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Toxoplasma gondiis a prevalent parasite of medical and veterinary impa
intermediate hosts, tachyzoites and bradyzoites are responsible for acute ang
toxoplasmosis (AT and CT), respectively. In immunocompetent patients, AT e
due to the host immunity, into a persistent CT, which manifests as latent tissue
the brain and skeletal muscles. CT correlates with several neuro-pathologies and
In immunocompromised patients, CT may reactivate and poses a life thre
condition. Current treatments primarily target AT, are limited to general
parasitic/anti-bacterial drugs, and associate with several limitations. Here, we foc
targeting CT and understanding its molecular mechanisms. First, we explo
efficacy of Imiquimod against AT and CT. During AT, Imiquimod led to recruitme
T cells to peritoneum and spleen of treated mice and significantly decreasedrthe
of brain cysts upon establishment of CT. Remarkably, gavage of mice with the re
brain cysts from Imiquimod treated mice, failed to induce CT. Post-establishment
we demonstrated that Imiquimod sharply reduced the number of brain c
chronically infected mice, and significantly increased Toll-Like Receptors 1112
These TLRs are usually expressed by dendritic cells and monocytes, and
tachyzoite actin-binding protein, profilin. Concomitantly, TLR-7 was upregulatezly
by its agonist Imiquimod. Imiquimod induced interconversion as documented
decreased protein levels of P21, and increased protein levels of P30, exd
expressed in bradyzoites and tachyzoites respectively. Pathways dowrfisirearhR-
11/12 were activated, through MyD88 dependent TLR signaling, which resu
subsequent immune response induction. In vitro, Toxoplasma strain lacking profili
not respond to Imiquimod, suggesting a role through Profilin/TLR-11/12. Fi
Imiquimod treatment upregulated the transcript expression levels of Chemokine
motif) ligand 9 (CXCL9) and 10 (CXCL10), known to induce T cell recruitme

reactivated Toxoplasma foci to clear the infection.

Then, we focused on molecular mechanisms involved in AT and notably G
characterized P18, a Surface-Antigen 1 (SAG-1) Related Sequence (SRS)nsilyg

member. When we deleted P18, the virulence was attenuated during AT. Inde
depletion led to a faster clearance of the parasites from the peritoneum of matielgo

by a substantial recruitment of dendritic cells, presumably a vehicle for tac




dissemination. Concomitantly, a lower number of tachyzoites was detected itete
while a higher number of parasites reached the brains of infected miceleple8io
increased the number of bradyzoite cysts, in vitro and in the brains of infeiciedA
induced expression of cytokines/chemokines, including CXCL9 and 10 wa
observed. Immunosuppression of infected mice with KO P18, delayed reactivatid
infection of Severe Combined Immunodeficiency (SCID) (with IFNsecreting
macrophages), and NOD/Shi-scid/IL42RII (NSG) mice (lacking IFN9J, showed

significant prolonged survival in infected SCID but not NSG mice. This underlines
for IFN-! in the conversion from bradyzoites to tachyzoites. Collectively, thes

support a role of P18 in orchestrating the immune response, which ultimatelytés

tachyzoite trafficking to the brain and favors cyst formation. P18 plays alstral cele

in parasite reactivation and dissemination in an IFNependent fashion.

Altogether, we showed the promising therapeutic potential of Imiquimod &
toxoplasmosis and characterized P18 role in immunomodulation to control disse
and interconversion. Our study paves the path towards new therapeutic apy
against toxoplasmosis. It tackled key questions pertaining to establishment, mai
and reactivation of CT and should result in a comprehensive solution to this

disease.







Toxoplasma gondigst un parasite répandu, ayant un impact meédical et vété
Chez les hotes intermédiaires, les tachyzoites et les bradyzoites sont respaesk
toxoplasmose aigué (TA) et chronique (TC), respectivement. Sous la 1
immunitaire, la TA évolue en TC, se manifestant par des kystes latents dangée &
les muscles squelettiques. De plus, une forte corrélation existe entre la TC et |
neuropathologies et cancers. Chez les patients immunodéprimés, la TC peut étre
et conduire a une maladie potentiellement fatale. Les traitements actuels
principalement les TA, et présentent plusieurs effets secondaires. Nous nous
concentrés sur la TC et la compréhension de ses mécanismes moléculaires/oNs
d’abord étudiél'efficacité del'imiquimod contre la TA et la TC. Au cours de la
l'imiquimod a entrainé le recrutement de cellules T dans le péritoine et lae ratermk
traittes et a considérablement diminué le nombre de kystes cérébraux
I'établissement de la TC. Remarquablement, le gavage de souris avec les kystes

restants chez des souris traitées a l'imiquimod n'a pas pu induire de TC

I'établissement de la TC, nous avons démontré que limiquimod ré

considérablement le nombre de kystes cérébraux chez les souris chroniquement
et augmentait les récepteurs Toll-Like 11 et 12, qui se lient & une protéindnyzpite
la profiline. Parallelementl’'expressionde TLR-7 augmentait, probablement par
agoniste, l'imiquimod. L'imiquimod induit une interconversion, comme lindiqus
diminution du taux de protéine P21 et 'augmentation du taux de protéine P30, eX
exclusivement et respectivement chez les bradyzoites et les tachyzoitesiekem ava
de TLR-11/12 ont été activées via la voie MyD88 de signalisation, entrainag
induction ultérieure de la réponse immunitaire. In vitro, l'imiquinméaffecte pas |
souche Toxoplasma dépourvue de profiline, suggérant un réle via le co
Profilin/TLR-11/12. Enfin, le traitement par l'imiquimod a régulé positivemen
transcrits des ligands 9 (CXCL9) et 10 (CXCL10), connus pour induire le recrute
lymphocytes T dans des foyers réactivés du Toxoplasme afin d'éliminer l'infection
Ensuite, nous nous sommes concentrés sur les mécanismes moléculaires i
dans la TA et particulierement dans la TC. Nous avons caractérisé P18, un me
superfamille SRS. Lorsque nous avons supprimé P18, la virulence était atténuée

de la TA, di a un échappement plus rapide des tachyzoites du péritoine dg




parallele a un recrutement significatif de cellules dendritiques. De maniére conco
moins de tachyzoites étaient détectés dans la rate, tandis que plus de peatasites
le cerveau de souris infecté&&limination de P18 a augmenté le nombre de kystg
bradyzoites in vitro et dans le cerveau de souris infectées. Une expressioa dg
cytokines, notamment CXCL9 et 10, a également été obsér@enunosupprsesion dg
souris KO P18 infectées a retardé la réactivatibiinfection orale de sour
immunodéficientes ayant des macrophages fonctionnels a montré un prolonge
survie, contrairement aux sourni&yantpas de macrophage, soulignant un réle de |
I danslinterconversion.Collectivement, ces données confirment le role de P18 d
modulation de la réponse immunitaire, facilitant le passage des tachyzoitese
cerveau et favorisant la formation de kystes. P18 joue également un réle centra
réactivation et la dissémination de parasites de maniére dépendante de DBNK
'ensemble, nous avons montré le potentiel thérapeutique prometteur de I'imi
contre la toxoplasmose et caractérisé le role de P18 dans lI'immunomodulation

contrbler la dissémination et l'interconversion. Notre étude ouvre la voie a de ng

approches thérapeutiques contre la toxoplasmose, sa persistance et sa réactivatiq

Mots-clés : toxoplasmose chronique, récepteurs Toll-like 11, 12, 7, intelf

réactivation, Imiquimod, p
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Invasion byToxoplasma gonditachyzoites is a multistep process that b

upon contact with the host cell and apical reorientation of the parasite. This res

burst of microneme secretion, immediately followed by the discharge of r

organelles content (Dubremetz, 200T). gondii possesses—&2 rhoptries that clust

together at the apical pole of the parasite and occupy-30% of the total cell volu

Data from stereological analysis suggest that only one organelle can discharge
(Paredes-Santos, de Souza, & Attias, 20









Tachyzoites Bradyzoites



An unsporulated oocyst (blue arrow) and a spe«
oocyst (red arrow) seen at high power (40 X) (Usitie ofPennsylvania School of Veterin
Medicine, 2008)(A) Unsporulated oocyst. Note the central mass (sf)aocupying most of t
oocyst(B) Sporulated oocyst with two sporocysts. Four spitesz (arrows) are visible in ong
the sporocyst¢C) Transmission electron micrograph of a sporulateyst. Note the thin ooc
all (large arrow), two sporocysts (arrowheads), sporozoites, one of which is cut longitudi
(small arrows) (J. P. Dubey, 20(




, we estimated seroprevale

be 41 to 53% and this prevalence increased with age (Fromont, Riche, & R4g
2009)



significant improvement in both the prenatal diagnosis of congenital toxoplasmd

ell as the detection of acute disease in the immunocompromised




Figure 6. Kinetics of the antibody (Ab) responseRobert-Gangneux & Darde, 2012).

3.4. Pathogenesis ofoxoplasmagondii

More and more associations are being made between various medical conditions
andT. gondiiinfections (Flegr, Prandota, Sovickova, & Israili, 2014). Some reports show
that elevated levels of immunoglobulin G in pregnant ‘tprsitive’ women are linked
to prenatal anxiety and depression (Abo-Al-Ela, 2019; Okusaga et al., 2011), others
associate infection witi. gondii to behavioral disorders (Fekadu, Shibre, & Cleare,
2010; McConkey, Martin, Bristow, & Webster, 2013), and yet others correlate various
mental health disorders like schizophrenia, depression and even suicide attempts with
seropositivity toT. gondii (Fuglewicz, Piotrowski, & Stodolak, 2017; Hsu, Groer, &
Beckie, 2014). The manifestations of toxoplasmposis differ between immunocompetent

and immunocompromised patients.



3.4.2. Toxoplasmosis in immunocompromised patients:
Neurotoxoplasmosis

The host immune response plays a key role in the control of parasite replication
and maintenance of tissue cysts. With the growing number of individuals receiving
therapies against immune-mediated inflammatory diseases and malignancies, clinicians
are aware of the potential occurrence Taixoplasmaencephalitis, not only during
reactivation of latent infection, but also presenting as a primary infection (Gharamti et al.,
2018). Reactivation of the latent phase of the infection can occur in immunocompromised
patients, due to various factors impairing the protective cellular immune response such as
HIV infection, immunosuppressive therapies administered in the context of
hematopoietic stem cells- (HSCT) or solid organ transplant, or chemotherapy against
cancer (Kollu, Magalhaes-Silverman, Tricot, & Ince, 2018; Robin et al., 2019; Roche,
Rowley, Brett, & Looby, 2018). In HIV patients, toxoplasmic encephalitis is the

predominant manifestation of the disease, while pulmonary or disseminated



D). Despite the availability of prophylaatidraatme

options, reactivation of chronic toxoplasmosis still occurs and can beco

threatening (Bannoura et al., 2018; Kodym et al., 2015; Montoya & Liesenfeld,
These patients present with neurologic symptoms, most frequently

encephalopathy, meningoencephalitis, cerebral mass lesions, headaches, confu

coordination, and seizures. At advanced stages, the recrudescence of

toxoplasmosis can lead to pneumonia and encephalitis, and thus to fatality (Ba

al., 2018; Hunter & Remington, 1994; Montoya & Liesenfeld, 2(

reported a cas



the screening and its correct timing, the appropriate treatment,

development of novel modalities are still badly required in case of this neglected

Until recently, parasite persistence in healthy individuals was regarg

clinically asymptomatic. However, an increasing number of reports indicates that

toxoplasmosis is associated with aberrant host behavior (Luft & Remington,

Chronic toxoplasmosis influences also the progression of several neurological d
such as schizophrenia, and Parkinson disease among others (Gaskell, Smith

esthead, & McConkey, 2009; Severance et al., 2016; Webster & McConkey

Recently, it was proved that a major mental illness-related susceptibility fac



“Disrupted in schizophrenia” (DISC1), is involved in host immune responses ¢

T.gondii infection, and that certain genotypes of DISC1 correlate with higher se€

against this parasite (Kano et al., 2038). Epidemiologic studies indicafostailasm

infection can alter behavior and neurotransmitter function causing an increase in

). Some medications used to treat schizophrenia

the replication off. gondiiin cell culture (Torrey & Yolken, 2003

(Gaskell et al.,

2009). Furthermore |
I o cers)
I
I, = rain
Y - | that
I it
I, 01.2).

3.5. Treatment of toxoplasmosis

Common treatments for toxoplasmosis remain limited to general anti-
parasitic/anti-bacterial drugs. These include spiramycin, azithromycin, atovaquone,
pyrimethamine-sulfadiazine, pyrimethamine-clindamycin and trimethoprim-
sulfamethoxazole (Dard et al., 2018). Indeed, unlike its mammalian hoggndii is
unable to use preformed dietary folates and synthesizes falatasovo (Katlama,
Mouthon, Gourdon, Lapierre, & Rousseau, 1996). Thus, the recommended first-line
therapy remains the synergistic combination of pyrimethamine, an inhibitor of the
dihydrofolate reductase (DHFR) enzyme, with sulfadiazine, an inhibitor of the

dihydropteroate synthase (Lapinskas & Ben-Harari, 2019; Montoya & Liesenfeld, 2004).



In
pregnant women, treatment is based on the administration of spiramycin or sulfadiazine-
pyrimethamine-folinic acid (SPFA) if fetal infection is confirmed (Degerli et al., 2003).

A summary of the currently used treatment of toxoplasmosis in immunocompetent, in
immunocompromised patients and in pregnant women is provided in tables 3, 4 and 5

respectively.












3.6. Vaccination against toxoplasmosis

Due to the high burden of toxoplasmosis and the failure/adverse effects of the

currently used treatment strategies against the parasite, several attempts were made to



the first commercial vaccine
toxoplasmosis,



An ideal vaccine must have different antigens in all three infected stage

gondii, high pathogenicity, and capacity to induce strong immune responses (R

al., 2019). So



4.2. Clonal strains

A combination of phylogenetic and statistical analyses indicated tlgaindiihas
a highly clonal population structure. It was accepted for a long period of timd .that
gondii belongs to one of the three widespread clonal lineegagpes |, I, or Il (Table
6). These differ by less than 1% at the DNA level (Howe & Sibley, 1995; Weilhammer &
Rasley, 2011). Type Il strains are the most commonly isolated from patients (Ajzenberg
et al., 2002; Ferreira et al., 2011).

Although these strains are genetically quite similar, they show strong phenotypic
differences in the laboratory mouse models, whereby virulence in mice is associated with
the parasite genotype. Infection by type | strains is fatals{ED1) in all strains of
laboratory mice, whereas infection with type Il @B~ 10 or type Il (LDso ~ 10°)
strains generally result in controlled persistent infections (Sibley & Boothroyd, 1992)
(Table 6).



Strains Type | Type Il Type Il









Studies have shown that the varidusgondiidevelopmental stages can be quite
different in their molecular marker expression profiles; such molecular markers can be
those pertaining to metabolic iso-enzymes, secreted proteins, or surface and cytoplasmic
molecules (D. Ferguson, 2004) (Boothroyd, 2009). Along with stage conversioh. that
gondii undergoes, changes in morphology and biomolecular changes mainly represented
by stage-specific antigen expression occur (Luder & Rahman, 2017; Lyons, McLeod, &
Roberts, 2002). Studies in this area have yielded the identification of several stage-
specific surface antigens, enzymes and even heat shock proteins specific to either one of

the developmental stages.

In this thesis, we are interested, not only in targeting chronic toxoplasmosis
by identifying effective immunomodulatory drugs against this phase of the infection,
but also in understanding molecular and cellular mechanisms related to the
establishment, persistence and reactivation of cerebral toxoplasmosis. One of the
markers we studied is P18, belonging to the SRS family. This chapter will elaborate
on this family of proteins, with an attention to those expressed in the bradyzoite

stage.

5.1. SAGl-related sequences superfamily of proteins (SRS)

The surface of T. gondii is coated with developmentally expressed,
glycosylphosphatidylinositol (GPI)-linked proteins. Collectively, these surfaceeastig
are known as the SRS (SAG1-related sequences) superfamily of 144 proteins (Wasmuth
et al., 2012). An SRS gene typically contains one or two domains, each with four to six
cysteines (4-Cys or 6-Cys) that participate in disulfide bonds and a
glycosylphosphatidylinositol (GPI) anchor for attachment to the parasite cell surface.
SRS proteins are expressed in a stage-specific manner. SAG1, SAG2A, SAG2B, SAG3,
SRS1, SRS2, and SRS3 are mainly expressed on the tachyzoite surface. Contrary to






5.2. SAG-4 or p18: discovery and cloning

For quite a long while, research in the field of toxoplasmosis remained centered
around the readily available tachyzoite developmental stage. However, with the emerging
interest in stage conversion, many studies were directed towards the characterization of
stage specific developmentally regulated molecules. Antibodies against stage-specific
markers for bradyzoites and tachyzoites were developed (Tomavo et al., 1991). These

antibodies were selected by differential immunofluorescence assays aiming to isolate






The mammalian immune system consists of innate and adaptive branchej

cooperate to eliminate infectious pathogens (Akira, Uematsu, & Takeuchi,

“rapidly sensing” innate immune system is the first line of host defense against pa
and is mediated by phagocytes including macrophages and dendritic cells (DCs)
al., 2006). These cells recognize pathogen-associated molecular patterns (PA

Damage-Associated Molecular Patterns (DAMRsa germ line-encoded pattd

recognition receptors (PRRs) present in their extracellular milieu and intrag

compartments (Amarante-Mendes et al., 2018; Kawai & Akira, 2009). Ad

immunity involves a tightly regulated interplay between antigen-presenting cells)

and T and B lymphocytes, which facilitate pathogen-specific immunologic e

pathways, generation of immunologic memory, and regulation of host i

homeostasis (Bonilla & Oettgen, 20



transduction pathways that are activate@lPRRs coincide on a common set of signa

modules including NF-B, activator prote#l (AP-1), and mitogen-activated prof

kinase (MAPK). These modules activate microbicidal and pro-inflammatory res|

required to eliminate or, at least, to contain the infectious agents by initiating inn

adaptive immune responses (Amarante-Mendes et al.,

6.3.1. Classification

There are 10 human and 12 mouse TLRs. TLRs 11, 12 and 13 are exclusively
expressed in mice, whereas TLR 10 is expressed only in human. The rest of theelLRs a
commonly expressed in both (Dominic De Nardo, 2015). These can be broadly
subdivided into two groups: the ones localized on the plasma membrane and the ones
localized within the acidified endo-lysosomal compartments (Figure 9). The former
group includes TLRs 1, 2, 4, 5, and 6, whereas the latter comprises of TLRs 3, 7, 8, 9, 11,
12 and 13 (Table 8). Plasma membrane TLRs interact directly with components of
microbial pathogens that contact the host cell. On the contrary, endolysosomal TLRs
sense nucleic acid of endocytosed pathogens after their breakdown in these organelles.
This compartmentalization is crucial to avoid contact with host or self-nucleic acid
present in the extracellular milieu, protecting from autoimmune responses (Barton &
Kagan, 2009).






TLR-11 is plasma membrane TLR, known to recognize uro-pathd

Esherichiacoli andT. gondii parasite The bacterial ligand binding this receptor is

unknown (Anders & Patole, 2005), howevEgondii ligand binding to it, is a mot
protein called profil

). Furthermore, TLR-11 recognizes flagellin,

flagellar protein of flagellate organisms, causing dimerization of the receptor, ac

of NF-+B and production of inflammatory cytokines mouse intestine (Hatai, Lepell

Zeng, Hayden, & Ghosh, 2014



Similar to TLR-11, TLR-12 ig
colocalizes with TLR-11 and formsheeterodimercomplex that interacts wi

TLR-7 is continuously discussed with TLR-8 because they are often refe
together (TLR-7/8), and present a high degree of homology and simila
function. These are intracellular endosomal TLRs. To encounter these endosom:
pathogens are internalized into the endocytic pathway, a hostile environment ca
detecting infection and reporting it, first to the phagocytic cell and then to other g
the body. TLR-7/8 respond both to purine rich single stranded ribonucleic acid (
(Figure 10) (Gantier et al., 2008). They exist as preformed dimers regardlessnd
assembly. Although both TLRs are phylogenetically and structurally related
expression varies in different cell types and thus their agonists differ in targ
selectivity and cytokine induction profile (Gorden et al., 2005). Constitutive expr
of TLR-7 is predominant in plasmacytoid dendritic cells (pDCs) and B cells comp:

other circulating immune cells. TLR-8 is highly expressed in myeloid cells and to 3

extend in pDCs (Gorden et al., 2005). TLR-7 activation induces the production



and IFN-regulated chemokines whereas TLR-8 is more effective in inducing

inflammatory cytokines and chemokines production (Gorden et al.,, 2005). Due

importance of these two TLRs in nucleic acid pathogen recognition, some nud
analogs were synthesized as agonists, to enhance their activation. One exq
Imiquimod, a synthetic tricyclic imidazoquinoline that was generated as a TLR-7 :
(Schon & Schon, 2007) (see chapter Vlli/section 8.1).

The ligand induced TLR dimerization results in the recruitment of

interleukin 1 receptor (TIR) domain-containing adaptors, to connect the rece



(Myelin and lymphocyté P (TIR Domain Contai

Adaptor Protei TIR-domain-containing adapter-inducing interfé
Translocation Associated Membrane Prot RM (Sterile Alpha And TIR

Containing

oA

common signaling event downstream both pathwaysesattivation of the canonig

NF-+B pathway, which is responsible for transcriptionaduction of proe

inflammatory cytokines, chemokines and additionaflammatory mediators

different types of innate immune ce



TLR signaling pathways. MyD88 dependent pathwaytivated TLR interacts through its

domain with MyD88 TIR domain. IRAKs are recruitenl the receptor once ligand is bo
TRAFG6 is then activated by IRAKs which in turn aates IB kinase complex. This comy
phosphorylates 1B and results in the nuclear waasbn of NF-B and induces the expressi

inflammatory cytokines. TIRAP/Mal adaptor proteinalso required for TLRs 2 & 4. MyD
independent pathway: Activated TLR (3 or 4) intethoough its TIR domain with TRIF T
domain. TLR-4 (but not TLR-3) requires TRAM als®&IF interacts with IKK, IKKi and TBK
This complex phosphorylates IRF3 and results imtioéear translocation of IRF3 and induce
expression of Type | interferons. TRIF also inteyagth TRAF6 and induces late phase NH

6.7. Toll-like receptors is the context of toxoplasmosis

Following infection withl'. gondii innate immune cells migrate to the site of infection
where they detect the parasite, mainly via TI(Rarovinsky, 2014) | IEEREEEE Cs

I

I, rmmuine
I e €t




al., 2013)



a) In mouse models:

As discussed earlier, MyD88 protein plays a key role in the activation of several
signaling pathways including NFB, and MAPK, which subsequently leads to the
production of IL-12, and IFN- among others (Figure 11). The role of MyD88 in
resistance to bacterial, viral and protozoan parasitic infections (Scanga et al., 2002) is
widely demonstrated. MyD88-deficient mice are highly susceptible gmndiiinfection
whereas mice lacking IL-1 exhibit normal resistanc&.tgondiiinfection suggesting that
the absence of MyD88 alters the functionfofjondiiTLR signaling (Scanga et al., 2002;
Yarovinsky, Hieny, & Sher, 2008).

In vitro studies on Chinese hamsters (CHO) showed that TLR-2 and TLR-4
synthesis depend on the secretion of TNF-in the presence of
glycosylphosphatidylinositol (GPI) extracted from tachyzoites (Debierre-Groclaego
al., 2007). A KO mouse for TLR-2 produces IL-12, but succumbs due to the high parasite
burden of virulent strains of. gondii (Scanga et al., 2002). Similarly, TLR-4 is not
involved in the production of IL-12 (Scanga et al., 2002), but it may be a co-activator the
transmission of cytokine signaling in the murine model (Debierre-Grockiego et al., 2007).

TLR-9 was also shown to be required for the activation of a Thl inflammatory
response, following oral infection with. gondiiand the chaperone protein UNC93B1
would promote the translocation of TLR-7 and 9 necessary for resistance mechanisms
(Minns et al., 2006).

In addition to the previously described TLRs, TLR-11 receptor signaling
mediated by MyD88, is essential for activation of the innate immune response in mice



b) In humans:

Unlike the mouse model, the TLRs responsible for the activation of the immune
reaction are poorly defined in humans, duringgondiiinfection. It has been described
that parasite recognition by intracellular TLRs (TLR-3, 7 and 9) in humans facilitates
resistance to toxoplasmic infection and activation of monocytes and human dendritic
cells (W. A. Andrade et al., 2013; Sher et al., 2017). In humans, TLR-11 exists, but is
non-functional and TLR-12 does not exist. Thus, the mechanisms of activation of the
immune reaction and the production of IL-12 and IFMr humans appears to be
different from that activated in mice. It was reported that the human TLR-5 might have a
similar role to the murine TLR-11 in activating cytokine production (Salazar Gonzalez et
al.,, 2014). Other studies based on genetic association analysis for congenital
toxoplasmosis in humans revealed several genes that may be involved in modulating
immune responses b gondii These include the TLR-9, the P2X7 purinergic receptor
and a member of the NALP1 NOD-like receptor family (Lees et al., 2010; Peixoto-
Rangel et al., 2009; Witola et al., 2011). The P2X7 purinergic receptor is associated with



Activation of TLRs leads to downstream signaling pathways playing a key role in
first dissemination and then control of the infection.
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I+-B family member, Bcl-3, associates with p50/MB1 or p52/NFHB2 homodimers

nuclei, thereby either positively or negatively modulating transcription in a cd

dependent manndBcl-3 is required in dendritic cells to prime protective T-cell-med

immunity toT. gondii(Tassi et al., 2015
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ein SAG2A antigen was shown to induce phe

and classical activation of macrophages in mice during the acute phase of thg
(Leal-Sena et al., 201

Figure 13. Effector mechanisms of IFN"mediated parasite elimination in infected
macrophages induction of the expression of indoleamine 2@3gyenase (IDO) and inducible
nitric oxide synthase (iNOS) as well as immunitgtezl GTPases (IRGs) and guanylate-binding
proteins (GBPs) (Yarovinsky, 2014).
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. In addition, mice lacking all T cells

succumb during the acute phase of the infection (Hunter & Remington, D&p¢tion

of these cells in the chronic phase, leads to reactivation of the disease (R. Gazzinelli et

al., 1992). [ the
I, 0 vcle

I 2y
I mctio.

Adaptive immunity largely depends on antigen-presenting cells (APCs), such as

DCs and macrophages, and their ability to pre3emgondii antigen and activate CD4

and CD8 T and B cells, in secondary lymphoid organs. Once activated, B cells serve as
APCs to stimulate CD4T cells (Gigley, Fox, & Bzik, 2009). Activation of T cells elicits
immunity toT. gondij and a transfer of activated T cells can confer resistance to naive
hosts (Gigley et al., 2009). CDand CDS8 T cells are essential for long-term survival of

the host, acting synergistically to prevent reactivation of cysts, and are importarg for th
development of protective immunity against reinfection (S. Hwang & Khan, 2015)
(Figure 15).

7.2.1. CD4 T cells

The importance of CDA4T cells in toxoplasmosis was defined in HIV-positive
immunosuppressed patients and in murine models. Initiation of T cell responses requires
that CD4 T cells and naive CDOST cells recognize APCs, carrying their corresponding
antigen on MHC | or MHC II. B cells, macrophages and dendritic cells are allleagfab
presenting the antigen to CD7% cells (Goldszmid et al., 2009). CD# cells mediate the
resistance to toxoplasmosi their complementary activity to CD&ells and B cells (l.

A. Khan et al., 2019; Lutjen, Soltek, Virna, Deckert, & Schluter, 2006). CD4ells
control the chronic infection through their ability to produce IFhd to express CD40L
(CD154) which a ligand necessary for the recognition of the antigen presented by APCs
(R. Gazzinelli et al., 1992; Portillo et al., 2010).



CDS8' T cells generated from mice vaccinated
with a temperature-sensitive mutantTofgondii(ts-4) are cytotoxia vitro for parasite-
infected or antigen-pulsed cells in a major histocompatibility complex class | (NFHC-I
restricted manner (Hakim et al., 199CD8" T cells are the dominant T cell responders
in BALB/c models, which have a corresponding T@Rtriction, V#8 CD8cells in their
brain (X. Wang, Claflin, Kang, & Suzuki, 2005Adoptive transfer experiments showed
that V#8 CDS cells are large producer of IFNand were more protective than V#8
CD4' cells in response to parasite infection (X. Wang et al., 2005). T8Il responses
to epitopes of several identified antigeific gondiiproteins, including P30, GRA4,
GRAG6, GRA1, GRA7, ROP2 and ROP7 in mice (Duquesne et al., 1991; Frickel et al.,
2008; Hunter & Remington, 1994; Jacobs, Vercammen, & Saman, 1999; Kasper et al.,
1992).

While CD8 T cells play an important role in BALB/c mice during the chronic
stage of the infection, there is a considerable amount of conflicting literature as to

whether this protection is mediated by secreted lleNby their direct cytolytic ability.



In contrast, adoptive transfer of perforin-
deficient CD8 T cells was still effective at preventing toxoplasmic encephalitis in a
chronic reactivation model utilizing sulfadiazine-treated athymic nude mice (X. Wang et
al., 2005).Although adoptive transfer of perforin-deficient CDB cells is effective at
preventing reactivation, the model of cytolytic cyst control is more likely tobeat, as
transferred IFN-deficient CD8 T cells are able to greatly reduce cyst burden in a
chronic reactivation model (Y. Suzuki et al., 2010). The multifaceted effects of &N-
the immune system make it difficult to separate the contribution of D&l IFN-
from that of other sources of this cytokine. IFNtself increases expression of
endothelial vascular cell adhesion molecule 1 (VCAM-1) to aid in recruitment of TD8
cells to the brain of chronically infected mice and thus enhances any effects bTCD8
cells on immunity tdr. gondii(X. Wang, Michie, Xu, & Suzuki, 2007}t seems likely
that both IFNE and cytolytic functions of CB* T cells are contributing to host resistance

to pathogenesis (Y. Suzuki, Sa, Gehman, & Ochiai, 2011).



Figure 15. Cellular immune response to initialloxoplasmainfection: Cells of the innate and
adaptive immune system as well as arrows indicatiggation and communication between cells.
INF-! is central to host resistancelxoplasmaas it activates many host mechanisms that kill the
parasite (Jensen Lab).

7.3. Central Nervous System (CNS) immune response

The central nervous system is closely linked to the immune system in several
levels. The brain parenchyma is separated from the periphery by the blood brain barrie
(BBB), whose integrity is maintained by the tight endothelial junctions. This barrier in
normal conditions prevents the entry of mediators such as activated leukocytes,
antibodies, complement factors and cytokines. Myeloid cells play a crucial role in the
development of immune response in the central level, it has two major subtypes: the
microglial cells which are spread in the brain parenchyma; and the perivascular
macrophages located in the capillaries of the basal lamina and the choroid plexus of the
brain (Elsheikha & Khan, 2010) (Figure 16).



d, the parasites persist as intraneuronal cysé

controlled, but not eliminated by the immune system (Blanchard, Dunay, & S¢

2015). Brain-resident cells including astrocytes, microglia and neurons contributg

intracerebral immune response by the production of cytokines, chemokin

expression of immune-regulatory cell surface molecules, such as major histocomy

(MHC) antigens (Blanchard et al., 2015). Wandering immune cells are also recr



the site of infection in the CNS and contribute to the response against the i
(Blanchard et al., 201}

(Figure 17) (Fischer,
Bonifas, & Reichmann, 2000)loxoplasmainduces a hyper-migratory phenotype in
human and mouse DCs. This hyper-migration of infected DCs potentiates systemic
parasite dissemination in mice, including the CNS, and may cooperate with chemotactic
responses of DCs (Schluter & Barragan, 2019). Although NK producé I main
source of this cytokine remains the recruited T cells, which infiltrate into the brain
following infection(Blanchard et al., 2015; X. Wang et al., 2005).

In parallel to the parasite spread to the brain, inflammatory leukocytes are
recruited to the CNS. These inflammatory infiltrates are mainly composed of &34
CD8" T cells along with the F4/80macrophages, CDi1 DCs, and Ly6€%"
inflammatory monocytes (Kwok et al., 2003). The number of infiltrated €Dhrkain
DCs strongly increases in cerebral toxoplasmosis, and these cells home to the
inflammatory foci in the infected brain. The inflammatory monocytes are actively
recruited to sites of infection serving an immediate precursor for antigen-presenting DCs
and macrophages (Serbina et al., 2009).

IFN-! can be also produced bthe brain-resident microglia, leading to their
activation and the production of NO to control the chronic cerebral infection (Blanchard
et al., 2015; Chao et al., 1993; Sa et al., 2015). In murine toxoplasmosis, microglia cells
are strongly activated throughout the entire brain as evidenced by upregulation of MHC
class | and Il antigens (Schluter, Lohler, Deckert, Hof, & Schwendemann, 1991).
Microglia cells suppress the proliferation of intracerebral T cells, most probably to
prevent excessive T cell proliferation and immunopathology due to the continuous T cell
stimulation with the persisting parasite antigens (Schluter et al., 2001).

Neurons express MHC class | under certain circumstances, including activity
dependent, long-term structural and synaptic modifications (Corriveau, Huh, & Shatz,

1998), and in functionally inactive IFNstimulated neurons. Some cyst-harboring
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0. |
also promotes the progression of seve and neuropathies

schizophrenia and Parkinson disease among others [11-18]. High€erF. agiadi

antibodies are also reported in different types of cancer [19-21], particularly i

cancers due to the ability of the parasite to interfere with the brain cells miRNAo













Proteins from various experimental procedures were separated on polyacr
gels with different percentages according to the molecular weight of desired prote

transferred to nitrocellulose membranes (BIO RAD Cat# 162-0112). Membrane

probed with different primary antibodies followed by anti-mouse (m-IlgGk BP-HR

516102) and anti-Rabbit (Mouse anti-rabbit IgG-HRP, sc-2357) (Santa Cruz,
secondary antibodies conjugated to Horseradish peroxidase (HRP). Bano
visualized using luminol chemiluminescent substrate (Bio-Rad, Cat# 170-5061).

Primary antibodies used in our study arg:3B; primary monoclonal antiboq
directed against p18 (1:1000) (Gift from Jean-Francois Dubremetz)[66, §7Es
monoclonal antibody directed against P30 (SAG-1/1:1000) (Gift from Jean-F
Dubremetz)[66], TLR-11, 12, and 7 TLR-12 polyclonal antibodies Thermofisher
PA1-41080; 1:1000; Cat# PA1-41037; 1:500), Cat#PA5-11605; 1:500, respeq
MYD88 monoclonal antibody Abcam (Cat#ab135693; 1:1000), total ERKI3ZH5
Rabbit polyclonal cell signaling (Ca#695 1:1000), Phosphd’44/42 MAPK ERK1/
(Thr202/Tyr204) Rabbit polyclonal antiboagll signaling (Cat>4397; 1:1000);A¢tin
Mouse cell signaling (Cat#8H10D10; 1:1000), GAPDH antibody conjugated to
from Abnova (Cat#MAB5476; 1:20000).
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l]. DCs recognize PAMPs via MyD88 TLRs signalin

This signaling pathway is required for the immune protection during many infe|

hich are lethal in the absence of MyD88 [95]. Two parasitic PA

play a role in TLR recognitio




[104], -7. TLR-7 is an endosomal re




known to recognize ribonucleic acid [99], and can signal through MyD88 to

inflammatory cytokines [106-109]. The upregulation of TLR-7, after treatment

ith imiguimod, can also contribute to the observed MyD88 signaling and the i

immune response. This plausible mechanism can be extrapolated to CT ag
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by the selectable markepoxanthine-xanthin
guanine phosphoribosyl transfera@éXGPRT (39
(Fig 1A).












Reactivation of CT in mice infected with the wild type WiFain led to 100% lethality
between 29 and 33 days post-dexamethasone administration (Fig 5B, left panel).
Interestingly, reactivation of CT in mice infected with KRQ8parasites was significantly
delayed and death was recorded between days 80 and 81 after initial administration of
dexamethasone (Fig 5B, left panel). Upon complementation R1i® the delay of
reactivation was reverted, and animals succumbed between days 28 and 33 post-
dexamethasone administration (Fig 5B, left panel), indicating a role for P18 in the
observed phenotype. To confirm that the death of mice is a result of CT reactivation, we
guantified the tachyzoite marker SAG-1 transcript levels in the brains of infected mice.
Since the average time of death of mice infected with control or complemented strains
was day 30 post-dexamethasone administration, we assessed SAG-1 expression at this
specific time point. Consistent with the survival results, SAG-1 expression was
significantly lower in the brains of infected mice with the RO8parasites (Fig 5B, right
panel). Altogether, these data support a role for P18 in the reactivation of CT in BALB/c

mice.

IFN-" plays a major role in P18 bradyzoite to tachyzoite interconversion

Due to the delayed reactivation of the IRQ8 strain, we explored the capacity of
bradyzoites to reconvert into tachyzoites and establish a successful acute infection in
immunocompromised animals. We used SCID and NSG mice. SCID mice lack adaptive
B and T cells related immunity, but yet retain a normal innate immunity with intact
macrophages, antigen-presenting cells, and natural killer (NK) cells, thus a normal IFN-
production (53). The NSG model present deletion or truncation of the gamma chain of

interleukin 2 (IL-2) receptor (54). Thus, NSG mice possess a defective production of a
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pEIPIL8-P28543’'P18 construct i

replaced byP18 by the selectable markbypoxanthine-xanthine-guanine phosphorib

transferasdHXGPRT) 5'P18P28543'P18 plasmid was then introduced

electroporation to t s. Selection of sta

depleted parasites was then performed under Xanthine and Mycophenol

p@B) Gel electrophoresis following PCR amplification for
e 5P18-P28543'P18 and






























| we estimated seroprevalence to be 41 to 53% (Fromont et al
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Dans l'ensemble, ce travail de thése a démontré le potentiel thérap

prometteur de l'imiquimod contre la toxoplasmose et caractérisé le réle de P
l'immunomodulation afin de contréler la dissémination et l'inter-conversion. Notrg
ouvre la voie a de nouvelles approches thérapeutiques contre la toxoplas
persistance et sa réactivation. Notre approche devrait ouvrir des horizons pou

une solution globale a cette maladie endémique.










Original Article

Imidazoquinoxaline Derivative EAPB0503: A Promising
Drug Targeting Mutant Nucleophosmin 1 in Acute
Myeloid Leukemia

Ali I. Nabbouh, MS %2 Rita S. Hleihel, MS ' Jessica L. Saliba, PhD “; Martin M. Karam, MS % Maguy H. Hamie, MS
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Carine Deleuze-Masquefa, PhD 2; and Hiba A. El Hajj, PhD 1°

BACKGROUND: Nucleophosmin 1 (NPM1) is a nucleocytoplasmic shuttling protein mainly localized in the nucleolus. NPM1 is frequently
mutated in acute myeloid leukemia (AML). NPM1c oligomerizes with wild-type nucleophosmin 1 (wt-NPM1), and this leads to its con-

tinuous cytoplasmic delocalization and contributes to leukemogenesis. Recent studies have shown that Cytoplasmic NPM1 (NPM1c)

degradation leads to growth arrest and apoptosis of NPM1c AML cells and corrects wt-NPM1 normal nucleolar localization. METHODS:
AML cells expressing wt-NPM1 or NPM1c or transfected with wt-NPM1 or NPM1c as well as wt-NPM1 and NPMlc AML xenograft mice
were used. Cell growth was assessed with trypan blue or a CellTiter 96 proliferation kit. The cell cycle was studied with a propidium

iodide (PI) assay. Caspase-mediated intrinsic apoptosis was assessed with annexin V/PI, the mitochondrial membrane potential, and
poly(adenosine diphosphate ribose) polymerase cleavage. The expression of NPM1, p53, phosphorylated p53, and p21 was analyzed

via immunoblotting. Localization was performed with confocal microscopy. The leukemia burden was evaluated by flow cytometry

with an anti-human CDA45 antibody. RESULTS: The imidazoquinoxaline 1-(3-methoxyphenyl)- N-methylimidazo[1,2- a]quinoxalin-4-
amine (EAPB0503) induced selective proteasome-mediated degradation of NPM1c, restored wt-NPM1 nucleolar localization in NPM1c
AML cells, and thus yielded selective growth arrest and apoptosis. Introducing NPM1c to cells normally harboring wt-NPM1 sensitized
them to EAPBO0503 and led to their growth arrest. Moreover, EAPB0503 selectively reduced the leukemia burden in NPM1c AML xe-
nograft mice. CONCLUSIONS: These findings further reinforce the idea of targeting the NPM1c oncoprotein to eradicate leukemic cells

and warrant a broader preclinical evaluation and then a clinical evaluation of this promising drug. Cancer 2017;123:1662-73. ¥ 2017
American Cancer Society

KEYWORDS: acute myeloid leukemia, apoptosis, 1-(3-methoxyphenyl)- N-methylimidazo[1,2- a]quinoxalin-4-amine (EAPB0503), nucle-
ophosmin 1, xenograft mice.

INTRODUCTION

Acute myeloid leukemia (AML) is a complex, heterogeneous blood malignancy in which a failure to differentiate and ¢
overproliferation of undifferentiated myeloid precursors result in impaired hematopoiesis and bone marrow (BM) failure
AML is associated with a highly variable prognosis and a high mortality rate, with overall survival exceeding 2 years
only 20% of elderly patients and 5 years for less than 50% of adult patients.

The prognosis of AML is mostly dependent on somatic genetic alterations used to classify the risk as favorable, in
mediate, or unfavoralfién AML patients with a normal karyotype, the most important genetic mutations influencing
both the prognosis and the treatment strategies are mutations in nucleophdBivit) arid FMS-like tyrosine kinase
3 (FLT-3) internal tandem duplicatiotRecently, more heterogeneous genomic categories for/\deda reporté'd.
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EAPBO0503 Induces NPM1c AML Apoptosis/Nabbouh et al

NPM1 is an essential gérencoding a phospho- showed a potent apoptotic effect in chronic myeloid leu-
proteirf continuously shuttling between the nucleuskemia cells through BCR-ABL degradatfon.
nucleolus, and cytoplasm but mainly residing in the nu-  Here we demonstrate that EAPB0503 induces
cleolus:® NPM1 has many functions, including pT4 NPMic proteasomal degradation selectivelyPiNlic
stabilization, ribosomal biogenesis regulation, centrosAML cells and leads to their apoptosis. Importantly, in-
mal duplication control, and p53 activation in response taroducingNPM1cto wt-NPM1tharboring cells sensitizes
stress stimufi®®In AML, NPM1 mutations account for them to EAPB0503. Moreover, EAPB0503 treatment
approximately one-third of patients, and this makes it oneestores wt-NPM1 nucleolar localization in vitro and also
of the most frequently mutated geh&sThese muta-  in ex vivo treated blasts and selectively reduces the leuke-
tions lead to the creation ofla novauclear export sig- mia burden ilNPM1cAML xenograft mice. These find-
nal®'®*which results in cytoplasmic accumulation ofings expand the antileukemic use of EAPB0503, reinforce
NPM1c, along with wild-type nucleophosmin 1 (wt- the idea of targeting oncoprotein degradation to kill leu-
NPM1) and thus leukemogenesis in these AMLkemic cells, and warrant a broader preclinical evaluation
patients- and then a clinical evaluation of this promising drug.

Despite all the advances in genetic and epigenetic
changes in AML, there is still little progress in the treatMATERIALS AND METHODS
ment of the disease. Although complete remission {Sq| Lines
reached by almost 70% of patients with standard indugc -1, ML-2, and THP-1 cell lines (from F. Mazurier)
tion chemotherapy, refractory disease is common, and tgyq |MS-M2 (from H. de Th) were grown in Roswell
lapse represents the major cause of treatment ‘failurépark Memorial Institute 1640 medium. OCI-AML3 cells
Stem cell transplantation remains the best chance fatom p. Bouscary) were grown in minimum essential
long-term survival but is associated with several compliGazdium a. Cells were seeded at a concentration of
tions!® Therefore, new therapeutic approaches, specify3 10%mL. EAPB0203 or EAPB0503 was used at 0.1 to
cally ones directly targeting the products of AML geneti§| \1, the caspase inhibitor Z-Val-Ala-DL-Asp(OMe)-
alterations, are needed. fluoromethylketone (zVAD) (Bachem Bioscience) was

In NPM1CAML, degradation of the NPM1c onco- ysed at 5@M, and the proteasome inhibitor PS-341 was

protein leads to leukemic cell growth arrest and apoptQised at 10 nM® Cell growth was assessed with trypan
sis'**®We and others have recently shown that arsenjg e or a CellTiter 96 proliferation kit (Promega).

trioxide and retinoic acid selectively induce NPM1c pro-  primary AML cells from patients'’ BM were

teasomal degradation and thus lead to apoptosis kiracted as described by EI Hajj'@tzdter approval by
NPMZLcAML cells:>**This combined treatment restores the institutional review board at the American University

NPM1 nucleolar localization ex vivo and in vivo. Howev_-of Beirut and after the patients had consented according
er, although the clearance of AML blasts was observed ifyahe Declaration of Helsinki.

few treated patients, no cure was achieved, likely because

of the complexity and status of the disease burden. Thigugs

underlies the need for novel therapies to improve treathe synthesis of EAPB0203 and EAPB0503 was
ment outcomes. ' _ performed as described by Deleuze-Masquefa'ét al.
Imiquimod is a toll-like receptor 7 immunomodula- Fyrther optimization of EAPB0503 synthesis was

tor*”*® used to treat certain skin canceand genital  achieved with microwave-assisted cheffistry.
warts?® Imiquimod analogues, called imidazoquinoxa-

lines, have been synthesizeainong them, 1-(2-phenyl-  Generation of Cells Expressing wt-NPM1 or
ethyl)N-methylimidazo[1,2}quinoxalin-4-amine NPM1c

(EAPB0203) and 1-(3-methoxyphenynethylimi- Green fluorescent proteiGKP wt-NPM1 or NPM1c
dazo[1,29]quinoxalin-4-amine (EAPB0503) have beeninserts were amplified and ligated into a pBybe lentiviral
reported with promising antitumor activit?>Indeed,  vector by the EcoRl site. Stable OCI-AML2 expressing wt-
EAPBO0203 displayed pronouncedly higher in vitro potenNPM1 or NPM1c was generated by lentiviral transduction
cy against melanoma and adult T-cell leukemia cells fiollowed by blasticidin selection. GFP-positive cells were
comparison with imiquimo@®?* Later, EAPB0503 sorted with the FACSAria Special Order Research Product
showed 10-fold higher cytotoxicity than EAPBO0203(Becton Dickinson) and grown in minimum essential me-
against melanoma céfisMore recently, EAPB0503 diuma before the cell growth assessment.

Cancer May 1, &dlee 1344



Original Article

HelLa cells were transfected with pcDNA hemagglukmmunoblot Analysis
tinin (HA) expressingvt-NPM1 or NPM1c (from G. After 48 hours of treatment with EAPB0203 or
Tell)?® with Lipofectamine 2000 (Invitrogen) according EAPB0503, proteins were probed with poly(adenosine di-
to the manufacturer's recommendations and were growghosphate ribose) polymerase (PARP), p53, p21, HA

in Dulbecco's modified Eagle's medium. (Santa Cruz), phosphorylated p53 (Biolabs), or NPM1
(Abcam) before incubation with the monoclonal horse-
Xenograft Animal Studies radish peroxidasetconjugated secondary antibodies. The

NOD/Shi-scid 1L2¢?/> (NSG) mice were obtained loading control was performed via probing with the
from Jackson Laboratories (United States). Mouse protoiouse horseradish peroxidase+conjugated glyceraldehyde
cols were approved by the institutional animal care angphosphate dehydrogenase antibody (Abndwaodin
utilization committee of the American University of Bei-(Abcam). Immunoblots were detected with a luminol de-
rut. OCI-AML3 or THP-1 cells (B 10°) were injected tection kit (Santa Cruz), and images were captured with
into the tail vein of 8-week-old females (5 mice pethe X-OMAT or BioRad ChemiDoc MP system.

group). On day 5 after the AML injection, the mice were

treated with EAPB0503 (15 mg/kg) for 5 days a weekmmunofluorescence Microscopy

over a period of 2 weeks. EAPB0503 was dissolved in d¥ML cells or patients' blasts were spun down onto glass
methyl sulfoxide and diluted in an equal volume of lipo-slides, fixed, and permeabilized with ice-cold methanol
fundin (vehicle) before its intraperitoneal administratiorfor 30 minutes. Immunostaining was performed with a

to the miceé*2° monoclonal antibody against anti-B23 NPM1 (Santa
Cruz) and a polyclonal antibody against the nucleolar
Flow Cytometry marker fibrillarin (Abcam). Primary antibodies were
Cell cycle analysis revealed by Alexa Fluor 488+ or Fluor 594+labeled sec-
Propidium iodide (PI) staining was used to assess the aafidary antibodies (Santa Cruz). Images were acquired
cycle as described by El Haijj étal. with a Zeiss LSM 710 laser scanning microscope operated

with Zen 2009 software (Carl Zeiss).
Annexin V staining
An annexin Vfluorescein isothiocyanate kit (BD PharStatistical Analysis
mingen) was used to assess phosphatidylserine expodd@éa are reported as averages and standard deviations. Sta-
Cells were treated with M EAPB0503 for 24 hours be- tistical analyses were performed with the Stutestt a
fore annexin V/P!I labeling and flow cytometry analysis. Pvalue less than .05 was considered significant.

Mitochondrial membrane potential (MMP) RESULTS
The MMP was assessed by a cell's ability to retaimapB0203 and EAPB0503 Induce Growth
rhodamine 123 (Sigma-Aldrich), as described by Salibarestin NPM1c AML Cells
etal®® We used 3wt-NPML1 cell lines (THP-1, KG4, and

A Becton Dickinson FACS instrument was usedMOLM-13) and the 2 availabldPM1cAML cell lines
10,000 events per condition were acquired, and FlowJ@CI-AML3 and IMS-M2) to test for EAPB0203 and
software (FlowJo LLC) was used for the analysis of ti@APB0503 effects on cell growth and viability. We tested

results. a range of drug concentrations (Ordv§ and assessed
cell growth for 5 days after treatment. Both treatments
Human CD45 staining resulted in pronounced time-dependent growth inhibi-

BM from the femurs and tibias of euthanized animals waton of OCI-AML3 cells (Fig. 1A,B). EAPB0203 ath\d
flushed at the end of week 3 after AML inoculation. Celresulted in significant OCI-AML3 growth inhibition
surface staining was performed onl1006f a sample (P< .05), which started 72 hours after treatment. Strik-
with 20l L of an anti-human CD45 Peridinin Chloro- ingly, EAPB0503 was more potent and atiMtesulted
phyll Protein (PerCP) conjugated antibody (345809;n significant growth inhibition, which started 96 hours
Becton Dickinson). After incubation for 15 minutes in after treatmentR< .001). Similarly significant results
the dark, erythrocytes were lysed with 1 mL of an FAC®ere obtained for both OCI-AML3 and IMS-M2: a con-
lysis solution (Becton Dickinson). Labeled samples wecentration of 0.5M induced growth inhibition starting
washed twice and analyzed on a Guava flow cytometer. 72 hours after treatmer®€ .001), and concentrations
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Figure 1. EAPBO0503 induces selective growth inhibition in NPM1c AML cells. AML cell lines with normal NPM1 (THP-1, KG-1a, and
MOLM-13) and NPM1c (OCI-AML3 and IMS-M2) were treated with increasing concentrations (0.1-5 nM) of (A) EAPB0203 and (B)
EAPBO0503 for 24, 48, 72, 96, and 120 hours. (C) Stably transfected OCI-AML2 with green fluorescent protein wt-NPM1 or NPMlc
was treated with increasing concentrations (0.1-5 nM) of EAPB0503 for 24, 48, 72, 96, and 120 hours. (D) HeLa cells transfected

with hemagglutinin-tagged wt-NPM1 or NPM1lc were treated with 1 nM EAPBO0503 alone or in combination with 10 nM PS-341 for

24, 48, and 72 hours as indicated. Cell growth (percentage of the control) was assayed in triplicate. The results represent the

average of at least 3 independent experiments. AML indicates acute myeloid leukemia; EAPB0203, 1-(2-phenylethyl)- N-methylimi-
dazo[1,2- a]quinoxalin-4-amine; EAPBO0503, 1-(3-methoxyphenyl)- N-methylimidazo[1,2- a]quinoxalin-4-amine; NPM1, nucleophosmin

1; wt-NPM1, wild-type nucleophosmin 1; Cytoplasmic NPM1 (NPM1c) Hemagglutinin (HA)-tagged confirmed green fluorescent pro-

tein (GFP)-tagged wt-NPM-1 or NPM-1c.

of 1 and 5"M induced the same inhibitory effect 24 hours EAPB0203 but displayed approximately 50% growth in-
after treatmentR< .05 andP< .001, respectively; Fig. hibition 72 hours after treatment with EAPB0503 (Fig.
1B). Importantly, a median inhibitory concentration of 1A,B). This percentage did not become more pronounced
1nM in OCI-AML3 and IMS-M2 cells was achieved 2 even 5 days after treatment, and the only significant result
days after treatment with EAPBO5(<(05 and  was obtained with concentrations of 1 amill 5120 and

P< .001, respectively), whereas a concentratiom\df 5 72 hours after treatment, respectivdy (05; Fig. 1B).

was achieved after treatment with EAPB0203 in OCI-

AML3 (Fig. 1A,B). This more potent effect of EAPB0503 ntroduction of NPM1c Into wt-NPM1+Expressing

versus EAPB0203 is in line with previously reportedells Sensitizes Them to EAPB0503

result$® THP-1 and KG-A cells were minimally sensi- To examine whether the growth inhibition solely ob-
tive to the compounds, with only approximately 20%served ilNPM1ccell lines was due MPM1 mutations,
growth inhibition even 5 days after treatment (Fig. 1A,B)we introducedNPM1cto wt-NPM1+expressing cells and
MOLM-13 cells were also minimally sensitive tochecked for their sensitivity to EAPB0503. We used the
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wt-NPM1+texpressing AML cell line (OCI-AML2) and EAPBO0503-Induced Apoptosis in NPM1c AML
generated by lentiviral transduction and then blasticidin s&ells Involves the Dissipation of MMP and

lection cells stably expressing either GFP-tagged wt-NPNFRSPase Activation

or NPM1c. GFP-positive cells were sorted, and a range dhe intrinsic apoptotic cascade is characterized by many
EAPB0503 concentrations (0.0M) were tested to assess Steps, the earliest of which is the disruption of the

cell growth more than 5 days after treatment. Interestingl}/MP.>° Because EAPB0503 induces apoptosis in
stable expression of NPM1c in OCI-AML2 resulted in sigNPM1CAML cells, we measured MMP in untreated cells

nificantly pronounced growth inhibition at @ that or 2 days after treatment with EAPB0503. Treated OCI-
started 72 hours after treatment and at 0.5, 1, anti 5 AMLS3 cells failed to retain the rhodamine 123 dye inside

that started 48 hours after treatmént (05; Fig. 1C). A their mitochondria (Fig. 2D and Supporting Fig. 1C [see
minimal effect was observedwttNPM1 OCI-AML2: online supporting information]). Conversely, \att
maximum growth inhibition of 30% (nonsignificant) was NPM1AML cells showed no loss of MMP up to 48 hours
obtained 48 hours after treatment with concentrations ddfter treatment (Fig. 2D and Supporting Fig. 1C [see on-
0.5, 1, and BM (Fig. 1C). Similar results were obtained line supporting information).
with HeLa cells: a concentration @M induced growth To study the effect of MMP dissipation in
arrest starting 48 hours after treatment in M2M1e EAPB0503-treated AML cells on the caspase cascade, we
transfected cellB€ .001) but notwt-NPMIttransfected ~examined PARP cleavage. The treatment of OCI-AML3
cells (Fig. 1D). This growth inhibition was reversed uporfor 48 hours with EAPB0503 but not with EAPB0203 led
the addition of PS-341 only in NPM1c-expressing cell$o PARP cleavage into its death-associated fragment (Fig.
both 24 and 48 hours after treatme® (.05; Fig. 1D).  2E); this occurred to a much lesser extent inttNPM1
Our results strongly suggest that introduliiBlyl1cinto AML cells treated with either drug (Fig. 2E). Interesting-
cells harboringvt-NPM1 sensitizes them to EAPB0503. ly, the cotreatment of cells with the general caspase inhibi-
Because of its potency, especialyAM1cAML cells,  tor zVAD and EAPB0503 reversed EAPB0503 growth-
only EAPB0503 was adopted at its median inhibitory coninduced inhibition in OCI-AML3 (Fig. 2F), whereas no
centration of M for the remainder of the study. effect was observed wt-NPM1 cells (THP-1 and
MOLM-13; Fig. 2F). Altogether, our results indicate that
EAPBO0503 Induces Massive Apoptosis in NPM1c the selective growth arrest obtainddRM1cAML with

AML Cells EAPO0503 involves caspase activation.

To examine the mechanisms dictating growth inhibition

and cell death, a cell cycle analysis was performed 48 hours

after treatment withiiM EAPB0503. A sharp increase in

the pre-G cell percentage, which reached more thafeAPB0503 Treatment Activates p53 Signaling in

80%, was obtained upon the treatment of OCI-AML3 NPM1c AML Cells

with EAPB0503. Minimal effect was observed imthe T0 determine whether the EAPB0503-associated growth in-

NPM1 cells (THP-1, KG-&, and MOLM-13; Fig. 2A  hibition and apoptosis were p53-mediated, p53 protein lev-

and Supporting Fig. 1A [see online supporting informa&ls were monitored 48 hours after treatment witk 1

tion]). The cell cycle distribution showed no major varia EAPB0203 or EAPB0503, and the results were compared

tion in all the tested AML cells untreated or treated withwith untreated controls. EAPB0503 induced substantial

EAPBO0503 (Fig. 2B and Supporting Fig. 1A [see onlinélpregulation of total pS3 protein levels and the pS3 phos-

supporting information]), and this shows that the drug igohorylated form exclusively in tdeM1cOCI-AMLS3 cell

mostly inducing pre-gsaccumulation ifNPM1c AML line (Fig. 2G), whereas no effect was observed upon the

without affecting the other cell cycle phases. treatment of these cells with EAPB0203 (Fig. 2G). Accord-
To confirm the apoptosis, annexin V/PI labeling wadngly, p21 protein levels were upregulated only in

performed, and a significant increase of 40% in annexin ZAPB0503-treated OCI-AML3 (Fig. 2G). Because p53 is

positivity was observed only in OCI-AML3 cells treatednutated in both THP-1 and KGelcell lines! we tested

with 1niM EAPBO0503 for 24 hour®k .005; Fig. 2Cand  p53 only in thent-NPM1 MOLM-13 cell line and found

Supporting Fig. 1B [see online supporting information]).that p53, phosphorylated p53, and p21 protein levels

In contrast, alwt-NPMZ1 cells remained virtually annexin remained unchanged upon treatment with either drug (Fig.

Vtnegative upon treatment with the drug (Fig. 2C and2G). Altogether, these results show that EAPB0503 is a po-

Supporting Fig. 1B [see online supporting information]). tent inducer of apoptosis exclusivelyRiviLcAML cells.
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EAPBO0503 Induces NPM1c Proteasomal
Degradation and Restores wt-NPM1 Nucleolar

Localization in  NPM1lc AML Cells

Given the selective activity of EAPBO503NPM1c
AML cells, we examined its effect on NPM1c oncoproteim 1 3 cells (Fig. 3B), and this suggests that NPM1c is the

Cancer

May 1, a0lee

Figure 2.

degradation. Although no effect of EAPB0203 or
EAPB0503 on NPM1 expression was obtained in THP-
1, MOLM-13, or KG-1a cells (Fig. 3A), EAPB0503 but
not EAPB0203 triggered NPM1 downregulation in OCI-
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primary target of EAPB0503. Critically, adding the pro-2 and 6 were AML patients witti-NPM1, and patients 3
teasome inhibitor PS-341 reversed both NPM1 downreto 5 harbored aNlPM1 mutation withoutFLT-3internal
gulation and growth arrest (Fig. 3C) specifically in OCI-tandem duplication. Although leukemic cells derived from
AML3 (Supporting Fig. 2 [see online supporting infor- patients 1, 2, and 6 were not sensitive to EAPB0503 treat-
mation]). To eliminate any potential off-target effect ofment, those derived from patients 3 to 5 were highly sensi-
the treatment, we treated HA-tagged:NPM1t+ or tive, and almost all died within the first 48 hours after
NPMZlectransfected HelLa cells with EAP0503 alone or irtreatment (Fig. 4A). Moreover, EAPB0503 induced
combination with PS-341. With an anti-HA antibody, NPM1c selective degradation in patients 3 to 5 (Fig. 4B)
our results showed that EAPB0503 proteasome-mediatadd restored the wt-NPM1 nucleolar localization only in
degradation was selective for NPM1c and was reverghdse patients (Fig. 4C). Collectively, EAPB0503 exerts its
upon the addition of PS-341 (Fig. 3D). Using primers growth-inhibition effect, induces NPM1c degradation,
specific for either wt-NPM1 or NPM1c messenger RNAand corrects the wt-NPM1 nucleolar localization selectively
we found that neither transcript level was affected im treatedPM1cAML blasts ex vivo.

EAPBO0503-treated cells (Supporting Fig. 3 [see online

supporting information]), and this shows that NPM1 EAPBOS03 Selectively Reduces the Leukemia
downregulation occurs at the protein level. CollectivelypM Burden in OCI-AML3 Xenograft Mice

these results strongly suggest that EAPB0503-treat§Veral xenograft mouse models have been generat-
- ed3?33Furthermore, OCI-AML3 and THP-1 cells are
NPMlc AML cells are secondary to oncoprotein™~"" ’

degradation. known to express the hCD45 marke?? To assess the

In NPM1c AML, wt-NPM1 oligomerized with in_ vivo efficacy of EAPB0503, We_injected NSG mice
NPMic and was delocalized to the cytoplasm (Fig!ith OCI-AML3 or THP-1 cells. Five days after the
3E)%1%11 yhereas the treatment of THP-1 cells with AML cell injection, xenograft mice were treated intraper-
EAPB0503 did not affect NPM1 nucleolar localizationtoneally with EAPBOS03 or its respective vehicle (di-
(Fig. 3E), EAPBO0503 treatment of OCI-AML3 restored Methyl  sulfoxide/lipofundin) once  daily for 5
the nucleolar localization of the remaining NPM1 proteinconsecutive days a week over a period of 2 weeks. At the
(Fig. 3E). This suggests that EAPBO503-triggered degr%[‘d of week 3 after the AML cell inoculation, BM was

dation of NPM1c releases wt-NPM1 and thus correctflushed from the femurs and tibias of untreated mice and
the nucleolar organization defect. vehicle- or EAPB0503-treated mice. Human AML xeno-

graft cells were stained with the human-specific

EAPB0503 Selectively Inhibits Proliferation, hCD45' antibody and analyzed with flow cytometry.
Induces NPM1c Degradation, and Restores Our results show that the OCI-AML3 BM burden was
wt-NPM1 Nucleolar Localization in Ex Vivo markedly reduced from 34% to 10% upon EAPBO0503
Treated NPM1lc AML Blasts treatmentP< .05; Fig. 5A,B), whereas the THP-1 bur-

Primary blasts derived from the BM of 6 AML patientsden was not affected (22% for untreated mice vs 23% for
were treated with EAPB0503. Patient 1 had acute promy&APB0503-treated mice; Fig. 5B,C). These results indi-
locytic leukemia with PML/RARA rearrangement, patientsate that EAPB0503 is a promising drug that selectively

Figure 2. EAPBO0503 induces caspase-mediated apoptosis in NPM1c AML cells. (A) Pre-G ¢ cell population after Pl staining upon
the treatment of AML cell lines with the median inhibitory concentration dose (1 nM) of EAPB0503 for 48 hours. (B) Percentage

of cycling cell populations after Pl staining upon the treatment of AML cells for 48 hours as described previously. Histograms rep-

resent the relative distributions of nonapoptotic cells between the G o/G 13, S, and G,/M phases. (C) Annexin V staining of AML cells
treated for 48 hours as described previously. (D) MMP assay. After the treatment with AML cells as described previously and rho-

damine 123 staining, rhodamine 123 was excited at 488 nm, and the fluorescence emission at 525nm was assessed with flow
cytometry. (E) Western blot analysis for PARP upon the 48-hour treatment of AML cells with EAPB0203 and EAPB0503. (F) Pro-

liferation assay after the treatment of AML cells (THP-1, MOLM-13, and OCI-AML3) with 1 nM EAPBO0503 alone or in combination
with 50 nM zVAD (general caspase inhibitor) for 24, 48, and 72 hours. Cell growth is represented as the percentage of the control

as indicated. (G) Western blot analysis for p53, P-p53, p21, and GAPDH in OCI-AML3 and MOLM-13 cells treated for 48 hours

as described. In all flow cytometry assays, histograms represent 1 of 3 independent experiments. P values less than .05 were
considered significant (* P .05, *P .01, **P .001). AML indicates acute myeloid leukemia; EAPB0203, 1-(2-phenylethyl)- N-
methylimidazo[1,2- a]quinoxalin-4-amine; EAPB0503, 1-(3-methoxyphenyl)- N-methylimidazo[1,2- a]quinoxalin-4-amine; GAPDH,
glyceraldehyde 3-phosphate dehydrogenase; MMP, mitochondrial membrane potential; PARP, poly(adenosine diphosphate ri-

bose) polymerase; PI, propidium iodide; P-p53, phosphorylated p53; zVAD: z-Val-Ala-DL-Asp(Ome)-fluoromethylketone Rhoda-

mine 123 phosphorylated-p53.
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Figure 3. EAPBO0503 induces proteasomal degradation of the NPM1c protein and restores the correct wt-NPM1 nucleolar localiza-

tion in the  NPM1c OCI-AML3 cell line. Western blot analysis of NPM1 recognizing both NPM1 (wt 1 c) and actin in (A) AML cell lines
with wt-NPM1 (THP-1, MOLM-13, and KG-1 a) and (B) NPM1lc OCI-AMLS3 cell lines treated with 1~ nM EAPB0203 or EAPB0503 for 48
hours as indicated. (C) NPM1 (wt 1c) and GAPDH in OCI-AML3 treated with 1 nM EAPBO0503 alone or in combination with 10 nM

PS-341 (proteasome inhibitor) for 48 hours as indicated and proliferation assay after the treatment of OCI-AML3 with 1 v
EAPBO0503 alone or in combination with 10nM PS-341 for 24, 48, and 72 hours. Cell growth is presented as the percentage of the
control as indicated. (D) Western blot analysis for HA, NPM1 (wt 1 c), and actin in HelLa cells transfected with HA-tagged wt-NPM1

or NPM1c and treated with 1 nmivi EAPB0503 alone or in combination with 10 nM PS-341 for 48 hours as indicated. (E) Confocal mi-
croscopy analysis of NPM1 localization in THP-1 or OCI-AML3 cells after treatment with EAPB0503 for 48 hours. NPM1 was

stained with an antibody recognizing NPM1 (wt 1c) (green), nucleoli were stained with anti-fibrillarin (red), and nuclei were
stained with 4 ,6-diamidino-2-phenylindole (blue). Images represent z-sections. AML indicates acute myeloid leukemia;
EAPB0203, 1-(2-phenylethyl)-  N-methylimidazo[1,2- a]quinoxalin-4-amine; EAPB0503, 1-(3-methoxyphenyl)- N-methylimidazol[1,2-

ajquinoxalin-4-amine; GAPDH, glyceraldehyde 3-phosphate dehydrogenase; HA, hemagglutinin; NPM1, nucleophosmin 1; wt-
NPM1, wild-type nucleophosmin 1; NPM1c, cytoplasmic NPM1; NPM-1 (wt+c): wild type and cytoplasmic NPM1.
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Figure 4. EAPBO0503 inhibits proliferation, induces the degradation of NPM1c, and restores the nucleolar localization of wt-NPM1
selectively in ex vivo treated blasts derived from NPM1c AML patients. Primary leukemic blasts were harvested from 3 patients

and treated with 1 nM EAPBO0503. Patient 1 had APL with PML/RARA rearrangement, patients 2 and 6 were AML patients with
wt-NPM1, and patients 3 to 5 were AML patients harboring an NPM1 mutation without ~ FLT-3 internal tandem duplication. (A) Pro-
liferation of AML blasts after treatment for 24, 48, and 72 hours. Cell growth is represented as the percentage of the control. (B)

Western blot analysis for NPM1 (wt 1 c¢) and GAPDH in treated AML blasts as indicated previously. (C) Confocal microscopy of de-

rived blasts from patients 2 and 3. NPM1 (wt 1 c) was stained with an anti-NPM1 (wt 1 ¢) antibody (green), nucleoli were stained
with anti-fibrillarin (red), and nuclei were stained with 4 ,6-diamidino-2-phenylindole (blue). Images represent z-sections. AML
indicates acute myeloid leukemia; APL, acute promyelocytic leukemia; EAPB0503, 1-(3-methoxyphenyl)- N-methylimidazo[1,2-
alquinoxalin-4-amine; FLT-3, FMS-like tyrosine kinase 3; GAPDH, glyceraldehyde 3-phosphate dehydrogenase; NPM1, nucleophos-

min 1; wt-NPM1, wild-type nucleophosmin 1; NPM1c, cytoplasmic NPM1; NPM1 (wt+c), wild-type and cytoplasmic NPM1.

reduces thBlPM1cAML BM burden in xenograft ani- DISCUSSION
mals and warrants more preclinical investigation anbh this report, we examine the effects of EAPB0503 and
then a clinical investigation. EAPBO0203, 2 imidazoquinoxaline agents, on AML cell
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Figure 5. EAPBO0503 selectively reduces the leukemia bone marrow burden in OCI-AML3 xenograft NSG mice. Eight-week-old fe-

male NSG mice were injected with 1 3 10° OCI-AML3 or THP-1 cells intravenously. EAPB0503 or its vehicle was administered for 5

days per week over a period of 2 weeks intraperitoneally. At the end of week 3, bone marrow was harvested from femurs and tib-

ias of xenograft mice and then stained with the anti-hCD45 antibody. (A) Histograms showing the hCD45 PerCP percentage in

xenograft animals. (B) Unstained and stained OCI-AML3 cell lines with the hCD45 antibody. (C) Representative histograms of

stained and untreated OCI-AML3 xenograft mice, OCI-AML3 xenograft mice treated with the vehicle, and OCI-AML3 xenograft

mice treated with EAPB0503. (D) Representative histograms of stained and untreated THP-1 xenograft mice, THP-1 xenograft

mice treated with the vehicle, and THP-1 xenograft mice treated with EAPB0503. EAPBO0503 indicates 1-(3-methoxyphenyl)- N-
methylimidazo[1,2- a]quinoxalin-4-amine; NSG, NOD/Shi- scid IL2r g?/2; PerCP: peridinin chlorophyll protein (* P<.05, *P<.01,
***P < 001); SSC, side scatter.

lines. Imidazoquinoxalines have arisen as promising arttias a specific growth-inhibition effect diPM1c
cancer drugs on the basis of their in vitro activity in T-celDCI-AML3 and IMS-M2 cells in a dose- and time-
leukemia and chronic myeloid leukemia and their in vivalependent manner. EAPB0503 activity in OCI-AML3
activity in melanom#:2>2®We show that EAPB0503 cells is considerably more pronounced than EAPB0203
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activity, and this in line with its higher antitumor potency AML classification based on the morphology and cytoge-

in other cancer typ8%2°IntroducingNPMicinto cells  netic/genetic changes reflect the importance of identifyi

harboringwt-NPM1 sensitizes them to EAPB0503. The the subtype-specific biology to determine the appropriate

phenyl group is directly linked to the core imidazoqui-targeted therapy triggering degradation of the byproducts

noxaline heterocycle in EAPB0503, whereas an ethyl lirdf these genetic modificatidi€ur results suggest that

exists in EAPB0203 between the 2 parts. This ethyl linkéeAPB0503 holds promise for the treatmeniBM1c

in EAPB0203 appears to abolish the antileukemic activithML, especially in those patients with mutatio® A,

in most of the tested leukemia models in comparison wittvhich represents 80%NPM1 mutations in AME8 and

the direct linkage in the EAPB0503 compotfiddeed, is the hallmark mutation present in OCI-AML3 and

this change in the EAPBO0503 structure enhanced its iMS-M2.3° These promising results were translated in

vitro activity and led to better bioavailability in fats. vivo: among treated mice, EAPB0503 decreased the BM
We have shown that EAPB0503 induces growth areukemia burden only NPMZ1cxenograft mice. Further

rest and apoptosis NPM1cAML cells. Apoptosis is ac- in vivo studies (survival and organ infiltration) and ex vivo

companied by the dissipation of MMP and PARPstudies (treated blasts) are required for us to have a com-

cleavage, and this strongly suggests the involvement of fhete idea of EAPB0503's mechanism of action.

intrinsic apoptotic pathway. Our results are consistent

with previous studies showing antitumor activity of
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B oene

1]. AML is one of the most common
acute leukemia in adults [ 2]. Its incidence rate is 2.5 per 100,000 caségear and the median overall
survival (OS) is approximately nine months [ 3]. AML treatment and prognosis largely depend on the
patients' age [4+6]. AML was historically divided into eight major groups according to cell morphology
and immune phenotype (MO to M7) [ 7]. This classi®cation has been revised several iterations since
then [8+12]. Exome sequencing in AML patients led to the current classi®cation through identi®cation
of more than 20 driver recurrent mutations [ 13]. These mainly include Nucleophosmin-XNPM1),
DNA methyltransferase 3ADNMT3A ), Fms-like tyrosine kinase{&LT3), isocitrate dehydrogena@®H ),
TenzEleven Translocation(ZET-2), Runt-related transcription factofRUNX-1), CCAAT enhancer binding
protein (CEBPA), additional sex comb-like(ASXL1), mixed lineage leukem{dLL), tumor protein p53

Gene019 10, 614; doi:10.3390yenes10080614 www.mdpi.com /journal/genes



14]. These mutations dictate the response to treatment, rates of complete remission,
disease-free survival, overall survival, and classify AML into three prognostic risk factors (favorable,
intermediate, and adverse) (Table 1).

Animal models provide an excellent tool to understand the biology of pathological mechanisms
involved in human diseases. Diverse animal species were used to answer pivotal questions related to
disease progression, genetic mutations, immunity, and response to treatment. Among these models,
Zebra®sh was exploited to generate di erent mutations mimicking several subtypes of human AML.

Table 1. 2017 European LeukemiaNet (ELN) prognostic groups according to genetic abnormalities of
acute myeloid leukemia (AML) [ 12].

Prognostic Group Genetic Mutations and Abnormalities

t(8;21YRUNX1-RUNX1T1

inv(16) or t(16;16YCBFB-MYH11
Favorable Mutated NPM1 without FLT3-ITD

or with FLT3-ITD low *

Biallelic mutated CEBPA

Mutated NPM1 and FLT3-ITD Nigh *

Wild-type NPM1 without FLT3-ITD or with FLT3ITD low *
t(9;11YMLLT3-KMT2A
Cytogenetic abnormalities not classi®ed as favorable or adverse

Intermediate

t(6;9)Y DEK-NUP214
t(v;11923.3)KMT2A rearranged
1(9;22)BCR-ABL1

inv(3) or t(3;3)/GATA2, MECOM(EVI1)
Complex karyotype

Monosomal karyotype

Wild-type NPM1 and FLT3-ITD high =
Mutated RUNX1 1

Mutated ASXL1 T
Mutated TP53

Adverse

* Low ‘[ow allelic ratio ( <0.5);M9M  high allelic ratio ( >0.5); { these mutations should not be used as an adverse
prognostic marker if they co-occur with favorable-risk AML subtypes.

2. Zebra®sh: Characteristics and Relevance to Human Blood Malignancies

Danio rerig commonly known as Zebra®sh, shares genetic and molecular mechanisms of
hematopoiesis with humans [ 15]. This model o ers many advantages, including low-cost, optically
transparent embryos, high fecundity, rapid embryogenesis, and short gestation time. The genome
editing in zebra®sh was known since 1970s, when the ®rst transgenic zebra®sh was generated by
inserting naked linear DNA [ 16]. Since then, the genetic manipulation of this model evolved to include
clustered regularly interspaced short palindromic repeats (CRISPR) technology [ 17], which renders
zebra®sh an attractive model for studying speci®c gene involvement and for drug screening in blood
malignancies [18+20].

During normal zebra®sh hematopoiesis, both the primitive and de®nitive waves arise from the
mesoderm germ layer under the control of the Transforming Growth Factor beta (TGF- ) superfamily
proteins, known as bone morphogenic proteins (BMP such as bmp2b and bmp7) [ 21+23]. The generated
transient primitive erythroid and myeloid cells are essential for the embryonic development, while the
hematopoietic stem cells (HSCs) and progenitor cells (HSPCs) produce blood lineages in the adult
®sh [24]. In the below section, we will provide an overview of AML models of Zebra®sh (summarized
in Table 2).



25+28]. The ®rst
AML model in Zebra®sh was created by expressing the fusion protein, MYST3 /NCOA2 (MOZ /TIF2).
This fusion targets hematopoietic cells under the control of spi-1 (pu.1) an early myeloid promoter [ 29].
pu.lis an ETS-domain transcription factor expressed in both immature lymphoid /hematopoietic cells
and myeloid cells during zebra®sh hematopoiesis [ 30]. Cells expressing pu.1 di erentiate into myeloid
progeny, whereas cells with low pu.1 expression shift to the erythroid fate [ 31]. After an extended latent
period, a small percentage of transgenic ®sh developed AML [29]. These animals presented with an
extensive invasion of kidneys by myeloid blast cells, proving the oncogenic potency of MYST3/NCOA2
fusion gene [29]. Although this model is useful as a chemical library screen, especially for compounds
that target epigenetic regulation of gene expression [29], the long latency and low incidence waned the
enthusiasm for its use.

2.1.2. hsp70: AML1-ETO

A chromosomal translocation between chromosomes 8 and 21 (1(8;21)(q22;922)) occurs in 12+15%
of AML patients [ 32]. This chromosomal rearrangement yields a fusion transcription factor encoding
AML1 (RUNX1) linked to ETO, forming the AML1-ETO fusion product[ 33+35]. This translocation was
introduced under the control of the heat shock promoter hsp70n zebra®sh embryos (sp70: AML1-ETQ.
Transgenic Zebra®sh recapitulated the human AML features, at both the cytological and transcriptional
levels[36]. The expression of this fusion protein led to the accumulation of non-circulating hematopoietic
cells, whereby the intermediate cell mass was enriched with myeloperoxidase positive neutrophils
and morphologically immature hematopoietic blasts [ 36]. The disruption of de®nitive hematopoiesis
led to switching the cells fate from the erythroid to the myeloid lineage [ 36]. Overexpression of the
transcription factor reversed the observed phenotypes, implicating scl, as major player downstream
of AML1-ETO [ 36]. This model enabled the screening of a small molecule library and discovery of
compounds that antagonize the activity of AML1-ETO in the hematopoietic progenitor cells (HPCs) [ 36].
Inhibition of COX-2 and  -catenin signaling antagonized AML1-ETOs e ects on HPCs di erentiation
and may have implications in human AML [ 37].

2.1.3. MYCN: HSE: EGFP

MYCN (N-myc) proto-oncogene is upregulated in many types of hematological malignancies [38,39
including 20 to 40% of pediatric AML patients [ 40]. To unravel the molecular and transcriptional
networks by which MYCN induces malignancy, Shen et al. estab lished a transgenic embryonic zebrafish
model, Tg (MYCN: HSE: EGFB), expressing the murine MYCN under a heat shock promoter [ 41]. MYCN
overexpression induced immature myeloid blast cell expansion and reprogrammed the hematopoietic
cell fate through MYCN downstream-regulated gene 1b (ndrglb) and other lineage-speci®c
hematopoietic transcription factors regulation [ 41]. The primitive hematopoiesis was enhanced
through scl and Imo2 upregulation. Furthermore, erythroid di  erentiation was blocked through
downregulation of gatal, while myelopoiesis was promoted by pu.l overexpression [ 41]. This model
presents a high AML incidence ( 75% of transgenic zebra®sh) and a rapid onset occurrence, providing
a platform for whole-organism chemical suppressor screens, to identify compounds that can reverse
MYCN function invivo [ 41].

2.1.4. FLT3-ITD and NPM1c+ Models in Zebra®sh

FLT3-ITD and NPML1 are two major players in de®ning the prognosis and response to treatment
in AML patients. FLT3 is a tyrosine kinase receptor that plays a major role in hematopoiesis through
the regulation of proliferation, di  erentiation, and apoptosis of HPCs [42]. It is highly expressed on



4344]. Several mutations occur in the FLT3 receptor,
the most common of which leads to an internal tandem duplication (ITD) [ 45]. FLT3-ITD occurs in 20%
of AML patients and is strongly associated with poor prognosis [ 46,47]. NPM1, a shuttling protein
between the nucleoplasm and the cytoplasm, plays several roles, notably ribosomal biogenesis [48,49).
NPM1 is mutated (NPM1c +) in around 30% of AML patients with normal karyotype [ 50]. NPM1c+ is
continuously translocated to the cytoplasm contributing to leukemogenesis [ 50].

FLT3-ITD plays arole in embryonic primitive and de®nitive hematopoiesis in zebra®sh. Transgenic
zebra®sh embryos with human FLT3-ITD showed expansion and clustering of myeloid cells [ 51].
Thus far, the impact of FLT3-ITD on adult zebra®sh remains underexplored.

Bolli etal. generated a transgenic zebra®sh model expressing NPM1e-, which perturbed primitive
hematopoiesis by promoting the early expansion of pu.1l + myeloid cells [ 52]. This phenotype was
even more pronounced in a p53-de®cient background [52]. An increase in the number of gatal+/Imo2
indicating expansion of erythro-myeloid progenitors (EMPs) was also observed. These EMPs highly
expressed both c-myb and CD41 but not RUNX1, suggesting a disruption of de®nitive hematopoiesis
where these cells could be the main target of NPMl1c+. This model provides a tractable in vivo
system for the study of the mechanisms through which hematopoietic development is perturbed in the
presence of NPM1c+ [52].

Transgenic zebra®sh models expressing either human FLT3-ITD or NPM1 proteins under the
control of pu.1promoter were also generated [53]. For that purpose, spi-1 FLT3-ITD-2A-EGFP/CG2
expressing mutant FTL3-ITD and spi-1: NPM1-Mut-PA /CG2 expressing mutant NPM1 constructs
were designed. This double mutant transgenic ®sh (FLT3-ITD/NPM1.Mut) exhibited an accelerated
rate of myeloid leukemogenesis [53]. By the age of six months, around 66% of the transgenic ®sh
produced signi®cantly increased precursor cells in the kidney marrow along with dedi  erentiated
myeloid blasts [ 53].

2.1.5. Spi-1: CREB-EGFP

The cAMP response element binding protein (CREB) plays a major role in hematopoiesis through
the regulation of proliferation and di  erentiation of myeloid progenitor cells [ 54]. Overexpression
of CREB is associated with immortalization, growth factor-independent proliferation and blast-like
phenotype in BM progenitor cells [ 55]. CREB is highly expressed in BM samples of both adult and
pediatric AML patients [ 56]. Tregnago et al. generated a transgenic zebra®sh model §pi-1: CREB-EGFP
expressing the CREBgene downstream pu.1promoter in the myeloid cell lineage. CREB overexpression
resulted in upregulation of erythroid and myeloid genes, altering primitive hematopoiesis. Among
adult transgenic zebra®sh, 80% of the ®sh developed AML after 9+14 months through the blockage of
myeloid di erentiation [ 57]. These ®sh showed aberrant expression of a set of 20 genes in common
with pediatric AML. The most intriguing is the CCAAT-enhancer-binding-protein- (C/EBP ) that acts
downstream CREB. It resulted in impaired myeloid di  erentiation that could be reversed through
inhibition of the CREB-C /EBP axis. These ®ndings are complementary with the data obtained by
screening for CREB and CEBP in pediatric AML patients, 0  ering an opportunity to test for novel
therapeutics through this model [ 57].

2.1.6. Spi-1: SOX4-EGFP

SOX4 is a transcription factor belonging to the SOX (Sry-related high-mobility groupbox)
family [ 58]. In AML patients, SOX4 overexpression results in poor prognosis and short overall
survival [ 59]. SOX4 was reported to contribute to the leukemic phenotype of C /EBP mutant AML
in murine models as well as in human AML. C /EBP protein typically inhibits the self-renewal of
leukemic cells and restores cellular di  erentiation. SOX4 overexpression results in C/EBP inactivation,
enabling leukemic cells proliferation and AML development [ 60,61].

Lu et al. generated a transgenic zebra®sh model Tg (spi-1:SOX4-EGFP) expressing SOX4 protein
downstream the spi-1 myeloid promoter. Early developmental stages of transgenic zebra®sh did not



59.

2.1.7. IDH 1/2 Mutation

Mutations identi®ed in a family of enzymes involved in the citric acid cycle, isocitrate
dehydrogenases 12 (IDH1/2), account for 16% of AML patients [ 62]. These mutations substitute
arginine residue almost exclusively at codon 132 in IDH1 (IDH1-R132H) and codons 140 and 172 in
IDH2 [ 62]. To study the involvement of IDH in AML, zidhlwas either suppressed or deleted and
resulted in the blockage of di erentiation and accumulation of early myeloid progenitor cells, while
decreasing macrophage and natural killer progenitor cells [ 63]. The importance of IDH1 mutation was
asserted when plasmids of IDH1-R132H were injected into zebra®sh embryos [63]. An increase in
2-hydroxyglutarate (2-HG) level, a reduction of 5-Hydroxymethylcytotsine (5-hmC), and an expansion
of myelopoiesis were obtained in these embryos. A human IDH1-R132H+tspeci®c inhibitor signi®cantly
ameliorated both hematopoietic and 2-HG responses in human but not zebra®sh IDH1 mutant
expression [63]. This result is not surprising and highlights some of the drawbacks using Zebra®sh as
a model for human diseases. On the other hand, studies on zidh2were restricted to the regulation of
embryonic hematopoiesis in zebra®sh but with no relevance to the human AML [ 63].

Even with the drawbacks of not possessing many mammalian-like organs, zebra®sh still provides
an excellent, a ordable, and rapid platform for evaluating several aspects of AML. The variations in the
biological microenvironment might impede drug delivery and performance in humans. Additionally,
zebra®sh are ectothermic (cold-blooded), so their physiology is not identical to humans, which might
a ect enzyme kinetics and metabolism. The genetic diversity detected between individual zebra®sh
belonging to the same strain confounds data and could be misleading [ 64]. The sparsity of reagents to
study zebra®sh at the molecular level is contrasted by the abundance of mouse-speci®c reagents.

3. Rodent Models

Due to the complexity and heterogeneity of AML in humans, rodent models have been instrumental
in providing a platform for answering pivotal questions related to AML pathogenesis, disease
progression, and developing new e ective therapeutic approaches. Among these models, rats and
mice represent the closest accepted mammalian models to AML.

3.1. Rats

Several transplantable leukemia rat models were established using carcinogens, radiations, and
pollutants [ 65+67].

Transplantable Rat Models

Acute Myeloid Leukemia / Chronic Meylogenous Leukemia (AML /CML) leukemia: Repeated
intravenous injections of 7, 12-dimethylbenz (a) anthracene (DMBA) into WOP /H-Onc strain or
Wistar/H-Onc strain, induced leukemia in 10% of the rats in 5£9 months. This leukemia has myeloid
characteristics as revealed by hematological and histological examination, as well as in®Itration of
myeloid blasts into several organs (BM, liver, spleen, and lymph nodes). This myeloid nature showed
similarities with both human CML (as demonstrated by high peroxidase and Sudan black B positive
cells and reduction in alkaline phosphatase positivity) and human AML (non-speci®c esterase activity,
highly reduced in the peripheral blood but slightly reduced in BM). These ®ndings do not support the
use of these rats as an exclusive AML model [68].



69]. Similarities
in in vitro colony forming assays between AML patients and BNML rats validated it as a model for
AML [ 70,71]. Several therapeutic modalities were optimized using this model; these include the
combination of anthracyclines, [ 72,73] Ara-C, [ 74,75], 4°-(9-acridinylamino) methanesulfon-m-anisidide
(AMSA) [ 7€], and other therapeutics [ 77£79]. One of the most signi®cant advantages in the BNML model
is its contribution to the improvement of minimal residual disease (MRD) detection by karyotyping[ 80|
and multidimensional ow cytometry [ 81,82)].

3.2. Mice

Mice o er an invaluable model due to their small size, cost-e ectiveness, and easy maintenance,
availability of research tools, and ease of manipulation to produce and recapitulate several human
diseases, including cancer. Since hematopoiesis in mice has been well characterized, they provide a
reasonably reproducible model to study AML pathogenesis and potential therapies. Murine AML
models include induced, transgenic animals, and humanized mouse models (Table 3) among others.

3.2.1. Chemically-Induced Model

AML models were generated using the L1210 and p388 cell lines, isolated from DBA /2 mice
chemically exposed to the carcinogen 3-methylcholantrene [83]. These models were transplantable
and provided a platform for testing chemotherapeutic drugs, studying their kinetics, and evaluating
their anti-leukemic e ectiveness B4]. The L1210 model was used to screen anthracyclines B5] and
antimetabolites [86,87] including Cytarabine [ 88]. The p388 model was used to investigate the e cacy
of natural products as topoisomerase Il inhibitors [ 89]. These models allowed signi®cant improvement
in the treatment of AML, including the currently used Cytarabine [ 90]. The main limitation of using
these animal models is the induction of more lymphoid than myeloid leukemia, and the needed
prolonged exposure to those carcinogens to develop leukemia [ 91].

3.2.2. Radiation-Induced Model

The correlation between radiation and leukemia was established in patients exposed to x-rays,
and survivors of nuclear attacks. Among this cohort of subjects, children presented mostly with ALL,
whereas adults were more prone to CML and AML [ 92+95]. All established radiation-induced AML
models carry deletions on chromosome 2, where the hematopoietic transcription factor Sfpiljpu.lis
located [96].

RF Model

The RF strain was developed by Furth in 1933 at the Rockefeller Institute [ 97]. In this model,
myeloid leukemia was developed following exposure to ®ssion neutron irradiation or gamma
irradiation [ 98]. In the RF model, a single dose of ionizing radiation-induced myeloid leukemogenesis
in 4+6 months, with symptoms reminiscent to human AML [ 99]. FIt3-ITD mutations were identi®ed in
10% of RF mice [LOQ, which correlates with the occurrence of this mutation in human AML [ 101].

SJI/J Model

This model is characterized by high spontaneous frequency of reticulum cell neoplasm type B
at an early age [10Z. The radiation-induced AML in this model is similar to the secondary human
AML occurring after irradiation of Hodgkin disease patients [ 103. The e cient development of
AML required the addition of promoting factors, such as corticosteroids and growth factors, colony
stimulating factor CSF-1, known to be high in AML patients [ 104].



105, CBA was selected
for a lower incidence of mammary tumors. The C3H /He was detected 24 h after irradiation in
BM cells; this indicates that chromosomal 2 alteration is responsible for the initiation of myeloid
leukemogenesis [106]. CBA showed chromosome 2 and 4 aberrations [107,108. Moreover, an 8%
decrease in DNA methylation was observed after exposure to radiation. This hypomethylation
played a role in leukemogenesis [109. The CBA model is considered the most favorable model in
radiation-inducedAML because of low spontaneous leukemia incidence (0.1 to 1%), high incidence of
AML after exposure to radiation or benzene, with lower latency, compared to other models, and more
importantly, it mimics human AML at the cytological, histopathological, and molecular levels.

3.2.3. Virally Induced Leukemia Models

Murine leukemia viruses (MuLV) induce non-B and non-T cell leukemia in mice [ 110111 and are
considered among the simplest retroviruses that shed light on the pathogenesis of leukemia[ 112113.
A model was created by injecting cell-free ®ltrates, including replication-de®cient spleen focus forming
virus (SFFV) and a replication-competent Friend MuLV [ 114,115. It was noticed that the same infection
of MuLV induces several subtypes of AML (Table 4), resembling French+AmericanzBritish (FAB)
classi®cation of human AML [ 116. Furthermore, MuLV-induced AML led to the discovery of several
genes with a signi®cant role in the regulation of growth, death, lineage determination, and development
of hematopoietic precursor cells [117. MuLV induced AML is considered a critical landmark for
understanding the pathogenesis of human AML, since it unraveled relevant unknown oncogenes to
leukemogenesis (Table4).

3.2.4. Transposon Models

Sleeping Beauty (SB) transposon is an insertional mutagenesis system, allowing overexpression or
inactivation of speci®c genes depending on the transposon orientation and integration site [ 118119.
SB consists of a mobilized piece of DNA, transposon, and a transposase enzyme [L2(0. In a transgenic
animal with a humanized NPM1c + knock-in allele, this system enhanced the incidence and onset
of AML in NPM1c + mice [12]]. An advantage of this model was the identi®cation of mutations in
leukemia genes [121].

3.2.5. Transgenic Models: Single Mutation

PML-RAR 1(15;17)

Acute promyelocytic leukemia (APL) is a subtype of AML, characterized by t(15;17) chromosomal
translocation, resulting in the promyelocytic leukemia-retinoic acid receptor (PML-RAR ) fusion
protein [ 122123. PML-RAR was expressed in three mouse models under the myeloid regulatory
promoters. Under the CD11bpromoter, transgenic mice showed abnormal myelopoiesis and increased
radiation sensitivity, however, did not develop any leukemia [ 124]. Mice expressing the transgene
under the human cathepsin G (HCG) and human MRP8 (hMRP8) promoters [ 124+126] developed APL
phenotypes after a long period of latency [ 125126. These two models recapitulated the remissions
seen after all trans-retinoic acid (ATRA) treatment in human APL [ 125126

AML1-Eight-Twenty One Oncoprotein

AML1-Eight-Twenty One oncoprotein (ETO) chimeric product, encoded by the t(8;21), occurs
in around 12+15% of AML [32]. Knock-in mice expressing AML1-ETO is embryonic lethal due
to the complete absence of liver-derived de®nitive hematopoiesis [127,128. Embryonic livers
contained dysplastic multilineage hematopoietic progenitors that had an abnormally high self-renewal



129. To bypass the embryonic lethality,
inducible transgenic models were generated. These mice expressed AML1-ETO in their BM progenitor
cells[130131]. Although abnormal maturation and proliferation of progenitor cells were observed,
mice failed to develop leukemia [ 130131]. Expression of AML1-ETO under the control of hMRP8
promoter was unable to develop AML until their exposure to a robust DNA-alkylating mutagen,
N-ethyl-N-nitrosourea [ 132. To further enhance AML development, this mouse model was modi®ed
by either the expression of other factors or mutations in tyrosine kinases such as c-KIT, FLT3-ITD,
or the TEL- platelet-derived growth factor receptor  (PDGFbR) [133134].

CBFB-MYH11

The beta subunit of the core binding complex (CBFB) is a heterodimeric core-binding transcription
factor, with a critical role in hematopoiesis [ 135. CBF products, due to chromosomal translocations,
account for approximately 25% of pediatric and 15% of adult AML patients [ 136]. The translocation
Inv(16) (p13;g22) is a result of the binding of CBFB subunit to the tail region of the smooth muscle myosin
heavy chain (SMMHC) gene, MYH11 [137]. The resulting fusion protein (CBFB-MYH11) competes with
the binding of CBF to target genes, disrupting transcriptional regulation, thus contributing to leukemic
transformation [ 137]. Similar to embryos with homozygous mutations in AML1 [ 12§, knock-in
embryonic mice (Cbft7CbP-MYHLY |acked de®nitive hematopoiesis and died during gestation [ 139.
Chemically or retrovirally induced mutations in heterozygous CBFB-MYH11 adults led to AML
development [ 138139. A conditional knock-in mouse model expressing CBFB-MYHZ11fusion protein
in adult mice ( Cbft’>%M) was also generated [140 and led to AML development in 90% of the mice
within ®ve months [ 140.

Mutant Nucleophosmin-1 (NPM1c +)

Mutations in the Nucleophosmin-1 (NPM1l)yene represent one of the most frequent genetic
aberrations in AML [ 141 and account for 30% of AML patients [ 50]. Transgenic mice harboring the
NPM1c+ mutation developed myeloproliferation in BM and spleen, supporting a role of NPM1c + in
AML [ 147. Chou et al. generated a knock-in transgenic mouse model by inserting the most frequent
mutation, TCTG called mutation A, in the C-terminus of wt-NPM1 [ 143. Mice homozygous for
the transgene encountered embryonic lethality, whereas one-third of the heterozygotes ( Npmlwt/c+)
developed the fetal myeloproliferative disease but not AML [ 143. Conditional expression of NPM1c+
with further genetic manipulations resulted in two models [ 121,144]. In one model, one-third of the
transgenic mice developed leukemia after a long period of latency associated with AML features [ 144].
In the other model, the expression of humanized NPM1c + in the hematopoietic stem cells caused HOX
overexpression, enhanced self-renewal, and expanded myelopoiesis [121].

Fms-Related Tyrosine Kinase 3 Internal Tandem Repeats

The second most common genetic aberrations in de novo AML patients occur in the fms-related
tyrosine kinase 3 internal tandem repeats (FLT3-ITD) gene on chromosome 13. These associate with
poor prognosis and short overall survival (OS) [ 145. A transgenic mouse model expressing FLT3-ITD
under the vav hematopoietic promoter was created [ 146]. The majority of transgenic mice developed a
myeloproliferative syndrome (MPS) characterized by megakaryocytic hyperplasia and thrombocytosis
but not AML [ 14€]. In FLT3-ITD knock-in mice, loss of FLT3 wild-type allele contributed to myeloid
expansion and aggressiveness of the MPS diseasel47]. Several other models expressing this mutation
also revealed MPS but not AML [ 148149.

Mixed Lineage Leukemia (MLL)

The translocation t(9;11)(p22;923) produces the fusion product MLL-AF9 [ 150,151]. In one
model, embryonic stem cells were generated from an in-frame fusion of AF9 with exon 8 of mouse
MLL [ 152. Other models conditionally expressed MLL-AF9 [ 153. These models developed only



152153. Conditional expression of
MLL-AF9 in long-term hematopoietic stem cells (LT-HSC) produced aggressive AML with extensive
tissue in®ltration, chemo-resistance, and expressed genes related to epithelial-mesenchymal transition
in solid cancers [154]. MLL early introduction results in abnormalities of myeloid cell proliferation
and di erentiation [155. Moreover, HOXa9 was found to be essential for the MLL-dependent
leukemogenesis in vivo [ 156].

The translocation t(4;11)(q21;923) produces the fusion product MLL-AF4. This translocation is
associated with pro-B-ALL and rarely AML [ 157]. Although several models have been established
for this translocation, only few models resulted in AML. MLL -AF4 models generated using both a
knock-in [ 158 and Cre-inducible invertor model [ 159 produced large B-cell lymphoma rather than the
immature acute leukemia observed in humans [ 158159. The MLL-AF4 expression in hematopoietic
precursors, during mouse embryonic development, developed long latency B-cell ymphoma [ 159160.
Furthermore, MLL-AF4 knock-in followed by in vitro inducible transduction generated mice with both
AML and pre-B-ALL as well as a few MLLs [ 161].

Leukemia with the t(11;19)(q23;p13.3) translocation express MLL-ENL fusion proteins capable of
malignant transformation of myeloid and /or lymphoid progenitor(s). Immortalized cells containing
MLL-ENL proviral DNA or enriched primary hematopoietic stem cells transduced with MLL-ENL
induced myeloid leukemia in syngeneic and SCID recipients [ 162. Using an invitro B-cell
di erentiation system, retroviral transduction of MLL-ENL generated a leukemia reminiscent of
human MLL-ENL ALL [ 163. Other models expressed MLL-ENL-ERTm, the ligand-binding domain
of the estrogen receptor modi®ed to speci®cally recognize synthetic but not endogenous estrogens,
using retroviral transduction approach [ 164. Several other models were generated encountering more
mutation along with MLL-ENL [ 165166].

IDH 1/2

A conditional knock-in mouse model was created by inserting the mutated human IDH1 (R132H)
into the endogenous murine idhllocus. IDH1 (R132H) was expressed in all hematopoietic cells under
the vav promoter (vav-KI mice) or speci®cally in cells of the myeloid lineage (LysM-KI mice) [ 167].
Transgenic mice showed increased number of early hematopoietic progenitors and developed
splenomegaly and anemia with extramedullary hematopoiesis, characteristics of a dysfunctional
BM niche, along with partial blockage in myeloid di  erentiation [ 167]. Moreover, LysM-KI cells have
hypermethylated histones and changes to DNA methylation similar to those observed in human IDH1-
or IDH2-mutant AML, demonstrating the induction of leukemic DNA methylation signature in the
mouse model [167].

3.2.6. Transgenic Models: Compound Transgenic Mouse Models

K-RAS-G12D + PML-RAR

4% and 10% of APL patients with PML-RAR  fusion had oncogenic N-RAS and K-RAS mutations,
respectively [168169. The conditional expression of oncogenic K-RAS and PML-RAR in mice
induced a rapid-onset and highly penetrant, lethal APL-like disease [ 170.

These mice may be used to test for the therapeutic e cacy of inhibitors of RAS post-translational
modi®cations and RAS downstream signaling [ 170.

N-RASD12 + BCL-2

N-RAS, a protein belonging to the family of RAS GTP-ases, is mutated in patients at risk of
leukemic transformation after chemotherapy and /or radiotherapy [ 171]. N-RAS mutation at codon
12 is the most frequent abnormality in myelodysplastic syndromes (MDS), associated with AML
transformation and poor OS [ 17Z7. B-cell lymphoma 2 (BCL-2) protein is an apoptosis regulatory
protein. BCL-2 is overexpressed in AML patients [ 173, which blocks the di  erentiation of myeloid



174. Both mutants have been previously identi®ed as risk factors for AML in MDS

patients [172.

Two murine models of initiation and progression of human MDS /AML were generated [ 175.
The transplantable model expressing hBCL-2 in a primitive compartment by mouse mammary tumor
viruszlong terminal repeat (MMTVITA /TBCL-2ZNRASD12) represents human MDS, whereas the
constitutive MRP8 [BCL-2NRASD12] model is closer to AML [ 175. Both models showed expanded
leukemic stem cell (Lin' /Sca-T'/c-Kit*) populations. hBCL-2 is observed in the increased RAS-GTP
complex within the expanded Sca-1* compartment [175. The di erence of hBCL-2 oncogenic
compartmentalization associates with the pro-apoptotic mechanisms in MDS and the anti-apoptotic
in AML mice [ 175. Downregulation of h(BCL-2 in MDS mice partially reversed the phenotype and
prolonged survival; however BM blasts and tissue in®Itration persisted [ 175. This model revealed that
the two candidate oncogenes BCL-2and mutant N-RAS can cooperate to give rise to malignant disease
with a penetrance of around 80% and a latency period of 3 to 6 months [ 175.

Mixed Lineage Leukemia-Partial Tandem Duplication + FLT3-ITD

Mixed lineage leukemia-partial tandem duplication ( MLL-PTD) is expressed in 5 to 7% of cytogenetically
normal (CN)-AML patients [ 176177. Approximately 25% of these patients have constitutive ac tivation
of FLT3-ITD, conferring a poor prognosis [ 178. To recapitulate the MIl PTPWT 3 TDMWT AML found in
humans, a double knock-in mouse model was generated by expressing these two mutated genes under
their respective endogenous promoters [179. After a period of latency, this model developed AML
with a short life span, extensive extramedullary involvement, and increased aggressiveness [ 179.
Reminiscent of this subtype of AML in humans, these transgenic mice have normal chromosomal
structures, reduced MLL-WT expression, loss of FLT3-WT, and increased total FLT3expression [179%182.
Moreover, increased HOXA9 transcript levels were observed, rendering this model valuable for the
assessment of epigenetic modifying agents combined with tyrosine kinase inhibitors [ 179.

NUP98-HOXD13 + FLT3-ITD

The chromosomal translocation t(2;11)(g31;p15) leads to the fusion of Nucleoporin (NUP98),
a structural component of the nuclear pore complex, to the homeobox protein NHD13 (HOXD13),
inducing leukemogenesis [183. NUP98-HOX fusions are observed in human and murine MDS [ 184].
Clinical and experimental evidence demonstrated that high rate of FLT3-ITD mutations was observed
in patients with NUP98 translocations [ 185. High-level transcriptional expression of NUP98-HOX
correlated with higher transcript levels of FLT3 and an increased incidence of FLT3 activating
mutations [ 185. A novel model combining an FLT3-ITD mutation with NHD13 (HOXD13) was
generated using their respective endogenous promoters [186§. Initially, these transgenic mice developed
leukemia with both primitive myeloid and lymphoid origin. Later, strictly myeloid leukemia with
minimal di erentiation were monitored [ 18€. Indeed, NHD13 transgene enhanced the overexpression
of the HOX genes,HOXA7, HOXA9, HOXB4, HOXB6, HOXB7, HOXC4, and HOXC6 [186], shown to
play an important role in HSC self-renewal and are upregulat ed in acute leukemia [1874189. Nevertheless,
mice encountered a spontaneous loss of heterozygosity with a high frequency, resulting in the loss of
WT FLT3allele, [186, a characteristic of patients with FLT3-ITD mutations [ 18(. These transgenic mice
provide a model to study the molecular pathways underlying M DS-related AML [ 184].

NPM1c+/FLT3

NPM1lc+ and FLT3-ITD double mutations are found in about 40% of AML patients [ 190.
A compound transgenic mouse model with a double mutation in NPM1 and FLT3 was generated
by crossing conditional Npm1 %! °A* with constitutive FIt3'T°/* mice [191]. Inducing recombination
of Npm1 9! ¢A in hematopoietic stem cells was accomplished by crossing the double heterozygous
mice into Mx1-Cretransgenic mice [191]. Double mutant mice developed AML and died by the age
of 31+68 days. Peripheral blood showed increased leukocyte counts, reduced numbers of circulating

















































































