytes phenotypic families 14, 8, 4, 13, 11, 19, 1, 3), as well as uncharacterized APCs 
(monocytes-DCs phenotypic family 30) belonged to kinetic families I and III, and were mostly present in the 
blood after the prime (Fig. 5a and Supplementary Figure S10). The enrichment of cells from kinetic family III was 
not as transient as those of cells from kinetic family I.

Conversely, moderately to highly activated neutrophils (granulocytes phenotypic families 12, 9, 16, 6, 15, 
2, 7, and 5), activated monocytes (monocytes-DCs phenotypic family 24, 35, and 41), inflammatory cDCs/
non-classical monocytes (monocytes-DCs phenotypic family 32), and CCR5highCXCR4highcDCs (monocytes-DCs 
phenotypic family 39 and 29) composed kinetic families II, IV, VI and X, and were mostly present after the boost 
(Fig. 5a and Supplementary Figure S10). We observed two successive waves of enrichment for kinetic families IV, 
VI, and X. The second wave was especially late for family IV.

Neutrophils (granulocytes phenotypic families 20, 21, 17, and 10), monocytes (monocytes-DCs pheno-
typic families 38, 42, 23, 36, 22, 25, and 34), uncharacterized APCs (monocytes-DCs phenotypic family 31), 
and HLA-DRlowcDC (monocytes-DCs phenotypic family 27) were part of kinetic families V, VIII, and IX, and 
were both affected after the prime and boost, albeit differently (Fig. 5a and Supplementary Figure S10). For 
kinetic family V, there was only one rapid and transient increase at D1PP, whereas there were two rapid and 
transient increases at D1 and D8PB, the second being stronger. Kinetic family VIII showed an increase at H6-D1 
post-injections with a stronger and faster increase after the prime. Kinetic family IX displayed a rapid and tran-
sient increase at H6 post-injections, the PP peak being larger.

There was no significant impact of MVA immunizations on cell abundance for the basophils (granulocyte phe-
notypic family 18), pDCs, CD14low monocytes (monocytes-DCs phenotypic family 28), as well as HLA-DRlow and 
CD64high cDCs (monocytes-DCs phenotypic family 33, 40, 37 and 26) belonging to the three remaining kinetic 
families VII, XI, and XII (Fig. 5a and Supplementary Figure S10). Cells from these kinetic families were scarce.

To provide a more general picture of the distribution of the different phenotypic families and its evolution, pie 
charts were displayed at key timepoints: just before the prime (H0PP), just before the boost (H0PB), at the acute 
peak of the innate immune response (H6PP and H6PB), and at later timepoints (D14PP and D14PB) (Fig. 5b,c). 
This representation highlighted that, strikingly, the composition in phenotypic families already differed just 
before the boost as compared to just before the prime. Also, at D14PP, granulocyte counts were back to baseline, 
but the repartition in phenotypic families was still closer to H0PP than H0PB, suggesting that innate myeloid 
responses were not over at D14 post-injection and that a switch in phenotype occurred later, between D14PP 
and D58PP/H0PB. Differences between prime and boost were not as pronounced within the monocytes-DCs 
compartment.

Biological relevance of kinetic families. Before going further, we addressed the relevance of the kinetic 
families identified through three successive clustering steps (Fig. 3b). We assessed whether there were any associ-
ations between a direct measurement of inflammation and the enrichment of these kinetic families.

We used a linear regression analysis to predict IP-10 concentration based on kinetic family abundances. We 
chose IP-10 because it differed the most in AUC between prime and boost. IP-10 was also proposed as a candi-
date biomarker for diagnosis, prognosis, or responsiveness to therapy for several inflammatory and infectious 
diseases43. The prediction highly fit our observations (Fig. 6a,b), validating the computational analysis designed 
to define kinetic families. Linear regression showed that IP-10 concentrations positively correlated with the abun-
dance of two kinetic families, III and VI (Fig. 6c), corresponding to neutrophils enriched only after the prime 
(granulocyte phenotypic families 8; 4 and 13; and 3) and only after the boost (granulocyte phenotypic families 
16 and 2) (Table 1). These neutrophils surprisingly did not produce IP-10, in contrast to granulocyte phenotypic 
family 17. It is possible that plasma IP-10 was mainly released by cells present at the MVA injection site rather 
than in blood.

Key phenotypic features that discriminate between post-prime and post-boost immune 
responses. Our findings show that innate myeloid immune responses strongly differed between prime and 
boost, but it did not take into account the absolute number of cells in each kinetic family. Thus, we performed a 
Multidimensional Scaling (MDS) analysis to represent the similarities between all samples, based on cell abun-
dances of each kinetic family.

H3PP, H6PP, D1PP, and H6PB clearly segregated apart from most timepoints, which were close to one another 
in the MDS representation (Fig. 7a). H3PP, H6PP and D1PP were also distant from H6PB. This segregation con-
firmed that innate myeloid responses differed between prime and boost. It also showed that the innate immune 
response was strongly affected during three timepoints post-prime and only a single timepoint post-boost.
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Figure 5. Different enrichment of innate myeloid cells after first and second immunizations. (a) Phenotypic 
families sharing similar abundance profiles were gathered into kinetic families after hierarchical clustering based 
on abundance profiles with the Pearson correlation. Twelve kinetic families were defined and arbitrarily numbered 
from I to XII. They were further regrouped based on their kinetic pattern with an enrichment essentially post-prime, 
essentially post-boost, both after the prime and boost, or no or heterogeneous enrichment after each immunization. 
The mean abundance among the five animals is displayed ± standard deviation. The individual AUC after the prime 
(H3-D14PP) and boost (H3-D14PB) were calculated for each kinetic family and compared using a permutation test. 
The p-values are indicated and considered to be significant when p ≤ 0.01. Note that the scale of the Y-axis is specific 
to each kinetic family. The red arrows indicate the prime and boost injections. (b,c) Composition in phenotypic 
families of the granulocytes (b) and monocytes-DCs (c) compartment at H0PP, H6PP, D14PP, H0PB, H6PB and 
D14PB for each macaque. The size of the pie chart is proportional to the cell concentration. The color-code for each 
phenotypic families is identical for the pie-charts and the heatmaps.
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We further identified the main features that differed between the post-prime and post-boost immune response 
by using a Least Absolute Shrinkage and Selection Operator (LASSO) approach (Supplementary Figure S11). This 
approach allowed to statistically select the kinetic families that best characterized the post-prime or post-boost 
immune response. In particular, it permitted to exclude, in a statistical manner, kinetic families that were not 
impacted by vaccination or were impacted similarly at both immunizations. Among the twelve kinetic families, 
eight (I, II, III, IV, V, VI, X and XI) were sufficient to fully discriminate between the two responses (Fig. 7b). 
Linear discriminant analysis (LDA) allowed us to score their contribution to post-prime and post-boost cate-
gory and gave a statistical criterion to classify the selected kinetic families in post-prime or post-boost signature 
(Fig. 7c). This analysis revealed that the main components of the post-prime immune response were kinetic 
families III, XI, and, to a lesser extent, I. They were composed of granulocyte phenotypic families 14 and 8; 4 and 
13; 11, 19, and 1; and 3 (poorly to moderately activated neutrophils) and monocytes-DCs phenotypic families 
30 and 28; and 37 and 26 (pDCs, CD14low monocytes, uncharacterized APCs, and cDCs). Conversely, the main 
components of the post-boost immune response were kinetic families V, II, IV, X, and, to a lesser extent, VI. They 
were composed of granulocyte phenotypic families 20; 17, 12, and 10; 9, 16, 6, 15, and 2; and 7 and 5 (moderately 
to highly activated neutrophils) and monocytes-DCs phenotypic families 42, 24, 35, 41, 32 and 25; and 39 and 29 
(monocytes, including inflammatory cDCs/non-classical monocytes, and cDCs) (Table 1).

We identified markers differentially expressed by cell populations that best discriminated the post-prime from 
the post-boost response, based on a Kolmogorov-Smirnov distance criterion (Supplementary Figure S12). The 
expression of CD11b, CD66, CD45, IL-8, CD32, CD11a, HLA-DR and IL-10, and to a lesser extent CCR7, was 
higher in neutrophils found in abundance in blood after boost than after prime (Fig. 7d and Supplementary 
Figure S12a). CCR5, CXCR4, CD11c, CD16, CD45, IL-12, HLA-DR, and CD11b were more highly expressed by 
cDCs enriched after the boost than those enriched after the prime (Fig. 7e and Supplementary Figure S12b). To 
a lesser extent, CD11a expression was also associated with cDCs enriched after the boost. Finally, CD32, CD11b, 
HLA-DR, CD11a, CD14, CD45, IP-10, and IL-12 expression was higher in monocytes involved in the post-boost 
response than those participating in the post-prime response (Fig. 7f and Supplementary Figure S12c).

In conclusion, innate myeloid subpopulations that distinguished the post-boost from the post-prime response, 
and that were actually already present at the time of the boost, showed higher expression of several activation/
maturation markers. Among them, three markers were shared by neutrophils, cDCs, and monocytes: CD45, 
CD11b and HLA-DR.

Discussion
We report a mild local reactogenicity to subcutaneous MVA injection in macaques, which was weaker and more 
rapid after the second injection. Plasma CRP and IP-10 concentrations, used as systemic inflammation readouts, 
were also more attenuated after the boost. We observed an early and transient enrichment of innate myeloid cells 
in the circulation both after the prime and the boost. Strikingly, at the level of each compartment (granulocytes 
and monocytes-DC), no major differences in cell abundance intensity or kinetics were observed between the two 
injections. Qualitative differences between the blood innate myeloid cell responses after one or two immuniza-
tions were only observable after deep phenotyping using mass cytometry combined with an analysis pipeline 
consisting of three successive clusterings specifically developed for longitudinal multidimensional data, and a 
final discriminant analysis. Neutrophils, monocytes and DCs, which expanded transiently at each immunization, 
were not composed of the same cell subpopulations. While circulating innate myeloid cells rapidly returned to 
baseline level in terms of their number after prime, their sub-phenotype composition was modified over time, 

Kinetic 
family

Composition

Kinetic patternPhenotypic family Cell population

I Granulocytes 14; 11, 19, and 1  
Monocytes-DCs 30 Neutrophils, including poorly to moderately 

activated neutrophils and uncharacterized APCs Post-prime enrichment
III Granulocytes 8; 4 and 13; 3

II Granulocytes 6 and 2; 7 and 5  
Monocytes-DCs 35 and 41 Neutrophils, including moderately to highly 

activated neutrophils, highly activated monocytes, 
CCR5highCXCR4highcDCs, and inflammatory cDCs/
non-classical monocytes

Post-boost enrichmentIV Granulocytes 9 and 15

VI Granulocytes 12 and 16

X Monocytes-DCs 24 and 32; 39 and 29

V Granulocytes 20; 17 and 10  
Monocytes-DC 42 and 25

Neutrophils, poorly to highly activated monocytes, 
HLA-DRlowcDCs, and uncharacterized APCs

Post-prime and post-boost 
enrichmentVIII Granulocytes 21  

Monocytes-DCs 38, 36 and 22

IX Monocytes-DCs 23 and 34; 31; 27

VII Granulocytes 18
Basophils, pDCs, CD14lowmonocytes, and cDCs 
including HLA-DRlowand CD64highcDCs

No/heterogeneous 
enrichmentXI Monocytes-DCs 28; 37 and 26

XII Monocytes-DCs 33 and 40

Table 1. Correspondence between kinetic and phenotypic families. For each kinetic family, its composition in 
terms of phenotypic families (listed from top to bottom from the corresponding heatmaps (Fig. 4) and separated 
by “;” to designate their being from different superfamilies) and its main cell populations and phenotypes, as 
well as its kinetic pattern, as classified in Fig. 5a, are indicated.
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and finally different at the time of the boost. Some subsets expanded after each immunization, whereas others 
were enriched primarily after the prime or the boost. Neutrophils, monocytes, and DCs responding to the second 
injection expressed higher levels of CD45, HLA-DR, Fc receptors CD16 and CD32, integrins CD11a, CD11b, and 
CD11c, some of which form complement receptors CR3 (CD11b/CD18) and CR4 (CD11c/CD18), chemokine 
receptors CCR5 and CXCR4, pro-inflammatory cytokines IL-8, IL-12, and IP-10, and anti-inflammatory cytokine 
IL-10. Thus, local and systemic inflammation after the boost was attenuated with respect to after the prime, 
whereas as many innate myeloid cells were recruited after the boost as after the prime. However cells mobilized 
after the boost were more activated and mature. We also highlight the importance of neutrophils, in addition to 
professional APCs monocytes and DCs, in the early response to MVA, unveil their high degree of phenotypic 
heterogeneity, and discover new subsets.

The transient mobilization of leukocytes was specific to the vaccine, since buffer injection did not result in 
such a dramatic effect. However, we cannot formally rule out a role played by the recombinant fusion protein HIV 
gag-pol-nef encoded in our vaccine.

The mild local adverse reaction is typical of subcutaneously administered vaccines and was expected for a 
non-replicating vaccine such as MVA. The subcutaneous injections of IMVAMUNE® or ACAM3000, which 
are third generation MVA vaccines against smallpox, have been described as safe, in contrast to replicating 
VACV which is more reactogenic44,45. The local reaction to VACV and MVA was reported to be stronger and 
longer-lasting for primary vaccinees than for non-naive participants, and after the first injection than after the 
second one44,46,47. This was also supported by our data on MVA vaccination in macaques.

We found that IL-6, MCP-1, and IP-10 plasma concentrations were altered after subcutaneous injections of 
cynomolgus macaques with MVA. The differences between post-prime and post-boost AUC were higher for 
IP-10. There are only limited in vivo studies on the early plasma cytokine response to MVA, contrary to in vitro 
data after restimulation of PBMCs or in vivo studies on earlier generation smallpox vaccines, for which cor-
relations between cytokine expression patterns and adverse events or vaccine take were identified. A study in 
rhesus macaques showed that IL-6 and IP-10 were the only cytokines for which levels increased in plasma one 
day after a single MVA intramuscular injection48. Comparison of serum cytokines after primary vaccination or 
re-vaccination with VACV in human volunteers showed that the peak levels were also statistically different for 
IP-10, in addition to IFNγ and MIG (CXCL9)49, which are induced by IFNγ and/or IFN type I and interact with 
the same receptor, CXCR343. Among many other soluble factors, IL-6, MCP-1, and IP-10 are produced in vitro in 
response to MVA by whole blood, PBMC, primary human monocytes and macrophages50,51, and the pathways 
involved have been elucidated51,52. The capacity of MVA to induce MCP-1 production distinguished it from other 
VACV strains50. Whether they are produced by infected cells and/or bystander cells53 is yet to be fully determined. 
Whether their presence in plasma originates from their release by cells from the injection site and/or from blood 
cells requires further investigation.

Beyond reactogenicity and plasma cytokine responses, the novelty of our study is the analysis of early innate 
cellular events after vaccination. Innate responses in blood or locally after injection of adjuvants or vaccines, 
including MVA, have been characterized in mice or macaques to better understand the mode of action of vac-
cines54–59. However, none of these studies analyzed the early cellular response to vaccines in the context of prime/
boost strategies. One seminal study54 compared distinct TLR adjuvants in rhesus macaques and demonstrated that 

Figure 6. Association of kinetic families with a direct biological measurement. (a) The relationship between 
kinetic family abundances and IP-10 plasma concentration was analyzed using linear regression. Iterative linear 
regressions were generated until all coefficients had a p-value ≤0.05. At each iteration, the coefficient having the 
highest p-value higher than 0.05 was removed. The differences between predicted vs. observed concentrations 
of IP-10 are shown. (b) The ELISA measured and linear regression predicted IP-10 concentrations are shown in 
a bi-plot representation. The Pearson correlation coefficient and p-value are indicated. (c) The linear regression 
coefficients of kinetic families III and VI, which are necessary and sufficient to predict IP-10 concentrations, are 
displayed along with their p-values.
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Figure 7. Visualization of and discrimination between post-prime and post-boost innate myeloid cell 
responses. (a) The Multidimensional Scaling (MDS) representation was calculated based on the abundance of 
each kinetic family. The Kruskal Stress is indicated and corresponds to the percentage of information lost during 
the dimensionality reduction process. Samples collected long before the prime injection (D-19PP) were not 
included. (b) Linear Discriminant Analysis (LDA) was performed after Least Absolute Shrinkage and Selection 
Operator (LASSO) (Supplementary Figure S11). Samples from the timepoints D-19PP, H0PP, and H0PB were 
not used for this analysis. The LDA scores of each sample are shown. The LDA score indicated whether a given 
sample was classified as post-prime (positive score) or post-boost (negative score). The samples colored in blue 
correspond to post-prime samples and the samples colored in red correspond to post-boost samples. (c) The 
LDA coefficients for each kinetic family are shown. (d–f) Kolmogorov-Smirnov (KS) distances of expression 
distribution densities were computed for each marker for neutrophils, cDCs, and monocytes (Supplementary 
Figure S12). This distance corresponds to the maximal difference between the distributions of marker 
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they differentially stimulated systemic immune responses. The intensity quality and kinetics of blood cells enrich-
ment were specific of each adjuvant. MPL, R848, and CpG ODN induced a rapid increase of blood neutrophils and 
CD14+ monocytes. However, neutrophil counts reached a higher level with R848 and two successive neutrophil 
expansions were observed with CpG ODN. In addition, only R848 and CpG ODN mobilized the intermediate 
CD14+CD16+ followed by non-classical CD14dimCD16high monocytes and mediated pDCs and cDCs activation.

We identified potential new subsets of innate myeloid cells. There were more CD4highCD23highCD11chigh neu-
trophils after the boost than the prime. They are likely linked to inflammation27–29, and may exert regulatory/
suppressive effects. CD66highCD32highCD11bhighCD45highCCR7highIL-10high neutrophils were also more highly 
enriched after the boost than the prime37. They may have a critical role in the resolution of infection upon the 
second encounter with pathogens. As previously described10,60–63, we observed a population of cells sharing cDC 
and monocyte phenotypic patterns (CD11chighCD16highCD11ahighCD14highCD45highIP-10mid/high), which we des-
ignated inflammatory cDCs/non-classical monocytes. This pro-inflammatory cell type expanded more after the 
boost than the prime. We also identified HLA-DRlow monocytes and cDCs, which are likely immature or immu-
nosuppressive. Comparative functional analyses are required for their definitive classification as new subsets. In 
future studies, a refined panel should also include antibodies targeting additional markers, such as CD1c, CD141, 
CD172a, CD33, CD45RA and SIGLEC6, to clearly distinguish DC precursors from pDCs, separate the various 
cDC and monocyte subtypes, and identify myeloid-derived suppressive cells (MDSCs)24,64–66.

Innate immune responses differ after one and two immunizations, as adaptive immune responses do. There are 
many possible reasons for this difference which are yet to be tested. At the boost, there were antibodies directed 
against MVA, contrary to the prime18. The vaccine was probably rapidly cleared and sensed differently, not as free 
viral particles, but as immune complexes. A different sensing could translate into a different alarm. It was recently 
shown, using mass cytometry, that the activation of signaling pathways and cytokine production by blood innate 
myeloid cells in response to the split influenza vaccine was dependent on immune complex formation and CD16 
and CD32 FcγR activation67. Several studies, based on monoclonal antibody therapies, have also reported the impor-
tance of immune complexes and Fc receptor engagement in enhanced protective immune responses and vaccine-like 
effect7. This would be consistent with the higher expression of the FcR (CD16 and CD32) we observed among blood 
neutrophils, monocytes, and cDCs responding to the boost. Local memory cells established after the first immuni-
zation could also have played a role in the different innate myeloid responses after one and two immunizations. It has 
been shown in mice that IFNγ and MIP-1α produced by memory T cells after antigen recognition resulted in faster 
activation and recruitment of innate cells as well as better killing capacities by phagocytes68,69. In addition, TNFα 
produced by resident memory CD8+ T cells was reported to induce local DC maturation70. The induction of resident 
CD8+ T cells in the skin has been demonstrated in mice after MVA71 and VACV skin infection72,73. Finally, trained 
innate immunity5 could participate in the different innate immune responses during prime/boost immunizations, 
assuming that trained cells survive long enough between the two immunizations. Tissue-resident macrophages and/
or cells recruited from blood or their progenitors after the prime could be involved.

Conversely, the different innate responses after the prime and boost may affect the restimulation of primary 
memory B and T cells and their differentiation into secondary memory cells. Neutrophils the most specific for the 
post-boost response expressed higher levels of CD66, which plays a role in adhesion and interactions with DCs74, 
and of IL-8, a key chemoattractant of neutrophils to the site of inflammation and inducer of phagocytosis75. 
Neutrophils expanding after the boost also produced more IL-10. Immunosuppressive IL-10 producing neu-
trophils have been reported in mice76,77, whereas their presence in humans is more controversial78. Finally, neu-
trophils recruited after the boost expressed a higher level of CCR7, suggesting their capacity to migrate directly 
to lymph node37,79. cDCs and monocytes, and to a lesser extent neutrophils, participating in the early response 
after the boost expressed higher levels of HLA-DR, involved in antigen presentation to CD4+ T cells, and IL-12, 
promoting Th1 development and controlling the CD8+ T cell response80. Neutrophils, cDCs, and monocytes 
mobilized after the boost were more prone to phagocytosis with higher expression of FcR (CD32 and CD16) 
and integrins CD11a, CD11b and CD11c, which are also involved in tissue-specific homing of leukocytes during 
inflammation and leukocyte activation81,82. Monocytes were more activated, as they expressed a higher level of 
CD14, which acts as PRR83, and IP-10. cDCs were also more mature, with a higher expression of CXCR4 and 
CCR5, which allow their trafficking to the vaccine injection site and its draining lymph node84,85. Finally, innate 
myeloid cells elicited after the boost were more responsive with higher expression of CD45. CD45 is well known 
to lower the threshold of BCR and TCR signaling on B and T cells. It was also shown to regulate FcR, TLR, and 
cytokine signaling in phagocytes and DCs, as well as neutrophils migration86. Overall, better antigen uptake 
and presentation is more likely after the boost than after prime, contributing to enhanced T cells restimulation, 
although the requirements of signal 1 (TCR stimulation), 2 (co-stimulation), and 3 (inflammatory cytokines) 
differ between naive and memory T cells activation87.

Whether the observed differences between the early response to the first and second vaccine injections also 
hold true for innate lymphoid cells needs to be tested. Additionally, it is important to define what is MVA-specific 
from what is shared with other vaccines. Another challenge will be to determine predictive correlations between 
innate and adaptive responses in the context of prime/boost immunizations, as previously done for one-dose vac-
cines88, or yearly influenza vaccine89. Nonetheless, the differential innate responses described here can be valuable 
to tailor vaccine-induced immunity.

expression in the two compared cell populations. KS distance is commonly used in flow cytometry analyses93. 
MSI histograms for the top 8 markers with the highest KS distance are displayed for (d) neutrophils, (e) cDCs, 
and (f) monocytes from kinetic families that discriminate between the post-prime (blue) and the post-boost 
responses (red) as defined in Fig. 7c. Histograms were built on the whole dataset and did not represent a 
particular sample (animal or timepoint).
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Methods
Ethics statement. This experiment was approved by the «Ministère de l’Éducation Nationale, de 
l’Enseignement Supérieur et de la Recherche» (France) and the ethical committee «Comité d'éthique en 
expérimentation animale n°44» (France) under the reference 201503131451825402 (APAFIS#319) and 
2015062215324227v1(APAFIS#891) for Figure S2. Animals were handled by veterinarians in accordance with 
national regulations (CEA Permit Number A 92–32–02) and the European Directive (2010/63, recommendation 
N°9) and in compliance with Standards for Human Care and Use of Laboratory of the Office for Laboratory 
Animal Welfare (OLAW, USA) under OLAW Assurance number #A5826-01.

Vaccine, animals, and blood samples. The ANRS recombinant MVA HIV B vaccine (MVATG17401; 
Transgene, Illkirch-Graffenstaden, France) was injected subcutaneously into five cynomolgus macaques, at 
4 × 108 PFU, two months apart as previously described18. It contains the full-length codon-optimized sequence 
of gag (encoding amino acids [aa] 1 to 512) fused with fragments from pol (encoding aa 172 to 219, 325 to 383, 
and 461 to 519) and nef (encoding aa 66 to 147 and 182 to 206) from the Bru/Lai isolate (Los Alamos data-
base accession number K02013). Blood samples were collected longitudinally in EDTA, to count leukocytes, or 
Lithium-Heparin to measure soluble plasma factors and perform single-cell mass cytometry analyses.

For Figure S2, six macaques were injected subcutaneously with a buffer containing 10 mM Tris-HCl, saccha-
rose 5% (w/v), 10 mM NaGlu, 50 mM NaCl, pH8.0 and one month later with the same dose and batch of MVA 
HIV B as the other five animals.

Quantification of plasma soluble factors. C-reactive protein (CRP) was quantified in plasma by 
Laboratoire Vébio (Arcueil, France) using an immunoturbidimetry assay (CRP Plus, Thermo Scientific). 
Cytokine, chemokine and growth factor levels were assessed with a multiplex immunoassay (MILLIPLEX MAP 
non-human primate cytokine magnetic bead panel, Millipore), except plasma IP-10 concentrations, which were 
assessed by ELISA (human CXCR10/IP-10, R&D systems). Post-prime (PP) and post-boost (PB) samples were 
assessed independently.

Staining, mass cytometry acquisition, and data processing. Blood processing, staining, and acquisi-
tion using a CyTOF (Fluidigm), as well as initial leukocyte gating, were performed as previously described10. Briefly, 
1 mL of blood was incubated with a fixation mixture containing PFA and glycerol10,90 for 10 min at 4 °C. After centrif-
ugation, erythrocytes were lysed in 10 mL of milli-Q water at room temperature for 20 min. Cells were then washed 
in DPBS 1× and stored at −80 °C at a final concentration of 15 · 106 cells in the fixation mixture. Three millions of 
fixed leukocytes were thawed. After 2 washes with PBS/BSA at 0.5%, they were incubated with the surface antibod-
ies at 4 °C for 30 min (Supplementary Table S3). They were washed twice in PBS 1× and fixed in PBS/PFA 1.6% for 
20 min RT. After permeabilization in Perm/Wash Buffer 1× (BD Biosciences) for 10 min at RT, cells were incubated 
with intracellular antibodies at 4 °C for 30 min (Supplementary Table S3). Finally cells were washed in PBS and 
incubated overnight with 0.1 µM of iridium RNA/DNA intercalator in PBS/PFA at 1.6%. The next day, cells were 
washed three times with milli-Q water and filtered using a 35 µm nylon mesh cell stainer (BD Biosciences). EQTM 
four elements calibration beads (Fluidigm, San Fransisco, USA) were added following manufacturer’s protocol. Each 
sample was divided into two replicates and acquisition was performed using the autosampler device for CyTOF 
(both from DVS Fluidigm). 5 stainings/acquisitions were done (one per animal) using the same batch of antibodies 
each time. In addition, we followed an established strategy91 to control the quality of each staining/acquisition and 
their reproducibility by including the same two control samples (Supplementary Figure S13).

Automatic identification of cell populations. Cell populations were identified using the Spanning-tree 
Progression Analysis of Density-normalized Events (SPADE) algorithm19. Briefly, a random pre-downsampling 
was used to select 60,000 cells from each sample (60,000 corresponded to the number of cells contained in the 
smallest sample -Table S5). Then the SPADE algorithm per se was applied to all samples (all macaques and all 
timepoints) to define the phenotype of each cluster as well as the topology of the tree. Full upsampling was even-
tually performed.

For our dataset, the optimal SPADE settings were determined with SPADEVizR package20 as 20 clustering 
markers (CD66, HLA-DR, CD3, CD64, CD8, CD123, CD11a, CD11b, CD4, CD23, CD86, CD32, CXCR4, CCR5, 
CD16, CD11c, CD14, CD45, CD20 and CCR7), 600 clusters, a density-based downsampling of 10%, and an 
outlier density parameter of 0.01. The clustering quality was expressed as the percentage of clusters displaying a 
unimodal and narrow distribution of all clustering markers, as well as the percentage of small clusters (clusters 
with less than 50 cells in total). Markers distributions were assessed using the Hartigan’s dip test (p-value < 0.05 
to reject the uni-modality hypothesis). Markers distributions with an interquartile range (IQR) < 2 were consid-
ered to be narrow. These settings resulted in the highest percentage of uniform clusters and the absence of small 
clusters. Numbers and percentages of non-uniform clusters for each marker are displayed in Table S6.

Leukocyte counts, absolute number calculation, and abundance profiles. The leukocyte counts 
were quantified using an HmX instrument (Beckman Coulter). The absolute number of cells in a population was 
computed as: N = the absolute number of leukocytes expressed per μL of blood x number of cells in the popu-
lation detected by the CyTOF/total number of leukocytes (defined as non CD3+CD66+ cells) detected by the 
CyTOF. The absolute number kinetics was called the abundance profile.

Heatmap representations of the cell cluster phenotypes. Heatmaps of the cell cluster phenotypes 
were generated using SPADEVizR20. The mean of the median of the mean signal intensity (MSI) for each marker 
among samples was displayed according to five phenotypic bins calculated by dividing the marker range of 
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expression between the 5th and the 95th percentile into five categories for all cell clusters. For each cluster, samples 
contributing less than 10 cells were excluded. Hierarchical clusterings of cell clusters and markers were performed 
using the Euclidean metric based on the ward.D linkage.

Phenotypic and kinetic families. Cell clusters sharing similar phenotypes were gathered into phenotypic 
families based on the cluster dendrogram. Phenotypic families sharing similar dynamics were gathered into 
kinetic families based on their abundance profiles. This determination was performed using SPADEVizR20 with 
the hierarchical method based on the Pearson correlation and complete linkage.

Statistical tests. Soluble factor concentrations and cell abundances were compared between timepoints 
using the permutation test available in the “exactRankTests” R package. The area under the curve (AUC) cor-
responds to the sum over time of all plasma soluble factor concentrations (cumulated concentration) or cell 
abundances (cumulated abundance) between H3 and D14. PP AUC and PB AUC were compared using the per-
mutation test. Correlation analyses were performed using the Pearson coefficient. The density distributions of 
markers were compared using the Kolmogorov-Smirnov distance using CytoCompare92.

Modeling. The linear regression model was constructed using SPADEVizR20. The abundance profiles of 
kinetic families were used as the entry parameter and IP-10 concentration as the biological value to predict. The 
validity of the model was assessed by excluding either one sample or one individual and by comparing predicted 
and observed values.

Discrimination between post-prime and post-boost innate myeloid responses. The Least 
Absolute Shrinkage and Selection Operator (LASSO) approach was performed on R using the “lars” package. 
Centered and reduced abundance profiles of kinetic families were used as entry parameters. The validity of clas-
sification at each iteration was assessed by cross-validation. The best configuration was chosen as the lowest 
number of kinetic families used and the lowest error rate in cross-validation. Linear Discriminant Analysis (LDA) 
was performed on R with the “MASS” package based on the abundance profiles of kinetic families and classes 
(post-prime or post-boost) as entry parameters.

Data availability and interactivity. Mass cytometry data were deposited publicly. FCS files are available 
on the FlowRepository database through ID FR-FCM-ZYBG, and the Cytobank platform under accession num-
bers 68443 and 68590. The http://data.idmitcenter.fr/MVA-innate-myeloid/ website provides interactive SPADE 
quality control data, interactive SPADE trees, interactive heatmaps, and interactive histograms. The interactive 
heatmaps avoid to juggle between Fig. 4 (heatmaps), Supplementary Figures S8–9 (phenotypic families abun-
dance profiles), Fig. 5a (kinetic families), Table 1 (correspondance between phenotypic and kinetic families), and 
Fig. 7c (kinetic families LDA selection). They directly connect clusters and phenotypic families to their annota-
tion, kinetic families, and their relevance as signature of the response to a first or a second immunization.
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Chapter 4. NK cell responses after a
prime-boost vaccination following a

classical schedule

Overview
Knowing that MVA prime and boost induced distinct innate myeloid cell responses

(Palgen et al., 2018), we investigated in the very same animals whether this was also the
case for the NK cell response.

Our first observations revealed that conversely to myeloid NK cells, NK cell number
tended to decrease at early (< 3 days) timepoints after immunization, whereas it re-
increases afterwards (around 1-2 weeks). At the scale of the full NK cell compartment,
no difference could be observed between response to prime and to boost. But NK cell
number correlated with the expression of several genes associated with NK cell cytotoxic
activity among the full PBMC (peripheral blood mononuclear cell) compartment. Note-
worthy, this NK-cell associated gene signature was associated with the IL-12 signaling
pathway. Since IL-12 was part of the signature of monocytes and cDCs responding to
the boost (Palgen et al., 2018), it suggested that NK cells could also differ between both
immunizations.

We thus designed a mass cytometry antibody panel targeting NK cell biology and
followed a similar analysis strategy as for Chapter 3. We also used extemporaneously
fixed leukocyte samples, which revealed to be more troublesome for studying NK cells.
Indeed, the low frequency of NK cells within whole blood (compared to PBMCs) reduced
the number of NK cells retrieved per sample. In addition, most antibodies targeting NK
receptors (e.g. NKp30, NKp46, NKp80, CD158a) lacked reactivity with macaque fixed
cells, precluding their use in our analysis. Still, we were able to include many relevant
markers involved in NK cell activation (e.g. CD2, CD7, CD16, CD69), NK cell cytotoxic
activity (e.g. granzyme B, perforin, CD107a, CD11a), as well as chemokine receptor
(CCR5, CCR7, CXCR4), and two NK receptors (NKG2A/C and NKG2D).
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As for the innate myeloid cells, we were able to identify a high phenotypic diversity
within the NK cell compartment. Namely, we identified three major groups of NK cells
differing in maturation, migration capabilities and cytotoxic activity potential in term
of phenotype: poorly cytotoxic NK cells being defined as CD11amid CD7low CD107amid

granzyme Bmid, whereas intermediately and highly cytotoxic NK cells were CD11ahigh

CD7high CD107ahigh granzyme Bhigh. Intermediately cytotoxic NK cells were NKG2Dmid

CCR5mid CXCR4mid CD56mid, whereas highly cytotoxic NK cells were NKG2Dhigh CCR5high

CXCR4high CD56high.

In term of dynamics, NK cells subphenotypes were also differently abundant between
prime and boost, as confirmed by linear discriminant analysis. Conversely to innate
myeloid cells, a first shift in NK cell subphenotype composition was observed at early
timepoints (as early as 1 day) post-prime, and was maintained until 2 weeks post-prime;
a second shift in phenotype occurred between two weeks and two months and was main-
tained until the boost.

The discrimination was not as sharp and precise as for innate myeloid cells though,
since most subphenotypes were impacted by both immunizations (although with different
kinetics). This may have been the result of the lack of NK cell markers in our panel, which
impairs our ability to investigate the complete NK cell repertoire and thus the complete
diversity of the NK cell compartment (Wilk & Blish, 2018). Also, note that a wide inter-
individual variability was observed at baseline, both in term of NK cell subphenotype
composition and NK cell number. Immunization significantly reduced this variability,
although it did not abrogate it completely. This may also participate in this more blurred
distinction between responses to prime and boost.

Still, despite these caveats, we revealed the major differences that discriminate be-
tween responses to each immunization. Strikingly activation/maturation markers, includ-
ing CD11a, CD16, CD69, granzyme B, perforin and CD107a were upregulated on NK
cells responding to boost compared to those responding to prime. Whether these more
phenotypically mature/cytotoxic NK cells, which likely correspond to memory NK cells
(Min-Oo et al., 2013; Geiger & Sun, 2016; Paust et al., 2017), were antigen-specific or
not, and which exact enhanced functions they display, remains to be addressed.

Interestingly, the NK cells observed between one day and two weeks after prime were
conversely characterized as poorly cytotoxic NK cells. This suggest that either cytotoxic
NK cells were all recruited out of blood in the first two weeks after prime, or that poorly
cytotoxic NK cells were newly generated or released in blood following immunization.
Note that we did not observe a shift of NK cell phenotype between one day and three
days after boost. Due to lack of samples, we were not able to investigate whether it could
have occurred at latter timepoints, for example at day 8 or day 14 post-boost. Actually,
at each timepoint, the maximum blood volume allowed by the ethical comity, which takes
into account volemia, anemia, steady-state hematopoiesis, and animal welfare was col-
lected. Unfortunately, at some timepoints, the quantity blood to prepare fixed leukocytes
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Overview

to analyze innate responses was not sufficient to analyze both innate myeloid and NK
cells, as well as T and C cells at late timepoints. The corresponding samples were used
in priority for the characterization of innate myeloid cell immune response.

Overall this study showed that similarly to innate myeloid cells, prime vaccination
induced phenotypic changes in the NK cell compartment. The dynamics was different
though, suggesting that distinct mechanisms might be at play. Accordingly, generation
mechanisms of memory NK cells are not fully characterized in literature, and they may
not be shared with innate myeloid cell training, as mentioned in the Introduction.
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Chapter 4. NK cell responses after a prime-boost vaccination following a
classical schedule

"NK cell immune responses differ after prime and boost
vaccination"

All these results were published in the Journal of Leukocyte Biology (Palgen et al.,
2019). The corresponding publication is provided hereafter. The data are available in an
interactive fashion on the IDMIT dissemination platform (http://data.idmitcenter.fr/).
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Abstract
A better understanding of innate responses induced by vaccination is critical for designing opti-
mal vaccines. Here, we studied the diversity and dynamics of the NK cell compartment after
prime-boost immunization with the modified vaccinia virus Ankara using cynomolgus macaques
as a model. Mass cytometry was used to deeply characterize blood NK cells. The NK cell sub-
phenotype composition was modified by the prime. Certain phenotypic changes induced by the
prime were maintained over time and, as a result, the NK cell composition prior to boost differed
from that before prime. The key phenotypic signature that distinguished NK cells responding to
the boost from those responding to the prime included stronger expression of several cytotoxic,
homing, and adhesionmolecules, suggesting that NK cells at recall were functionally distinct. Our
data reveal potential priming or imprinting of NK cells after the first vaccine injection. This study
provides novel insights into prime-boost vaccination protocols that could be used to optimize
future vaccines.
K EYWORDS
innate lymphoid immunity, mass cytometry, MVA, NHP, NK cells, prime-boost,
vaccination, transcriptomics

1 INTRODUCTION
A better understanding of the early events following vaccination is
critical for identifying key biomarkers and mechanisms involved in
the subsequent establishment of immune memory to optimize future
vaccines.1 This requires extensive characterization of the vaccine-
induced innate immune response.

NK cells are innate lymphoid cells that can constitutively kill cells
carrying an abnormalMHCsignature, via interactions of activating and

Abbreviations: CBC, complete blood count; DC, dendritic cell; LASSO, least absolute
shrinkage and selection operator; LDA, linear discriminant analysis; MCMV,mouse
cytomegalovirus; MSI, mean signal intensity; MVA, modified vaccinia virus Ankara; NHP,
nonhuman primates; SPADE, spanning-tree progression analyses of density-normalized
events

inhibitory receptors between NK cells and their targets.2–4 The wide
diversity of the NK cell receptor repertoire implies a large range of
potentialNKcell subpopulations.5 NKcells exhibit numerous functions
other than cytotoxicity, including modulation of the behavior of other
innate and adaptive immune cell populations, such as through cross-
talk with dendritic cells (DCs) or cytokine production.6–10 In particu-
lar, NK cells strongly interact with DCs, resulting in the activation of
both cell types.11,12 Also, NK cells were shown to orientate the B cell
response and the underlying affinity maturation via the restriction of
follicular helperT cells, a feature that is key in thegenerationof broadly
neutralizing antibodies.13 NK cell functions are influenced by vaccina-
tion and infection.14,15 In addition, recent findings in mice, macaques,
and humans indicate that NK cells show adaptive-like features.16–19
However, it is not yet fully clear how these findings can be exploited to

J Leukoc Biol. 2019;1–19. c©2019 Society for Leukocyte Biology 1www.jleukbio.org
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improve the immunogenicity and protective efficacy of vaccines.20,21
More studies on vaccine-inducedNKcell immunity are thus admittedly
required for improving vaccine design.

Modified vaccinia virus Ankara (MVA) is an attenuated vaccine
derived from vaccinia virus, first developed as a vaccine against small-
pox, which now serves as the vector for many recombinant vaccine
candidates because of its capacity to induce strong and long-lasting
immunity.22 MVA is known to activate NK cells in mouse bonemarrow
and spleen, where it inducesNK cell proliferation,23 aswell as in lymph
nodes, where NK cells accumulate via CXCR3 signaling after being
sensed by macrophages. Such recruitment is crucial for the induc-
tion of Th1 responses.24 Moreover, the vaccine we used (MVA HIV
B) was reported to prime human NK cells via NK-DC cross-talk in
vitro.25 Other studies in mice reported that NK cells are recruited
to tissues in response to MVA-induced CCL2 (MCP-1) expression by
macrophages.26 We previously reported a difference in the level of
CCL2 in the blood ofmacaques after anMVAboost relative to prime.27
These and other studies show thatMVAmodulatesNK cell activity and
trafficking. They moreover suggest an important contribution of NK
cells toMVA-induced immunity.

Nonhuman primates (NHP) are an important animal model in vac-
cinology, given their close immune proximity with humans, including
innate immunity.28 Immune responses in macaques to human vaccine
injection are highly predictive of vaccine immunogenicity in humans.
This is particularly true for MVA.29 Human NK cells are usually sub-
divided based on CD56 and CD16 expression, whereas most NK cells
from macaques are CD8𝛼+ CD56−.30 In addition, both human and
macaque NK cells express NKp46, but in macaques, NKp46 may not
be expressed by all NK cell subpopulations.28,31 Nevertheless, close
phenotypic analogies have been found between macaque and human
NK cell subpopulations, and functional studies have revealed similar
behavior in both species.32–35

We previously uncovered the phenotypic complexity and diversity
of innate myeloid cells in the blood and the impact of vaccinations
on the dynamics of their subset composition by mass cytometry27 in
cynomolgus macaques immunized with a recombinant MVA HIV-B.
We used the very same animals and a similar analytical workflow, but
a 31-marker mass cytometry antibody panel dedicated to the anal-
ysis of NK cells, to determine the phenotype of blood NK cell sub-
populations, as well as their diversity and evolution throughout the
vaccination process.

We demonstrated a high phenotypic diversity within the blood
NK cell compartment in macaques. Importantly, the study reveals
the induction of changes within the NK cell subphenotype composi-
tion by the prime, some of which were maintained over time. Hence,
the NK cells present at recall were different from those present
at baseline. The key phenotypic signature discriminating NK cells
responding to boost from those responding to prime was identified
and included stronger expression of several cytotoxic, homing, and
adhesionmolecules.

This study has important implications for understanding the role of
NK cells in vaccine-induced responses, as well as for the optimization
of vaccine protocols.

2 MATERIALS AND METHODS
2.1 Ethics statement
The experimental protocols were approved by the ethics commit-
tee “Comité d’éthique en expérimentation animale n◦44” under the
reference 2015031314518254.02 (APAFIS#319) for the longitudinal
analysis of the MVA-induced response, and 2015062215324227v1
(APAFIS#891) when comparing MVA and buffer injections, and the
“Ministère de l’Education Nationale, de l’Enseignement Supérieur et
de la Recherche” (France). Animals were handled by veterinary staff in
accordance with national regulations (CEA Permit Number A 92-32-
02) and the EuropeanDirective (2010/63, recommendationNo. 9) and
in compliancewith the Standards for theHumaneCare andUse of Lab-
oratory Animals of the Office for Laboratory Animal Welfare (OLAW,
USA) under OLAWAssurance number #A5826-01.

2.2 Experimental design
Five male adult cynomolgus macaques, originating from Mauritius
and identified as BB078, BB231, BC641, BD619, and BD620, were
housed individually. Before inclusion in the study, they were tested
to be negative for SIV, herpesvirus B, filovirus, STLV-1, SRV-1, SRV-2,
measles virus, hepatitis B Ag, and antibodies. Regarding CMV, BB078,
BB231, and BC641 were seropositive, whereas BD620 was seroneg-
ative. Animals were captive-born (first generation, F1), 7–8-year-old
andweighed 8.2–10.7 kg at the beginning of the study.

Without prior selection, unbiased distribution of MHC haplotype
was observed in our group of animals, with animals carrying 1 of the
complete 7 common haplotypes (with H1, H2, and H3 being the most
common), or recombinants, and none of them being homozygous, or
matching with one another for an entireMHC haplotype.

Animals were inoculated subcutaneously with 4 × 108 PFU of
the ANRS MVA HIV-B vaccine (MVATG17401; Transgene, Illkirch-
Graffenstaden, France),36 encoding HIV-Gag (amino acids 1–519),
Pol (amino acids 172–219, 325–383, and 461–519), and Nef (amino
acids 66–147 and 182–206) proteins, as previously described.27,37
Animals were immunized 2 months apart following a homologous
prime-boost strategy.

For comparison of buffer and MVA injection, 6 macaques received
a subcutaneous injection with a buffer containing 10 mM Tris-HCl,
saccharose 5% (w/v), 10 mM NaGlu, 50 mM NaCl, pH8.0. One month
later, they were inoculated with 4 × 108 PFU of the ANRS MVA HIV-
B vaccine. Animals were 2–5-year-old and weighed 4.9 to 6.7 kg.
Without prior selection, unbiased distribution of MHC haplotype was
observed in this control group of animals, with some animals carrying 1
of the complete 7 common haplotypes or recombinants, and none of
them being homozygous or matching with one another for an entire
MHC haplotype.

Blood was collected in EDTA tubes for complete blood count (CBC)
and whole blood flow cytometry, lithium-heparin tubes for whole
bloodmass cytometry analysis, andheparin cell preparation tube (CPT)
(Becton Dickinson, Franklin Lakes, USA) for PBMC isolation.
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2.3 Sample preparation
Fixed leukocytes were prepared formass cytometry using a previously
described cell fixation protocol,27,38,39 which allows the recovery of all
leukocytes, including granulocytes, from lithium-heparin whole blood.
Briefly, 1 mL of blood was incubated with a fixation buffer containing
formaldehyde and glycerol for 10min at 4◦C. After centrifugation, ery-
throcytes were lysed in 10 mL milli-Q water at room temperature for
20 min. Cells were then washed in 1× DPBS and stored at −80◦C at a
final concentration of 15 × 106 cells/mL in the fixation mixture. Note
that cells were fixed extemporaneously without restimulation ex vivo.

PBMCs were prepared for transcriptome analysis. Blood was
collected using CPT tubes. After centrifugation at 1200 × g for
30 min at room temperature, PBMCs were isolated, and remaining
contaminating red blood cells, if any, were lysed with ACK lysis buffer
(Thermo Fisher Scientific, Waltham, USA). PBMCs were then washed
in complete culture medium composed of RPMI-1640 (Invitrogen,
Carlsbad, USA) supplemented with 10% heat-inactivated FCS (Euro-
bio, Courtaboeuf, France) and 1% penicillin-streptomycin/neomycin
(Thermo Fisher Scientific,Waltham, USA).

2.4 Cell staining and acquisition
Fixed leukocyte staining and acquisition protocols were identical to
those previously described.27 The 31-marker antibody panel used in
the present study is described in Table 1. A number of classic NK cell
receptors and other markers of interest6,40 could not be included at
the time of the study due to lack of reactivity of the tested antibody
clones with fixed macaque leukocytes (CD27: clones O323 and LG-
7F9; NKp80: clones 4A4.D10 and 5D12; NKp30: clone AF29-4D12;
CD117: clone 104D2; NKp46: clone BAB281; CX3CR1: clone 2A9-1;
CXCR3: clone 1C6; CD122: clone Tu27; CD158a: clone HP-3E4; and
CD161: clone DX12).

2.5 Data processing and event selection
FCS files were normalized with the MATLAB normalizer from Rachel
Finck et al.41 Replicates were concatenated using the tool from
Cytobank (Mountain View, USA). Leukocytes were gated based on
event length, iridium content, and exclusion of nonspecifically stained
CD66+CD3+ eosinophils.27,39

2.6 CBC and cell population count
CBCs were performed using blood collected in EDTA with the HmX
instrument (Beckman Coulter). The absolute number of cells in each
sample for a given cell population was computed as follows: N = the
absolute number of leukocytes (expressed per 𝜇L of blood) × the num-
ber of cells in the population detected by CyTOF/total number of
leukocytes (excluding CD3+CD66+ cells) detected by CyTOF (given
in Table 2).

2.7 Identification of cell populations
The spanning-tree progression analyses of density-normalized events
(SPADE)42 algorithm was performed on the whole data set of samples

TABLE 1 Antibody panel
Metal Marker Clone Surface Intracellular
141Pr CD66abce TET2 ●

142Nd HLA-DR L243 ●

143Nd CD3 SP34.2 ●

144Nd CD107a H4A3 ●

145Nd CD8 RPAT8 ●

146Nd CD45 D058-1283 ●

147Sm IL-4 7A3-3 ●

148Nd Granzyme B GB11 ●

149Sm CD56 NCAM16.2 ●

150Nd CD62L SK11 ●

152Sm CD4 L200 ●

153Eu CD11a HI111 ●

154Sm CD2 RPA2.10 ●

155Gd CD7 M-T701 ●

156Gd MIP-1𝛽 D21-1351 ●

159Tb TNF𝛼 MAb11 ●

160Gd Ki-67 B56 ●

161Dy NKG2D 1D11 ●

162Dy CD11c 3.9 ●

164Dy CD69 FN50 ●

165Ho IFN𝛾 B27 ●

166Er CD25 4e 3 ●

167Er CD16 3G8 ●

168Er CCR5 3A9 ●

169Tm CXCR4 12G5 ●

170Er CD14 M5E2 ●

171Yb Perforin Pf-344 ●

172Yb NKG2A/Ca Z199 ●

174Yb CD20 2H7 ●

175Lu CCR7 G043H7 ●

176Lu IL-10 JES3-9D7 ●

Targetedmarkers, clones, andmetals are shown. The right columns indicatewhether the staining was extra- or intracellular.
aThe antibody clone Z199 recognizes both NKG2A andNKG2C.

from macaques BB078, BB231, BC641, and BD620 to automatically
identify cell populations displaying similar expression levels for the
givenmarkers used for clustering: CD66abce, HLA-DR, CD3, CD107a,
CD8, CD45, granzyme B, CD56, CD62L, CD4, CD11a, CD2, CD7,
NKG2D, CD11c, CD69, CD25, CD16, CCR5, CXCR4, CD14, perforin,
NKG2A/C, CD20, and CCR7. Prior to clustering, we performed ran-
dom pre-downsampling of 50,000 cells (corresponding to the highest
number of cells contained in all samples) to avoid bias in the analysis
toward samples with more cells than others (Table 2). The quality of
the SPADE clustering, defined as a narrow and unimodal distribution
for each marker in all cell clusters and NK cell clusters, was assessed
using the SPADEVizR R packagewe developed.43

Based on these quality control measurements, SPADE was param-
eterized to identify 900 clusters using a downsampling of 20%,
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TABLE 2 Cells acquired with the CyTOF
BB078 BB231 BC641 BD620

D-19PP 76,557 60,206 60,143 52,082
H0PP 74,607 93,135 na 67,358
H3PP 128,251 109,159 91,420 72,772
H6PP 124,104 161,898 128,497 66,482
D1PP 117,081 154,166 110,928 103,526
D3PP 79,789 81,863 76,958 na
D14PP 116,972 108,706 124,386 86,044
H0PB 135,810 140,496 na 92,991
H3PB 179,476 208,479 61,579 na
H6PB 177,204 222,968 196,870 118,859
D1PB 257,189 167,840 243,434 116,967
D3PB 72,879 130,925 na 95,656

For each sample, the number of leukocytes detected by the CyTOF (afterexclusion of double-positive CD3+CD66+ eosinophils) is indicated. Notavailable samples are indicated na.

leading to 77.44% of all clusters with unimodal (Hartigan’s dip test, P
≤ 0.05) and narrow distribution (IQR ≤ 2) of all markers. Most of the
nonunimodal distribution was attributable to perforin (154 clusters of
900 [17.11%]).

AmongNK cell clusters identified on the SPADE tree, based onCD3
and CD8 expression, 66.67% (22 of 33) had a unimodal and narrow
distribution for all markers. Nonunimodal or wide distribution was not
associated with a particular marker; at worst, CD2 and CD16 expres-
sion was nonunimodal or wide for 4 of 33 clusters (12.12%) (Table 3).

Two sets of baseline samples were available: 19 days before the
prime (BPD19) and just before the prime, coded 0 hour post-prime
(H0PP) in our nomenclature. Only BPD19 samples (available for the 4
macaques) were used for SPADE analysis to avoid biasing the SPADE
analysis toward baseline samples, because NK cells weremore numer-
ous before than early after immunization. H0PP samples (only avail-
able for 3 of 4 animals) were upsampled into the SPADE analysis, using
the closest neighborhood method. Briefly, cells from H0PP samples
were assigned to the cluster of its closest cell neighbor within the
SPADE analysis. The neighborhood definitionwas based on the SPADE
clusteringmarkers. The closest neighbors were found using the FNNR
package (available at https://CRAN.R-project.org/package=FNN) and
the kd-tree approach.

Samples from macaque BD619 were not included in this SPADE
analysis because only H3PP, H6PP, D1PP, and D1PB samples were
available. Indeed, samples from this animalwould have been underrep-
resented among the samples from the other animals, and they could
have biased the clustering analysis toward early modification of the
NK subphenotype composition. Nevertheless, BD619 samples were
mapped afterward onto the SPADE tree for phenotypic characteriza-
tion based on the same closest neighbor approach used to map H0PP
baseline samples.

We directly identified blood NK cells on the SPADE tree based on
CD3 and CD8 expression, rather than by manual gating followed by
SPADE analysis of the NK cells to avoid a bias in the manual gating

TABLE 3 Number and percentage of nonuniformNK cell clusters

Markers
Number ofnonuniformNKcell clusters

Percentage ofnonuniformNKcell clusters ID of nonuniformNK cell clusters
CD2 4 12 582, 739, 788, 892
CD16 4 12 122, 380, 721, 788
Perforin 3 9 723, 757, 819
CD4 1 3 582
CD7 1 3 567
HLA-DR 1 3 567
NKG2A/C 1 3 892
CCR5 0 0 —
CCR7 0 0 —
CD3 0 0 —
CD8 0 0 —
CD11a 0 0 —
CD11c 0 0 —
CD14 0 0 —
CD20 0 0 —
CD25 0 0 —
CD45 0 0 —
CD66abce 0 0 —
CD62L 0 0 —
CD69 0 0 —
CD107a 0 0 —
CXCR4 0 0 —
Granzyme B 0 0 —
NKG2D 0 0 —

The number, percentage, and ID of NK cell clusters that do not reach thecondition of uniformity are shown.

of CD3− CD8+ events and contamination with CD66low neutrophils,
which displayed a low background signal in all channels including CD8.

2.8 Categorical heatmap representation of NK cell
clusters’ phenotypes
The median expression among all samples was used to generate the
categorical heatmap using SPADEVizR.43 The range ofmarker expres-
sion was divided into 5 categories between the 5th and the 95th per-
centiles to define the cell cluster phenotype. Samples containing fewer
than 10 cells were removed from the median computation. Hierar-
chical clustering, represented by the cluster and marker dendrograms
in the heat map, was performed using the Euclidean metric and the
ward.D linkage method. The cluster dendrogram was used to define
phenotypic families.

2.9 LASSO-LDAmodel to classify post-prime and
post-boost NK cell immune profiles
The classification of post-prime (PP) and post-boost (PB) NK cell
immune profiles was performed using a combination of the least
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absolute shrinkage and selection operator (LASSO) and linear discrimi-
nant analysis (LDA)methods. The LASSOmethodwas basedon the lars
R package (available at https://CRAN.R-project.org/package=lars).
Abundance profiles of phenotypic familieswere centered and reduced.
Model validity was assessed through the leave-one-out cross-
validationmethod. The best configuration was chosen using the elbow
criterion. Essentially, the minimum number of phenotypic families was
chosen such that adding more phenotypic families did not improve
the model. Graphically, this corresponds to the number of phenotypic
families for which a break in slope (an “elbow”) is observed when plot-
ting the mean square error of the model as a function of the number
of phenotypic families used (Supplemental Fig. S5B). The LDA method
was based on the MASS R package (available at https://CRAN.R-
project.org/package=MASS). Marker expression density distributions
were compared using the CytoCompare R package44 based on the
Kolmogorov-Smirnov distance.

2.10 Validation of the LASSO-LDAmodel
The LASSO-LDAclassifier generated usingBB078, BB231, BC641, and
BD620 samples was used to classify BD619 samples and validate the
model. Cell cluster abundances from BD619 samples were centered
and reducedwith the abundance of the 4 other animals.

2.11 RNA extraction and gene-expression profiling
PBMCswere cultured overnight at 2.5× 106 PBMCs/well in U-bottom
96-well plates (BD Falcon) in duplicate. PBMCs were recovered and
lysed in350𝜇LofRLTPlusbuffer (Qiagen,Hilden,Germany)with1%of
mercaptoethanol. RNAwas then purified using the RNeasy PlusMicro
Kit (Qiagen, Hilden, Germany). Purified RNA was quantified using an
ND-8000 spectrophotometer (NanoDrop Technologies, Fisher Scien-
tific, Illkirch, France) and the integrity was verified on a 2100 BioAna-
lyzer (Agilent Technologies,Massy, France). cDNAwas synthesized and
biotin labeled using Ambion Illumina TotalPrep RNAAmplification kits
(Applied Biosystem/Ambion, Saint-Aubin, France). Labeled cRNA was
hybridized to Illumina Human HT-12V4 BeadChips, previously suc-
cessfully used to analyze cynomolgus macaque whole genome.45,46 All
steps were performed following themanufacturers’ protocols.

2.12 Transcriptomic analysis
Transcriptomic signals were background corrected and quantile nor-
malized using the limma R package (available at https://bioconductor.
org/packages/release/bioc/html/limma.html).

We identified genes associated with NK cell abundance (which
is relatively low among PBMCs) by performing a two-step analysis
approach. First, genes for which the expression correlated with total
NK cell abundance (Pearson correlation, |R| ≥ 0.65 and P ≤ 0.05) were
analyzed using the STRINGdatabase47 to define interaction networks.

Transcriptomic data were expressed as fluorescence intensity
(resulting from DNA probe hybridization) per 2.5 × 106 PBMCs. The
percentage of NK cells among PBMCs was used for the correlation
between transcript expressions and NK cell abundances. The number

of PBMC in each leukocyte sample was estimated in our mass cytome-
try analysis by excluding CD66+ cells. Thus, the percentage of NK cells
among PBMCs was defined as the number of CD3− CD8+ NK cells
detected in theCyTOFanalysis dividedby thenumberofCD66− leuko-
cytes identified in the CyTOF analysis multiplied by 100. The Pearson
coefficient of correlationwasused toquantify the associationbasedon
log-transformed data. The transcriptomic time point D57PPwas asso-
ciated with the mass cytometry time point H0PB (corresponding to
D58PP). In addition, early transcriptomic time points (H3, H6, and D1)
were missing for both immunizations. The transcriptomic time points
used were D-19PP, D3PP, D57PP, and D3PB.

Second, genes having interactions with at least one other gene
were selected, and a functional enrichment analysis was performed
using Ingenuity Pathways Analysis software (Ingenuity Systems, Inc.,
IPA, Redwood City, USA) to further decipher the gene signature. IPA
maps each gene identifier to its corresponding molecule in the Inge-
nuity Pathways Knowledge Base. For all analyses, P values gener-
ated by Fisher’s exact test were adjusted by Benjamini-Hochberg
Multiple Testing.

2.13 Correlation betweenNK cell and innate
myeloid cell dynamics
The Spearman correlation coefficient between the abundance (num-
ber of cells per mL) of blood NK cell phenotypic families and the
abundance of blood innate myeloid cell kinetic families (groups of
phenotypic families sharing similar dynamics as previously defined27)
was computed. The correlation was considered significant when |R| ≥
0.6 and P≤ 0.05.

2.14 Area under the curve
Areas under the curve (AUC) were calculated as the cumulative sum
of concentrations of the population between H0 and D3 (either after
prime or after boost). PP and PB AUC were compared using the
permutation test from the exactRankTests R package (available at
https://cran.r-project.org/web/packages/exactRankTests/index.html).

2.15 Interindividual variability
The interindividual variability in terms of phenotypic composition was
quantified as the percentage of NK cells that are not classified in the
same phenotypic families between 2 animals.

2.16 Flow cytometry
Flow cytometry staining was used to identify NK cells in a control
group of 6 macaques used to assess whether the effect of immuniza-
tions on NK cell number was specific of MVA subcutaneous injec-
tion or could be induced by the sole buffer subcutaneous injection
or no injection (only anesthetic). For each sample, 100 𝜇L of blood
was stained during 30 min with 90 𝜇L of mix of antibodies diluted
in BD Horizon stained buffer (BD Biosciences, Franklin Lakes, USA)
containing CD123 (BD Biosciences, Franklin Lakes, USA, clone 7G3),
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F IGURE 1 Experimental design and analysis strategy. The experimental approach, including (A) the vaccine schedule, (B) the 31-marker anti-
body panel, and (C) the analysis pipeline, is shown. Five cynomolgus macaques were subcutaneously immunized with MVAHIV B vaccine (4 × 108
PFU) twice, 2 months apart. Blood samples were collected at the indicated time points, hours (H) or days (D), PP, and PB, for mass cytometry (blue
dots) or transcriptomic experiments (green dots). FCS files retrieved frommass cytometry were entered into the SPADE algorithm after exclusion
of background events, dead cells, and nonspecifically stained putative eosinophils, to cluster leukocytes based on 25 clustering markers and iden-
tify NK cell clusters. NK cell clusters were further clustered into phenotypic families whose kinetics were analyzed. Prime vs. boost phenotypic
signatures were eventually determined using the LASSO-LDA approach

HLA-DR (BD Biosciences, Franklin Lakes, USA, clone G46-6), CD163
(BD Biosciences, Franklin Lakes, USA, clone GHI/61), CD11c (BioLe-
gend, San Diego, CA, USA clone 3.9), CD45 (BD Biosciences, Franklin
Lakes, USA, clone DO58-1283), CD66 (Miltenyi Biotec, Bergisch Glad-
bach, Germany, clone TET2), CD3 (BD Biosciences, Franklin Lakes,
USA, clone SP34-2), CD20 (BD Biosciences, Franklin Lakes, USA,
clone 2H7), CD8 (BD Biosciences, Franklin Lakes, USA, clone RPA-T8),
CD11b (Beckman Coulter, Brea, USA, clone Bear 1), CD14 (BD Bio-
sciences, Franklin Lakes, USA, Clone M5E2), CD33 (Miltenyi Biotec,
Bergisch Gladbach, Germany, clone AC104.3E3), CD16 (Beckman
Coulter, Brea, USA, 3G8), and NKG2A (Beckman Coulter, Brea, USA,
clone Z199), and then cells were fixed and red blood cells were
removedwith 1mL of BD FACs Lysing (BDBiosciences, Franklin Lakes,
USA) during 10 minutes at room temperature and washed twice using
PBS. Samples were acquired with a BD LSRFortessa (BD Biosciences,
Franklin Lakes, USA).

NK cells were gated as CD66− CD3− CD20− CD14− CD8+ cells
using FlowJo 9 software (FlowJo, Ashland, USA). The absolute count
numbers were calculated as the percentage of NK cells among all cells
× leukocyte count (CBC).

2.17 Data availability
Gated cytometry profiles are available on the FlowRepository
database48 under accession number FR-FCM-ZYPY. Raw transcrip-
tomic profiles are available on the EBI-ArrayExpress database49 under
accession number E-MTAB-7697. Main graphical representations and
statistical results are available in an interactive format on the IDMIT
data dissemination platform accessible at http://data.idmitcenter.fr/
MVA-innate-NK/.

3 RESULTS
3.1 Total NK cell kinetics do not differ between
prime and boost
Wevaccinated 4 adultmale cynomolgusmacaqueswith a recombinant
MVA-based vaccine following the homologous prime-boost strategy
described in Fig. 1A.27,37 Blood samples were taken before and at vari-
ous time points during the vaccination time course and fixed extempo-
raneously without ex vivo restimulation with the vaccine. All samples
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F IGURE 2 Identification of blood NK cells. (A) The generated SPADE tree is shown. This analysis was built using all samples from the data set,
except H0PP samples, which were later mapped onto the analysis. NK cell clusters (CD3− CD8+) are indicated in red. (B) The absolute number of
total NK cells per individual animal at each time point is shown. Red arrows indicate MVA immunization. The mean AUC ± SD is indicated, as well
as the P value, after comparison by the permutation test and considered statistically significant when P≤ 0.05

were stainedwith the antibody panel targetingmarkers ofNK cell acti-
vation (e.g., CD25 and CD69), function (e.g., IFN𝛾 , perforin, granzyme
B, CD107a, and CD11a), and maturation (e.g., CD2, CD7, and CXCR4),
described in Fig. 1B and detailed in Table 2.We then followed the anal-
ysis pipeline described in Fig. 1C. Preliminary analyses showed high
interindividual variability in terms of NKG2A/C expression among NK
cells, not associated with CMV serology (Supplemental Fig. S1).

First, we performed a SPADE analysis to identify cell popula-
tions based on the expression of the following markers: CD66abce,
HLA-DR, CD3, CD107a, CD8, CD45, granzyme B, CD56, CD62L,
CD4, CD11a, CD2, CD7, NKG2D, CD11c, CD69, CD25, CD16, CCR5,
CXCR4, CD14, perforin, NKG2A/C, CD20, and CCR7. This strategy
allowed the segregation of NK cells, defined classically for macaques
as CD3− CD8+ cells, from other leukocytes and into 33 cell clus-
ters on a separate branch of the SPADE tree (Fig. 2A). Note that we
notably excluded CD66+ neutrophils, HLA-DR+ CD14+ monocytes,
HLA-DR+ CD11c+ cDCs, CD3+ T cells, and HLA-DR+ CD20+ B cells
(Supplemental Fig. S2).

Weanalyzed the kinetics of allNKcell clusters in theblood through-
out vaccination (Fig. 2B). As expected, the number of total NK cells in
the blood was relatively low (<0.5 × 106cells/mL for all time points).
NK cell numbers were homogeneously affected by immunization in
all animals. Indeed, NK cell numbers tended to decrease between 3 h
(H3) and 6 h/1 day (H6-D1) post-immunization, both PP and PB. These
changes in NK cell counts were likely to be MVA injection specific, as
shown by 6 additional control animals (Supplemental Fig. S3). A high
variability in terms of NK cell count was observed between baselines

(untreated animals, before buffer injection, and before MVA injection)
across the control animals (Supplemental Fig. S3A). Buffer injection
did not induce a significant early decrease in total NK cell count (P
= 0.9839) (Supplemental Fig. S3B), whereas MVA injection did (P =
0.03697) (Supplemental Fig. S3C).

This MVA-induced decrease in NK cell count likely corresponds to
NKcell recruitment to either inflamed tissues or lymphoid organs, con-
sistent with a previous study in mice describing the recruitment of
NK cells to the draining lymph node within the first day after MVA
injection.24 Therewereno significant differences in theNKcell dynam-
ics between the 2 immunizations based on the comparison of PP and
PBAUCs.

To further complete the picture of theNKcell response at thewhole
compartment level, we analyzed the gene signature associated with
NK cell number using microarrays on isolated PBMCs (Fig. 3A). There
were numerous genes for which the expression correlated with NK
cell abundance with a remarkably high number of gene interactions,
among them, a cluster of NK cell-associated genes, such as activa-
tion/cytotoxic associated molecules (CD226, CD69, KLRK1 [NKG2D],
granzyme B, and granzyme H),50–53 as well as genes encoding pro-
teins involved in these signaling pathways (notably ITGAL/CD11a and
VAV3)54 and the chemoattractant cytokine CCL27.55

Functional enrichment of this interacting network of genes con-
firmed a strong association with NK cells, which indicated that we
were able to find an NK cell-associated signature within the PBMCs.
More specifically, this gene signature was associated with NK cell/DC
cross-talk, NK cell cytotoxic activity, and FcR-mediated phagocytosis.
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F IGURE 3 NK cell-associated transcriptomic signature. (A) Interactions among transcripts for which the expression correlated with NK cell
abundance identifiedusing theSTRINGdatabase47 (|R|≥0.65,P≤0.05). (B) Top5canonical pathways correlatingwithNKcell abundance identified
using IPA (Ingenuity Systems, Inc.). (C) Top 5 upstream regulators correlating with NK cell abundance identified using IPA (Ingenuity Systems, Inc.)
To a lesser extent, this signature was associated with granulocyte dia-
pedesis (a surprising signature, as only PBMCRNAwas used) and fatty
acid oxidation (Fig. 3B). Among regulators, the most statistically sig-
nificant was the IL-12 complex (Fig. 3C), which is a well-known key

cytokine in NK cell biology.56 ESR1, LCK, CD46, and ITGAL/CD11a
were also found tobe engaged. ESR1, LCK, and ITGAL/CD11a are asso-
ciated with NK cell cytotoxic activity,54,57–59 whereas CD46 is associ-
ated with complement activity.60
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We previously showed, with the very same animals, that IL-12 pro-
duction was upregulated in blood neutrophils responding to the sec-
ond MVA injection, as compared with those responding to the first
MVA inoculation. IL-12 concentration in plasma did not differ between
prime and boost though.27 Thus, because no significant difference
was found at the level of total NK cell number by contrast to IL-
12 level in neutrophils, and because IL-12 signaling appeared corre-
lated with NK cell number in blood, we further investigated whether
differences could exist at a deeper phenotypic resolution of the NK
cell compartment.

3.2 TheNK cell compartment displays numerous
subphenotypes
We used high-dimensional analysis based onmarker expression inten-
sity to investigate potential changes in NK cell phenotype after immu-
nization. Thedouble clusteringofmarkers andNKcell clusters resulted
in a categorical heat mapwith amarker and cell cluster dendrogram. It
facilitated the visualization of the phenotypes of all NK cell clusters at
a glance (Fig. 4). On this heat map, marker expression was divided into
5 bins between the 5th and 95th percentiles of the distribution across
the whole data set. This allowed us to qualify the expression of each
marker for each cluster as very low, low,mid, high, or very high, accord-
ing to the bin in which the cluster fell for the indicatedmarker.

The hierarchical clustering of markers represented in the marker
dendrogram revealed 2 large groups of coexpressed markers, further
subdivided into 4 subgroups (Fig. 4). One large group of coexpressed
markers contained cytotoxic and maturation markers and comprised
highly coexpressed markers among most NK cells (granzyme B,
CD107a, NKG2A/C, CD8, CD7, CD45, and CD11a) in a first subgroup
and highly/moderately coexpressedmarkers (perforin, NKG2D, CD16,
CD2, CCR5, CD56, and CXCR4) in a second. The second large group
contained, notably, several cytokine and chemokine receptors and con-
sisted of moderately/weakly coexpressed markers (IL-10, Ki-67, MIP-
1𝛽 , IL-4, TNF𝛼, CD20, CD69, and CD11c) in a first subgroup and
weakly/unexpressed markers (CD14, CD4, HLA-DR, CD25, CD62L,
IFN𝛾 , CCR7, CD66, and CD3) in a second.

The hierarchical clustering of NK cell clusters, represented in the
cluster dendrogram, revealed 10 phenotypic NK cell families, arbitrar-
ily numbered from 1 to 10, distributed within 3 superfamilies, named
A to C (Fig. 4). Each phenotypic family contained NK cell clusters
with similar phenotypes, and each superfamily was composed of prox-
imal phenotypic families. Phenotypic families are likely to better cor-
respond to biologically meaningful cell populations than cell clusters.
Indeed, the number of leukocyte clusters chosen as an entry param-
eter in our SPADE analysis (900 cell clusters) was optimally defined
to achieve a uniform and narrow expression of all clustering markers
in a maximum number of leukocyte clusters. Admittedly, it could have
resulted in a potentially artificially high number of NK cell clusters (33
NK cell clusters). The risk of overclustering was overcome by merging
phenotypically similar NK cell clusters into phenotypic families.

Superfamily A (phenotypic families 5, 3, 8, and 1) consisted of
NKG2Dhigh CD16high CD107ahigh CCR5high NK cells. Superfamily B
(phenotypic families 4, 2, and 6) consisted of NKG2Dmid CD16mid

CD107ahigh CCR5mid NK cells. Finally, superfamily C (phenotypic fam-
ilies 10, 7, and 9) contained NKG2Dlow CD16low CD107amid CCR5low
NK cells.

Beyond such wide phenotypic NK cell diversity, which underlined
varying degrees of expression of cytotoxicity markers and likely past,
ongoing, or future cytotoxicity, 2 phenotypic families (phenotypic fam-
ilies 1 and 4) in superfamilies A and B were CD2high, suggesting higher
activation ability toward antibody-coated pathogen/Ag binding. CD2
is a well-known NK cell activator,61 which was shown to potentiate
the CD16 signaling cascade in vivo in humans.62 This action was later
shown to be associated with CD58 engagement on infected cells by
CD2+ NK cells in vitro.63 Also, phenotypic family 9, within superfamily
C, was the only one to be CD7mid (all other NK clusters were CD7high),
likely related to a lower maturity. Indeed CD7 has been shown to be
expressed on highly differentiated cytotoxic and cytokine-producing
NK cells ex vivo in humans.64 Moreover, 2 phenotypic families con-
taining one single cluster displayed very peculiar phenotypes (Sup-
plemental Fig. S4). Phenotypic family 8 was CD66high, whereas other
NK cell clusters were CD66low/−, as expected. It may consist of acti-
vated NK cells that can be inhibited through CD66, as reported after
homotypic CD66a interactions between melanoma and NK cells.65
Phenotypic family 10 was HLA-DRhigh granzyme Blow CD107alow and
may correspond to “NK DCs” observed in mouse tissues66 and ex
vivo in humans.67

3.3 NK cell subphenotypes exhibit different kinetics
We then studied the dynamics of all identifiedNK cell phenotypic fam-
ilies (Fig. 5A), which, for some, contrasted with those of total NK cells
(Fig. 2B).We identified distinct and complex patterns.

The phenotypic family 7wasmore highly affected by the prime than
the boost (AUC comparison, P= 0.0286).

By contrast, 2 phenotypic families (3 and 8) were more highly
affected by the boost than the prime (AUC comparison, P = 0.057 and
0.0286, respectively). In particular, family 3 showed a strong increase
at H3PB comparedwith H3PP (P=0.0286).

The remaining 7 phenotypic families (1,2,4–6,9, and 10) displayed
strong interindividual variability in their dynamics and various pat-
terns. Phenotypic family 10 notably only showed a very low peak at
D14PP. Still note that for phenotypic family 5, 3 animals of 4 showed
a stronger increase in number PP than PB.

Although the number of total NK cells was low throughout vacci-
nation and essentially transiently decreased (Fig. 2B), many NK cell
subphenotypes (e.g., phenotypic families 7, 3, 5, 1, and 9) conversely
showed an increase in absolute number for some time points (Fig. 5A).

We then determined the relative abundance of the phenotypic fam-
ilies within each animal for each time point (Fig. 5B). There was high
interindividual diversity of the NK cell compartment relative to that
of the innate myeloid cell compartment.27 In addition, NK cell num-
ber and composition strongly differed between both baseline samples
at D-19PP and H0PP, in the absence of any other experimental per-
turbation of the immune system (Supplemental Fig. S5). At baseline,
prior to any immunization, there was high intraindividual variability in
terms of cell number, with a difference of up to 0.8 × 106 NK cells/mL
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F IGURE 4 Phenotypic heat map of NK cells.
Each line of the heat map corresponds to one
cell cluster and each column to one marker.
Marker expression is displayed according to phe-
notypical categorical bins, corresponding to the
subdivision of marker range of expression in 5
categories between the 5th and 95th percentiles
of expression (the color code is indicated). The
marker and cluster dendrograms are shown on
the top and left, respectively. The cluster dendro-
gram defined phenotypic families and superfam-
ilies. Phenotypic families were randomly num-
bered and colored with different shades of the
same color for each superfamily. Markers used
as SPADE clusteringmakers are shown in bold

of blood between D19PP and H0PP (Supplemental Fig. S5). This is
fully consistent with the results obtained on the 6 additional control
animals (Supplemental Fig. S3A). To note, the phenotypic composition
was remarkably stable within each animal between the 2 baselines
(Supplemental Fig. S5).

Note that prior to any immunization, a high interindividual variabil-
ity was observed in terms of the phenotypic composition of the NK
cell compartment. Actually, on average 50 ± 6% of the NK cell com-
partment differs phenotypically between 2 animals (i.e.,50 ± 6% of
NK cells were associated with distinct phenotypic families between
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F IGURE 5 Different enrichment of NK cells after each immunization. (A) The individual abundance in the number of cells/𝜇L of blood of each
phenotypic family is shown over time. The mean AUC ± standard deviation and P value (permutation test) are shown, and the phenotypic families
are grouped based on their profiles. (B) The composition of the phenotypic families is indicated over time for each time point and each animal. The
size of the pie is proportional to the absolute count of total NK cells in the blood, as indicated. Pie slices correspond to phenotypic families and are
color-coded as in Fig. 4. na, not available. (C) The inverse Simpson index, as a readout for diversity, is displayed for each animal over time. Each color
represents a distinct animal
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2 animals). Strikingly, the phenotypic composition of the NK cell com-
partment after immunization was far more similar between the dif-
ferent animals (32 ± 6% of difference between individuals at every
other time point), indicating that immunization homogenizes the NK
cell compartment composition.

The distribution of NK cell subphenotypes changed markedly
throughout the prime, as early as H3PP, and dramatically between
H6PP and D1PP. The major shift in the composition of the NK cell
compartment remained relatively stable up to D14 (Fig. 5B). Further
changes of the subphenotype composition occurred later, between
D14PP and the boost (at D58PP = H0PB). This was not observed for
innate myeloid cells, for which the shift occurred essentially between
D14PP and the boost.27 One explanation is that these subphenotypes
correspond to newly generated immature NK cells arising from the
bone marrow, whereas all NK cells expressing homing markers, such
as CCR5, CCR7, CD62L, and CXCR4 (which is indeed the case for fam-
ilies 3, 5, and 8, which decreased in frequencies at these time points),
were previously recruited to tissues. Consistent with this hypothesis,
the major phenotypic families at these time points belonged to super-
family C of poorly cytotoxic NK cells (Fig. 4). In addition, this switch
may also reflect the persistence of some poorly cytotoxic NK cells in
the blood after vaccination, rather than a true increase in number or
redistribution. For example, family 7 remained constant in number at
D1PP but still became proportionally one of the most abundant fam-
ilies at this time point, because of the decrease in the numbers of the
other NK cell populations (Fig. 5A and 5B).

Overall, this analysis demonstrated that the NK cell compartment
was modified by the priming immunization, and the NK cell sub-
phenotypes’ composition was not similar at H0PB relative to that
at baseline. Strikingly, NK cells were mainly phenotypically highly
cytotoxic at H0PB (phenotypic families 3 and 8), compared with
H0PP samples where most NK cells were poorly/moderately cyto-
toxic (Fig. 4 and Fig. 5B). Note that this phenotype modification
occurred before the boosting immunization and is thus independent of
the boost.

We finally analyzed the diversity and dynamics of the NK cell com-
partment using the Simpson index as a readout (Fig. 5C). The wide
diversity of the NK cell receptor repertoire, for which each combina-
tion of NK cell receptors can virtually give rise to a new subset of NK
cells, was recently uncovered.5 However,the meaning of such NK cell
diversity for vaccines is not yet understood. Admittedly, the lack of a
larger set of inhibitory and activating NK receptors (which are difficult
to analyze in NHP) in our antibody panel prevented us from directly
addressing the issue of the NK cell repertoire, for which the diversity
was previously shown to reflect immune experience.68 Nonetheless,
wewere able to observe 2 distinct and complex kinetic patterns among
our 4 animals (BB078 and BB231 vs. BC641 and BD620), but by no
means did we detect a progressive increase in NK cell subphenotype
diversity over time and after immunization.

Altogether, the mass cytometry analysis revealed that the prime
induced the modification of the NK cell subphenotype composition in
2 main steps, at D1PP and between D14PP and the boost (D58PP). As
a result of these phenotypic differences preexisting prior to the boost,
the NK cell response differed between prime and boost.

3.4 Key phenotypic signatures between theNK cell
response to prime and boost
We then aimed to define the NK cell phenotypic families that discrim-
inate the primary and secondary NK cell responses using an approach
that combined LASSO and LDAmethods.

We first used the LASSOmethod to determine the optimal number
of phenotypic families that could account for PP and PB differences
(Supplemental Fig. S6). Based on this analysis, we chose phenotypic
families 3, 8, 7, 5, and 6 that were necessary and sufficiently informa-
tive to distinguish prime and boost samples through leave-one-out
cross-validation (Supplemental Fig. S6). These 5 phenotypic families
were then used to build the LDA classification (Fig. 6A and 6B). The
classification of PP and PB samples was correct for 31 of 33 samples
(94%) and showed that phenotypic families 5 and 7 were involved
with the PP response, whereas phenotypic families 3, 6, and 8 were
involved with the PB response.

We further determined the phenotypic differences that distin-
guished NK cells that responded to the prime from those responding
to the boost. We examined the mean signal intensity (MSI) of prime-
responding vs. boost-responding NK cells and identified 8 markers
that differed in expression intensity between the 2 signatures (Fig.
6C and 6D): granzyme B, CD107a, perforin, CD69, CD66abce, CCR5,
CD11c, andCD16. All weremore highly expressed after the boost than
the prime. To a lesser extent, CD11a was also more highly expressed
after the boost than the prime (Fig. 6D). This suggests that NK cells
involved with the PB immune response showed a more cytotoxic phe-
notype (including the ability for antibody-dependent cell cytotoxicity
[ADCC] based on CD16 expression), associatedwith an increased abil-
ity to traffic to lymph nodes and inflamed tissues. Phenotypic family 5,
which was involved in the PP response, also belonged to superfamily
A of highly cytotoxic NK cells, together with phenotypic families 3 and
8 (Fig. 4). However, it displayed a higher CCR5 expression and lower
levels of CD2, CD7, CD16, and CD11a than the PB highly cytotoxic NK
cells from phenotypic families 3 and 8, suggesting a stronger ability
to traffic to inflamed tissues, while simultaneously showing a less
mature/activated phenotype. This observation is consistent with the
fact that NK cells responding to the boost showed a more cytotoxic
(and potentially more mature) phenotype in the blood than those
responding to the prime.

3.5 Validation of the phenotypic signature
distinguishing NK responses to prime and boost
To validate the results and model obtained on samples from 4 animals,
we used 4 samples from a fifth animal from the same cohort, macaque
BD619, which was not included in the previous steps of the analysis.
After associating each cell with the SPADE cluster it was the closest to,
we were able to define the phenotypic composition of these samples
with respect to our SPADE analysis (Fig. 7A). BD619 showed a pheno-
typic signature fairly consistent with the 4 animals used to build the
model, with a high abundance of phenotypic families 7 and 9 at H3PP,
H6PP, and D1PP, a high abundance of phenotypic families 2 and 4 at
D1PP and D1PB, and high abundance of phenotypic family 3 at D1PB.
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F IGURE 6 Signature distinguishing the PP and PB NK cell response. LDA was performed after LASSO regression to select the combination of
phenotypic families that best discriminate between PP (blue, phenotypic families 5 and 7) and PB (red, phenotypic families 6, 3, and 8) samples.
Note that the baseline samples (H0PP and H0PB) were not used for this analysis. (A) LDA coefficients and (B) LDA scores for each sample are
shown. (C) MSI histograms for the 8 markers with the highest Kolmogorov-Smirnov distance between phenotypic families that best discriminate
between the PP (blue) and the PB (red) responses as defined in A are displayed based on the merger of all samples and all time points. (D) The
Kolmogorov-Smirnov distance of all markers, including the top 8markers with the highest distance (bright gray vs. dark gray) between phenotypic
families that best discriminate between the PP and the PB responses, is displayed
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F IGURE 7 Validation of theNK cell signature after immunization(s). Samples frommacaque BD619weremapped into the existing SPADE tree
to (A) define the phenotypic composition of the NK cells compartment of these samples, and (B) assess the quality of the LDA model using new
samples in themodel generation

We then applied the LDA classifier detailed in Fig. 6 on these new sam-
ples (Fig. 7B). Three samples (H3PP, D1PP, and D1PB) out of 4 were
correctly classified. Interestingly, the sole error made was on H6PP
(which obtained a low PB score), the time point for which the model
alreadymisclassified theBC641 sample. Thismisclassification is due to
the relatively high abundance of family 8 at H6PP for these 2 animals,
while family 8 is overall more enriched after the boost andwas used as
such in the LDA classifier.

In conclusion, applying our SPADE analysis and resulting LDA gen-
erated from “only” 4 animals (but 39 samples) on those previously
unseen samples gave consistent results and strengthened the defini-
tion of our NK cell signature to prime and boost.

3.6 TheNK cell response correlates with the innate
myeloid response
We further investigated how the NK cell response integrated with the
innate myeloid response toMVA.We previously reported, in the same
animals, that neutrophils, monocytes, and cDCs responded differently
to the priming and boosting immunization. Some subphenotypes were
enriched only after 1 of the 2 immunizations, with cells responding to
the boost expressing higher levels ofmarkers involved in phagocytosis,
Ag presentation, costimulation, chemotaxis, and inflammation.27 Here,
we assessed the correlation between the dynamics of NK cell subphe-
notypes and those of these innate myeloid cell subphenotypes, based
on cell abundance (Fig. 8).

The abundance of NK cells responding to the prime inversely cor-
related (R < −0.6) with that of the innate myeloid cells responding to
the boost, but did not correlate (|R|< 0.6) with that of innate myeloid
cells responding to the prime. In contrast, the abundance of NK cells
responding to the boost positively correlated (R > 0.6) with that of
innate myeloid cells responding to the boost, but there was no asso-
ciation (|R|< 0.6) with that of innate myeloid cells responding to the

prime. One explanation may be that the kinetics of NK cells and innate
myeloid cells are not synchronous. Indeed, NK cell expansion occurred
mainly at H3-H6 for the PP-expanded subphenotypes, whereas innate
myeloid cells that expanded PPwere still numerous at D1. Conversely,
innate myeloid cells that expanded PB expanded mainly around H6,
simultaneously with NK cells. This also indicates that innate myeloid
and NK cell responses are more synchronous during the response to
the boost.

4 DISCUSSION
We previously reported that vaccination elicits a distinct innate
myeloid immunity between prime and after boost.27 Using the very
same animals, we show here that, NK cell immune responses also dif-
fer between each immunization. In contrast to the myeloid response,
blood NK cell dynamics were driven mainly by decreases in cell num-
ber, and there was wider interindividual variability. We have previ-
ously documented a transient decreaseofNKcell numbers in theblood
after intradermalMVA injection inmacaques.46 In contrast to total NK
cells, some NK cell subphenotypes increased in number after immu-
nization, with some showing a differential enrichment after the prime
and boost.More strikingly, our study revealed that somemodifications
of NK cell subphenotype composition toward amoremature and cyto-
toxic phenotype were induced by the prime. These changes occurred
in 2 steps: a first early and quite long-lasting shift in phenotype (from
D1PP and maintained up to D14PP), followed by a later one (between
D14PP and D58PP). As a core result of these phenotypic changes, the
NK cell composition before the prime and prior to the boost differed,
and the NK cells responding to the boost were phenotypically more
mature/cytotoxic.

There are numerous terminologies used in the literature to
describe distinct NK cell subpopulations displaying memory-like
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F IGURE 8 Intercorrelation betweenNKcell and innatemyeloid cell immune responses.Correlations between the abundance ofNKand innate
myeloid cell subphenotypes27 were computed using the Spearman method. Correlations with |R| ≥ 0.6 and P ≤ 0.05 are represented by green (R
≥ 0.6) and purple (R≤ 0.6) lines joining the indicated subphenotypes. LASSO/LDAwas used to discriminate PP (blue) and PB (red) NK cell (Fig. 6A)
and innatemyeloid cell subphenotypes.27 Subphenotypes not necessary for the classification are shown in black

features including but not limited to Ag-specific NK cells,17–19,69
cytokine-induced NK cells,18,19 cytokine-activated NK cells,69 liver-
restricted NK cells,19 memory-like NK cells,18 or adaptive NK cells.18
Many of these data were obtained in patients or animals infected by
the cytomegalovirus. To our knowledge, there is not yet a clear con-
sensus on the phenotype of these different subpopulations of NK cells,
although some markers seem to be important, such as Ly49H and
KLRG1 in mice or NKG2C and CD57 in humans.19,69 Due to a lack of
reactivity with fixed macaque cells of antibodies targeting many of NK
receptors (such as NKp80, NKp46, NKp30, and CD158a), as well as
CD57, those markers could not be included in our analyses, and avail-
able antibodies could not distinguish between NKG2A and NKG2C in
macaques. In the present study, the main argument for induction of
memory-like NK cells is the emergence or preponderance of some par-
ticularNKsubphenotypes andoverall their persistence long afterMVA
prime (2 months). Whether these MVA prime-induced NK cells corre-
spond to memory-like NK cells, and which one (cytokine-induced or
Ag-specific), remain to be fully tested with functional assays and tran-
scriptional profiling approaches.

In addition, these missing markers may impair the capture of the
whole NK cell diversity and explain why our LDA classifier was less
efficient when dealing with NK cell subpopulation to distinguish PP
and PB samples than the LDA generated on innate myeloid cell
subpopulations,27 despite strong correlations between NK cell and
innatemyeloid cell response at the boost.

Besides, we noticed a high interindividual variability in NK cell
counts and phenotypes at steady state, prior to any immunization,
while this interindividual variability was low after immunization, with
all 4 animals behaving similarly. This indicated that changes induced by

vaccination went beyond the sole interindividual variability. In other
words, at baseline,without stimulation, theNKcell compartment activ-
ity is highly variable, whereas, upon stimulation (e.g., immunization,
very likely infection), this variability decreases. The number of animals
(n = 4) was not sufficient to address in detail the variation in the phe-
notypic composition of the NK cell compartment prior to immuniza-
tion. This would be a valuable problematic to tackle with, because this
may explain someof the interindividual differences in terms of immune
responses observed in various contexts (such as infectious diseases
and cancer).

Interestingly, the total NK cell dynamics were associated with
the modulation of NK cell-related genes in PBMCs, in particular
with the involvement of IL-12. However, the lack of available tran-
scriptomic data at very early time points (such as H3, H6, and D1
post-immunization) prevented us from further assessing the kinetics
of these transcripts during this period inwhichmany dramatic changes
in the abundance of NK cell phenotypic families occurred. In addition,
transcript levels were assessed at the PBMC level, with NK cells
potentially overwhelmed by B cells, T cells, and monocytes. Overall,
this transcriptomic data set was rather a complementary piece of
evidence to show that immunizations impacted NK cells as a cellular
compartment. Future studies addressing vaccine-induced NK cell
response should include early time points and use purified NK cells or
even single cells, given thewide diversity of theNKcell repertoire. Still,
interestingly, IL-12 has been described to be required in the efficient
differentiation of both Ag-specific memory NK cells and cytokine-
activated NK cells in a mice model after MCMV infection.69 Because
we previously showed that IL-12was upregulated in neutrophils in our
vaccine schedule, we may hypothesize that IL-12 could play a similar
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role in the development of the phenotypically modified NK cells we
observed here.

We usedmass cytometry to identify keymarkers that clearly distin-
guish theNK cell immune response to the prime from that to the boost.
Granzyme B, CD107a, perforin, CD69, CD66, CCR5, CD11c, CD16,
and, to a lesser extent, CD11a were upregulated by NK cells respond-
ing to the boost. Several hypotheses can explain these prime-boost dif-
ferences among NK cells, notably the presence of primary circulating
antibodies that could activate NK cells via FcRs (such as CD16), as well
as the local immune reaction involving primary memory T cells and/or
imprinting resident macrophages. But actually, these differences were
induced by the prime and preexisted to the boost.

CD107a, CD11a, CD11c, CD69, CD16, granzyme B, and perforin
are associatedwithNKcellmaturationandcytotoxic activity,53,54,70–72
suggesting that NK cells would be more cytotoxic after the boost
than after the prime. The increase in CCR5 expression suggests that
NK cells are more prone to recruitment to inflamed tissues, includ-
ing the injection site or draining lymphoid organs.73,74 CD66 inhibits
NKG2D signaling and subsequent cytotoxicity andmay thus play a role
in the downregulation of inflammation,65,75 consistent with the over-
all milder inflammation observed in the macaques at the boost rela-
tive to the prime.27 This suggests that prime-induced modifications of
the NK cell compartment likely make it more effective in responding
to subsequent infection/immunization, given its high activation poten-
tial. Whether direct ligand/receptor interactions between MVA and
NK cells or cytokines play a role remains to be determined. Also, func-
tional analyses are required to define the exact enhanced functions of
thephenotypically distinctNKcells responding to theboost.Deepphe-
notyping analyses were performed on these animals on different cell
compartments, not only in this paper but also elsewhere.27,37 As a con-
sequence, the number of blood samples left available was too limited
to assess NK cell functions at relevant time points.

Our results are in contrast to those obtained in mice, showing
that MVA immunization, as opposed to vaccinia virus immunization,
failed to induce memory-like NK cells after a single intraperitoneal
injection.76 This strongly suggests that live, replication-competent
microorganisms are likely to be more efficient at priming innate
immune memory. Several hypotheses could explain the discrepancies
between these results in mice and ours, apart from the simple differ-
ence between animal models. Indeed, different routes of injectionmay
differentially influence systemic immunity. For example, previous stud-
ies on trained immunity showed that intravenous, but not subcuta-
neous, injection of BCG-induced stem cells gave rise to trainedmyeloid
progeny.77 The impact that the route of injection could have onNK cell
responses is still largely unaddressed.21 Another explanation is that
the authors focused on the NK cell compartment 6 months after prim-
ing, without analyzing intermediate time points. It is possible that the
primedNKcellswe observed in our settingmay be only short-lived and
would vanish in the long term in the absence of boosting.

Another question is whether those primed NK cells were Ag-
specific (and in this case MVA or HIV) or not. Indeed, one may wonder
towhichextent thesephenotypicallymodifiedNKcells provided cross-
protection to a wide range of pathogens, as for trained innate myeloid
cells78 or whether they would be restricted to some specific Ags.18

Indeed, should they be Ag-specific, they would respond differently to
theboost only if the correctAg is present in theboosting immunization.
Should they be non-Ag-specific (cytokine-induced memory NK cells),
theywould likely respond differently irrespective of the boost. Further
functional studies will be required to firmly conclude on Ag specificity.

Strikingly, CD16, CCR5, and, to a lesser extent, CD11a were more
highly upregulated onNK cells after the boost than the prime, similarly
to monocytes, DCs, and neutrophils.27 This indicates that (i) these fea-
tures are shared by both lymphoid andmyeloid innate cells and (ii) one
consequence of a boost is more consistent CCR5 upregulation, which
is likely linked to tissue recruitment. However, the innate myeloid
and NK cell responses were clearly distinct, with innate myeloid cells
being rapidly enriched after immunization, whereas NK cell num-
bers decreased. In addition, the kinetics of subphenotype composition
modifications induced by the prime differed between NK and innate
myeloid cells. This suggests that themechanisms behind the training of
innate lymphoid andmyeloid immune cells differ.

We found strong correlations between NK cell and innate myeloid
cell responses. Responses to the boost clearly correlated between the
2 compartments. Similarly, the innate myeloid response to the boost
negatively correlated with that of the NK cells to the prime. In con-
trast, the innate myeloid response to the prime did not correlate with
that of theNKcells to theprime, neither did it negatively correlatewith
theNK cell response to the boost. Overall, this suggests that the innate
response to theboost ismore coordinatedbetweenNKcells and innate
myeloid cells than the response to the prime.Whether this is the result
of a more efficient cross-talk between NK cells and myeloid cells after
the boost than after the prime is yet to be addressed.

Finally, addressing whether some features of the NK cell response
correlate with the adaptive immune response and how this could be
used to better predict the establishment of immune memory is still a
challenge. Also, further investigatingNK cell responses in tissues other
thanblood is another challenge thatwill need tobemet toobtain a fully
comprehensive picture of the vaccine-inducedNK cell response.

To our knowledge, this is the first study using CyTOF technology for
the longitudinal analysis of NK cells after vaccination. It revealed key
features of NK cell phenotype after immunization and without any ex
vivo restimulation with the vaccine, in contrast to other studies ana-
lyzing the “recall” NK cell response.8,79,80 This work aims to pave the
way for future studies aiming to exploit this knowledge to optimize
future vaccine.
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Part III.
Impact of a shortened delay between
prime and boost on vaccine-induced

immune responses
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Rationale
After having characterized the innate immune responses induced after a prime-boost

vaccination at two months apart (classical vaccination schedule), and associated with a
potent secondary antibody response, we investigated the impact of the delay between
prime and boost immunization. Whether this classical schedule is the most optimal ones
still remains to be addressed. Besides, a shortened vaccine schedule might be of high
interest to cope with a health emergency to rapidly protect a population. In addition a
shorter delay between both prime and boost MVA immunizations was shown detrimental
in anti-smallpox antibody generation in human (Jackson et al., 2017), but the mechanisms
at play, and in particular the role of innate cells has not been investigated. We thus chose
to study a vaccine schedule with a shorter prime-boost delay.

Similarly to the classical boost group, five animals were immunized subcutaneously
twice with MVA HIV B vaccine at 4.108 PFU for both prime and boost. But, for this co-
hort, boost was administered two weeks after the prime. Among other considerations, in
animals primed and boosted 2 months later, two weeks correspond to a timeframe before
the shift in subphenotype composition of the innate myeloid compartment occurred, and
between the first and second shift in subphenotype composition of the NK cell compart-
ment. This cohort will latter be referred as the early boost cohort.

Once again, given the complexity of the analysis, we split the immune response char-
acterization in two parts: innate myeloid cell and NK cell responses.
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Chapter 5. Innate myeloid cell
responses during an early boost

vaccination schedule and correlation
with adaptive immune memory

Overview
We first investigated the impact of the reduction of the prime-boost delay on the in-

duction of humoral responses, using different ELISA and neutralization assays to biophys-
ically and functionally profile vaccine-induced antibodies. These assays were performed
by André Rodriguez-Pozo, a former PhD student from the laboratory.

These analyses revealed that both vaccine schedules induced similar level of IgG (es-
sentially IgG1) in short and long-term, with a faster decrease in antibody titer for the early
boost schedule. Conversely, secondary IgA generation was strongly reduced in the early
boost group compared to the classical boost group. Consistently, MVA neutralization
titer and Fc binding affinity towards dimers of Fc receptors, chiefly CD16, was strongly
reduced in the early boost compared to the classical boost cohort. This indicated that the
early boost induced a qualitatively and quantitatively distinct humoral response than the
classical boost. Since the neutralization titer and FcR binding affinity appeared reduced
after the early boost, we may hypothesize that the early boost schedule is less protective
than the classical boost. Note that in addition to the existing data, current experiments
are ongoing to further address Fc functions of the antibody response, notably through
the assessment of CD16 and CD32 dimer binding affinity using simian FcR rather human
ones, which are currently used. Overall, these results suggest that the early boost did not
provide fully the expected boosting effect, possibly through the impairment of primary B
cell maturation.
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Chapter 5. Innate myeloid cell responses during an early boost vaccination
schedule and correlation with adaptive immune memory

I then characterized in depth the innate myeloid responses induced in the early boost
schedule to address whether and how the innate myeloid responses differed between the
early boost schedule and the classical boost. Noteworthily, cytokines induced by vacci-
nation were similar in the early boost schedule compared to the classical one (e.g. IP-10
and IL-6), although no difference between prime and boost could be observed in the early
boost cohort.

We refined our CyTOF antibody panel dedicated to innate myeloid cells notably by
adding markers distinguishing cDC subpopulations (CADM1, CD172a and CD1c (Guil-
liams et al., 2016)). We also used heparin in our staining procedure to prevent the non-
specific binding of metals by eosinophilic granules (Rahman et al., 2016), thus allowing
to study this cell population behavior in response to vaccinations. Finally, these analyses
were performed with the last generation of CyTOF device, the Helios, which allowed to
recover more cells than the CyTOF I used in the previous Chapters.

We firstly followed a similar analysis pipeline to analyze these data. Interestingly,
although we unveiled a high diversity in the granulocyte compartment, it was lower in
the early boost cohort than in the classical boost cohort, illustrated by a lower number
of phenotypic families determined. In particular, the CD4+ neutrophil subphenotypes
that were present in the classical boost schedule and strongly induced post-boost, were
missing in the early boost cohort dataset. Still, we unveiled here the phenotypic diversity
of circulating eosinophils. This notably included the detection of CD123+ eosinophils,
which were rarely described in literature (Valent, 1994), though IL-3 signaling via CD123
might strongly impact eosinophil functions (Rothenberg et al., 1988).

Within the monocyte-DC compartment, we identified a lower diversity among mono-
cytes, but a higher diversity in cDCs, which is very likely linked to the addition of new
markers in the early boost schedule study compared to the classical boost schedule study.

Strikingly, while CADM1 staining clearly allowed to identify cDC1, CD172a staining
in cDCs (in contrast to neutrophils and eosinophils) was quite low and did not clearly
allowed to identify cDC2. This may have been caused by epitope degradation on fixed
cDCs. Accordingly, staining tests on fresh whole blood allowed for a staining profile con-
sistent with the literature (Guilliams et al., 2016). It is however not clear why this epitope
would be degraded in cDCs but not in granulocytes.

Also, the uncharacterized APCs (CD3- CD8- CD14- CD20- CD11c- CD16- CD123-

HLA-DR+ cells) that were identified in the classical boost schedule, were present in the
early boost dataset. They could be further segregated between CADM1+ CD141+/- “un-
characterized” APCs and CADM1- CD141+ “uncharacterized” APCs.

When it came to characterize the kinetics of these subphenotypes, most of them were
similarly impacted by both immunizations, and only few of them were impacted by only
one immunization, in contrast to the classical boost schedule. As a result, linear discrim-
inant analyses failed to accurately distinguish response to prime and response to boost.
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Overview

We then wanted to more accurately address the similarities and discrepancies between
innate myeloid cells characterized in the classical boost cohort and in the early boost
cohort. This was quite challenging, since these data came from different cohorts, were ob-
tained using different antibody panels and batches of antibodies, and were generated using
different CyTOF devices, which is known to induce a high variability in term of staining
profiles(Tricot et al., 2015; Leipold et al., 2018), precluding the direct MSI comparison.
To meet this challenge, we thus adapted our analytical strategy to compare the categories
of expression defined on the SPADEVizR package (Gautreau et al., 2017), which divides
in five bins the range of expression of all markers between the 5th and 95th percentiles of
the dataset, rather than directly MSI.

The resulting analysis indicated that, among the granulocytes compartment, all the
highly activated neutrophils (CD66high CD11bhigh CD32high CD45high), which were mainly
expanded after the classical boost did not match a counterpart in the early boost dataset.
This strongly supports that the early boost failed to mobilize these cells. Actually the
early boost occurs at a time when no “likely trained” cells was present in blood, thus the
absence of these cells in the early boost schedule may results from a too short timeperiod
left to generated them.

On the monocyte-DC compartment, most cells from both datasets matched a coun-
terpart in one another dataset. This suggest that phenotypically more active/mature
monocytes-DCs were present in the early boost schedule too but were poorly enriched in
number by immunization.

Given the strong differences we observed between both cohorts, both in innate myeloid
and adaptive immunity, we eventually addressed the correlations existing between innate
and adaptive immunity across the two cohorts. Some studies in literature reported the
potential of innate responses to predict some parameters of adaptive immune responses
(Nakaya et al., 2015; Thompson et al., 2018). Strikingly, we identified here strong correla-
tions between the generation of "likely trained" innate myeloid cells and the quality and
quantity of the short- and long-term humoral responses. This supports the hypothesis
of a key role played by these “likely trained” innate cells induced by the prime in the
restimulation and modulation of antibody response.

In addition, to address the functionality of immune cells, at least on available PBMC
samples, at each immunization, we assessed the production of cytokines by PBMCs iso-
lated at D3PP and D3PB, and left unstimulated ex vivo. Strikingly, the production of
several cytokines (G-SCF, IL-12/23, IL-1β, IL-18, IL-1Ra, TGFα, IFNγ, IL-4, IL-8, IL-13,
MIP-1α, MIP-1β, TNFα and sCD40L), including some produced mainly by innate cells
(myeloid and NK cells), was increased three days post-boost in the classical boost cohort,
but not (or with a significantly lower amplitude) in the early boost cohort. Admittedly,
the use of PBMC precluded the analysis of granulocyte-derived cytokine production. Also,
we cannot formally distinguish whether this distinct cytokine production was due to the
phenotypic modifications of innate cells, and/or the differential stimuli provided by either
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Chapter 5. Innate myeloid cell responses during an early boost vaccination
schedule and correlation with adaptive immune memory

specific antibodies, or memory T and B cells, which also differ between both schedules.
Both explanations are not mutually exclusive and are likely to occur simultaneously. To
note, IL-12, which was one of most differentially expressed markers between innate cells
responding to prime vs. responding to boost 2 months later, is also more produced by
PBMC after a boost at 2 months, than after the prime or a boost at 2 weeks, connecting
the phenotype identified with mass cytometry and the resulting cell functions.

Overall, this support a strong interconnection between the generation of “likely trained”
innate myeloid cell and the adaptive response, mediated by both T and B cells. It sug-
gests that induction of ‘likely trained” innate myeloid cell is at least a surrogate of the
quality and quantity of adaptive memory, and may be a kay player in the re-activation of
primary memory and induction of secondary memory
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"The timing of vaccine boosting regulates the induction of memory innate
myeloid cells and the quality of the secondary antibody response"

"The timing of vaccine boosting regulates the induction
of memory innate myeloid cells and the quality of the
secondary antibody response"

All those results are part of a manuscript in preparation, formatted according to Cell
Host and Microbes guidelines. The manuscript is provided hereafter.
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Abstract 

Background: Understanding the impact of the delay between prime and boost immunizations is critical 

for improving the design of vaccines. Indeed, this time-lapse is mainly empirically defined in the current 

vaccination recommendations. Moreover, the early events occurring after each immunization must be 

better understood to optimize vaccination processes.  

Methods: Five cynomolgus macaques were immunized twice with the modified vaccinia virus Ankara 

following a schedule including a very early boost at two weeks after the prime. Using a mass cytometry 

panel of 35-markers and systems immunology approaches, we deciphered in depth the phenotype of 

the blood innate myeloid cells induced by early boost vaccination. 

Results: We show that this early boost did not induce a distinct innate myeloid response compared to 

the prime. These results are in contrast with a prime-boost schedule at 2 months-apart that we 

previously reported. Strong correlations were found between the antibody response and the 

abundances of cell subsets responding to each immunization. These results highlights a strong 

association between the modifications within the innate myeloid compartment by the prime and both 

the quality and durability of the antibody response.  

Impacts: These results outline the importance of the early events that follow immunizations and the 

impact of the delay between the prime and boost on the development of long-term protection. 
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Introduction 

Vaccination is one of the main progress ever made in the field of public health (Greenwood, 

2014; Rappuoli et al., 2014). Still, many vaccine-induced mechanisms remain unknown, limiting the 

design of effective vaccines. In particular, while most vaccines use a first immunization (so-called 

prime) followed by one or more immunizations (so-called boosts), we are far to understand how the 

delay between the prime, and boost will impact the resulting immune response (Kardani et al., 2016; 

Ramshaw and Ramsay, 2000; Woodland, 2004). While antibodies are the primary correlate of 

protection for most licensed vaccines (Plotkin, 2010), it is critical to determine how the innate 

immunity is induced by each immunization. Indeed, innate immunity initially triggers the immune 

response. In addition, some studies reported the potential of the innate immunity to predict long-term 

adaptive response (Nakaya et al., 2015). 

 

The modified vaccinia virus Ankara (MVA), a vaccinia-based vaccine against smallpox, is a 

relevant vaccine model since it induces both strong humoral and cellular immunity (Earl et al., 2004). 

Moreover, MVA is currently used as a vector to develop new vaccines against several pathogens and 

diseases, including HIV, and malaria (Volz and Sutter, 2017; Sebastian and Gilbert, 2016; Drexler et al., 

2004). Besides, non-human primates are a well-recognized model in vaccine research, given their close 

phylogenetic proximity with humans and their similar immunogenicity with several vaccines (’t Hart et 

al., 2015; Rivera-Hernandez et al., 2014).  
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We previously showed that a homologous prime-boost immunization at two months apart 

induced a long-lasting immunity using cynomolgus macaques and MVA (Pejoski et al., 2016). Also, we 

observed changed in the phenotypes of both myeloid (including neutrophils, monocytes, and classical 

dendritic cells –cDCS) and lymphoid (including NK cells) (Palgen et al., 2018, 2019) cells between two 

weeks and two months after the prime. More precisely, these innate cells presented a more mature 

and activated phenotype two months – but not 2 weeks – after the prime. In addition to the potential 

role of memory T-cells and circulating antibodies, these changes resulted in an innate response deeply 

distinct between priming and boosting immunizations. 

 

To assess how the delay between the prime and boost impacts the innate immunity, we used 

the same animal and vaccine models but with a prime-boost vaccination schedule of two weeks apart. 

We took advantage of mass cytometry technology to assess the phenotype of innate myeloid cells 

during the timecourse of the vaccination schedule. Mass cytometry is indeed a key technology to 

decipher induced immune response since it allows for the simultaneous measurement of more than 

40 parameters at the single-cell level (Reeves et al., 2018; Simoni et al., 2018). To handle generated 

high-dimensional cytometry data and compare these data with a two months apart vaccination 

schedule, we used analysis bioinformatics pipeline including the SPADE algorithm (Qiu et al., 2011) and 

different algorithms that we developed (Gautreau et al., 2016; Platon et al., 2018).  
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Results 

Classical and early boost induced distinct humoral responses 

Two groups of five cynomolgus macaques were immunized subcutaneously with MVA, 

following a homologous prime-boost at either two weeks-apart (so called the early boost) or two 

months-apart (so called the classical boost) (Figure 1). The specific antibody response developed by 

each animal for the classical schedule was reported in a previous publication (Pejoski et al., 2016). The 

sample collection schedule during the priming phase was common to both groups. MVA-specific IgG, 

IgA antibodies were detected as early as 14 days after the first immunization in both groups (Figure 2A 

and Figure 2B). IgG responses were significantly higher than IgA (p < 0.01, at D8PB). Four out of ten 

macaques did not show an IgA antibodies response 14 days post-prime (D14PP). The peaks of MVA-

specific IgG levels were reached after the second immunization (Figure 2A and Figure 2B) in both 

immunization regimens. Note that IgG produced were essentially IgG1 (Figure S1). Besides, the peak 

of MVA-specific IgA levels was reached only in classical boost schedule (p<0.0001, D57PP vs. D8PB) 

and observed in all animals. However, all animals produced some IgA at D8PB in early boost schedule. 

Note that IgM levels appeared low or inexistent at all timepoints (Figure 2C). The decay in MVA-specific 

levels (IgG and IgA) between days D28 and M6PB were not similar for both groups, with classical boost 

schedule showing a faster decrease than the early boost schedule (Figure 2D, Figure 2E and Table S1).  

 

Neutralizing antibodies (nAb) responses against MVA were only detected in the classical boos 

schedule group (Figure 2F). At D8PB, all animals developed nAb responses. We addressed the ability 

of MVA-specific antibodies to cross-link Fc-receptors in both groups. Lately, the role of HIV non-

neutralizing antibodies in vaccine-mediated protection has gained importance as they can induce 
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significant Fc effector-mediated functions. In both groups, binding affinity of vaccine-induced MVA-

specific antibodies were detected by dimeric FcyRIIIa after the second immunizations (Figure 2G). 

Peaks are reached at D14 post boost and were higher in classical boost schedule protocol (p< 0.01).  

 

Overall, these results showed that although poorly impacting IgG levels, the delay between 

prime and boost has a strong impact on the generation of IgA and nAb as well as in the generation of 

antibody affine to FcR. Besides, the innate myeloid immune response induced by the classical boost 

schedule was previously published (Palgen et al., 2018). It was phenotypically highly distinct between 

prime and boost. We thus focused on the characterization of these cells in theearly boost schedule to 

assees whether it was also the case. 

 

Early boost schedule induced similar cytokines and leukocyte count than the classical schedule 

As a read-out of innate immunity, plasma samples collected longitudinally were analyzed with 

cytokine assay to address the release of systemic cytokines during the timecourse of vaccination 

(Figure S2 and Table S2).  

 

As expected, only a few cytokines were impacted by vaccination (Figure S2A and S2B). IP-10 

displayed peaks of concentration one day (D1) after each immunization. IL-1Ra displayed an increase 

at D1PP solely, although D1PP level is not significantly different from D1PB level. IL-6 showed a peak 

of concentration at 6 hours (H6) after each immunization. Surprisingly, MCP-1, which was previously 

shown to be impacted by a two month-apart vaccination schedule, displayed a high inter-individual 

variability. This inter-individual variability can explain why the increase at H6 post-immunization 
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observed for some individuals is not significant. Also, IL-8 tends to be at a higher concentration at D3PB 

and D8PB compared to D3PP and D8PP, although none of these timepoints displayed significant 

differences compared to baseline levels. 

 

Overall, very small differences between responses to the prime and to the boost were 

observed at the cytokine level. These results are in contrast to with a classical vaccine schedule at two 

months-apart where significant differences in IP-10 concentrations were observed between the prime 

and the boost. 

 

We also analyzed the number of circulating leukocytes throughout the timecourse of 

vaccination (Figure S2C). As expected, a strong increase in cell number was observed at H6 and D1 (p 

<0.01 for H6PP, D1PP and H6PB and p=0.0159 for D1PB) post-immunizations, but without any 

difference in term of areas under the curve (AUC) between the prime and the boost. The peak of 

leukocytes increase was thinner (it waned more rapidly) after the boost compared to the prime, since 

the leukocyte number is slightly lower at D1PB compared to D1PP (p=0.0317). These results are similar 

to the leukocyte count assessed in the classical boost schedule. 

 

Still, in the classical boost schedule, the innate myeloid responses were highly distinct between 

the prime and boost, as reported in a previous publication (Palgen et al., 2018). To assess whether this 

was the case also in the early boost schedule, we took advantage of mass cytometry to characterize in 

depth the phenotypes of all myeloid cells along the vaccination schedule. 
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Phenotypical diversity of identified cell populations within the early boost schedule 

Whole blood was stained with a 35 antibody panel detailed in Figure 3A and Table S3. The 

analysis pipeline displayed in Figure 3B was then followed. The SPADE algorithm was applied to identify 

clusters of leukocytes sharing similar phenotypes based on all samples. The parametrization of the 

SPADE algorithm was optimized and we identified 800 clusters based on the following 28 clustering 

markers: CD66, HLA-DR, CD3, CD64, CD8, CD123, CD11a, CD11b, CD62L, CD4, FcεRI, CD86, CD125, 

CD172a, CD45, CD1c, CD32, CD39, CCR5, CD16, CD11c, CXCR4, CD14, CD23, CD141, CD20, CCR7, and 

CADM1.  

 

On the resulting SPADE tree (Figure 3C), cell clusters were annotated based on the expression 

of CD66, CD3, HLA-DR, CD8, CD123, CD4, CD125, CD172a, CD1c, CD16, CD11c, CD14, CD141, CD20, and 

CADM1 (Figure S3). We identified 192 clusters of granulocytes that included CD66high CD125- 

neutrophils, CD66- HLA-DR- CD123+ basophils, and CD66mid CD125+ eosinophils. We identified 322 

clusters of monocytes-cDCs that included HLA-DR+ CD14- CD11c+ CD16+ CD141+ cDCs (including 

CADM1+ cDC1s and CADM1- cDC2s), HLA-DR+ CD14+ CD141+ monocytes (including HLA-DR+ CD14+ 

CD11c+ CD16+ non-classical monocytes inflammatory cDCs), HLA-DR+ CD123+ pDCs, HLA-DR+ CD3- CD8- 

CD14- CD11c- CD16- CD20- CD141+ CADM1- APCs, and HLA-DR+ CD3- CD8-CD14- CD11c- CD16- CD20- 

CD141+/- CADM1+ APCs. Furthermore, we identified 280 cell clusters of lymphocytes that included CD3+ 

T cells, HLA-DR+ CD20+ B cells, and CD3- CD8+ NK cells. Six clusters were undefined as CD66- CD125- 

CD3- CD4- CD8- HLA-DR- CD20- CD14- CD11c- CD123- CD16- CADM1- . Since our panel was solely 

dedicated to target innate myeloid cells, we focused the analysis on the granulocytes and monocytes-

DCs compartments. 
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In-depth phenotypic characterization of the innate myeloid cells within the early boost schedule 

To further decipher the phenotype of innate myeloid cells involved in vaccine response, we 

displayed these cell cluster phenotypes on two categorical heatmaps of marker expressions, one for 

the granulocytes compartment and one for the monocytes-DCs compartments (Figure 4). Based on a 

hierarchical clustering, we regrouped cell clusters sharing similar phenotypes into so-called phenotypic 

families. 

 

In the granulocytes compartment (Figure 4A), 16 distinct phenotypic families (named from 1 

to 16) were distinguished and grouped into 4 super phenotypic families. 

 

Superfamily A contained solely eosinophils (families 4, 11, and 7), and clearly segregated apart 

from the rest of the granulocytes. Interestingly all eosinophils displayed high expression of CD39, CD45, 

CD62L, CD11b, CD125, CD23, IL-1α, CADM1, CCR7, CXCR4, CD86, IL-4, CD123, and FceRI, as well as a 

mid-expression of CD66, and CD32. The three families expressed IL-12, CD64, CD172a CD20 CD4 IP-10 

CD11c, and CCR5 at different levels (high, low, and mid for families 4, 11, and 7 respectively). This 

surprising signature suggests a highly activated phenotype. Still, caution should be taken in the 

interpretation of these phenotypes, since eosinophils could potentially bind to lanthanides despite the 

use of heparin during the staining. 

 

Two superfamilies B and D comprised neutrophils. Overall superfamily B (families 1, 6, 2, 13, 

and 15) contained CD39high CD45high IL-8high neutrophils whereas superfamily D (families 10, 14, 8, 3, 

and 9) was CD39mid CD45mid IL-8mid and may correspond to less active/mature neutrophils. Also note 
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that among superfamily B, family 13 showed a high expression of CD14, a feature previously reported 

in neutrophils subpopulation, without its function being clearly defined (Antal-Szalmas et al., 1997; 

Palgen et al., 2018). In addition, phenotypic families 1 and 6 display a strong expression of CD172a, the 

inhibitor of phagocytosis that recognize CD47, which likely act as a dampener of activity on these 

otherwise highly activated neutrophils. To mention family 15 showed various patterns of expression 

of CCR7, CXCR4, CD86, CD123, and FcεRI, which might be due to unspecific staining or might be related 

to incompletely differentiated progenitor. 

 

Finally, superfamily C contained one family regrouping basophils (family 12) and one family 

(family 5) of CD23low IL-1αlow CADM1low CCR7low CXCR4low CD86low CD123high CD125high that were 

annotated as eosinophils based on their localization on the SPADE tree (Figure 3). Note that all 

basophils were all CD32mid/high CD39high FcεRIhigh IL-4high, which is consistent with the basophil phenotype 

identified in the classical boost (Palgen et al., 2018). 

 

Overall, several subphenotypes were detected in the dataset, but still, the diversity is far lower 

than what was observed with the classical schedule. Indeed, only twelve phenotypical families were 

identified here, compared to the 20 obtained in the classical schedule. In addition, CD66 and CD32 

expression seemed pretty homogeneous across all neutrophils clusters, whereas a strong modulation 

of these markers was observed across the neutrophil compartment in the classical schedule. 
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To be mentioned, two phenotypic families (15 and 16) contained very few clusters (3 and 1) 

displaying a phenotype in patchwork, with various degrees of marker expression and may account for 

background events. 

 

Among the monocytes-DC compartment (Figure 4B), 21 phenotypic families (17 to 37) were 

identified and can be grouped into 3 distinct superfamilies. 

 

Superfamily E (families 20, 33, 26, 37, 27, 24, 25, 29, and 23) contained cDCs as well as 

inflammatory cDCs, non-classical monocytes (family 27). Families 20 and 33 were CADM1high CD39low/mid 

CD86low/mid CD45low/mid HLA-DRlow/mid CXCR4low/mid CCR5low/mid CD1clow/mid IP-10low/mid and may be labelled 

as cDC1s, whereas families 26, 24, 25, 29, and 23 were CADM1low and displayed different levels of CD39 

CD86 CD45 HLA-DR CXCR4 CCR5 CD1c, and IP-10 and may be labeled as cDC2s. Caution has to be taken 

though, since CD172a signal was low in cDCs compared to granulocytes compartment, which resulted 

in most cDCs appearing in very low (white) or low (yellow) categories, preventing us to firmly use it as 

a classical cDC2 marker. To mention, family 37 contained one only cluster and may correspond to 

background events. 

 

Superfamily F (families 36, 34, 28, and 35) contained HLA-DR+ CD14- CD11c- CD16- CD20- 

CD141+/- CADM1+ APCs segregated into CD1clow (family 36), and CD1chigh (family 34) APCs, pDCs family 

12), and HLA-DR+ CD14- CD11c- CD16- CD20- CD141+ CADM1- IL-12high CD172ahigh IP-10high APCs (family 

35). 
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Superfamily G (families 31, 18, 22, 21, 19, 32, 30, and 17 contained CD39high CD86high CD45high 

CD11bhigh CD64high monocytes that were positive –but with different level of expression– for HLA-DR 

CXCR4 CCR5 CD1cIP-10 CD141 CD32, and CD14. 

 

Kinetic of cell subphenotype within the early boost schedule 

We grouped together phenotypic families sharing the same kinetic into so-called kinetic 

families (I to XIII in roman numerals) to analyze the kinetics of innate immune responses (Figure 5, 

Figure S4, Figure S5, and Table S4). 

 

Interestingly out of these 13 kinetic families, 4 displayed a similar kinetic after prime and after 

the boost, in term of AUC with an increase (kinetic families I, and II) or decrease (kinetic families III, 

and XI) post immunization. Three kinetic families displayed heterogeneous kinetics (Kinetic families, V, 

VI, and IX) and 4 kinetic families an no/undetectable response (kinetic families VII, X, XII, and XIII). Note 

that the kinetic family VI showed a tendency to be more enriched after boost than prime (p=0.0794). 

Some of these families tend to show a thinner, and slightly higher increase/decrease post-boost than 

post-prime (Table S5). Overall, none of them showed significantly different AUC between prime, and 

boost. 

 

Only two kinetic families displayed significant changes after each immunization (p<0.05). 

Kinetic family IV, comprising CD123+ eosinophils and basophils phenotypic families, showed a decrease 

after both immunizations but it increased to a level higher than baseline after the boost, but not after 

prime, especially when comparing D8PP and D8PB (p=0.0286). By contrast, the kinetic family VII, 
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comprising monocytes (including HLA-DRlow) monocytes, pDCs, and inflammatory cDCs / non-classical 

monocytes, displayed an increase after each immunization, but the magnitude of the increase was far 

lower for the boost compared to the prime (p<0.05 for D1 and D3). Note that, in term of cell number, 

these kinetics concerns at most 3-4.106 cells at a given timepoint. This is in contrast to the classical 

boost at two months where the vast majority of cells, in term of cell number, belonged to kinetic 

families displaying distinct prime-boost kinetics (Palgen et al., 2018). 

 

Interestingly, inflammatory cDCs / non-classical monocytes (phenotypic family 27) belonged 

to the kinetic family VII, showing a stronger expansion after prime compared to boost. Note that in the 

classical boost, these cells were present at the prime response, but expanded far more after the 

classical boost compared to the prime. This difference supports further that response to the early 

boost strongly differs from the response to a classical boost. 

 

Strikingly, basophils displayed a different response to prime and early boost, whereas they 

showed a very similar response to prime and classical boost. 

 

To further assess the evolution of the phenotypic composition of each compartment, we also 

represented those data with pie charts displaying the phenotypic composition of each compartment 

along the timecourse of vaccination (Figure S6). Consistently with the kinetic pattern, prime and boost 

responses appear quite similar. Note that the baseline composition was remarkably stable among one 

given individual, which is in deep contrast to what was observed on NK cells compartment (Palgen et 

al., 2019). 
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Non-discrimination of post-prime versus post-boost samples within the early boost schedule 

We eventually used MDS representation to more firmly take into account cell number 

variation in each kinetic family and visualize the overall response at each timepoint (Figure S7A). As 

for the boost at two months, most timepoints were overlapping together with the exceptions of H6PP, 

D1PP, and H6PB. Since, D1PB was overlapping, with the other samples, this suggests a tendency for 

post-boost response to be shorter. Still, using a two months-apart boost, PP samples and PB samples 

clearly segregated apart, whereas they were very close to each other for the early boost schedule. This 

strengthens the finding, that conversely to the classical schedule, innate myeloid responses to prime 

and boost are similar in the early boost schedule. 

 

Post-prime and post-boost responses seemed hardly distinguishable based on these data. Still 

to more deeply addressed this question since some kinetic families displayed a distinct pattern, we use 

a multi-variate LASSO approach to extract features (kinetic families) allowing to distinguish PP samples 

from PB samples. As expectedly given the previous statement, the cross-validation could only build a 

model with a very high error rate on class prediction (the minimal mean square error (MSE) is 0.79, 

indicating an error of 0.89 for a targeted value around 1), which is around 4 times less accurate than 

the model built for the classical vaccine schedule (Figure S7B). This results indicates a poor accuracy 

of the model and supports our results conclusion that post-prime and post-boost responses are very 

similar to each other in the early boost schedule. 
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Association of phenotypes from the classical and the early boost schedule 

We then wanted to associate the phenotypes that we identified in the early schedule study 

with the phenotypes we previously identified in the classical schedule study. We used in this 

comparison different animals a different CyTOF and a partially different antibody panels. Thus, the 

direct comparison of cell population phenotypes was challenging. To meet this challenge, we used the 

categorical heatmaps created in both studies. We performed a side-by-side phenotypic comparison of 

each dataset, using the Manhattan distance as the read-out of cell cluster phenotypes similarity (Figure 

6). 

 

Within the granulocytes compartment, all neutrophils phenotypic families impacted by early 

boost were associated with both intermediately and poorly activated neutrophils impacted by the 

classical boost. Some rare associations were found with the highly activated neutrophils and none 

were found with CD4+ CD23+ CD11c+ neutrophils.  

 

In the classical boost schedule, poorly activated neutrophils were more enriched at prime than 

at boost, intermediately activated neutrophils were impacted at both immunizations and highly 

activated neutrophils and CD4+ CD23+ CD11c+ neutrophils were more enriched at boost than at prime. 

In addition, note that CD14+ neutrophils are associated with intermediately activated neutrophils 

whereas they were among poorly activated neutrophils in classical boost. 
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Basophils clusters were expectedly associated with each other in both studies By contrast and 

also expectedly, eosinophils did not match any phenotypic family in the classical boost, where 

eosinophils were removed from the analysis due to unspecific staining (Rahman et al., 2016) . 

 

One discrepancy can be found in this compartment since phenotypic family 13 (CD14+ 

neutrophils) was not associated with a counterpart in the classical boost (family 13), which is likely due 

to the expression of CD66 and CD11b being higher in the present study.  

 

Overall, consistently with our results on kinetics, populations that were specifically enriched 

after the classical boost at two months were not found when the boost was done at two weeks. 

 

Within the monocytes-DCs compartment, all the DCs subcompartment was associated with its 

counterpart in the classical boost and the same was mostly true for monocytes, suggesting that some 

phenotypically modified monocytes-DCs were generated in the early boost schedule, although they 

were not enriched much after the boost. Interestingly and expectedly inflammatory cDCs / non-

classical monocytes were associated with their counterpart in the classical vaccine schedule both 

subcompartments. 

  

Note also that the non-monocytes non-pDCs, non-cDCs APCs (uncharacterized APCs) from the 

classical boost were nicely associated with the three families of other APCs (28, 18, and 19) from the 

present study. 
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One discrepancy can still be observed, since phenotypic families 19, and 32 from the present 

study, which are respectively HLA-DRlow, and CCR5mid CXCR4mid, were not associated with families 22, 

36 (HLA-DRlow), and 25 (CCR5mid CXCR4mid). This may be due to family 19 being CD32high CD11bhigh 

CD11alow, whereas families 22 and 36 (classical boost) were CD32mid, CD11bmid CD11amid. Besides, 

family 32 is CD11alow CD14mid whereas family 25 (classical boost) was CD11amid CD14high. 

 

Interconnection between innate myeloid and adaptive in both schedule 

Given the tremendous differences observed in both schedules in term of both antibody and 

innate myeloid responses, we sought to find a correlation between innate myeloid subphenotypes and 

antibody responses. We assessed the correlation between the peak of antibody response at D8PB, the 

long-term persistence of antibody response, for IgG, IgA, nAb, and FcγR affinity, and the overall 

response to prime (or boost) of poorly activated neutrophils, intermediately activated neutrophils, and 

highly activated monocytes (Figure 7A and 7B). Note that highly activated neutrophils, and poorly 

activated monocytes could not be used in this analysis, due to a low association between the two 

schedules. 

 

Overall, an overall assocication was found between monocyte subpopulations, cDC 

subpopulations, nAb and FcγR affinity in the long-term on one side (Figure 7A). On the other side, an 

overall association was found between neutrophil subpopulations, IgG and IgA titers, and peak of FcγR 

affinity (Figure 7A). 
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It clearly showed that poorly activated neutrophil response was nicely anti-correlated with 

IgA peak, FcγR affinity peak, and nAb peak.Highly activated monocytes were positively correlated with 

FcγR affinity peak, and nAb peak. Eventually, highly activated cDCs were positively correlated with nAb 

peak, and long-term persistence. To note, intermediately activated neutrophils were not correlated 

with any variable, which may be caused by this population containing heterogeneously both cell 

responding to the prime or to the boost. Also, note that PP response only adds low correlation 0.5 < 

|R| < 0.7 that were thus not taken into account. 

 

Strikingly, while IgA peak was correlated with IgA long-term and nAb peak with nAb long-

term persistence, FcγR affinity peak and long-term level were not correlated, neither was IgG peak and 

IgG long-term persistence. Still, interestingly, IgA in long-term was correlated with IgG long-term 

suggesting a similar mechanism behind their maintenance. Also nAb long-term and FcγR affinity long-

term correlated, suggesting the same idea. 

 

In addition, we investigated the functionality of the immune response to the boost compare 

to the prime, by assessing cytokine production. PBMCs were isolated at D3PP and D3PB and cytokine 

production was assessed without ex vivo re-stimulation. Interestingly, in the classical boost schedule, 

the production of many cytokines (G-SCF, IL-12/23, IL-1β, IL-18, IL-1Ra, TGFα, IFNγ, IL-4, IL-8, IL-13, 

MIP-1α, MIP-1β, TNFα and sCD40L) was enhanced after the boost compared to after the prime (ratio 

> 1). This was not the case for the early boost schedule (with the notable exception of IL-1β, whose 

production was also enhanced, although the amplitude was lower than in the classical boost schedule). 

Some of these cytokines were reported to be produced by adaptive cells (sCD40L) (Elgueta et al., 2009), 

or both innate and adaptive cells (IFNγ, IL-4, IL-8, IL-13, MIP-1α, MIP-1β and TNFα) (Akdis et al., 2016; 
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Menten et al., 2002), but some of them were associated with innate cell production, including myeloid 

and NK cells (G-SCF, IL-12/23, IL-1β, IL-18, IL-1Ra and TGFα). 

 

Since PBMCs were used, granulocytes were missing in this cytokine production assessment. 

Besides, since T cells and B cells were present, we cannot differentiate here whether the enhanced 

production of innate cytokines observed in the classical boost schedule is due to the phenotype 

modification of innate cells, or by a differential stimulation by memory cells. Still, it worth to note, that 

IL-12, whose expression was enhanced in monocytes and cDCs pre-existing and responding to the 

classical boost, belong to the cytokines whose production was enhanced after the boost by 

unstimulated PBMCs. This connects the phenotype of the cell observed and the resulting functions of 

the immune system. Overall, this indicate that the immune response to the early boost and the 

classical (integrating both innate and adaptive compartment) differ in cytokine production capabilities. 

 

Taken together, these results unveiled a deep interaction between innate myeloid responses, 

essentially to the boost and the adaptive responses. 
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Discussion 

We first revealed a tremendous impact of the delay between the prime and boost on the IgA, 

nAb titer induced, as well as on the FcγR affinity of these antibodies. This is consistent with studies in 

humans showing that a delay between prime and boost below three weeks, impaired the ability of 

individuals to develop anti-smallpox protective immunity (Jackson et al., 2017). 

 

Using mass cytometry technology, we were able to dissect in details the phenotype of the 

innate myeloid cells in blood during the classical boost and early boost schedule. Refining an existing 

panel of mass cytometry dedicated to this compartment, we were able to shed light on new 

populations among the monocytes-DCs compartment, such as CADM1+ APCs and FcεRI+ CD141+ APCs, 

previously undescribed to our knowledge. Note that the expression of CD172a on cDCs was remarkably 

low in our settings compared to literature (Guilliams et al., 2016), which may be casued by the fixation 

that was done prior to the staining. Besides, we also unveiled some more features of neutrophils 

subpopulations, such as the wide expression of CD39. 

 

Surprisingly, we also found a population of CD123+ eosinophils. Interestingly, IL-3 was found 

to regulated eosinophil functions, which likely goes through CD123 binding (Rothenberg et al., 1988; 

Valent, 1994). Strikingly, these CD123+ eosinophils belong to the few populations that were more 

abundant after boost than after prime, suggesting that were sufficient to imprint those cells. 

Unfortunately, eosinophils were not analyzed in the classical boost schedule, since the protocol of 

staining with heparin was not available then (Palgen et al., 2018; Rahman et al., 2016). 
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Overall, we show that conversely to a classical schedule with a boost at two months, an early 

boost at weeks did not induce tremendous distinct innate myeloid response between prime and boost. 

Actually, no model was able to fully discriminate responses to the prime and boost in this schedule. 

This is consistent with the changes in innate myeloid cells phenotype occurring between 2 weeks, and 

2 months as we previously reported (Palgen et al., 2018). It strongly indicates that restimulation with 

vaccine during the time period where the shift is occurring alters the ability of the innate immune cells 

to be trained. Since it also strongly impaired the ability to generate protective antibodies, one open 

question remains to know if both phenomena are solely correlated and causative of one another.  

 

Interestingly, recent studies in mice indicated that the sole MVA stimulation of monocytes 

failed to induce innate training (Blok et al., 2019). This suggests either that monocyte training requires 

the actions of other cell types to occur, for example CD8 T cells, as for alveolar macrophages(Yao et 

al., 2018), or that training is performed not at the differentiated cell level, but rather at the progenitor 

levels. Indeed, training of hematopoietic stem cells was observed in mice (Kaufmann et al., 2018; 

Mitroulis et al., 2018). This would be consistent with the early boost at two weeks impairing the 

hematopoietic training, which is likely to be occurring during the first month post-prime. This might be 

extended to neutrophil training in addition to monocyte-DC compartment. 

 

Although the same subpopulations were responding to prime and boost in the early boost 

schedule, there was a trend to have a more intense and rapid cell response to boost. Thus, it might be 

that this early boost would serve as a second prime and that a latter boost months after the early one 

could involve trained innate immunity and overall protective immune memory. 
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Interestingly when we associated the cells induced during this early boost schedule with the 

one induced in the classical boost we saw different patterns in granulocytes vs. monocytes-DCs. In the 

granulocytes compartment, the cells that were responding to the sole classical boost were not found 

at all when the boost occurred at two weeks. This is fully consistent with the early boost schedule 

failing to induce trained innate myeloid immunity. In the monocytes-DCs compartment, almost all cells 

could be associated with a counterpart in both schedules. This is consistent with monocytes-DCs 

subpopulations responding more to one of the two immunizations in the classical schedule but being 

present at every timepoints. This suggests here more an inability to recruit or expand an existing 

population of monocytes-DCs. 

 

Also from an analytical point of view, our comparison analysis was performed on the dataset 

obtained on different animals, using different panels and using different mass cytometry devices and 

it allowed us to find the biologically relevant associations of cells in both datasets. This opens new 

perspectives with the possibility to combine dataset coming from very different settings (including 

potential data obtained from different labs with different devices), which has always been a tricky 

issue when it came to mass cytometry data (Leipold et al., 2018). 

 

We were also able to unveil a strong relationship between innate myeloid responses and 

antibody responses. Interestingly, there was a strong association with the peak of the antibody 

response (in term of IgA, nAb, and FcγR affinity), suggesting that the peak of the response strongly 

correlate on the innate immunity induced. On the contrary, only the long-term persistence of nAb (and 

not of IgG and IgA) was highly correlated with innate myeloid responses (for IgG, 0.6 < |R| < 0.7 and 

for IgA 0.5 < |R| < 0.6), strongly suggesting that long-term persistence of IgG and IgA likely involve 
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other mechanisms. This is consistent with literature aiming at predicting antibody response based on 

innate responses (Nakaya et al., 2015). Still, not that for IgA and nAb the peak of the response and 

long-term persistence were highly correlated and the same tendency existed for IgG (R=0.65) 

suggesting that there is actually a direct link between peak and long-term persistence.  

 

Interestingly a study in rhesus macaques vaccinated with malaria antigen Pfs25 with different 

adjuvants, showed a strong correlation between innate immune parameters, including MCP-1, IL-1Ra 

and IFNα production, as well as DC associated transcripts on one side, and antibody half-life on the 

other side (Thompson et al., 2018). This consistently supports our finding regarding the close 

interaction between innate myeloid cells and humoral response. 

 

Eventually, the subphenotype composition of the innate myeloid compartment was associated 

with distinct cytokine production capability of the immune system, both innate and adaptive. Within 

our settings, it was unfortunately not possible to deconvoluate the cytokine production due to the 

phenotypically distinct innate myeloid and cytokine produced either by memory T ot B cells directly or 

innate cells stimulated by memory T or B cells. Still, it indicated that the overall immune response to 

the boost (integrating innate myeloid subphenotypes as well as T and B cells), differ functionally (in 

term of cytokine production) from the overall response to the prime in the classical boost schedule 

but poorly in the early boost schedule. 
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To our knowledge, this the first time that a study assesses the impact of the time-lapse 

between prime and boost on the development of innate immune response and immune memory. This 

shed light on the importance of this delay for the development of a strong innate immunity and a 

qualitatively distinct adaptive response. This is a first valuable step to understand the mechanisms at 

play in prime-boost vaccination, involving the interplay of both innate and adaptive immunity and 

better refine the development of future vaccines. 
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Methods 

Ethics statement 

This experiment was approved by the «Ministère de l’Éducation Nationale, de l’Enseignement 

Supérieur et de la Recherche» (France) and the ethical committee «Comité d'éthique en 

expérimentation animale n°44» (France) under the reference 2015031314518254.02 (APAFIS#319) for 

the classical boost and 2015031314518254 (APAFIS#319).02 for the early boost schedule. Animals 

were handled by veterinarians in accordance with national regulations (CEA Permit Number A 92-32-

02) and the European Directive (2010/63, recommendation Nº9) and in compliance with Standards for 

Human Care and Use of Laboratory of the Office for Laboratory Animal Welfare (OLAW, USA) under 

OLAW Assurance number #A5826-01.  

 

Vaccine schedule, and blood sampling 

Five cynomolgus macaques , identified as BC554D BT145, CBL004, CC840, and CCB116, were 

immunized subcutaneously two weeks apart with the ANRS recombinant MVA HIV B vaccine 

(MVATG17401; Transgene, Illkirch-Graffenstaden, France) at 4x108 plaque forming units (Figure 1). As 

previously described (Palgen et al., 2018, 2019; Pejoski et al., 2016), this vaccine encodes for the full-

length gag sequence (amino acids 1 to 512), fragments of the pol sequence (amino acids 172 to 219, 

325 to 383, and 461 to 519), and fragments of the nef sequence (amino acids 66 to 147, and 182 to 

206) from the Bru/Lai isolate (Los Alamos database accession number K02013). Blood samples were 

longitudinally collected in Lithium-Heparin for soluble plasma proteins quantification and single-cell 

mass cytometry profiling, and in EDTA for complete blood count. 
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Serology 

In brief, wild-type MVA (obtained from B. Verrier, Biologie tissulaire et ingenierie therapeutique, 

Institute of Biology and Chemistry of Proteins, Lyon, France) was used to coat 96-well MaxiSorp 

microplates (Nunc; Thermo Fisher) at 105 PFU/well in coating buffer (200 mM NaHCO3, 80 mM Na2CO3, 

pH 9.5) overnight at 4˚C. Wells were washed five times with wash buffer (PBS, 0.1% Tween 20, 10 mM 

EDTA) and blocked for 1 h at RT with 3% w/v BSA (Sigma). Plates were washed five times and incubated 

with 2-fold serial dilutions of macaque serum diluted in 1% w/v BSA in PBS for 2 h at RT, starting at 

1:50 for IgG and IgA or 1:20 for IgM. Plates were then washed five times and 1:20000, 1:5000 or 1:1000, 

peroxidase-conjugated goat anti-monkey H+L chain IgG (Bio-Rad, Marne-la-Coquette, France), IgA 

(Alpha Diagnostic, San Antonio, TX) or IgM (AbD Serotec), respectively, in 1% BSA (w/v) PBS was added 

and incubated for 1 h at RT. In the case of IgG1, IgG2, and IgG3 (NHP Bioresources), antibodies were 

biotinylated (Thermo Scientific) according to manufacturer’s instruction. The biotinylated Ab diluted 

at 1:500, 1:100 or 1:100, respectively, were used and incubated for 1hr at RT. Plates were washed five 

times and incubated with 1:1000 streptavidin-biotin (Thermo Scientific) with PBSE + 1% BSA for 1 h at 

RT. All plates were washed five times and 100 µL 3,39,5,59-tetramethylbenzidine (Thermo Scientific) 

was added and incubated for 20 min at RT in the dark. The reaction was stopped by adding 100 µL 2N 

H2SO4. Absorbance was measured at 492 nm using a spectrophotometer and data were analyzed using 

Magellan software (both from Tecan, Lyon, France). Ab titers were calculated by extrapolation from 

the OD as a function of a serum dilution curve (five-parameter logistic curve) and were defined as the 

dilution of the test serum reaching 2 x OD of the corresponding pre-immune serum tested at 1:50. 
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Antibody neutralization assay 

Neutralizing antibody (nAb) titer was determined using a modified version of a standard plaque 

inhibition assay. In brief, wild-type MVA (1 PFU/cell) was mixed with an equal volume of 2-fold serial 

dilutions of serum in assay medium (DMEM, 2% FCS), starting at 1:20. After 60 min of incubation at 

37˚C, 0.1 ml of the serum-virus mixture was transferred, in duplicate, to a 96-well plate containing 

subconfluent HeLa cells. After 48 h of incubation at 37˚C, cell viability was quantified using an 

MTS/PMS assay (CellTiter 96 AQueous Non-Radioactive Cell Proliferation Assay; Promega). Absorbance 

was measured at 492 nm using a spectrophotometer (Multiskan FC; Thermo Scientific) and data were 

analyzed using SoftMax Pro software (version 4.6; Molecular Devices). The sample dilution versus the 

percentage viability was plotted (four-parameter logistic curve) to calculate a neutralizing 

concentration, corresponding to the sample dilution resulting in 50% neutralization of virus-mediated 

cell mortality. Cell viability in uninfected control cells and in infected cells incubated with undiluted 

vaccinia immune globulin i.v. (human polyclonal anti-vaccinia virus IgG; BEI Resources) was equivalent 

as expected. 

 

ELISA-based FcyRIIIa dimer-binding assay 

The Fc-regions binding to FcgR was used as in (Chung and Kent, 2017). Briefly, recombinant 

soluble biotin-tagged homodimers of FcgRIIIa was used in this study to quantify the IgG specific to MVA 

viral particles binding FcgRIIIa dimers in close proximity. MVA Ags at 50 ng per well diluted in PBS as 

well as no Ag control for each sample was coated on 96-well flat-bottom MaxiSorp plates (Nalgene 

Nunc, Rochester, NY). VIGIV (#3957; National Institutes of Health AIDS Reagent) at 5 mg/ml was coated 

on the plate at the same time to normalize FcgR activity across different plates. Following overnight 

incubation at 4˚C, the ELISA plates were washed with PBS containing 0.05% Tween20 (Sigma-Aldrich) 
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and blocked for 1 h at 37˚C with 140 ml PBS containing 1 mM EDTA (Sigma-Aldrich) and 1% BSA (Sigma- 

Aldrich) (PBSE + 1% BSA). Following plate washing, heat-inactivated macaque (56˚C for 45 min) serum 

was added at 1:10 dilution in PBSE + 1% BSA. After incubation and washing, 0.1 mg/ml purified FcgIIIa-

V158 dimer-biotin diluted in PBSE + 1% BSA was added to every well of the plate. Following incubation 

and wash, HRP-conjugated streptavidin (Thermo Scientific) was added in 1:1000 dilution with PBSE + 

1% BSA. After incubation and washing, the color was developed using 3,395,59-tetramethylbenzidine 

(Sigma-Aldrich) followed by 1 M HCl stop solution. Absorbance at 450 nm wavelength was recorded as 

OD. A positive signal was defined as an OD higher than mean + 2 x OD obtained using sera from MVA 

negative donors against each Ag tested. 

 

Quantification of circulating proteins 

Circulating protein (cytokines, chemokines and growth factors, except IP-10) levels were 

quantified with a multiplex immunoassay (MILLIPLEX MAP non-human primate cytokine magnetic 

bead panel, Millipore). Note that blood samples at D-27PP were not available for this assay. IP-10 

concentration was assessed by ELISA (human CXCR10/IP-10, R&D systems).  

 

Whole blood fixation 

Whole blood processing was done as previously described (Elhmouzi-Younes et al., 2017; Palgen 

et al., 2018, 2019) to preserve all leukocytes including granulocytes. Briefly, 1mL of blood was 

incubated with a fixation mixture containing PFA and glycerol (Elhmouzi-Younes et al., 2017; Egger et 

al., 2001) for 10min at 4°C. After centrifugation, erythrocytes were lysed in 10mL of milli-Q water at 
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room temperature for 20min. Cells were then washed in DPBS 1X and stored at -80°C at a final 

concentration of 15.106 cells in the fixation mixture. 

 

Cell staining and mass cytometry acquisitions 

Cell staining was done similarly as previously described (Elhmouzi-Younes et al., 2017; Palgen et 

al., 2018, 2019). Briefly, three millions of fixed leukocytes were thawed per sample. After 2 washes 

with PBS/BSA at 0.5%, cells were incubated with the surface antibodies at 4°C for 30min (Table S3). 

Note that the staining mixture contained 300U of heparin to prevent unspecific binding of metal by 

eosinophils as suggested in the literature (Rahman et al., 2016). Samples were washed twice in PBS 1X 

and fixed in PBS/PFA 1.6% for 20min RT. After permeabilization in Perm/Wash Buffer 1X (BD 

Biosciences) for 10min at RT, cells were incubated with intracellular antibodies at 4°C for 30min. Cells 

were barcoded with the Cell-ID 20-Plex Pd barcoding kit (Fluidigm, San Fransisco, USA). In details, after 

2 washes in the Barcode perm Buffer, cells were incubated with one of the indicated combinations of 

Pd for 30min RT. Finally, cells were washed in PBS and incubated overnight with 0.1µM of iridium 

RNA/DNA intercalator in PBS/PFA at 1.6%. The next day, cells were washed three times with milli-Q 

water and filtered using a 35µm nylon mesh cell strainer (BD Biosciences). EQTM four elements 

calibration beads (Fluidigm, San Fransisco, USA) were added following manufacturer’s protocol. 

Sample acquisitions were performed using a Helios CyTOF (Fluidigm). 
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In details, 5 staining acquisitions were performed (one per animal) using the same batch of 

antibodies. In addition, we followed an established strategy (Kleinsteuber et al., 2016) to control the 

quality of each staining/acquisition and their reproducibility by including two identical control samples.  

 

Note that samples from D21PB were not available for mass cytometry analysis. 

 

Data preprocessing and leukocyte gating 

To avoid bias in density estimation by the Spanning-tree Progression Analysis of Density-

normalized Events (SPADE) algorithm (Qiu et al., 2011), null values of mean signal intensities (MSI) 

were randomized between -1 and 0. Data were then normalized using the MATLAB normalizer from 

Rachel Finck et al. (Finck et al., 2013). 

 

Initial gating was done as previously described (Elhmouzi-Younes et al., 2017; Palgen et al., 

2018). Note that although the use of heparin strongly reduced the unspecific staining of eosinophils, 

some CD3+CD66+ cells were still excluded at that step (around 0.2% of all the acquired events). 
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Automatic identification of cell populations 

The SPADE algorithm was used to automatically identify cell populations as previously described 

to (Palgen et al., 2018, 2019). Briefly, a uniform pre-downsampling was used to select 95,000 cells from 

each sample (which corresponded to the number of cells contained in the smallest sample –Table S6). 

Cell clusters (groups of cells having similar phenotypic patterns) were identified using SPADE, applied 

on all samples (all macaques and all timepoints). Upsampling was eventually performed. 

 

The optimal SPADE settings were determined using the SPADEVizR package (Gautreau et al., 

2016). These parameters were 28 clustering markers (CD66, HLA-DR, CD3, CD64, CD8, CD123, CD11a, 

CD11b, CD62L, CD4, FcεRI, CD86, CD125, CD172a, CD45, CD1c, CD32, CD39, CCR5, CD16, CD11c, CXCR4, 

CD14, CD23, CD141, CD20, CCR7, and CADM1), 800 clusters, a density-based downsampling of 10% 

and an outlier density parameter of 0.01. The clustering quality was quantified as the percentage of 

clusters displaying a unimodal and narrow distribution for all clustering markers. Markers distributions 

were assessed using the Hartigan’s dip test (p-value<0.05 to reject the uni-modality hypothesis). 

Markers distributions with an interquartile range (IQR) < 2 were considered to be narrow. These 

settings resulted in a clustering quality of 80.12% of uniform clusters. For each marker, the numbers 

and percentages of non-uniform clusters are displayed in Table S7. 
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Leukocyte counts, absolute number calculation, and abundance profiles 

The leukocyte counts were quantified using an HMX instrument (Beckman Coulter). The 

absolute number of cells in a population was computed as N=the absolute number of leukocytes 

expressed per μL of blood x number of cells in the population detected by the CyTOF/total number of 

leukocytes (defined as non-CD3+CD66+ cells) detected by the CyTOF. The absolute number kinetics was 

called the abundance profile. 

 

Note that complete blood count was not available for samples at D28PB. 

 

Heatmap representations of the cell cluster phenotypes 

Categorical heatmaps showing the phenotype of cell cluster phenotypes were generated using 

SPADEVizR (Gautreau et al., 2016). The marker range of expression was divided between the 5th, and 

the 95th percentile into five categories for all cell clusters. The mean of the median MSI for each marker 

among samples was mapped onto those five categories to infer cell cluster phenotype. For each 

cluster, samples contributing less than 10 cells were excluded for cell cluster phenotype inference. 

Hierarchical clusterings of cell clusters and markers, represented in the heatmaps, were performed 

using the Euclidean metric based on the ward.D linkage.  
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Phenotypic and kinetic families 

For each compartment, cell clusters sharing similar phenotypes were gathered into phenotypic 

families based on the cluster dendrogram resulting from the hierarchical clustering computed on 

phenotypic categories of expression. Phenotypic families sharing similar dynamics were gathered into 

kinetic families based on their abundance profiles. This determination was performed with the 

hierarchical method based on the Pearson correlation and complete linkage. 

 

Statistical tests 

Blood protein concentrations and cell abundances were compared between timepoints using 

the permutation test available in the “exactRankTests” R package (available at https://cran.r-

project.org/web/packages/exactRankTests/index.html). The area under the curve (AUC) corresponds 

to the sum over time of all plasma soluble factor concentrations (cumulated concentration) or cell 

abundances (cumulated abundance) between H6 and D14. PP AUC and PB AUC were compared using 

a permutation test.  

 

Discrimination between post-prime and post-boost innate myeloid responses 

The Least Absolute Shrinkage,and Selection Operator (LASSO) approach was performed on R 

using the “lars” package. Centered and reduced abundance profiles of kinetic families were used as 

entry parameters. The validity of classification at each iteration was assessed by cross-validation.  
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Phenotypic comparison of cell clusters from the two vaccine schedules 

Cell cluster phenotypes from this study and the classical 2 months apart schedule (Palgen et al., 

2018) were compared using the Manhattan distance and visualized using CytoCompare R-package 

(Platon et al., 2018). Distances were computed based on the heatmap expression categories of the 27 

markers shared in both panels (CCR5, CCR7, CD3, CD4, CD8, CD11a, CD11b, CD11c, CD14, CD16, CD20, 

CD23, CD32, CD45, CD64, CD66, CD86, CD123, CXCR4, HLA-DR, IFNα, IL-1α, IL-4, IL-6, IL-8, IL-12, and 

IP-10). Basically, distances consisted of the sum of the absolute value of the difference between the 

values of each cluster for each marker. This distance was penalized when any of the terms was above 

2. Distances equal or below 9 were considered as significant.  

 

Two clusters were considered as associated when their distance calculated for the 27 markers 

was equal or below 9 and their distance calculated for each of the 27 markers was equal or below 2. 

 

Pairs of clusters, having a distance equal or below 9, without were considered as similar when 

the distance between them was without the clusters having a distance above to 2 for any marker. 

 

 

 

 

 



35 

 

Correlations between antibody response and innate myeloid responses 

Innate myeloid cell populations were associated in the two schedules based on the Manhattan 

distance. Two populations were associated only if they were the closest neighbor of each other, based 

on the ratio between the actual number of associations (clusters linked together) and the number of 

potential associations between them. The area under the curve was used to assess the magnitude of 

the response PP (H0PP, H6PP, D1PP, D3PPa, and D8PP) and the boost (H0PB, H6PB, D1PB, D3PB, and 

D8PB). To avoid technical bias in this calculation, the area was normalized based on the mean 

abundance of each cell population within each schedule during the response to prime. In other words, 

for a given animal and a given cell population: AUC = sum(abundances during the prime (respectively 

the boost))/mean(abundances during the prime for all animals from the same vaccine schedule). 

Pearson correlation was computed between the area under the curve of each innate myeloid cell 

population abundance and the antibody response at the peak (either D8PB or D14PB according to the 

response) and the long-term (at M6PB).  

 

Cytokines production by immune cells assessment 

PBMCs were isolated and left overnight at 37°C without re-stimulation. Supernatant were 

harvessed the next day and cytokines released in the medium were assessed with a multiplex 

immunoassay (MILLIPLEX MAP non-human primate cytokine magnetic bead panel, Millipore).  
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Figure 2. MVA-specific serum antibody isotypes induced by vaccine regimens. MVA-specific Ab 

binding (A) IgG, (B) IgA, and (C) IgM titers were measured by direct ELISA in macaque serum, and 

expressed in individual concentrations over time. Comparison of MVA specific antibody binding (D) 

IgG, and (E) IgA were performed at the indicated timepoints between early boost, and classical boost 

strategies. (F) MVA-nAb titers were detected by a HeLa cell assay at the indicated time points. (G) Fcϒ 

receptor binding induced by prime-boost strategies was measured. Comparisons were performed 

using permutation tests (*p<0.05, **p<0.01). Colors indicate immunization strategy: EB (red), and CB 

(black). Immunizations are indicated by arrows. 
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Figure 3 – Bioinformatics pipeline used for the analysis of high-dimensional cytometry profiles.                      

(A) A mass cytometry panel of 35 markers dedicated to the characterization of innate myeloid cells 

was used to stain fixed leukocytes obtained from macaque blood samples. Markers used for the SPADE 

clustering are indicated in blue. (B) The SPADE algorithm was used to identify groups of cells sharing 

similar phenotype in the whole dataset. Phenotypic families, corresponding to groups of cell clusters 

having similar phenotypes, were defined for both the granulocyte and monocyte-DC compartments. 

Kinetic families, corresponding to phenotypic families sharing the same abundance profiles, were 

derivated from these phenotypic families. Finally, phenotypical comparisons with a vaccine schedule 

study at 2 months apart, previously published (Palgen et al., 2018), were performed. (C) The resulting 

SPADE tree, generated using all samples of the dataset, was annotated based on the expression of 15 

markers (Figure S3). Granulocytes clusters were defined as neutrophils (CD66+ CD125-), eosinophils 

(CD66+ CD125+), and basophils (CD66- CD123+ HLA-DR-). Monocytes-DCs clusters were defined as 

monocytes (CD14+ HLA-DR+), cDCs (CD14- HLA-DR+ CD11c+ CD16+), inflammatory cDCs/non-classical 

monocytes (CD14+ HLA-DR+ CD11c+ CD16+), pDCs (CD123+ HLA-DR+), other CADM1+ APCs (HLA-DR+ CD3- 

CD8- CD14- CD11c- CD16- CD20- CADM1+ ), and other CD141+ CADM1- APCs (HLA-DR+ CD3- CD8- CD14- 

CD11c- CD16- CD20- CD141+ CADM1- ). Lymphocytes clusters were defined as B cells (CD20+ HLA-DR+), 

T cells (CD3+), and NK cells (CD3- CD8+). The undefined category corresponds to cell clusters that did 

not fit with any of these phenotypes. Neutrophils, eosinophils, and basophils were assigned to the 

granulocyte compartment. Monocytes, cDCs, pDCs, inflammatory cDCs/non-classical monocytes, and 

APCs were assigned to the monocyte-DC compartment. 
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Figure 4 – Moderate phenotypic diversity in granulocytes and high phenotypic diversity in 

monocytes-DCs. Categorical heatmaps showing marker relative expressions for (A) granulocyte or (B) 

monocyte-DC clusters. Each row corresponds to a cell cluster, and each column corresponds to a cell 

marker. Phenotypic families,corresponding to groups of cell clusters, were delineated based one the 

cluster dendrogram. The 16 granulocyte phenotypic families, and the 21 monocytes-DCs phenotypic 

families are indicated in different colors, and Arabic numbers displayed on the left of each heatmap. 

Black frames labeled with capital letters indicate superfamilies of phenotypic families. Clustering 

markers are indicated in blue. 
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Figure 5 – Similar kine�c profiles of innate myeloid cells a�er first , and second immuniza�ons. The 

kine�c pa�erns of the thirteen kine�c families (numbered I to XIII) are displayed. Kine�c families were 

further regrouped based on their kine�c pa�ern indicated in gray. Represented p-values asserted the 

sta�s�cal comparison between the individual AUC a�er prime (H6-D14PP) and boost (H6-D14PB) using 

a permuta�on test. P-values lower than 0.05 were considered as significant. The scale of the Y -axis is 

specific to each kine�c family. The immuniza�ons are indicated with red arrows. 
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Figure 6 – Comparisons of cell cluster phenotypes identified in the two vaccine schedules. The 

phenotype of each cluster of (A) granulocytes, and (B) monocytes-DCs compartments, was compared 

to this of the clusters identified in the 2 months apart vaccine schedule. The similarity between clusters 

was computed as the Manhattan distance, calculated on all the categories of expression of the 27 

markers shared in both experiments.  
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Figure 7 – Strong interconnection between innate myeloid subphenotypes and adaptive response.

(A-B) The correlation between the peak and long-term persistence of antibody response (obtained at 

the indicated timepoint) and the innate myeloid cell response, given by the normalized area under the 

curve for each cell population were assessed. All correlations are displayed in (A), after hierarchical 

clustering of the correlation coefficients with complete linkage. All antibody responses were 

represented, and all the innate myeloid responses that correlated (|R| > 0.7) with at least one antibody 

response were considered to generate the correlation graph in (B). (C) The ex vivo cytokine production 

of unstimulated PBMC was assessed at D3PP and D3PB. For each of the indicated cytokines, the ratio 

of cytokine level at D3PB over the level at D3PP is represented, as the mean +/- standard deviation 

across the five animals. The main immune cell producers (innate, adaptive or both) are also indicated. 

Note that only cytokines that displayed significantly different ratio between the two schedules are 

represented. Significance was assessed by p < 0.01 with a Mann-Whitney-Wilcoxon test.
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Figure S1 – MVA-specific IgG subclasses in serum over �me. MVA-specific IgG1 (A), IgG2 (B), and IgG3 

(C) �ters were measured by direct ELISA during the early (red) or classical (black) vaccina�on schedule. 

Individual �ters are shown. Immuniza�ons are indicated by arrows. 
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Figure S2 – Cytokines and leukocyte count following vaccination. (A) Cytokines significantly impacted 

by vaccination. (B) Cytokines not significantly impacted by vaccination. (C) Leukocytes count after 

vaccination. (A-C) The individual curves are displayed. Immunizations are indicated by red arrows. 
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Figure S3 – SPADE tree annotation. The topology of the SPADE tree is displayed, with each node 

colored by the expression of the 15 markers used to annotate cell clusters. 
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Figure S4 – Abundance of granulocyte phenotypic families. The absolute count of each of the 16 

granulocytes phenotypic families are displayed. Grey frames regroup phenotypic families into their 

associated kinetic families. Kinetic families are ordered with respect to Figure 5. 
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Figure S5 – Abundance of monocytes-DCs phenotypic families. The absolute counts of each of the 21 

monocytes-DCs phenotypic families are displayed. Grey frames regroup phenotypic families into their 

associated kinetic families. Kinetic families are ordered with respect to Figure 5. 
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Figure S6 – Similar phenotypic composition of innate myeloid cell compartments after first and 

second immunizations. The composition in phenotypic families of the (A) granulocytes, and (B) 

monocytes-DCs compartments along the timecourse of vaccination. Cell abundance is given by the size 

of the pie chart. The color-code for each phenotypic families is conserved for the pie-charts, and the 

heatmaps from Figure 4. 
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Figure S7 – Visualization of similarity between post-prime, and post-boost innate myeloid cell 

responses. (A) Multidimensional Scaling (MDS) representation was calculated based on the cell 

abundances of the kinetic family. The proportion of information lost during the dimensionality 

reduction process is indicated with the Kruskal Stress. Samples belonging to the same timepoint, were 

delineated using convex hulls, and different colors. (B) The Least Absolute Shrinkage and Selection 

Operator (LASSO) approach was applied to discriminate samples from post-prime and post-boost 

responses. The mean square error (MSE) of the model at each step of the LASSO is indicated. (C) 

Comparison of mean square error (MSE) of the optimal LDA obtained on the early boost dataset 

compared to the optimal LDA obtained on the classical boost dataset. *****, p-value <0.00001 using 

a t-test.  

 



IgG IgA nAb FcγRIIIa dimer binding

baseline vs D8PP 1,0000 0,4444 1,0000 \

baseline vs D14PP 0,0079 0,1667 1,0000 0,2063

baseline vs D8PB 0,0079 0,0079 0,0476 \

baseline vs D14PB 0,0079 0,1667 0,0476 0,0079

baseline vs D28PB 0,0079 0,0079 0,0476 \

baseline vs D57PB 0,0079 0,0079 0,0476 0,0238

baseline vs M3PB 0,0079 0,0476 0,1667 \

baseline vs M6PB 0,0079 0,0476 0,1667 0,0238

D8PP vs D14PP 0,0079 0,3651 1,0000 \

D8PP vs D8PB 0,0079 0,0238 0,0476 \

D8PP vs D14PB 0,0079 0,2063 0,0476 \

D8PP vs D28PB 0,0079 0,0714 0,0476 \

D8PP vs D57PB 0,0079 0,2937 0,0476 \

D8PP vs M3PB 0,0079 0,1032 0,1667 \

D8PP vs M6PB 0,0079 0,1270 0,1667 \

D14PP vs D8PB 0,0079 0,1111 0,0476 \

D14PP vs D14PB 0,0079 0,4048 0,0476 0,0079

D14PP vs D28PB 0,0159 0,5317 0,0476 \

D14PP vs D57PB 0,1349 0,9762 0,0476 0,1111

D14PP vs M3PB 0,4603 0,9444 0,1667 \

D14PP vs M6PB 0,5714 1,0000 0,1667 \

D8PB vs D14PB 0,4921 0,5238 0,7063 \

D8PB vs D28PB 0,0476 0,2619 1,0000 \

D8PB vs D57PB 0,0079 0,0714 0,3651 \

D8PB vs M3PB 0,0079 0,1667 0,1270 \

D8PB vs M6PB 0,0079 0,1349 0,1032 0,1667

D14PB vs D28PB 0,0794 0,7937 0,8571 \

D14PBvs D57PB 0,0079 0,2937 0,4683 0,0079

D14PB vs M3PB 0,0079 0,4444 0,1270 \

D14PB vs M6PB 0,0079 0,4524 0,1032 0,0079

D28PB vs D57PB 0,0079 0,3810 0,5556 \

D28PB vs M3PB 0,0079 0,4286 0,3810 \

D28PB vs M6PB 0,0079 0,3333 0,3333 \

D57PB vs M3PB 0,1349 0,7460 0,5397 \

D57PB vs M6PB 0,1032 1,0000 0,5714 0,5556

M3PB vs M6PB 0,6190 0,8016 0,8571 \

baseline vs D8PP 0,4444 0,0476 1,0000 \

baseline vs D14PP 0,0079 0,0476 1,0000 0,0952

baseline vs D8PB 0,0079 0,0476 0,0079 \

baseline vs D14PB 0,0079 0,0476 0,0079 0,0079

baseline vs D28PB 0,0476 0,0079 0,0079 \

baseline vs D57PB 0,0079 0,0079 0,0079 0,0079

baseline vs M3PB 0,0079 0,0079 0,0079 \

baseline vs M6PB 0,0079 0,0079 0,0079 0,0397

D8PP vs D14PP 0,0079 0,0556 1,0000 \

D8PP vs D8PB 0,0079 0,0476 0,0079 \

D8PP vs D14PB 0,0079 0,0476 0,0079 \

D8PP vs D28PB 0,0476 0,0079 0,0079 \

D8PP vs D57PB 0,0079 0,0079 0,0079 \

D8PP vs M3PB 0,0079 0,0079 0,0079 \

D8PP vs M6PB 0,0079 0,0079 0,0079 \

D14PP vs D8PB 0,0079 0,0476 0,0079 \

D14PP vs D14PB 0,0079 0,0476 0,0079 0,0079

D14PP vs D28PB 0,1429 0,0079 0,0079 \

D14PP vs D57PB 0,0159 0,0714 0,0079 0,0079

D14PP vs M3PB 0,0159 0,1032 0,0079 \

D14PP vs M6PB 0,0397 0,0079 0,0079 \

D8PB vs D14PB 0,7460 1,0000 0,7619 \

D8PB vs D28PB 0,0238 0,4048 0,2222 \

D8PB vs D57PB 0,0079 0,1111 0,0079 \

D8PB vs M3PB 0,0079 0,1032 0,0079 \

D8PB vs M6PB 0,0079 0,4921 0,0079 0,0159

D14PB vs D28PB 0,0238 0,4127 0,2302 \

D14PBvs D57PB 0,0079 0,0873 0,0079 0,0079

D14PB vs M3PB 0,0079 0,0873 0,0079 \

D14PB vs M6PB 0,0079 0,5873 0,0079 0,0079

D28PB vs D57PB 0,9206 0,1587 0,0079 \

D28PB vs M3PB 0,6587 0,2222 0,0079 \

D28PB vs M6PB 0,3968 0,1190 0,0079 \

D57PB vs M3PB 0,5079 0,6349 0,6032 \

D57PB vs M6PB 0,2460 0,0317 0,9841 0,0159

M3PB vs M6PB 0,4921 0,0238 0,6587 \

Early boost

Classical boost

Table S1 – Statistics for antibody titers. P-values of the permutation tests are given for the indicated comparisons.

Red indicate significant differences, p <0.05.
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Metal Marker Clone Surface Intra-cellular
141Pr CD66abce TET2 ●

142Nd HLA-DR L243 ●

143Nd CD3 SP34.2 ●

144Nd CD64 10.1 ●

145Nd CD8 RPAT8 ●

146Nd IL-6 MQ2.13A5 ●

147Sm CD123 7G3 ●

148Nd IL-4 8D48 ●

149Sm CD11a HI111 ●

150Nd CD11b ICRF144 ●

151Eu CD62L SK11 ●

152Sm CD4 L200 ●

153Eu FcεRI AER37 ●

154Sm CD86 IT2.2 ●

155Gd CD125 A14 ●

156Gd CD172a 15-414 ●

158Gd IP-10 6D4 ●

159Tb CD45 D058-1283 ●

160Gd IL-1α 364/3B3 ●

161Dy CD1c AF5910 ●

162Dy IL-12 C8.6 ●

163Dy CD32 FLI8.26 ●

164Dy IFNα LT27/295 ●

165Ho CD39 eBioA1 ●

166Er CCR5 3A9 ●

167Er CD16 3G8 ●

168Er CD11c 3.9 ●

169Tm CXCR4 12G5 ●

170Er CD14 M5E2 ●

171Yb IL-8 G265.8 ●

172Yb CD23 9P25 ●

173Yb CD141 1A4 ●

174Yb CD20 2H7 ●

175Lu CCR7 G043H7 ●

176Yb CADM1 3 E1 ●

Table S3 – Antibody panel for mass cytometry. Antibody target,

clone, and associated metal is indicated as well as whether the antibody 

was used intra- or extra-cellularly.
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BD554D BT145 CBL004 CC840 CCB116 ALL

D-27PP 379 216 542 145 426 000 835 039 453 826 2 636 226

D-19PP 572 958 514 273 649 982 516 674 240 091 2 493 978

H0PP 485 631 549 104 387 036 830 053 620 959 2 872 783

H6PP 470 642 670 857 568 345 772 846 621 498 3 104 188

D1PP 632 618 653 277 469 087 838 483 752 279 3 345 744

D3PP 796 397 363 416 762 792 677 265 587 500 3 187 370

D8PP 822 189 659 918 495 605 759 876 459 273 3 196 861

H0PB 860 727 778 709 642 882 657 108 545 693 3 485 119

H6PB 697 280 759 853 821 341 676 713 767 993 3 723 180

D1PB 667 939 598 244 861 405 670 555 452 805 3 250 948

D3PB 447 317 736 728 96 283 674 066 718 784 2 673 178

D8PB 242 058 327 046 593 431 291 948 519 604 1 974 087

D14PB 536 453 172 437 321 208 499 992 474 893 2 004 983

D28PB 564 540 396 758 554 592 1 035 383 623 748 3 175 021

TOTAL 8 175 965 7 722 765 7 649 989 9 736 001 7 838 946 41 123 666

Table S6 – Numbers of cells per sample. The number of events acquired with the CyTOF is indicated for each 

sample.



Markers

Number of

non-uniform

clusters

Percentage 

of

non-uniform

clusters

CD32 24 3,00

CD4 18 2,25

CD125 14 1,75

CADM1 14 1,75

CD16 12 1,50

CD123 11 1,38

CD11a 10 1,25

HLA-DR 9 1,13

CD3 9 1,13

FcεRI 8 1,00

CD86 8 1,00

CD11c 8 1,00

CD8 7 0,88

CD14 7 0,88

CD45 6 0,75

CCR5 6 0,75

CD23 6 0,75

CD141 6 0,75

CD11b 5 0,63

CD39 5 0,63

CCR7 5 0,63

CD172a 4 0,50

CD66 3 0,38

CD62L 3 0,38

CD1c 3 0,38

CXCR4 3 0,38

CD64 2 0,25

CD20 2 0,25

Table S7 – Uniformity of markers across clusters. For each marker, the numbers, and percentages 

of non-uniform clusters is indicated.





Chapter 6. NK cell responses during an
early boost vaccination schedule and
correlation with adaptive immune

memory

Overview
Knowing the tremendous differences that existed in both adaptive and innate myeloid

immunity in the early boost vs. classical boost schedule, as reported in Chapter 5, we
next investigated the NK cell response induced in the early boost cohort to assess whether
it differed from the classical boost study.

To do so, we used the same strategy as for the innate myeloid cells analysis. We
refined our NK cell antibody panel, notably by adding the chemokine receptor CXCR3,
as well as more FcRs (CD32 and CD64). Note that similarly to innate myeloid cells, this
analysis was performed using the Helios mass cytometer, in contrast to the CyTOF I mass
cytometer used in the study of the classical boost cohort.

A wide diversity of NK cells was observed in the early boost dataset, actually larger
than the one found in the classical boost dataset (Palgen et al., 2019). In particular,
although the frontier between poorly and intermediately cytotoxic NK cells was more
blurred in the early boost cohort than in the classical boost cohort, there was a far wider
diversity among highly cytotoxic NK cells, notably with a clear subdivision of these NK
cells into CD2mid and CD2high NK cells.

This difference in phenotypic diversity may be due on one side to the new markers we
added in the early boost dataset panel. On the other side, it may rely on the fact that,
in the early boost dataset, samples at late timepoint (up to 28 days post-boost) were
included in the SPADE analysis, whereas the latest sample used in the classical boost co-
hort was 3 days post-boost. In addition, a key timepoint, day 8 post-prime, was present

223



Chapter 6. NK cell responses during an early boost vaccination schedule and
correlation with adaptive immune memory

in the early boost schedule but missing in the early boost schedule analysis. On this day,
a subpopulation of HLA-DR+ NK cells expanded and then waned and was almost missing
at the next timepoint (day 14 post-prime), which was analyzed in both cohorts.

Still, in term of kinetics, and as the innate myeloid cells, NK cell subphenotypes were
mostly impacted by both immunizations, and in a similar manner. As a result, linear
discriminant analyses failed to distinguish NK cell response to the prime and the boost,
in the early boost cohort. Note that compared to the classical boost cohort, the switch of
NK cells toward a less cytotoxic phenotype between day 1 and day 14 post-prime seems
less pronounced. Though, after the boost there is a tendency to have even less cytotoxic
NK cells than after the prime.

When comparing the phenotypes that were present in the early boost cohort com-
pared to those identified in the classical boost cohort, most subphenotypes from both
datasets found their counterparts in one another dataset. A first potential explanation is
that, similarly to what happened for monocytes-DCs, more active/mature “memory” NK
cells were generated in the early boost schedule but with a dramatically altered kinetics
and magnitude compared to the classical schedule. A second non exclusive explanation
is that, since most NK receptors were missing in our NK cell panel, due to the lack of
cross-reactivity on macaque fixed cells, as described before, we may not have captured
the full NK cell diversity and we may not be able to characterize perfectly the NK cell
populations induced by each schedule.

In spite of these issues, we used the phenotypic associations between schedules to as-
sess the correlations between the humoral response previously described in Chapter 5 and
the NK cell response. Interestingly, we found associations between the abundances of NK
cell subsets and the quality and quantity of the humoral response, though correlations
were weaker than for innate myeloid cells. This apparent weakness may be explained by
the missing samples from the NK cell dataset. Indeed, similarly to Chapter 4, for some
timepoints for which only few blood could be collected for ethical reasons, analyses were
prioritized towards innate myeloid immunity analysis.

Overall, this analysis showed that NK cell response is also strongly affected by the vac-
cine schedule and that early boost cohort failed to induce phenotypically more cytotoxic
“memory” NK cells, in contrast to classical boost schedules. This "likely memory" NK
cell response was strongly associated with the quality of the adaptive humoral response.
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"Boost vaccination timing impacts the quality of NK cell response, which
correlates with a differential humoral response"

"Boost vaccination timing impacts the quality of NK cell
response, which correlates with a differential humoral
response"

Those results are part of a manuscript in preparation, provided hereafter.
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Abstract 

Understanding the early immune response that follows vaccination is critical for an 

optimized vaccine design. In particular the impact of the delay between prime and boost on 

the resulting immunity is not well characterized. We previously showed that an early boost, 

by contrast to a classical boost, failed to induce a distinct innate myeloid immune response, 

which was correlated with a qualitatively and quantitatively distinct antibody response. 

 

Here we show that, similarly to the innate myeloid cells the early boost induced NK cell 

response comparable to the prime, which is in deep contrast to the classical boost schedule. 

These features correlated with the resulting antibody response, strongly strengthening the 

interplay between early innate immune responses and late adaptive responses. 

 

Keywords: innate lymphoid immunity, NK cells, prime-boost, vaccination, MVA, NHP, mass 

cytometry.  
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Introduction 

The early events that follows immunization are key to understand the resulting immune 

response and establishment of long-term immune memory (Iwasaki and Medzhitov, 2010). A 

better understanding of the innate response induced at each immunization is thus require to 

better understand vaccine-induced immune response and optimize vaccine design, all the 

more since it was shown to be an efficient predictor of the resulting adaptive responses 

(Nakaya et al., 2015). Besides, while most vaccines require several immunizations (a first one 

called prime and the other called boost(s)) to be efficient (Kardani et al., 2016; Ramshaw and 

Ramsay, 2000; Woodland, 2004), little is known about the impact of the delay between prime 

and boost on the resulting immune response. 

 

To tackle with this issue, we used a non-human primate model, the cynomolgus 

macaques, which is known to be close to human in term of immune system and is thus a highly 

valuable model for vaccine design (’t Hart et al., 2015; Rivera-Hernandez et al., 2014). As 

vaccine model, we used the modified vaccinia virus Ankara (MVA), a smallpox vaccine that is 

currently tested as a viral platform for vaccines against complex diseases such as malaria, 

tuberculosis of HIV (Drexler et al., 2004; Sebastian and Gilbert, 2016; Volz and Sutter, 2017). 

We also take advantage of the mass cytometry technology that allows for the simultaneous 

measurement of up to 40 parameters at a single-cell level, to decipher in depth the phenotype 

of cells responding to each immunization (Bendall et al., 2012; Reeves et al., 2018). 
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With these tools we previously showed that a classical prime-boost strategy with a delay 

of 2 months between both immunizations induced a robust and strong innate response of 

myeloid cells –neutrophils, monocytes and dendritic cells (DC) – (Palgen et al., 2018) and NK 

cells (Palgen et al., 2019). Interestingly both innate myeloid cells and NK cells responded 

differently to prime and boost, with cells responding to the boost and pre-existing to it being 

more mature/active/cytotoxic than those responding to the prime. Interestingly, when the 

delay between prime and boost was reduced to two weeks, the innate myeloid cell response 

was similar between prime and boost, suggesting that two weeks is not a time-lapse sufficient 

to establish the modification of the innate myeloid compartment. On the very same animals 

that we assessed the innate myeloid response, we addressed here the NK cell response 

induced by a boost two weeks after the prime. We reveal that similarly to innate myeloid 

response, the NK cells response is very similar to the prime response with only few slight 

differences that did not allow to fully discriminate each response. In addition, NK cell response 

correlated with the quality and quantity of antibody response. 
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Material and Methods 

Ethics statement 

The experimental protocols were approved by the ethics committee «Comité d'éthique 

en expérimentation animale n°44 » under the reference 2015031314518254 (APAFIS#319).02  

for the longitudinal analysis of the MVA-induced response, and the «Ministère de l’Education 

Nationale, de l’Enseignement Supérieur et de la Recherche» (France). Animals were handled 

by veterinary staff in accordance with national regulations (CEA Permit Number A 92-32-02) 

and the European Directive (2010/63, recommendation Nº9) and in compliance with the 

Standards for the Humane Care and Use of Laboratory Animals of the Office for Laboratory 

Animal Welfare (OLAW, USA) under OLAW Assurance number #A5826-01.  

 

Experimental design 

Five cynomolgus macaques originating from Mauritius and identified as BC554D BT145, CBL004, 

CC840 and CCB116, were immunized two weeks apart with the ANRS recombinant MVA HIV B vaccine 

(MVATG17401; Transgene, Illkirch-Graffenstaden, France) at 4x108 plaque forming units (Figure 1). As 

previously described (Palgen et al., 2018, 2019; Pejoski et al., 2016), this vaccine encodes for the full-

length gag (amino acids 1 to 512), and parts of pol (amino acids 172 to 219, 325 to 383, and 461 to 

519) and nef  (amino acids 66 to 147 and 182 to 206) from the Bru/Lai isolate (Los Alamos database 

accession number K02013). Blood samples were longitudinally collected either in Lithium-Heparin for 

single-cell mass cytometry analysis or in EDTA for complete blood count. 
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Sample preparation 

Fixed leukocytes were prepared for mass cytometry using a previously described cell 

fixation protocol that recover all leukocytes, including neutrophils (Egger et al., 2001; Elhmouzi-

Younes et al., 2017; Palgen et al., 2018, 2019). Briefly, 1 mL of blood was incubated with a fixation 

buffer containing formaldehyde and glycerol for 10 min at 4°C. Erythrocytes were then lysed 

in 10 mL milli-Q water at room temperature for 20 min. Cells were eventually washed in 1X 

DPBS and stored at -80°C at a final concentration of 15x106 cells/mL in the fixation mixture. 

Cells were fixed extemporaneously without re-stimulation ex vivo. 

 

Cell staining and acquisition 

Fixed leukocytes staining and acquisition protocols were identical to those previously 

described (Palgen et al., 2018, 2019). The 34-marker antibody panel used here is described in 

Table 1. 

 

Data processing and event selection 

As previously described (Palgen et al., 2018) (NK paper IMA VAC1516), FCS files were 

normalized with the MATLAB normalizer from Rachel Finck et al. (Finck et al., 2013). Replicates 

were concatenated using the tool from Cytobank (Mountain View, USA). Leukocytes were 

gated based on event length, iridium content, and exclusion of non-specifically stained 

CD66+CD3+ eosinophils (Elhmouzi-Younes et al., 2017; Palgen et al., 2018). 
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Complete blood count and cell population count 

Complete blood counts (CBCs) were performed using blood collected in EDTA with the 

HmX instrument (Beckman Coulter). The absolute number of cells in each sample for a given 

cell population was computed as follows: N = the absolute number of leukocytes (expressed 

per μL of blood) x the number of cells in the population detected by CyTOF/total number of 

leukocytes (excluding CD3+CD66+ cells) detected by CyTOF (given in Table S1). 

 

 

Identification of cell populations 

The Spanning-tree Progression Analyses of Density-normalized Events (SPADE) (Qiu et 

al., 2011) algorithm was performed on the whole dataset (samples from every animals and 

every timepoints) to automatically identify cell populations displaying similar expression levels 

for the given markers used for clustering: CD66abce, HLA-DR, CD3, CD64, CD8, CD226, 

granzyme B, CD11a, CD11b, CD62L, CD4, CD56, CD2, CD7, NKG2D, CD45, CD1c, CD25, CD32, 

CD69, CD39, CCR5, CD16, CD11c, CXCR4, CD14, perforin, NKG2A/C, CD107a, CD20, CCR7 and 

CXCR3. Prior to clustering, we performed random pre-downsampling of 190,000 cells 

(corresponding to the highest number of cells contained in all samples) to avoid bias in the 

analysis towards samples with more cells than others (Table S1).  The quality of the SPADE 

clustering, defined as a narrow and unimodal distribution for each marker in all cell clusters 

and NK cell clusters was assessed using the SPADEVizR R package we developed (Gautreau et 

al., 2016).  
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Based on these quality control measurements, SPADE was parameterized to identify 900 

clusters using a downsampling of 30%, leading to 58.33% of all clusters with unimodal 

(Hartigan’s dip test, p-value ≤ 0.05) and narrow distribution (IQR ≤ 2) of all markers. This 

relatively low percentage of uniform clusters is mainly caused by CD66 staining, which is non-

uniform for xxx clusters. Actually the negative population is represented by two peaks within 

a low range of expression (both around  0), which explains why they fail to pass the test (Figure 

S1). Excluding CD66, 77.77% of clusters are uniform. 

 

Among NK cell clusters identified on the SPADE tree, based on CD3 and CD8 expression 

69.23% (90 out of 130) had a unimodal and narrow distribution for all markers, excluding 

CD66, which accounted for the most non-uniform clusters (46 out of 130) (Table S2). 

 

We directly identified blood NK cells on the SPADE tree based on CD3 and CD8 

expression, rather than by manual gating followed by SPADE analysis of the NK cells to avoid 

a bias in the manual gating of CD3- CD8+ events and contamination with CD66low neutrophils, 

which displayed a low background signal in all channels including CD8.  

 

Categorical heatmap representation of NK cell clusters phenotypes 

The categorical heatmap were generated using  the median expression among all 

samples and SPADEVizR R-package (Gautreau et al., 2016). All samples containing less than 10 

cells were removed from the median computation. Marker expression range was divided into 

five categories (5th - 95th percentiles) to define the cell cluster phenotype. Hierarchical 
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clustering, represented by the cluster and marker dendrograms in the heatmap, was 

performed using the Euclidean metric and the ward.D linkage method. Phenotypic family were 

defined based on the cluster dendrogram. 

 

LASSO-LDA model to classify post-prime and post-boost NK cell immune profiles 

The classification of post-prime and post-boost NK cell immune profiles was performed 

using a combination of the Least Absolute Shrinkage and Selection Operator (LASSO) and 

Linear Discriminant Analysis (LDA) methods. The LASSO method was based on the lars R 

package (available at https://CRAN.R-project.org/package=lars). Abundance profiles of 

phenotypic families were centered and reduced. Model validity was assessed through the 

leave-one-out cross-validation method. The best configuration was chosen using the elbow 

criterion.  

 

Kinetic homogeneity 

Kinetics of kinetic families were considered as homogeneous when cell abundance for 

at least one timepoint differed either from baseline, or from the corresponding timepoint with 

the other immunization (e.g. D8PP vs. D8PB). Cell abundances were compared using the 

permutation test from the exactRankTests R package (available at https://cran.r-

project.org/web/packages/exactRankTests/index.html). 
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Correlations between antibody response and NK cell responses 

Similarly to previous analyses on innate myeloid cells, NK cell populations were associated in the 

two schedules (early boost, this study, and classical boost, previously published (NK paper) based on 

the Manhattan distance. Two populations were associated only if they were the closest neighbor of 

each other, based on the ratio between the actual number of associations (clusters linked together) 

and the number of potential associations between them. The area under the curve was used to assess 

the magnitude of the response PP (H6PP, D1PP, D3PP) and the boost (H6PB, D1PB, D3PB). To avoid 

technical bias in this calculation, the area was normalized based on the mean abundance of each cell 

population within each schedule during the response to prime. In other words, for a given animal and 

a given cell population: 

 

AUC = sum(abundances during the prime (respectively the boost))/mean(abundances during the 

prime for all animals from the same vaccine schedule) 

 

Pearson correlation was computed between the area under the curve of each NK cell population 

abundance and the antibody response at the peak (either D8PB or D14PB according to the response) 

and the long-term (at M6PB).  
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Results 

NK cell kinetics do not differ between prime and boost 

As previously described, five cynomolgus macaques were immunized with the MVA HIV B 

vaccine following a prime-boost strategy with a delay of two weeks between each immunization. Blood 

samples collected longitudinally (Figure 1) were stained with a CyTOF antibody panel dedicated to NK 

cell biology (Figure 2A) and followed an established analysis pipeline (Figure 2B) (Palgen et al., 2018, 

2019). 

 

We first perform Spanning-tree Progression Analyses of Density-normalized Events (SPADE) to 

cluster together cells that share a similar phenotype in a wide set of markers: CD66abce, HLA-DR, 

CD3, CD64, CD8, CD226, granzyme B, CD11a, CD11b, CD62L, CD4, CD56, CD2, CD7, NKG2D, 

CD45, CD1c, CD25, CD32, CD69, CD39, CCR5, CD16, CD11c, CXCR4, CD14, perforin, NKG2A/C, 

CD107a, CD20, CCR7 and CXCR3. Based on the resulting SPADE tree (Figure 2C), NK cell cluster 

were annotated as CD3- CD8-. Note that in this process, the other blood cell type (T cells, B 

cells, monocytes, dendritic cells, neutrophils…) were excluded. 

 

Looking at the dynamics of the gated NK cells (Figure 2D), we observed a slight tendency 

for a decrease at H6PP-D1PP followed by an increase at D8PP then a new decrease at D14PP. 

The same pattern was observed after the boost. This kinetics is consistent with our previous 

analysis with the classical schedule, in which we also observed a decrease in NK cell count (the 

D8PP, D8PB, D14PB and D28PB timepoints were missing in this previous study). Note that we 

also observed here a high inter-individual variability in term of NK cell count prior to any 

immunization. This variability is reduced after immunization.  



12 
 

 

That similar NK response to prime and boost is consistent with the innate myeloid 

response observed in this schedule. To assess whether this still stands true after a deep 

phenotypic characterization of the phenotype we used the several markers measured by mass 

cytometry. 

 

High phenotypic variability amongst NK cells 

To visualize at a glance the phenotype of all NK cell clusters, we used heatmap 

representation. On this heatmap (Figure 3), and based on the hierarchical clustering of the 

clusters, clusters that were phenotypically close to each other were grouped into so-called 

phenotypic families, that mitigate the stringency of our SPADE clustering, which resulted in a 

high number of clusters. 

 

17 phenotypic families were obtained. This is a higher diversity than what was observed 

with the classical schedule, which may be explained by the missing timepoints (D8PP, D8PB, 

D14PB and D28PB) in the classical schedule analysis. 

 

Three superfamilies (groups of phenotypic families) could be identified. A first 

superfamily A (phenotypic families 1, 11, 2, 4, 15 and 7) that consisted in highly activated 

CD107ahigh IL-6high CD69high CD16high CD2high, with differential levels of CXCR4 CD56 CCR5 CD11c 

CD11a and CD7. A second superfamily B (phenotypic families 10, 16, 13 and 5) also consisted 

in highly activated NK cells, similar to family A except that these cells awee CD2low, which may 
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suggest a different step in differentiation process. Note that among them, the phenotypic 

family 16 was CD3high, and might thus correspond to NKT cells. The last superfamily C 

(phenotypic families 9, 17, 8, 12, 3, 6 and 14) consisted of poorly-intermediately activated NK 

cells that were CD107amid IL-6mid CD69mid CD16mid/low. Note that among them, families 9 and 6 

were CD2high whereas the other were CD2low. In addition families 14 and 6, which displayed 

the lowest cytotoxic phenotype, were CXCR4low CD56low CCR5low CD11clow CXCR3low CD11alow 

CD7low. 

 

Slight different kinetics between prime and boost 

To assess the dynamics of these distinct subphenotypes (Figure S2), we cluster together 

the phenotypic families that share similar kinetics into so-called kinetic families. 6 kinetic 

families were obtained so (numbered I to VI), their kinetics and composition is displayed on 

Figure 4 and Table 2. 

 

Kinetic families 1, 2 and 3 showed heterogeneous kinetics. Still, kinetic family I showed 

a tendency kinetic similar to all NK cells (decrease at H6-D1 post-immunization, increase 

afterwards), with CCB116 being an outlier in term of amplitude.  

 

Kinetic family 4, containing poorly activated NK cells, remained low in number until an 

increase at D8PP, then it re-decreased in number at H6PB, and re-increased after the boost 

and remained slightly higher after the boost compared to the prime. Kinetic family 5, 

containing poorly activated NK cells increased in number at late time post-immunization, but 
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only significantly at D3PB. Kinetic family 6, containing two HLA-DR+ NK cell cluster (phenotypic 

family 17) interestingly show an only peak at D8PP and was completely missing after the boost. 

 

Overall, slight differences between prime and boost could be observed, with some 

poorly activated CXCR4low CD56low CCR5low CD11clow CXCR3low CD11alow CD7low NK cells 

(phenotypic families 6 and 14) were induced lately after the prime (D8PP and D14PP), similarly 

to what was observed in the classical schedule (Palgen et al., 2019). These cells remained 

higher in number after boost compared to prime, which is in deep contrast to the classical 

schedule, in which these cells were missing after the boost. Also, similarly to the classical 

schedule (Palgen et al., 2019) the HLA-DR+ that were induced at D8PP and decreased at H0PB, 

were lost after the boost. 

 

To take a look from another point of view, we then further assessed the longitudinal 

evolution the phenotype composition of the NK cell compartment (Figure 5). 

 

Interestingly, the composition in NK cell subphenotypes remains quite stable early after 

prime, a feature we previously observed in the classical boost schedule (Palgen et al., 2019). 

Still, while we observed a tremendous shift from D1PP to D14PP in the classical boost 

schedule, the same tendency was observed here, with an increase in proportion of CXCR4low 

CD56low CCR5low CD11clow populations (phenotypic families 1, 11 , 2, 10, 16 and 13),but with a 

lower amplitude. This may be due to a reduced resolution of the capture of NK cell diversity 

in the classical boost schedule. Strikingly, after boost, while highly activated NK cells were 
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induced after the classical boost (Palgen et al., 2019), a high proportion of poorly activated NK 

cells was induced by the early boost (Figure 5), which would suggest either the emptiness of 

the mature NK cells compartment or the exhaustion of the existing compartment. 

 

Non-discrimination between prime and boost response based on NK cell count 

Given the slight differences we observed in NK cell response to the prime and the boost, 

we wanted to address whether this was sufficient to distinguish prime response and boost 

response. To do so, we used LASSO-LDA approach to define a model discriminating each 

response (Figure 6). The best model we could build doing show a tremendous error around 1 

(for a targeted value of one), which is far bigger than the model we built in the classical 

schedule analysis . This indicated that the NK cell response to the prime and the boost are not 

sufficiently different to allow to discriminate between them, in the early boost schedule. 

 

Association between NK cells from both schedules 

To assess whether the NK cell subphenotypes we found in the classical boost were also 

found with the early, we performed a phenotypic comparison of both dataset. Associations 

were found for almost all subsets (Figure 7). Interestingly, note that the CD2+ highly activated 

NK cells from the early boost were closer to the intermediately activated NK cells from the 

classical boost schedule, whereas the CD2- highly activated NK cells were closer to the highly 

activated NK cells from the classical boost schedule. 
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Still note that some discrepancies were found. In particular, phenotypic family 10, 

among CD2- highly activated NK cells, did not match a counterpart within the classical boost 

dataset, although this family was present at baseline and after prime. This may be due to 

distinct CD7 pattern between the two datasets: family 10 is CD7low, whereas all highly 

activated NK cells were CD7high in the classical boost dataset. 

 

Overall these results suggests that most NK cell subphenotypes impacted by vaccination, 

were present at baseline and after prime, but that their expansion/shrinking in number differ 

according to prime-boost delay. 

  

Correlation between NK cell response and antibody response 

To go further, given the variability we observed in the classical boost schedule and the early 

boost schedule, both in term of NK cell response and antibody response (Palgen et al., 2019), we 

assessed whether we could find early correlates between NK cell response and the later humoral 

response (Figure 8, and Figure S3). 

 

Strikingly, looking at the overall associations, antibody response and NK cell response clustered 

apart (Figure 8A). In addition, highly activated segregated apart from poorly and intermediately 

activated NK cells. It suggest that in addition to phenotypic proximity, poorly and intermediately 

activated NK cells share similar kinetics. 
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Still, some associations were found (0.6 ≤ R < 0 .7) between NK cell and antibody responses 

(Figure 8B), weaker than the ones found in the analysis of the innate myeloid responses. This may be 

due to the fact that we could not include D8 measurements in the area undert the curve calculation 

since two many observations were lacking. 

 

Still, the abundance of the post-boost highly activated NK cell response correlated with the peak 

of FcγR binding affinity at D14PB (note that the highly activated monocytes also correlated with this 

antibody feature). Also, strikingly, the post-boost poorly activated CXCR4low CD56low CCR5low 

CD11clow CXCR3low CD11alow CD7low NK cell response correlated negatively with both  the peak of 

FcγR binding affinity and also the long-term persistence of IgG, a feature that was not well correlated 

with innate myeloid cell response. 

 

This supports a strong interconnection between NK cell response and the humoral response.  
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Discussion 

Using mass cytometry technology and a panel dedicated to NK cells, we were able to unveil the 

phenotypic diversity and complexity of this compartment during a prime boost vaccination at two 

weeks apart. 

 

A high phenotypic diversity was observed within the NK cell compartment, notably with wide 

ranges of expression of FcR (CD16), adhesion molecules (CD2, CD7), and various chemokines receptors 

(CCR5, CXCR4), suggesting various functionalities (Berahovich et al., 2006; Bruhns and Jönsson, 2015; 

Khan et al., 2006; McNerney and Kumar, 2006; Rabinowich et al., 1994; Sempowski et al., 1999). 

Interestingly, the expression of CD2 was observed both amongst intermediately and highly activated 

NK cells, with a clear cut between positive and negative population, suggesting a distinct ability to be 

activated within these populations, since CD2 is involved in NK cell functions, including cytotoxicity and 

cytokine production (McNerney and Kumar, 2006). Also, CD7 was clearly segregating positive and 

negative populations in all categories, likely linked to distinct activation capabilities (Rabinowich et al., 

1994; Sempowski et al., 1999).  

 

In both analyses we could unfortunately not include NK receptors such as NKp80, NKP46… due 

to a lack of reactivity of the corresponding antibodies, either with fixed cells or macaque cells (Palgen 

et al., 2019). As a consequence, we could not investigate the impact of vaccination on NK cell 

repertoire, which was shown to be impacted by individual infection history (Wilk and Blish, 2018). 

Further studies using single-cell transcriptomics or mass cytometry-based RNA detection (Frei et al., 

2016) could help by-passing the issue in the future. Still these existing data brought valuable 

information for NK cell dynamics and overall response following vaccination. 
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Similarly to the classical schedule (with two months delay between prime and boost), NK cells 

dynamics is marked by a decrease at early timepoints post-immunization, followed by an increase at 

the late timepoints. Note that this expansion peaked around D8 post-immunization, since at D14PP, 

NK cell number is almost back to baseline. In term of NK cell count, no difference was observed 

between the prime and boost of the two schedule. 

 

Though, compared to the classical boost schedule, we reveal here that the NK cell response if 

far more similar between prime and early boost.  As a consequence, discriminant analyses could not 

distinguish between prime and early boost responses. Still slight some differences could be observed. 

For example, poorly activated NK cells responded to the early boost, whereas they were not in  the 

classical schedule. This has to be linked with the induction of poorly activated NK cells between D1 and 

D14PP, observed in both schedules (Palgen et al., 2019). The high abundance of poorly cytotoxic NK 

cells in the post-boost response might correspond to exhausted NK cells reported in cancer (Mamessier 

et al., 2011; Platonova et al., 2011) and chronic infections (Jost and Altfeld, 2012). Interestingly, this 

exhaustion was shown reversible in a mice model (Ardolino et al., 2014), consistently with 

disappearance of these potentially exhausted NK cells in the classical boost (Palgen et al., 2019).   

 

The poor differences between prime and early boost responses was previously observed in the 

innate myeloid compartment, by contrast to a distinct response observed after the classical boost 

(Palgen et al., 2018). This strongly suggest, that the modification of the innate arm of the immune 

system (myeloid and lymphoid), which is induced by the prime and will result in a differential immune 

response, takes more than two weeks to occur. 
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It is still unclear which exact modifications of NK cells are induced by the prime, and which type 

of memory-like NK cells were generated in the classical boost (Palgen et al., 2019). Indeed, several 

terminologies co-exist in littérature, such as adaptive NK cells, cytokine activated NK cells, cytokine 

induced NK cells or antigen-specific NK cells, and the exact phenotype and function of each is not 

currently well-established (Min-Oo et al., 2013; Nabekura and Lanier, 2016; O’Leary et al., 2006; Paust 

et al., 2017). Still, our results indicate that the generation of these memory-like NK cells following 

vaccination, is impaired by an early boost. As a result these cells are not recruited after the early boost. 

 

Both in our previous analyses of innate myeloid response and here of NK cell response, we found 

correlations with the antibdoy responses, both at the peak of the response and in the long term. This 

indicates that innate responses to the early boost are good predictors of the resulting humoral 

response, even in the long term. Studies in literature previously highlighted the role of NK cell in B cell 

/ antibody response, for example In IgG subclass switching (Gao et al., 2001, 2008), Tfh and germinal 

center modulation (Cook et al., 2015; Rydyznski et al., 2018). Our results consistently support that NK 

cell may strongly participate to humoral immunity generation. This reinforces the importance of NK 

cell functions targeting in optimizing vaccines (Rydyznski and Waggoner, 2015; Wagstaffe et al., 2018). 
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of 4x108 PFU, two weeks apart (early boost schedule) or two months apart (classical schedule) 



adhesion, activation

NK receptors

cell population identification

cytokines, cytotoxicity

CD2 CD7 CD69CD25

CD11a CD11b

CCR5

CXCR4

CCR7 CD62L

CD11c

NKG2A/C NKG2D

migration

CD14 CD45

CD20

CD3 CD8CD16

CD66abce

HLA-DR
proliferation

Ki-67

CD4

Granzyme B Perforin IL-6

Fc receptors

CD32CD64

CXCR3

CD1c

CD56 CD107aCD226 CD39

A

Phenotypic families

Cell clustering 

Phenotypic clustering

Mass cytometry 

Single cells

SPADE clusters

Kinetic families

Kinetic clustering
Phenotypic comparison with

a reference dataset

Similar phenotypic families

Correlation analysis

Innate and adaptive correlates

B

●

●
●

● ●

●
●

●

●

●

●●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●●

●

●

●
●

●

●
●●

●●

●

●

●
●

●

●
●

●

●

●

●

●

●

●

●

●

●●

●

●

●

●

●

●●

●

●

●

●
●

● ●

●

●

●

●

●

●

●

●

● ●
●

●

●

●●

●

●

●

●
●

●

●
●

●

●

●

●

●
●

● ●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

● ●

●

●

●

●
●

●

●

●

●

●

●
● ●

●

●

●●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

● ●

●

●

●

●

●●

●

●

●

●

●

●

●

●

●

●●

●

●

●

●

●

●
●
●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

● ●

●

●

●

●

●

●
●

●
●

●

●

●

●
●

●
●

●

●

●

●

● ●

●

●

●

●

●

●

●

●

●

●
●

●●

●

●

●

●

●●
●

●

●

●
●

●

●●

●

●
●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●
● ●●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●●

●

●

●●

●

●

●

●

●

●
●

●
●

●

●

●

●

●

●

●

●

●

●

● ●

●

●

●

●

●●

●

●

●

●

●

●

● ●

●

●

●

●

●

●

●

●

●
●

●

●

●
●

●

●

●

●

●

●

●

●●●

●

●
●

●

●

●

●

●

●

●
●

●●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●●

●

●

●

●

●

●●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

● ●●

●

●

●
● ●

●

●

● ●

●

●
● ●

●

●

●●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●●

●

●

●

●

● ●

●

●

●

●

●●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●●

●

●

●

●

●●

●
●

●

● ●
●

●

●

●

●

●

●

●●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●
●

●

● ●●
●

●

●

● ●

●

●

●

●

●

●
●

●

●●

●

●
●●

●

●

●
●

●

●

●

●

●

●

●

●

●

● ●
●

●

●

●

●

●

●

●

●

●

●

●●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●●

●

●

●●

●

●

●

●

●

●

●

●

●
●

●●

●

●

●

●

●

●●●

●

●

●

●

●

●

●
●

●

●

●●

●

●
●

●

●

●

●

●

●

●

●

● ●

●

●

●

●

●

●

●

●

●

●

●●

●

●●

●●

● ●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●●
● ●

●

●

●

●

●

●

●

●

●

●
●

●

●●
●

●

●

●

●
● ●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

● ●
●

●

●

●

●

●

●●

●

●

●

●
●

non NK cells
NK cells

C

●

●
●

● ●

●
●

●

●

●

●●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●●

●

●

●
●

●

●
●●

●●

●

●

●
●

●

●
●

●

●

●

●

●

●

●

●

●

●●

●

●

●

●

●

●●

●

●

●

●
●

● ●

●

●

●

●

●

●

●

●

● ●
●

●

●

●●

●

●

●

●
●

●

●
●

●

●

●

●

●
●

● ●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

● ●

●

●

●

●
●

●

●

●

●

●

●
● ●

●

●

●●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

● ●

●

●

●

●

●●

●

●

●

●

●

●

●

●

●

●●

●

●

●

●

●

●
●
●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

● ●

●

●

●

●

●

●
●

●
●

●

●

●

●
●

●
●

●

●

●

●

● ●

●

●

●

●

●

●

●

●

●

●
●

●●

●

●

●

●

●●
●

●

●

●
●

●

●●

●

●
●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●
● ●●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●●

●

●

●●

●

●

●

●

●

●
●

●
●

●

●

●

●

●

●

●

●

●

●

● ●

●

●

●

●

●●

●

●

●

●

●

●

● ●

●

●

●

●

●

●

●

●

●
●

●

●

●
●

●

●

●

●

●

●

●

●●●

●

●
●

●

●

●

●

●

●

●
●

●●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●●

●

●

●

●

●

●●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

● ●●

●

●

●
● ●

●

●

● ●

●

●
● ●

●

●

●●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●●

●

●

●

●

● ●

●

●

●

●

●●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●●

●

●

●

●

●●

●
●

●

● ●
●

●

●

●

●

●

●

●●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●
●

●

● ●●
●

●

●

● ●

●

●

●

●

●

●
●

●

●●

●

●
●●

●

●

●
●

●

●

●

●

●

●

●

●

●

● ●
●

●

●

●

●

●

●

●

●

●

●

●●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●●

●

●

●●

●

●

●

●

●

●

●

●

●
●

●●

●

●

●

●

●

●●●

●

●

●

●

●

●

●
●

●

●

●●

●

●
●

●

●

●

●

●

●

●

●

● ●

●

●

●

●

●

●

●

●

●

●

●●

●

●●

●●

● ●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●●
● ●

●

●

●

●

●

●

●

●

●

●
●

●

●●
●

●

●

●

●
● ●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

● ●
●

●

●

●

●

●

●●

●

●

●

-20 -18
0.0

0.5

1.0

1.5

2.0

2.5

0 10 20 30

All NK cells

Days post-prime

ce
ll

co
u

n
t

(1
0

6
ce

lls
p

er
m

L
o

f
b

lo
o

d
)

BC554

BT145

CBL00

CC840

CCB11

D

1

11

2

4

15

7

10

16

13

5

9

17

8

12

3

6

14

9

7

10

6

2

4
1

8
35 Classical boost

Early boost

H
ig

h
ly

 a
ct

iv
at

ed
 C

D
2+

 N
K ce

lls

H
ighly activated CD2- NK cells

Po
or

ly
 a

ct
iv

at
ed

 N
K
 c

e
lls

Poorly activa
te

d

N
K
 cells

Intermediately activated

NK cells

Highly activatedNK cells

●
FcγR D14PB

IgG M6PB●

●
● ●IgG D8PB

IgA D8PB

IgA M6PB

nAb M6PB

nAb D8PB

FcγR M6PB

●
●

●

●

●highly activated CD2+ NK cells PB

poorly activated CD2+ NK cells PB

-20 -18
0.00

0.05

0.10

0.15

0.20

0 10 20 30

Days post-prime

ce
ll

co
u

n
t

(1
0

6
ce

lls
p

er
m

L
o

f
b

lo
o

d
)



Figure 2. Analytical strategy to study NK cells. (A) The panel of 34 antibodies is displayed. (B) The 

SPADE algorithm was used to identify groups of cells sharing similar phenotype in the dataset. 

Phenotypic families (groups of cell clusters having similar phenotype) were generated. Kinetic families, 

were constructed as groups of phenotypic families sharing the same abundance profiles. A 

phenotypical comparison with the previous vaccine schedule study at 2 months apart was done. (C) 

generated SPADE tree is shown. This analysis was built using all samples from the dataset NK cell 

clusters (CD3- CD8+) are indicated in red. (D) The absolute number of total NK cells per individual animal 

at each timepoint is shown. Red arrows indicate MVA immunization.  
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Figure 3. Phenotypic heatmap of NK cells. Each line of the heatmap corresponds to one cell cluster 

and each column to one marker. Marker expression is displayed according to phenotypical categorical 

bins, corresponding to the subdivision of marker range of expression in five categories between the 5th 

and 95th percentile of expression (the color code is indicated). The marker and cluster dendrograms 

are shown on the top and left, respectively. The cluster dendrogram defined phenotypic families and 

superfamilies. Phenotypic families were randomly numbered and colored with different shades of the 

same color for each superfamily.  
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Figure 4. Different enrichment of NK cells a�er each immuniza�on.  For each kine�c family, the

individual abundance in the number of cells/µL of blood is displayed over �me.  
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Figure 5. Phenotypic composition of NK cells compartment. The composition in phenotypic families 

of the NK cell compartment is indicated over time for each timepoint and each animal. Pie size is 

proportional to the absolute count of blood NK cells. Slices correspond to phenotypic families. na: not 

available. (C) The inverse Simpson index, as a readout for diversity, is displayed for each animal over 

time. Each color represents a distinct animal. 
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Figure 6. Prime and boost response segrega�on in early and classical boost schedules. In each vaccine 

schedule LASSO -LDA was used to op�mize a model dis�nguishing prime and boost responses, to 

iden�fy the specific signature of each. The mean square error (MSE) is displayed for the op�mal model 

in the early boost and classical boost schedule. 
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phenotype of each NK cell cluster was compared to the NK cell clusters iden�fied in classical schedule.  

The  similarity  between  clusters  was  computed  as  the Manha�an  distance,  calculated  on  the  

expression of the 26 markers shared in both experiments.   
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Figure 8 – Correlation between antibody response and NK cell response. (A-B) The correlation 

between NK cell response (normalized area under the curve for each population) and the peak and 

long-term persistence of antibody response were assessed. All correlations were represented in (A) 

after hierarchical clustering with the complete method. In addition, in (B) All antibody response and 

all the NK cell responses that correlated (|R| > 0.6) with at least one antibody response were 

considered to build the correlation graph. Correlations with 0.6 ≤ |R| ≤ 0.7 were considered as weak; 

correlations with |R| > 0.7 were considered as strong. 



Metal Marker Clone Surface Intra-cellular
141Pr CD66 TET2 ●

142Nd HLA-DR L243 ●

143Nd CD3 SP34.2 ●

144Nd CD64 10.1 ●

145Nd CD8 RPAT8 ●

146Nd IL-6 MQ2.13A5 ●

147Sm CD226 DX11 ●

148Nd Granzyme B GB11 ●

149Sm CD11a HI111 ●

150Nd CD11b ICRF144 ●

151Eu CD62L SK11 ●

152Sm CD4 L200 ●

153Eu CD56 NCAM16.2 ●

154Sm CD2 RPA2.10 ●

155Gd CD7 M-T701 ●

156Gd NKG2D 1D11 ●

159Tb CD45 D058-1283 ●

160Gd KI-67 B56 ●

161Dy CD1c AF5910 ●

162Dy CD25 4E 3 ●

163Dy CD32 FLI8.26 ●

164Dy CD69 FN50 ●

165Ho CD39 eBioA1 ●

166Er CCR5 3A9 ●

167Er CD16 3G8 ●

168Er CD11c 3.9 ●

169Tm CXCR4 12G5 ●

170Er CD14 M5E2 ●

171Yb Perforin Pf-344 ●

172Yb NKG2A Z199 ●

173Yb CD107a H4A3 ●

174Yb CD20 2H7 ●

175Lu CCR7 G043H7 ●

176Yb CXCR3 G025H7 ●

Table 1. Antibody panel targeting NK cells for mass cytometry. Marker targeted, antibody clone, and 

conjugated metal are indicated. Whether the staining was intra- or extra-cellular is also stated.
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Figure S1. Staining profile of CD66. A representative non-uniform CD66low/- cluster 
(A) and a representative CD66high/+ cluster (B) are displayed.



Figure S2. Kinetics of the 17 NK cell phenotypic families. Individual curves are 
displayed. Dotted frames indicate the kinetic families.
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Figure S3. Correlation between NK cell and antibody responses. The Spearman 
coefficient of correlation is given. blue: significant positive correlation; red: significant 
negative correlation.
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BC554D BT145 CBL004 CC840 CCB116 ALL

BPD019H00 527 489 482 666 561 095 478 147 231 762 2 281 159

PPD000H00 492 152 699 936 504 700 1 696 788

PPD000H06 452 724 666 844 449 514 734 437 433 356 2 736 875

PPD001H00 545 064 701 931 344 099 819 306 598 751 3 009 151

PPD003H00 373 720 566 820 378 002 1 318 542

PPD008H00 573 394 588 903 366 662 1 528 959

PBD000H00 688 897 427 351 544 143 426 364 2 086 755

PBD000H06 495 294 727 372 542 156 702 312 689 619 3 156 753

PBD001H00 401 139 467 860 475 397 681 465 392 377 2 418 238

PBD003H00 636 262 636 262

PBD008H00 191 006 447 243 473 213 280 084 445 144 1 836 690

PBD014H00 634 835 640 607 371 437 1 646 879

PBD028H00 529 883 671 975 570 475 473 697 2 246 030

TOTAL 3 777 434 6 294 054 3 843 300 7 372 422 5 311 871 26 599 081

Table S1. Cell number across samples. The number of events acquired by mass cytometry is indicated 

for each sample.



Markers

Number of

non-uniform

clusters

Percentage 

of

non-uniform

clusters

CD66 46 35,38

CD7 15 11,54

CD16 9 6,92

CD2 7 5,38

CD39 6 4,62

CD25 2 1,54

CD11c 2 1,54

NKG2A 2 1,54

HLA-DR 1 0,77

CD3 1 0,77

Granzyme B 1 0,77

CD64 0 0,00

CD8 0 0,00

CD226 0 0,00

CD11a 0 0,00

CD11b 0 0,00

CD62L 0 0,00

CD4 0 0,00

CD56 0 0,00

NKG2D 0 0,00

CD45 0 0,00

CD1c 0 0,00

CD32 0 0,00

CD69 0 0,00

CCR5 0 0,00

CXCR4 0 0,00

CD14 0 0,00

Perforin 0 0,00

CD107a 0 0,00

CD20 0 0,00

CCR7 0 0,00

CXCR3 0 0,00

Table S2. Uniformity of markers across clusters. The number and corresponding percentages of non-

uniform clusters is given for each marker.
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Conclusions and perspectives

Results summary
The aim of my PhD project was to characterize the innate immunity induced by

prime-boost vaccination, its interactions with adaptive immunity and especially with im-
munological memory, depending on the vaccine schedule. As an experimental strategy, I
used cynomolgus macaque as animal model, MVA HIV B vaccine as vaccine model, and
mass cytometry as the main technological approach.

Employing this strategy, I was able to unveil the wide phenotypic diversity of blood
innate immune cells within both innate myeloid cell and NK cell compartments. Each
immunization similarly induced major, early and transient changes in cell number, even at
the scale of granulocytes, monocytes-DCs and NK cell compartment. These kinetics dif-
fered between innate myeloid cells and NK cells though. Indeed, innate myeloid increased
in number after the first immunization, before going back to their initial number at later
timepoints. By contrast, NK cells first decrease in number, a decrease that coincides with
a shift toward a less active phenotype (likely linked to the recruitment of immature NK
cells in blood), before re-increasing in number (Figure 29).

Strikingly, in a classical (two months apart) prime-boost vaccination schedule known
to induce robust antigen-specific antibodies and memory B cell responses, prime vacci-
nation induced tremendous and long-lasting changes in innate immune cell phenotypes.
More precisely, in innate myeloid cells (not only monocytes, as usually reported for innate
training, but also cDCs and neutrophils) and NK cells, prime led to a late upregulation
of several markers involved in cell maturation/activation (e.g. FcR, chemokine receptor,
cytotoxic molecules), between two weeks and two months. This phenotype suggested
a stronger ability for these innate cells to respond to subsequent pathogen encounters.
These phenotypic changes likely correspond to innate trained immunity. These results
are thus likely the first report of the extensive phenotypic characterization of trained in-
nate cells induced by vaccination (Figure 29A).
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Interestingly, reducing the delay between prime and boost to two weeks, a time-lapse
strongly suggested detrimental to humoral response generation in humans in literature,
strongly impacted both adaptive and innate responses in NHPs in our settings. Notably,
prime vaccination did not induce changes in innate cell phenotype in two weeks, as pre-
viously observed. Still, for NK cells, a tendency for a less cytotoxic phenotype was found
after the boost, suggesting a sub-optimal response, associated with potentially exhausted
NK cells. Strikingly, no upregulation of activation/maturation markers was found, even at
late timepoints post-early boost, which would correspond to late timepoints post-prime
in the classical schedule -at which the "likely trained" appear in blood. This strongly
suggests that the prime-induced maturation of innate cells, giving rise to "likely trained"
cells between two weeks and two months post-prime, was perturbed and impaired by the
early boost immunization (Figure 29B).

Regarding the humoral response, secondary IgA levels were far lower in the early
boost schedule. In addition, while secondary IgG levels remained quite similar in both
schedules, the neutralization titer and the ability of antigen-specific antibody to aggregate
CD16 dimers (as a surrogate of CD16 binding affinity and resulting ADCC) were reduced
in the early boost schedule. This confirmed that this schedule was sub-optimal (Figure
30).

Consistently, the presence of phenotypically “likely trained” innate cells correlated
with IgA titer, neutralization titer and Fc-FcR binding affinity. Also, their presence was
associated with an overall increased cytokine production by PBMCs in the post-boost re-
sponse. This increased cytokine production in the response to the boost likely arise from
the deep interaction between memory B and T cells induced by the prime and innate
immune cells, as well as the intrinsic phenotype change of innate cell phenotype induced
by the prime. Altogether, this strongly support a key role of these “likely trained” cells in
the re-stimulation of primary immune memory and generation of a long-lasting secondary
immune memory (Figure 30).

Overall, in my PhD project I characterized in depth the innate immunity induced by
prime and boost vaccination. I highlight the early effector phase and late “memory-like”
innate immunity induced by prime and responding to the boost, according to the schedule
used. I also unveiled the association between “likely trained” innate immunity, humoral
responses and cytokine production by innate and adaptive PBMCs. In addition, from a
computational point of view, the analytical strategy that was developed in the project to
explore the mass cytometry datasets and identify cell/marker signatures distinguishing
different immune conditions (e.g. prime and boost) can be applied to high-dimensional
data in numerous contexts. This makes it valuable to answer other key questions in the
field of immunology and beyond.
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Figure 29. Characterization of innate responses after prime and boost with
respect to vaccine schedule. The kinetics and overall phenotype of innate cells (both
myeloid and NK cells) are displayed for the classical boost schedule (A) and the early
boost schedule (B).
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Figure 30. Associations between innate responses and adaptive responses.
The presence of the “likely trained” innate cells is associated with increased IgA and
neutralizing antibody titers, as well as increased affinity towards FcR (namely CD16),
and increased cytokine production by PBMCs in the classical boost schedule. In the
early boost schedule, in which no modification ("training") of innate cells was induced,
the aforementioned antibody parameters and cytokine production were lower.

276



Opened questions

Opened questions
Several questions arose from the obtained results of this project, and I will give here

an overview of the main ones to my view.

Innate and cellular adaptive immunity interactions

Our association analysis between innate cells and adaptive responses was limited to
the humoral response and the cytokine production by innate and adaptive PMBCs. The
cellular adaptive B and T cell immune responses have not been included so far.

Actually, the in depth characterization of B and T cell responses with mass cytom-
etry is ongoing within the laboratory, with part of the B cell response characterization
on selected timepoints previously published (Pejoski et al., 2016) and other analyses not
completed. The data were generated in the very same animals used for the character-
ization of innate immune cells, using dedicated panels designed and applied to PBMCs
samples. They notably include the assessment of antigen-specific B cell immunity (with
the follow-up of B cells with specific BCR) and T cell effector functions (notably after ex
vivo MVA re-stimulation).
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NK cell phenotyping

In term of immune cell phenotyping, we must acknowledge that NK cell characteri-
zation was imperfect. Our results strongly support the development of memory-like NK
cells with likely enhanced functions (functional tests would be required to firmly conclude
though), based on the expression of several maturation markers. Still, since we needed
to use fixed samples in our settings, we were not able to include most NK cell receptors
in our NK cell dedicated antibody panel. As a result, the diversity of NK cell repertoire,
which was shown to be highly diverse and impacted by immune experience (Strauss-Albee
et al., 2015; Strauss-Albee & Blish, 2016; Wilk & Blish, 2018), could not be assessed.

One solution would be to use either fresh blood or frozen PBMCs to include more of
these receptors in our antibody panel. The availability of antibodies cross-reacting with
macaque cells may be a strong limitations, though it is possible to combine RNA probes
labelled with an heavy metal to overcome this issue, the so-called proximity ligation assay
for RNA (Frei et al., 2016). This approach was successfully used to discriminate NKG2A
and NKG2C (two molecules with a high homology impairing their distinguishment via
antibodies) in rhesus macaques (Ram et al., 2018).

Still, the high number of NK cell receptor may outnumber the channels available in
a single mass cytometry antibody panel. To by-pass these issues, switching to single-cell
RNAseq analysis and focusing on the sole NK cell population may be highly valuable
(Table 3). As mentioned in Chapter 1, this technology allows to sequence potentially
all cell transcripts (with respect to sensitivity issue), though currently on a limited num-
ber (around 10,000) of cells ; this number may increase in the oncoming years (Svensson
et al., 2018). On the purified population of NK cells, this may be sufficient to assess NK
cell phenotype and it would allow for the full characterization of the NK cell repertoire.
Additionally, antibodies barcoded with oligonucleotides could be added, according to the
cellular indexing of transcriptomes and epitopes by sequencing (CITE-seq) or the RNA
expression and protein sequencing assay (REAP-seq) approached that allow to quantify
more than 80 proteins and thousands of genes simultaneously (Stoeckius et al., 2017; Pe-
terson et al., 2017).

Table 3. High-dimensional technologies to study NK cell compartment.

Technology Advantages Challenges

single-cell RNAseq
Analysis of all NK receptors

transcripts, the whole repertoire
covered

Low number of NK cells analyzed,
a representative part of the
compartment not analyzed

mass cytometry
High number of NK cells analyzed,

a representative part of the
compartment likely analyzed

Reduced number of NK receptor
expression assessed, the whole

repertoire not analyzed

Advantages and drawbacks of mass cytometry and single-cell RNAseq with respect to NK cell compart-
ment characterization are displayed.
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Innate immune memory duration

We showed that reducing the delay between prime and boost induced significantly
distinct immune responses, compared to the classical schedule. The early boost likely
perturbed the development of the primary effector and memory B cell response, resulting
in an altered secondary antibody response. Strikingly, the early boost simultaneously
failed to mobilize “likely trained” innate cells and induced innate responses similar to the
prime. However, what would happen if the delay between prime and boost is increased,
especially regarding innate training, remains unaddressed (Figure 31).

Indeed, the training of innate cells was observed at two months, but it is not clear
neither whether this training was complete or had already started to wane, nor for how
long it will persist. As a consequence, a slightly sooner or later boost may better harness
immune training by targeting more completely trained innate cells. By contrast, a far
later boost could act on innate cells that lost their training and would be potentially not
more efficient than at the prime (with the exception of the distinct signals provided by
memory T and B cells, as well as circulating antibodies). This may be also correlated
with a less efficient secondary adaptive immune response (Figure 31).

As mentioned in the introduction, the duration of innate immune training is not clear.
For NK cells, a duration of more than a year was proposed based on BCG vaccination
results and evolution of NK cell repertoire along lifespan (Strauss-Albee et al., 2015;
Suliman et al., 2016). By contrast published data on trained myeloid cell and modified
progenitor bone marrow cell lifespan are more scarce since functional tests rarely went be-
yond one month post-training induction in mice or humans (Arts et al., 2018b; Mitroulis
et al., 2018; Yao et al., 2018). There are some exceptions though. In mice, training of
hematopoietic progenitors still occurred after five months (Kaufmann et al., 2018). BCG
vaccination of healthy volunteers resulted in the maintenance of trained monocytes up to
one year post-vaccination, although it had started to wane (Kleinnijenhuis et al., 2014a).
Taken together, epidemiological studies suggest that immune training elicited by vaccina-
tion could be at play for years (Benn et al., 2013). Discussions in the community suggest
that this training could start to wane after a year though. Thus should a boost be given
after this period, it would likely be less efficient in harnessing innate training (Figure 31).

Also, we may wonder whether the boost will also induce a secondary training of innate
immune cells. Indeed, at two weeks post-classical boost, a tendency for changes of the in-
nate myeloid compartment was observed (Palgen et al., 2018). The NK cell compartment
composition could not be investigated at these late post-boost timepoints (Palgen et al.,
2019). Thus we may suspect that the boost could induce secondary trained innate cells
that would have an even more active/mature phenotype, inducing a distinct response at
a second boost.
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Figure 31. Potential impact of a late boost on the resulting immune response.
Depending of the training waning of innate cells, as well as memory waning of adaptive
cells, responses to a late boost may differ from the classical boost, potentially going back
to a prime response.
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Enhanced functions of “likely trained” cells and adaptive immunity
activation

We showed that there was a strong correlation between “likely trained” innate cells,
antibody responses and cytokine production by PBMCs. Correlation does not mean
causality though. Indeed, prime could induce independently adaptive memory cells and
trained immune cells. In such a scenario, the quality of the secondary antibody response
would be associated with but not directly shaped by “likely trained” innate immune cells.

Still, adaptive immunity was shown important in macrophage training (Yao et al.,
2018), and trained innate monocytes were able to potentiate CD8 T cell response (Walk
et al., 2019). There is a deep interconnection of innate and adaptive immunity, as de-
scribed in the Introduction, and consistently with modification of cytokine production
of both innate and adaptive cells in the classical boost schedule (Chapter 5). Thus it
is very likely that both responses (trained innate cells and adaptive memory cells) are
connected. We may then hypothesize that the boost improved immune memory (e.g.
better neutralizing antibody titer) not only because it targets primary adaptive memory
cells induced by the prime, but also because the innate immunity to the boost displays
intrinsically enhanced functions (e.g. signals 1, 2 and 3 provided during T cell activation).

Functional analyses remain to be conducted to better understand the role of each
innate compartment. Indeed, most results obtained in this project focused on the phe-
notype of the cells, which was partially linked to functions with the cytokine production
assay. Still, assessment of the ability of “likely trained” cells to better phagocyte pathogen
or better present antigen are currently missing.

Actually, phenotyping allows to define subphenotypes, as identified in this project, but
may be not be fully sufficient to characterize a “true” cell subpopulation. Indeed, a cell
within a given subpopulation may change the expression of its marker, without necessarily
changing of subpopulation. For instance, an NK cell that degranulated granzyme shows
an increase expression CD107a at the cell surface and a reduced intra-cellular expression
of granzyme but remains in the same NK cell subpopulation. Definition of cell subpop-
ulation may require ontogeny analysis and/or functional characterization, as proposed in
literature for DC, neutrophils or NK cells for example (Vu Manh et al., 2015; Rosales,
2018; Wilk & Blish, 2018). The exact distinction between subphenotypes and subpop-
ulations may be blurred though, given the plasticity of cells to deeply alter both their
phenotype and functions (Liu et al., 2001; Galli et al., 2011; Cichocki et al., 2014).

Functional analysis of the subphenotypes identified in these project, notably with re-
spect to their ability to activated adaptive immunity, are planned in the future projects
of the laboratory.
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“Likely trained” innate immune cell ontogeny

It is as well important to better understand at which step of cell differentiation the
phenotypic modifications, likely corresponding to innate training, occur. On one hand
training of fully differentiated cells was shown for example after β glucan or BCG simu-
lation of monocytes ex vivo (Quintin et al., 2012; Bekkering et al., 2016; Garcia-Valtanen
et al., 2017), and trained resident cells were shown to self-maintain in tissues (Yao et al.,
2018). On the other hand training of hematopoietic stem cells was also shown in vivo
(Kaufmann et al., 2018; Mitroulis et al., 2018), suggesting that training could happen
during immune cell generation in the bone marrow. Whether a distinct training origin
results in phenotypically and functionally distinct trained cells remains to be addressed.

It is not clear whether the mature trained cells observed in vivo after vaccination
(Kleinnijenhuis et al., 2012; Arts et al., 2018b) arise from trained differentiated cells
and/or trained progenitor cells. Indeed, the progeny may not be expected to survive for
a long timeperiod. Actually, we observed a “likely training” effect of vaccination on neu-
trophils, a population well described as short-lived (Pillay et al., 2010), supporting that
training would occur during the maturation process of innate cells, either stem cells or
early progenitors that are not yet fully characterized (e.g. pre-neutrophils).

In addition, the training of non-immune cells was also shown (Hamada et al., 2018)
suggesting that stromal could also participate in the training. For instance, one may
imagine that a stromal cell that would have captured vaccine antigen could deliver it to
newly generated cells, inducing phenotypic changes in these cells.

The persistence of the vaccine or its antigens may also be at play in the process. The
inability of MVA to replicate in mammalian cells makes it unlikely in our settings, though
one may hypothesize for example that infected cells could survive in a niche via unknown
protection mechanisms. Besides, BCG training of hematopoietic stem cells was proved
independent of BCG persistence in mice, since the transfer of trained hematopoietic stem
cells into a naive host still gave rise to a trained progeny, without the stem cells being
infected themselves (Kaufmann et al., 2018).

In our settings, the three non mutually exclusive scenarios (modifications of progeni-
tors, of by-stander stromal cells, or of differentiated cells) could lead to the "likely trained"
innate immune cells we observed (Figure 32).
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Figure 32. Generation of trained innate immune cells. The reference, untrained,
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cell providing differentiation signal, or training of fully differentiated cell. Each model
ends up with the generation of a trained terminally differentiated innate immune cell.
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The same issue of innate memory origin stands true for memory-like NK cells. In mice
the self maintenance of fully differentiated homeostatic proliferation-induced memory NK
cells was proved (Sun et al., 2011), as well as expansion of cytokine-induced memory
NK cells in recipient animals (Cooper et al., 2009). By contrast, the clonal expansion of
cytomegalovirus antigen-specific memory NK cells relied on KLRG1- NK cell progenitors
in mice (Kamimura & Lanier, 2015). In addition, a CD34+ CD226+ CXCR4+ NK cell
progenitor giving rise to NK cell with enhanced functions was identified in humans during
chronic inflammation (Bozzano et al., 2015). Further insights into the generation and
development of memory NK cell would also be highly valuable to target and harvest them
in vaccine design optimization.

Current projects from the laboratory aim to address the identity of the cell that is
modified or trained, as well as the nature of the modification (phenotypic, transcriptomic
and/or epigenetic). To do so, bioinformatic methods dedicated to the assessment of cell
differentiation trajectories, based on single-cell measurements, can be exploited, such as
k-nearest neighbor graphs (Bendall et al., 2014), or diffusion maps (Haghverdi et al., 2015;
2016). Rather than the repartition in subpopulations, these methods focus on phenotype
evolution within a wider cell population.

A k-nearest neighbor graph algorithm, called Wanderlust was successfully applied to
mass cytometry data to decipher B cell differentiation (Bendall et al., 2014). It relies on
the construction of the shortest path to transit from a user-defined initial cell (usually a
stem cell) to the most differentiated cell in the dataset. Though powerful, it is limited
by the strong assumptions of non-branching differentiation, impeding the study of several
cell types simultaneously, as well as the required presence of all cell types in all samples,
impeding the study of initially absent trained cells.

Diffusion map approaches rely on Markovian transition probability to assess the like-
lihood of connection between every cells in the datasets. This approach was particularly
adapted to single-cell RNA sequencing with a development of a dedicated R-package (An-
gerer et al., 2016), and successful applications in literature in several contexts (e.g. Fan
et al. (2018); Fergusson et al. (2018); Massaia et al. (2018). It was also successfully ap-
plied to mass cytometry data to follow the reconstitution of the immune of stem cell after
transplantation in human patients (Chen et al., 2018).

Such approaches can serve to further investigate the differentiation processes resulting
in the generation of “likely trained” innate cells, especially in bone marrow. Overall, given
the complexity of the hematopoietic compartment, we may need to switch to single-cell
RNAseq, CITE-seq or REAP-seq to capture the full diversity of all transitional cell types.
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Innate immune training related pathways

Another remaining question in the field of innate training is the determination of the
stimuli and associated pathways resulting in training (Song & Colonna, 2018). Strikingly,
in vaccination, only live-attenuated vaccines were reported or suspected to induce training
so far (BCG, smallpox, measles, poliomyelitis, yellow fever and live-attenuated pertussis
vaccines) (Benn et al., 2013; Saadatian-Elahi et al., 2016; Cauchi & Locht, 2018). This
suggests that adjuvanted recombinant vaccines, or even dead vaccines, would lack a cru-
cial stimulus to induce immune training.

Which exact feature of live-attenuated vaccines is involved (e.g. peak of viremia or
bacteremia, potential persistence of vaccine in some cells)is unknown. The determination
of the exact nature of this stimulus remains to be determined, though mevalonate, IL-1
and IFNγ were proved important (Bekkering et al., 2018; Moorlag et al., 2018; Domínguez-
Andrés et al., 2018). A better characterization of the pathways involved may enable the
development of recombinant vaccines inducing trained immunity.

Besides, regarding MVA, recent finding indicated that in vitro stimulation of mono-
cytes with MVA did not induce training, and rather tolerance, whereas vaccinia virus
trained monocytes (Blok et al., 2019b). This is in contrast to our findings in vivo (Palgen
et al., 2018). Still, in that study (Blok et al., 2019b), MVA and VAVC simulation were
not compared at the same doses, making the side-by-side comparison tricky. In addition,
it might well be that training of monocytes by MVA require the action of other cells, for
example specific CD8 T cell IFNγ, as for lung macrophages training following adenovirus
vaccination (Yao et al., 2018). Then the lack of these cells in the aforementioned in vitro
experiment could have precluded monocyte training.

Also, other results in mice suggested that MVA, in contrast to VACV, did not induce
memory NK cells (Gillard et al., 2011). Still, the authors focused on the detection of such
NK cells 6 months after prime, without intermediate timepoints. Thus, it is possible that
the NK cells we observed in our settings were also induced in mice but waned before 6
months. Interestingly, MVA is known to strongly activate NALP3/NLRP3 inflammasome
(Delaloye et al., 2009), a PRR linked to trained immunity following western-diet in mice
(Christ et al., 2018), suggesting that this pathway might be involved in the development
of “likely trained” innate cells we observed in our settings. This is further supported by
the reported involvement of NALP3/NLRP3 inflammasome in NK cell memory induction
in mice (van den Boorn et al., 2016).

Whether the memory-like NK cells we observed were antigen-specific or not is also
a remaining question. Memory NK cells induced by VACV vaccination were likely not
antigen-specific, since they were more responsive to an unrelated adenovirus re-stimulation
(Gillard et al., 2011), suggesting that it might also not be the case in our settings.

Eventually, the MVA vaccine construct we used contained an HIV insert which may
participate in the innate memory induction we observed. A comparison of wild-type MVA
vs. MVA HIV B vaccine could contribute to further address this concern.
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Overtraining and innate immune exhaustion

Also, whether an overstimulation or overtraining can lead to “exhausted-like” innate
cells needs to be further elucidated. Indeed, in the early boost schedule, we found NK cells
that display low cytotoxic ability at the boost, and may correspond to exhausted NK cells
previously described in chronic inflammation contexts, such as cancer (Platonova et al.,
2011; Mamessier et al., 2011), or HIV infection (Jost & Altfeld, 2012). Similarly, patients
recovering from sepsis showed impaired responsiveness of their monocytes (Bomans et al.,
2018; Bouras et al., 2018).

This suggests that continuous stimulation may result in long-lasting impairment of
innate immune cells. This phenomenon might be at play in the reduced efficacy of the
immune system of elderly people, since low but constitutive inflammation was observed in
elderlies, which came by alteration of several functions of the immune system, especially in
the innate arm (Pinti et al., 2016). For instance, chemotaxis responsiveness of neutrophils,
cytokine production of innate cells in response to PRR engagement, and ROS production
in phagocytes were reduced in aged people, and NK cell dysfunctions were reported in
elderlies too (Pinti et al., 2016).
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Impact of the immunization route

Also, we essentially focused in this project on the characterization of the impact of
the delay between prime and boost on the resulting immune response. Other parameters
are important to understand vaccine-induced immune response. For example, the route
of immunization highly matters. Indeed, with respect to trained innate immunity, route
of immunization was proved crucial in BCG vaccination in mice, in which intravenous
but not subcutaneous injection induced changes in hematopoietic stem cells (Kaufmann
et al., 2018). The authors linked it with a distinct ability for the vaccine to reach the bone
marrow and hematopoietic stem cells according to the route of immunization (Kaufmann
et al., 2018).

Actually, the project of another research group within the team was to characterize the
similarities and discrepancies of the immune response induced with the same vaccine and
the same animal model, but comparing also intradermal, intramuscular and subcutaneous
routes (unpublished yet). It includes the characterization of both the early molecular and
cellular events at the site of injection and the later MVA specific antibody, B and T cell
effector and memory responses in blood, draining lymph node and site of immunization. A
part of the first characterization of the immune response induced by intradermal injection
using flow cytometry, confocal microscopy and luminex was published (Rosenbaum et al.,
2018), the rest of the analyses is still ongoing. In addition, within our research group,
the mass cytometry characterization of early and late innate myeloid response induced
after intradermal immunization of cynomolgus macaques with the MVA HIV B vaccine
is currently ongoing.

Note also that comparing the results we obtained on MVA vaccination with other vac-
cines (e.g. dead vaccines, recombinant vaccines, different types of adjuvants, heterologous
prime boosts) will also be important. Indeed, such knowledges would be rewarding to
better understand vaccine-induced immune response in a more general context.
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Vaccine efficacy assessment

A limitation in the use of our vaccine model, MVA, is that it is not possible to chal-
lenge the animal with the cognate pathogen, variola virus. Indeed, since the eradication
of smallpox in 1980, stocks of frozen smallpox virus are securely stored in the centers
for disease control and prevention in the United States, and the state research centre of
virology and biotechnology in Russia, and are not available for research for obvious public
health safety concern. Challenges with the related monkeypox virus could potentially be
done but would require the use of biosafety level 4 facilities. Eventually, VACV challenge
could also be done, though the access to the virus is restricted.

It was thus not possible to assess firmly whether each schedule was protective. Still,
the high level of neutralizing antibodies induced in the classical boost schedule suggests
that it was protective, since the titer was similar to an immunoglobulin pool of plasma
from human volunteers boosted with Dryvax smallpox vaccine (vaccinia immune globu-
lin intravenous (human), VIGIV), which was shown protective after passive transfer into
rhesus macaques (Edghill-Smith et al., 2005).

We could also use a challenge with an unrelated pathogen to assess cross-protection in-
duced by vaccination, for example with yellow fever vaccine or plasmodium, as previously
done in literature (Arts et al., 2018b; Walk et al., 2019). This could also help refining the
functions of the “likely trained” innate immune cells, as mentioned in the previous sec-
tions. In this project, this was not feasible, since organs were harvested at euthanasia one
year post-boost to assess the tissue distribution of adaptive cells, especially B cells. This
currently ongoing analysis prevented the use of animal challenge that has to be postpone
for future dedicated studies.
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Harnessing innate immune training to improve vaccine design

Eventually, inducing a potent trained innate immune system is a promising strategy
to improve vaccine in a longer-term perspective (Sánchez-Ramón et al., 2018).

Caution should be taken obviously. Indeed one should consider the potential adverse
effects of overall immune system activation regarding auto-immune and inflammatory dis-
orders (Bekkering et al., 2013; Leentjens et al., 2018; Arts et al., 2018a; Braza et al., 2018).
Still, innate immune training in vaccination could be used to induce cross-protection
against heterologous diseases, which could be especially valuable in young children highly
exposed to numerous pathogens in their first years of life (Figure 33A).

In addition, assuming that these trained innate cells have an increased ability to clear
pathogen and present antigens, we may use this to enhance an heterologous prime. For
instance, for a given vaccine when one prime and several boost(s) are required to induce
a potent and long-lasting immunity, if the initial prime is made in the presence of already
unspecifically trained innate cells, induction of memory cells could be improved, resulting
in the requirement of a lower number of boost(s). Further researches are indeed require
to address and explore this possibility and orientate the choice of the vector used in ho-
mologous or heterologous prime-boost (Figure 33B).
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Figure 33. Harnessing vaccine-induced training to optimize vaccines. Innate
training could be used on one side (A) to mediate heterologous protection, a feature
valuable in public health. On the other side (B), it could be used to enhance a new
prime to improve the initial response of a heterologous vaccine, resulting in a reduced
number of boost compared to a reference schedule.
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Concluding remarks
Vaccination is a tremendous progress made in public health, and the main preven-

tion measure that exists today against infectious diseases. The rationale optimization of
current and future vaccines is crucial to counteract complex or emerging diseases. This
necessarily goes through a better understanding of vaccine-induced immune response to
better target and improve the vaccine-induced memory establishment. In this process,
the innate immunity, as the initial trigger required for naive B and T cells activation,
memory B and T cells restimulation, and polarization of humoral and cellular responses,
plays a central role.

The results obtained in my project aim to contribute to fulfill this goal, with the in
depth description of innate responses induced following different vaccine schedules, with a
vaccine approved against smallpox in case of bioterrorism and currently tested as a vector
against multiple diseases. My work particularly highlights the striking role of trained in-
nate immunity in vaccination, consistently with the recent literature prompting to a new
interest towards the targeting and harnessing of innate immunity in vaccination. Though
many questions remain opened, I think these results are a valuable step towards the im-
proved rational optimization of vaccines.
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French resume/Résumé en français

Contexte. La vaccination est, après l’approvisionnement en eau potable, le plus grand
progrès jamais réalisé en santé publique. Basée sur le principe de la mémoire immunitaire,
la capacité du système immunitaire d’un individu à se souvenir des rencontres passées avec
un pathogène afin de répondre plus efficacement aux rencontres suivantes, la vaccination
consiste en l’injection ou l’administration de produits dérivés d’un pathogène (pathogène
entier atténué, pathogène tué, protéines du pathogène, toxines inactivées du pathogène),
afin d’induire une réponse immunitaire, sans la pathogénicité de l’agent infectieux, afin de
protéger contre l’agent infectieux. La protection conférée par la vaccination opère à deux
niveaux, à l’échelle individuelle, elle permet de se protéger soi, en empêchant l’infection
par un pathogène donné ; à l’échelle de la population, si une proportion suffisante de la
population est vaccinée contre un pathogène donné, cela empêche la propagation de la
maladie, protégeant ainsi les personnes non vaccinées, et les personnes au système im-
munitaire affaibli (tels que jeunes enfants, personnes âgées, patients immuno-déprimés),
et permettant potentiellement d’éradiquer le pathogène, s’il n’a pas d’autre réservoir que
l’être humain.

Plusieurs grands succès ont été rencontrés grâce à l’approche vaccinale, succès parmi
lesquels on peut compter l’éradication de la variole en 1980, après près de 40 ans de
campagnes de vaccination dans le monde, ou la quasi-éradication de la poliomyélite, dont
moins de 30 cas d’infection à travers le monde ont été rapportés par l’organisation mon-
diale de la santé (OMS) en 2018. A l’heure actuelle 26 vaccins contre de nombreuses
maladies sont approuvés et référencés par l’OMS. Malgré tout, les recherches pour déve-
lopper des vaccins contre de nombreuses maladies (SIDA, malaria, dengue. . . ) rencontrent
de nombreuses difficultés et n’ont pas pour l’instant abouti à des vaccins optimaux. L’une
des raisons principales de cet état de fait est que malgré plusieurs décennies de recherches
et de découvertes en immunologie, et les connaissances accumulées sur le système immu-
nitaire, nous ne parvenons pas encore à l’heure actuelle à avoir une vision d’ensemble
claire et intégrée de tous les acteurs cellulaires et moléculaires impliqués dans la réponse
vaccinale. En conséquence, il reste difficile aujourd’hui de définir objectivement quels pa-
ramètres (nature du vaccin, antigène, voie d’injection. . . ) utiliser dans le développement
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de tel ou tel vaccin, et leur définition se fait souvent de manière empirique. En particu-
lier, la plupart des vaccins utilisés aujourd’hui suivent une stratégie de primo-vaccination
suivie de rappels, afin de restimuler la mémoire immunitaire et maintenir l’immunité sur
le long terme ainsi qu’augmenter la fréquence des répondeurs. Néanmoins le délai entre
primo-vaccination et le(s) rappel(s) est défini de manière purement empirique.

Afin d’optimiser les vaccins actuels et le développement de nouveaux vaccins une
meilleure compréhension de la réponse immunitaire induite par la vaccination est requise.
En particulier la réponse innée, la première ligne de défense du système immunitaire, est,
de par ses fonctions antimicrobiennes et immunomodulatrices, un acteur clé ciblé par les
vaccins, qui imitent autant que possible un pathogène (sans la pathogénicité associée bien
entendu), afin de déclencher une réponse adaptative à l’origine de la mémoire immunitaire.

L’immunité innée repose sur de multiples et diverses cellules (neutrophiles, basophiles,
éosinophiles, monocytes, cellules dendritiques, cellules tueuses naturelles. . . ), principale-
ment issues de l’hématopoïèse de la moelle osseuse. Elles expriment de nombreux récep-
teurs permettant la reconnaissance de patrons de pathogénicité (e.g. les lipopolysaccha-
rides des parois bactériennes) ou de dommages cellulaires (e.g. de l’ADN extranucléaire),
qui leur permet de détecter la plupart des pathogènes (ces récepteurs sont appelés PRR,
pour Pattern Recognition Receptor ou récepteur de reconnaissance de patron). Cette re-
connaissance peut également être facilitée par la liaison au pathogène de protéines du
système du complément, ou par des anticorps spécifiques du pathogène (dans le cas où
le pathogène avait déjà été rencontré par le système immunitaire précédemment). Par
ailleurs, les cellules infectées vont également présenter des peptides dérivés du pathogène,
ou du stress cellulaire induit par le pathogène, sur ses molécules du complexe majeur
d’histocompatibilité de classe I (CMH I). Ce signal peut notamment être reconnu par les
cellules tueuses naturelles, à l’aide de récepteurs spécifiques.

La reconnaissance d’une infection va donner lieu à l’activation de nombreuses voies
signalétiques à la base du processus d’inflammation. Celui-ci correspond d’une part à
l’activité antimicrobienne directe de l’immunité innée, ainsi qu’à la sécrétion de facteurs
solubles, les cytokines, qui vont d’une part moduler et activer une réponse antimicro-
bienne des cellules réceptrices, et également permettre le recrutement de nouvelles cel-
lules effectrices visant à combattre plus efficacement l’agent infectieux. L’un des défis de
la conception de vaccins est notamment d’induire cette inflammation, mais sans garder la
pathogénicité du micro-organisme et les effets secondaires associés. Pour ce faire, beau-
coup de vaccins (notamment les vaccins recombinants), non-suffisamment immunogènes
par eux-mêmes, contrairement aux vaccins vivant atténués, requièrent l’emploi d’adju-
vants, des molécules spécifiquement conçues pour activer les PRR sur les cellules immu-
nitaires innées.
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En parallèle de cette fonction effectrice, une seconde fonction de l’immunité innée est
l’activation de l’immunité adaptative, ou immunité acquise, composée des lymphocytes T
et B. En effet, les cellules dendritiques migrent depuis le site d’inflammation jusqu’au tis-
sus lymphoïde (notamment les ganglions lymphatiques), via les vaisseaux lymphatiques,
et vont présenter aux lymphocytes T les antigènes du pathogène ou vaccins qu’elles au-
ront phagocytés, via les molécules du CMH de classe I (lymphocytes T CD8) et de classe
II (lymphocytes T CD4). Les interactions entre les molécules co-activatrices présentes
à la surface des lymphocytes T et des cellules présentatrice d’antigène vont également
contribuer à activer les lymphocytes T. Enfin, cette activation est également régulée par
le contexte cytokinique, lui-même défini par la sécrétion cytokinique de multiples cellules.
En parallèle, les cellules B vont être activées d’une part par leur reconnaissance directe des
antigènes natifs des pathogènes, et d’autre part par les cytokines produites par d’autres
types cellulaires, notamment les Tfh, une sous-population des lymphocytes T CD4. Cha-
cune de ces cellules, T et B, est spécifique d’un antigène donné. De manière générale
la modulation de l’activation des cellules immunitaires adaptatives est hautement régulée
par l’immunité innée, qui est une cible privilégiée dans la conception de nouveaux vaccins.

L’activation des lymphocytes T et B spécifiques, qui vont s’expandre, va permettre
à la phase effectrice de l’immunité adaptative d’entrer en jeu. Les lymphocytes T CD4
vont principalement moduler le comportement cellulaire des cellules de l’immunité via
la production de cytokines, permettant ainsi une meilleure réponse. Les lymphocytes T
CD8 vont éliminer les cellules infectées qu’elles reconnaissent aux antigènes présentés sur
les molécules de CMH I. Enfin, les cellules B vont suivre un processus complexe de ma-
turation qui va aboutir à la génération de cellules sécrétrices d’anticorps. Ces anticorps
peuvent d’une part neutraliser le pathogène, réduisant ainsi son potentiel infectieux, et
d’autre part, comme mentionné précédemment, signaler le pathogène aux cellules innées
qui reconnaissent la fraction constante des anticorps liés aux pathogènes via des récepteurs
spécifiques (appelés FcR), permettant notamment une amélioration de la phagocytose (un
phénomène appelé opsonisation).

L’ensemble des cellules innées et adaptives va établir une véritable discussion médiée
par des contacts cellulaires et la sécrétion de cytokines, modulant mutuellement leurs
fonctions, ce qui aboutit à l’élimination du pathogène ou du vaccin. Cette phase est suivie
par la résolution de l’inflammation, médiée par de nombreux acteurs cellulaires et molécu-
laires, qui va notamment aboutir à un retour à la normale des marqueurs d’inflammation
et par la mort de la plupart des cellules immunitaires recrutées, pour revenir à un niveau
basal.
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Parmi les lymphocytes T et B activés lors de cette rencontre avec un pathogène, cer-
tains vont donner naissance à des populations dites mémoire (mémoire primaire dans le
cas de la première rencontre avec un pathogène ou un vaccin), ayant une durée de vie
supérieures aux autres, qui ne vont pas mourir à l’issue de la phase de résolution de
l’inflammation et vont persister dans les tissus et de manière systémique. En particu-
lier, des populations de cellules sécrétrices d’anticorps vont maintenir un titre d’anticorps
anti-pathogène constitutif après la première rencontre avec un pathogène ou une primo-
vaccination. Des populations de cellules naturelles tueuses spécifiques d’antigène ont aussi
été rapportées en contexte post-infectieux ou post-vaccinatoire, plaçant de fait ces cellules
à la frontière entre innée et acquis.

Aux rencontres suivantes avec le même pathogène ou au rappel vaccinal, ces cellules
mémoires vont rapidement réagir à la présence du micro-organismes et instaurer plus ra-
pidement une réponse immunitaire plus efficiente. De même, les anticorps circulant vont
neutraliser et/ou opsoniser le pathogène/vaccin. En conséquence de quoi la réponse adap-
tative à la seconde rencontre avec un pathogène ou au rappel vaccinal varie de la première
rencontre avec un pathogène ou une primo-vaccination. L’impact de cette mémoire im-
munitaire sur l’immunité innée induite au rappel reste cependant flou, de même que les
interactions impliquées dans la ré-activation des lymphocytes mémoire primaire (plus fa-
cilement activables que les lymphocytes naïfs) par les cellules innées.

A l’instar de la première rencontre avec un pathogène/vaccin, cette seconde rencontre
va générer une mémoire dite secondaire généralement à plus longue durée de vie que la
mémoire primaire dont elle est issue. Dans la mesure où la génération de cette mémoire
adaptative (primaire comme secondaire) est un processus dynamique (son établissement
prend du temps, et elle peut disparaître sur le long terme), le délai qui sépare la primo-
vaccination du rappel (ou deux rappels successifs) importe au sens où le vaccin ne rencon-
trera et n’activera pas les mêmes cellules. Le résultat en terme d’immunogénicité (qualité
des réponses mémoire induites) et d’efficacité vaccinale (qualité et durée de la protection
induite) reste encore une question ouverte.

La mémoire immunitaire est donc classiquement associée à l’immunité adaptive, uti-
lisée en lecture de l’efficacité vaccinale (e.g. titre d’anticorps circulants). Néanmoins, de
nombreuses études indiquent que l’immunité innée n’est pas non plus dépourvue de ca-
pacité de mémorisation, un phénomène nommé entraînement inné. Historiquement, des
études épidémiologiques ont montré que la vaccination par des vaccins vivants atténués
induisaient une protection croisée contre des pathologies infectieuses distinctes. Cet ef-
fet ne pouvait être médié par des cellules adaptatives spécifiques des antigènes exprimés
par le pathogène, et le rôle de cellules innées, notamment les monocytes/macrophages
dans ce phénomène a par la suite été mis au jour. Des études mécanistiques ont égale-
ment montré l’implication de modifications épigénétiques (changement de méthylation de
l’ADN et de modifications post-traductionnelles des histones) dans cet entraînement inné.
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Cet entraînement inné a principalement été décrit sur les monocytes/macrophages,
mais aussi sur les précurseurs hématopoïètiques de la moelle osseuse. Toutefois les méca-
nismes à l’origine de cette mémoire innée (stimuli, voies signalétiques impliquées...) reste
méconnus, de même que les liens entre réponse effectrice et entraînement inné. Si la durée
de vie cet entraînement est vraisemblablement moins longue que celle de la mémoire adap-
tative (vraisemblablement plusieurs mois/années contre potentiellement toute la vie), ces
cellules entraînées n’en participent pas à moins à la génération d’une réponse immunitaire
plus efficace dans le cas d’une rencontre avec un nouveau pathogène. Dans le cadre de la
vaccination, cet entraînement inné pourrait donc impacter la réponse au rappel.

Objectifs et hypothèses. Etant donné le rôle central de l’immunité innée dans l’in-
duction de la réponse immunitaire, en particulier vaccinale, en terme d’activation et de
modulation de la maturation de l’immunité adaptative, et sachant le potentiel d’inter-
action avec les cellules mémoire adaptative et le potentiel d’entraînement inné, mieux
comprendre les acteurs cellulaires et moléculaires innés impliqué dans la réponse à chaque
immunisation est une étape-clé pour optimiser la conception de future vaccins, ce d’autant
plus que les dernières technologies d’analyses cellulaires révèlent une complexité de sous-
populations, au-delà de ce qui était historiquement connu. De fait, au sein d’un groupe
de recherche disséquant les acteurs cellulaires et moléculaires impliqués dans la réponse
vaccinale, ce projet de thèse visait à répondre aux questions suivantes :
- quelles sont les populations cellulaires innées impliquées dans la réponse immunitaire
innée au vaccin et quelle est leur dynamique ?
- la réponse innée diffère-t-elle à la primo-vaccination et au rappel ?
- quel est l’impact du délai entre primo-vaccination et rappel sur la réponse immunitaire
innée ?
- quels sont les liens entre les sous-populations innées induites par chaque immunisation
et l’établissement de la mémoire immunitaire ?

Approche expérimentale. Pour mener à bien ce projet, j’ai utilisé comme modèle
animal le macaque cynomolgus, un primate non-humain connu pour sa proximité immu-
nologique avec l’homme et qui est largement utilisé dans les recherches biomédicales, en
particulier vaccinales. En modèle vaccinal, j’ai employé le virus de la vaccine modifiée An-
kara (MVA), un vaccin initialement développé et mis en circulation comme vaccin contre
la variole, et qui, du fait de sa grande immunogénicité alliée à une grande tolérabilité,
ainsi que de la possibilité d’inserts d’ADN dans son génome, sert aujourd’hui de vecteur
pour des candidats vaccins contre de nombreuses maladies (e.g. VIH/SIDA, tuberculose).

Concrètement, deux cohortes de cinq animaux chacune ont été utilisées pour cette
thèse. Pour les deux cohortes, le même vaccin, la même dose et la même voie d’injection
sous-cutanée ont été utilisés, seul le calendrier vaccinal différait. La première cohorte, dite
de calendrier classique, suit les recommandations vaccinales du MVA, avec un délai de 2
mois entre primo-vaccination et rappel. La seconde cohorte, dite de rappel précoce, a reçu
la seconde injection 2 semaines après la primo-vaccination. Des échantillons de sang total
ont été prélevés après chaque immunisation, à des temps précoces (quelques heures après
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l’injection) et tardifs (quelques semaines après l’injection), pour caractériser la réponse
innée induite par chaque immunisation dans chaque calendrier vaccinal. Afin de pouvoir
étudier non seulement les monocytes, cellules dendritiques et cellules tueuses naturelles,
mais aussi les granulocytes, une population relativement fragile, une solution de fixation
du sang total, préservant toutes les populations cellulaires, a été utilisée sur chacun de
ces échantillons.

En terme de technologie, l’approche principale a été la cytométrie de masse, une tech-
nologie développée récemment, qui mêle cytométrie de flux et spectrométrie de masse. Les
cellules provenant des échantillons sont marqués à l’aide d’anticorps couplés à des métaux
lourds (essentiellement des lanthanides), naturellement absents des cellules ; chaque cellule
est ensuite isolée par brumisation, ionisée et son contenu en métaux lourds est analysé
par spectrométrie de masse, ce qui permet de déduire l’expression des marqueurs ciblés
par les anticorps. En définitive, une quarantaine de marqueurs extra- et intra-cellulaires
peuvent ainsi être analysés à l’échelle de la cellule unique, permettant la caractérisation
en profondeur des populations cellulaires, notamment des co-expressions de marqueurs
epu étudiées jusqu’alors.

Du fait de la complexité et de la haute dimensionnalité des données générées par cy-
tométrie de masse sur des suivis longitudinaux, nous avons développé des approches bio-
informatiques et computationnelles afin d’explorer et exploiter de tels jeux de données. En
particulier, notre stratégie analytique a reposé sur une version modifiée de l’algorithme
SPADE (Spanning-tree progression analysis of density normalized events, analyse pro-
gressive en arbre couvrant d’évènement normalisés par densité), qui permet de regrouper
ensemble les cellules qui partagent une forte proximité phénotypique, afin d’étudier ces
groupes plutôt que les cellules directement, ce qui permet une représentation humaine-
ment visualisable de ces jeux de données. Plusieurs outils bio-informatiques (analyses de
corrélation multivariée, analyses discrimantes...) ont également été développés et raffinés
afin d’exploiter les résultats de l’algorithme SPADE, et ainsi valoriser nos jeux de données.

Résultats. Une première étude a consisté à la comparaison des échantillons pré-
vaccinaux de macaques et de volontaires sains humains, grâce à la cytométire de masse,
afin de valider notre approche expérimentale et nos outils d’analyse. Les résultats obtenus
à haute résolution, et à l’échelle de la cellule unique confirme l’étroite proximité immu-
nologique entre les deux espèces. En effet, malgré des patrons d’expression différant pour
certains marqueurs (e.g. les différents FcR ne sont pas exprimés sur la même proportion
des granulocytes dans les deux espèces), les proportions de chaque population cellulaire
et leur phénotype général sont largement comparables entre macaques et humains.

Une seconde étude a consisté à caractériser la réponse innée myéloïde induite après
primo-vaccination et rappel de la cohorte de calendrier classique. Des travaux antérieurs
du laboratoire ont confirmé que ce calendrier vaccinal induisait une réponse humorale
conséquente, compatible avec l’induction d’une mémoire immunitaire protectrice chez ces
animaux.
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A l’aide des stratégies analytiques susmentionnées, nous avons pu mettre en évidence
une large diversité phénotypique dans le compartiment sanguin myéloïde de ces singes
vaccinés, avec des patrons d’expression de marqueurs non décrits auparavant (e.g. le dif-
férentiel d’activation des neutrophiles basé sur l’expression de CD66, CD32, CD11b, CCR7
et CD45).

De manière intéressante, alors qu’à l’échelle des compartiments immunitaires innés
(granulocytes et monocytes-cellules dendritiques), la réponse est similaire entre chaque
immunisation, avec une augmentation drastique et transitoire du nombre de cellules cir-
culantes dans les premières heures post-immunisations, à l’échelle des sous-populations
composant ces compartiments, les sous-phénotypes répondant à chaque immunisation
diffèrent grandement.

Plus précisément, à l’aide d’analyses discriminantes nous avons pu mettre en évidence
que les cellules innées myéloïdes répondant au rappel sont plus actives/matures que les
cellules répondant à la primo-vaccination. La surexpression de plusieurs marqueurs, no-
tamment des molécules de CMH II et de FcR, suggère fortement des fonctions augmentées
pour ces cellules. Dans la mesure où ces différences phénotypiques préexistent au rappel
–elles apparaissent en effet entre deux semaines et deux mois post-primo-vaccination–,
cela indique que la primo-vaccination a induit une modification tardive et durable du
compartiment inné myéloïde, qui est cohérente avec le concept d’entraînement inné. Dans
la mesure où certaines des cellules étudiées (notamment les neutrophiles) ont une durée
de vie courte (moins d’une semaine), cette modification durable de leur compartiment
suggère fortement une modification des progéniteurs cellulaires.

Une troisième étude a ciblé la réponse des cellules naturelles tueuses sur cette même
cohorte de calendrier vaccinal classique. Contrairement aux cellules myéloïdes, les cellules
tueuses naturelles sont caractérisées par une diminution de leur nombre dans les heures qui
suivent les immunisations. Une cinétique similaire est suivie après la primo-vaccination et
le rappel. Néanmoins, comme pour les cellules myéloïdes, les sous-populations composant
le compartiment des cellules tueuses naturelles à chaque immunisation diffère.

Le compartiment des cellules tueuses naturelles a principalement été séparé en trois
catégories : les cellules peu, moyennement et fortement cytotoxiques. Tandis qu’une forte
diversité de ces cellules est trouvée avant vaccination, dans les heures qui suivent la primo-
vaccination, la plupart des cellules tueuses naturelles circulant dans le sang sont peu
cytotoxiques, et ces cellules restent majoritaires jusqu’à deux semaines après la primo-
vaccination. En revanche, à deux mois post-primo-vaccination, le compartiment des cel-
lules tueuses naturelles est caractérisé par l’abondance de cellules hautement cytotoxiques
qui se maintiennent après le rappel.
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Si les cinétiques diffèrent entre le compartiment des cellules tueuses naturelles et les
cellules innées myéloïdes, avec notamment deux changements de phénotype observés pour
les premières, contre un pour les secondes, dans les deux cas, une modification tardive des
cellules innées a été induite par la primo-vaccination entre deux semaines et deux mois
post-immunisation. Cela indique la capacité du système immunitaire inné à faire preuve
de mémoire immunitaire.

Une quatrième étude a visé la caractérisation du compartiment inné myéloïde dans la
cohorte au rappel précoce, et de la comparer à la cohorte de calendrier vaccinal classique,
ainsi que de tester les liens entre immunité innée et adaptative dans ces deux cohortes.
Nous avons mis en évidence de grandes différences en terme de qualité et de quantité
de la réponse humorale induite dans ces deux calendriers vaccinaux. En particulier, le
titre d’anticorps IgA, spécifiques du MVA, induits lors du rappel précoce est beaucoup
plus faible que pour le rappel classique. De même, le titre d’IgG neutralisants ainsi que
l’affinité des IgG pour leur FcR étaient également plus réduits dans le calendrier précoce.
Ces résultats suggèrent que le calendrier au rappel précoce est sous-optimal par rapport
au calendrier classique.

En terme d’immunité innée myéloïde lors de calendrier précoce, la réponse à la primo-
vaccination et au rappel étaient complètement similaires, sans aucune surexpression des
marqueurs d’activation/maturation précédemment mentionnés après le rappel. Ces résul-
tats étaient cohérents avec le fait que le rappel intervienne avant la modification par la
primo-vaccination du phénotype des cellules myéloïdes, modification qui intervient entre
deux semaines et deux mois après la première injection. En conséquence, une analyse
phénotypique comparative a confirmé l’absence des phénotypes de type entraîné lors du
calendrier de rappel précoce.

Une analyse de corrélation inné-adaptatif croisant les données de ces deux cohortes a
confirmé l’étroite association entre la présence des phénotypes plus matures/activés des
cellules innées myéloïdes et les paramètres de la réponse humorale (titre d’IgA, titre d’IgG
neutralisants). De même une analyse fonctionnelle des cellules mono-morpho nucléaire
circulant dans le sang périphérique, révèle des fonctions accrues en terme de production
cytokinique, à la fois des cytokines innées et adaptatives, lors du rappel à deux mois mais
pas dans le cas d’un rappel précoce à deux semaines. Ces résultats mettent en évidence
d’une part une forte intrication des réponses innées et adaptatives, avec des phénotypes
innés corrélant avec l’état de mémoire du système immunitaire, ainsi que l’impact majeur
du délai entre primo-vaccination et rappel sur l’établissement de la mémoire immunitaire.
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Enfin, une cinquième étude ciblant la réponse des cellules naturelles tueuses dans le
calendrier de rappel précoce a été réalisée. Similairement à la réponse innée myéloïde, la
réponse de ces cellules tueuses naturelles lors du calendrier au rappel précoce était simi-
laire à chaque immunisation. Toutefois une tendance des cellules répondant au rappel à
être moins cytotoxiques que les cellules répondant à la primo-vaccination a été observée.
Cela est cohérent avec le fait qu’au moment du rappel à deux semaines, les cellules tueuses
naturelles sont globalement moins cytotoxiques qu’avant la vaccination.

En terme d’intégration avec l’immunité adaptative, l’abondance des différents sous-
phénotypes des cellules tueuses naturelles corrèle avec les paramètres de la réponse humo-
rale. En complément des résultats obtenus sur les cellules innées myéloïdes, cela traduit
un association étroite entre réponse innée précoce et réponse adaptative, mais aussi entre
une réponse innée vraisemblablement entraînée par la primo-vaccination, et l’immunité
adaptative.

Conclusion et perspectives. En définitive, lors de ce projet de thèse, j’ai pu carac-
tériser les réponses innées induites par chaque immunisation ainsi que leur dynamique.
J’ai pu mettre en évidence que ces réponses diffèrent entre primo-vaccination et rappel à
deux mois, au sens où la primo-vaccination induit une modification de type entraînement
des cellules innées, qui vont présenter un phénotype plus mature/activé et donc répondre
différemment lors du rappel.

Cette modification du compartiment innée requiert du temps, et j’ai pu montrer qu’une
réduction à deux semaines du laps de temps entre primo-vaccination et rappel abroge l’in-
duction de ces cellules vraisemblablement entraînées. De manière intéressante, la présence
de ces cellules entraînées au moment du rappel est fortement associée à une qualité aug-
mentée de la réponse humorale, ainsi qu’à une production accrue de cytokines par le
système immunitaire.

De nombreuses questions sont soulevées par ces résultats. Par exemple la caractéri-
sation fonctionnelle détaillée des cellules vraisemblablement entraînées reste à accomplir,
non seulement en terme d’activité anti-microbienne mais également d’activité immuno-
modulatrice de la réponse adaptative. De plus, la durée de persistance de ces cellules
vraisemblablement entrainées est à déterminer, et va vraisemblablement fortement impac-
ter la réponse immunitaire développée lors d’un calendrier vaccinal avec un rappel plus
tardif que le calendrier de référence. De plus, la nature exacte des cellules qui reçoivent
l’entraînement est également floue au sens où les cellules différenciées vraisemblablement
entraînées que nous observons peuvent découler de cellules précurseuses entraînées, ou de
cellules ayant reçu un entraînement post-différenciation.
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Une autre question ouverte est la possibilité d’investiguer l’impact de la vaccination
sur le répertoire de récepteurs exprimés par les cellules tueuses naturelles, un aspect que
nous n’avons pas pu aborder dans ce projet pour des questions de limitations techniques
de l’approche utilisée (échantillons fixes et cytométrie de masse). Par ailleurs, il reste
également à décortiquer plus en détails les intrications entre réponse innée et réponse
adaptative, notamment en incluant les données caractérisant les réponses adaptatives des
lymphocytes T et B dans les deux cohortes susmentionnées, analyses actuellement en
cours dans le laboratoire.

Enfin, une meilleure caractérisation des voies signalétiques impliquées dans la mise
en place de l’entraînement immunitaire inné est aussi un vaste champs de recherche du
domaine. En vaccination en particulier, mieux pouvoir induire un entrainement immuni-
taire inné, jusqu’à présent seulement décrit ou suspecté pour des vaccins vivants atténués,
pourrait permettre de grands progrès en santé publique, d’une part par la protection croi-
sée que confère cet entrainement inné, et d’autre part par la possibilité d’optimiser les
différentes injections vaccinales en capitalisant sur les fonctions améliorées de ces cellules
entraînées.

En conclusion, ce projet a permis de mettre en lumière des caractéristiques majeures
de l’immunité innée post-vaccinale et ses interactions avec l’immunité adaptative et l’éta-
blissement de la mémoire immunitaire. Il a permis de confirmer plus en détails l’impact du
délai entre primo-vaccination et rappel sur la réponse immunitaire innée et humorale, et
mettre en évidence l’étroite intrication entre les modifications phénotypiques de l’immu-
nité innée (cohérentes avec le principe d’entrainement inné) et la mémoire immunitaire
adaptative. Ces connaissances contribuent à la meilleure compréhension de la réponse
immunitaire induite par la vaccination et pourront servir à l’optimisation rationnelle des
vaccins de demain.

360









Titre : Caractérisation de l’immunité innée induite par la vaccination et ses interactions avec l’immunité adap-
tative, en fonction du délai entre primo-vaccination et rappel
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Résumé : La vaccination est l’un des plus grand
progrès réalisé en santé publique. Toutefois, malgré
de nombreuses connaissances sur le système im-
munitaire, de nombreux pans d’ombre empêchent
la conception de vaccins contre des pathogènes
complexes. Pour pallier ce problème, une meilleure
compréhension des modes d’action des vaccins
est requise. En particulier, la plupart des vaccins
nécessitent plusieurs immunisations pour induire une
mémoire immunitaire adaptative au long terme, mais
l’impact du délai entre primo-vaccination, induisant
une mémoire primaire, et rappel(s) la restimulant pour
générer une mémoire secondaire, est peu défini. De
plus, la réponse immunitaire innée, induite à chaque
immunisation et façonnant l’immunité adaptative, reste
peu caractérisée dans ce contexte vaccinal.
En vaccinant des macaques cynomolgus avec le vi-
rus de la vaccine modifiée Ankara, selon un schéma
de primo-vaccination suivie d’un rappel homologue
à deux mois, et en utilisant la cytométrie de masse
couplée à des analyses bio-informatiques, nous avons
caractérisé la réponse innée induite par chaque immu-
nisation. Les réponses innées diffèrent entre primo-

vaccination et rappel, avec induction par la primo-
vaccination d’une modification phénotypique tardive
des cellules innées, suggérant une meilleure capa-
cité à répondre au rappel. De surcroı̂t, la réduction
à deux semaines du délai entre primo-vaccination et
rappel abroge la mobilisation de ces cellules innées
phénotypiquement modifiées et altère la qualité de la
réponse humorale.
En définitive, en plus de la réponse innée précoce,
ce projet a mis en évidence l’induction par la primo-
vaccination d’un vraisemblable entraı̂nement inné tar-
dif, un concept émergent traduisant la capacité de
mémorisation des cellules innées via des modifica-
tions épigénétiques. Ce vraisemblable entraı̂nement,
non seulement des monocytes et cellules tueuses
naturelles, mais aussi des cellules dendritiques et
surprenamment des neutrophiles, est corrélé à la
qualité de la mémoire immunitaire adaptative, de
manière hautement dépendante du délai entre primo-
vaccination et rappel. Ces résultats contribuent à ou-
vrir la voie vers l’optimisation rationnelle des futurs
vaccins, via l’optimisation des calendriers vaccinaux et
la valorisation de l’entraı̂nement inné.

Title : Characterization of the innate immunity elicited by vaccination and its interactions with adaptive immunity,
depending on the delay between prime and boost

Keywords : innate immunity, vaccination, systems immunology, trained immunity, mass cytometry (CyTOF),
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Abstract : Vaccination is one of the best achievements
made in public health. However, designing vaccines
against complex pathogens is currently challenging.
The immune system is indeed uncompletely charac-
terized, despite large amount of accumulated know-
ledges. A better understanding of vaccine-induced im-
munity is then required to optimize vaccine design. In
particular, while most vaccines require several immuni-
zations to induce a long-lasting adaptive immune me-
mory, little is known on the impact of the delay be-
ween the prime inducing a primary memory and the
boost restimulating it to induce a secondary memory.
Also, the innate immunity induced by each immuni-
zation and shaping the adaptative immunity is poorly
characterized in this vaccine context.
We studied the innate immune responses in cynomol-
gus macaques immunized with the modified vaccinia
virus Ankara, following an homologous prime-boost
vaccination at two months apart. We applied mass
cytometry and bioinformatic analyses to characterize
the innate response induced by each immunization.

We showed that prime and boost vaccination triggered
distinct innate responses. Actually, prime induced late
phenotypic modifications of innate cells. These pheno-
typic changes suggest a stronger ability to react to the
boost. Moreover, reducing the delay between prime
and boost to two weeks impeded the mobilization of
these phenotypically modified innate cells, and quali-
tatively altered humoral response.
In conclusion, beyond the early innate responses,
these results highlight the late induction by the prime
of ”likely trained” innate cells. This emerging concept
corresponds to the ability of innate cells to display me-
mory features based on epigenetic modifications. This
”likely training” occured not only on monocytes and na-
tural killer cells, but also on dendritic cells and strikin-
gly on neutrophils. It was deeply connected with adap-
tive immune memory establishment, in a prime-boost
delay dependant fashion. These findings contribute to
pave the way towards to the rationale design of future
vaccines, via vaccine schedule optimization and har-
nessment of innate training.
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