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RESUME




In recent years, the pervasive action of type I IFN (IFN-o/, here IFN-I) in human physiology
and pathology has become evident. Actors of the immediate defence against viruses, IFN-I
contribute to immune cell functions by orchestrating innate and adaptive immune responses.
However, if the IFN-I system is dysregulated, altered immune responses and damaging
processes can ensue as in the rare mendelian interferonopathies, several inflammatory and
auto-immune diseases (AID) and some chronic viral infections. The evolution from beneficial
to pathogenic IFN, which promotes persistent inflammation, immune cell dysfunction and
tissue injury, remains poorly defined. On this basis, my thesis work has focused on the study
of three elements of the IFN response pathway, with the view that their fine functional

analyses could bring light onto how dysregulation may occur.

TYK?2 belongs to the Janus protein tyrosine kinase family and is involved in signaling of
several immunoregulatory cytokines, such as type I IFN (IFN-a/p) and type III IFNs, IL-6,
IL-10, IL-12 and IL-23. Depending on the specific receptor complex, TYK?2 is co-activated
with either JAK1 or JAK2. A detailed molecular characterization of the interplay between the
two juxtaposed enzymes is missing. In my study, I characterized TYK2 1684S and TYK2
P1104A, two rare human variants that have been associated with susceptibility to autoimmune
diseases. I found that both variants are catalytically impaired but rescue signaling in response
to IFN-I in fibroblasts. My results, coupled with additional functional study of JAK1-P1084A,
support a model of non-hierarchical activation of Janus kinases where one catalytically
competent JAK is sufficient for signaling provided that its partner, even if inactive, behaves
as scaffold. Given the multitude of TYK2-activating cytokines, the cell type-specific
dependence for TYK2 and the catalytic defect of the two disease-associated variants, I
proposed that these two natural variants are relevant in complex immune disorders. Indeed, in
addition to be associated with AID, a strong enrichment of TYK2 P1104A homozygosity was
recently recorded in a cohort of patients with infection-predisposing primary
immunodeficiency. My signaling studies showed that EBV-B cells homozygous for this
variant exhibit mildly decreased IFN-I and IL-10 response, but abolished IL-23 signaling.

I studied two additional TYK2 variants (rs12720270, rs2304256) that have been associated
with AID. Interestingly, from public eQTL datasets it appears that the rs2304256 minor allele
correlates with elevated 7YK2 mRNA expression in many tissues. I found that both minor
alleles promote retention of Exon8 and that an engineered TYK?2 mutant lacking the Exon8-

encoded segment is unable to bind the receptor subunit IFNARI1, though it retains catalytic



activity. I propose that this partial loss of function is due to loss of integrity of the FERM-

SH2 domain and/or an alteration of a potential lipid-binding surface.

In the second part of my thesis work I contributed to dissecting the molecular mechanism that
tunes down IFN-I response in primary cells derived from rare USP18- and ISG15-deficient
patients that suffered of severe and mild interferonopathy, respectively. This work
substantiated the role of USP18 as the essential negative feedback regulator of IFN-I
particularly in the central nervous system. It also highlighted a novel function of the
ubiquitin-like protein ISG15 in restraining IFN-I response in humans, but not in mice.
Molecular analysis showed that USP18 tunes down IFN signaling by modulating IFNAR1

recruitment or altering the dynamics of receptor dimerization.
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INTRODUCTION
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My main research work has been on the protein tyrosine kinase TYK?2. I have also actively
contributed to projects addressing key questions on the mechanism of type I IFN signaling
regulation. Therefore, I have subdivided the Introduction of my thesis into two major parts.
Part T will be focused on JAK proteins with emphasis on structural studies aimed at
understanding their functioning. TYK2 is involved in signaling of many cytokines, and these
will be briefly described. I will also introduce natural TYK?2 variants that have been
associated with autoimmune diseases. Part II will be focused on type I IFN function and its
signaling pathway, with particular attention to two negative feedback regulators, USP18 and

ISG15.

Part 1 - TYK2, from structure-function to diseases

1. Structural studies of the four JAK family members The Janus kinases (JAK) form a
small family of non-receptor protein tyrosine kinases comprising four members in vertebrates:
TYK?2, JAK1, JAK2 and JAK3. By binding to the intracellular regions of Class I and Class II
cytokine receptors, these enzymes are utilized by several dozens of helical-bundle cytokines
playing essential roles in ontogeny, homeostasis, differentiation, proliferation, survival and
function of many cell lineages. Cytokine-induced catalytic activation of JAKs translates into
gene expression programs induced by STAT (signal transducer and activator of transcription)
family members, via the so-called JAK/STAT pathway. Tyrosine phosphorylated STATSs
often operate in combination with basal or induced, cell-specific or developmental
transcription factors to fine-tune gene expression. By mediating cytokine signaling, JAKs are
directly implicated in a variety of biological process ranging from hematopoiesis to the
immune response to microbial pathogens and represent excellent targets for therapeutic
intervention in human diseases. Since the description in the early nineties of the involvement
of TYK2 in type I interferon signaling (1), an enormous effort has been made to elucidate the

role of JAK enzymes in physiology and in pathogenic processes.

JAKs are relatively large proteins of 120-140 kDa containing at the N-terminus a FERM
(acronym for band 4.1, ezrin, radixin, moesin) domain, followed by an SH2 (Src homology
2)-like domain and two tandem kinase domains, from which originated the name Janus (the
roman god with two faces) given to the family. The pseudokinase domain (also called kinase-

like or JH2 for JAK homology 2) is centrally located and has critical regulatory functions.

12



The tyrosine kinase (TK or JH1) domain is at the carboxyl end and exerts the catalytic

phospho-transfer activity. These four domains are connected by flexible regions or linkers.

Below I will survey structural studies of the different JAK domains, starting from the TK
domain, and provide an overview of our current understanding of the functioning of these
proteins. The aligned sequences of the four human JAK paralogues are shown in Fig. 1

(FERM plus SH2-like domains) (2) and Fig. 2 (kinase domains) (3).

13
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Figure 1. Sequence alignment of the N-terminal region (FERM-SH2 domains) of the four human JAKs,
reproduced from (2). Secondary structure elements above the alignments are labeled as established for
the FAK FERM domain and the SH2 domain of Lck, with a-helices as cylinders, B-strands as
rectangular arrows, and loops displayed as lines. Shaded in yellow are residues contacting IFNARI1 in
the crystal of the complex of TYK2 N-terminal region and a segment of its cognate receptor IFNAR1
(see (2) and text).
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Figure 2. Sequence alignment of the SH2-KL linker and the two kinase domains of the four human
JAKs, reproduced from (3). Secondary structural elements are shown above the sequences, with a-
helices shown as cylinders and B-strands as rectangular arrows. Residues found within the
pseudokinase and kinase interface are boxed and shaded in tan and blue, respectively. Cancer-
associated JAK mutations are colored as follows: for the pseudokinase, point mutants are shown in
green, deletions in orange, and the exon 12 segment in yellow. Point mutations in the TK domains are
shown in magenta. Mutations outside the N-lobes of the pseudokinase or TK are shown in cyan.
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1.1 The TK domain The crystal structure of the TK domain has been determined for the
four JAKs (4-7) (8; 9). These domains exhibit the classical bi-lobed (small N-lobe and large
C-lobe) architecture of a protein kinase domain. The N-lobe consists of five antiparallel 3
strands (Bl to BS) and one a-helix (aC helix) involved in catalytic regulation (Fig. 3 and

cartoon in Fig. 4).

Figure 3. Overview of the crystal structure of the JAKI TK domain in complex with CP-690,550,
reproduced from (7). The N-lobe (residues 865-958) comprises a five-stranded antiparallel B-sheet (p1
to BS) and one a-helix (aC). The C-lobe (residues 995-1154) is predominantly helical with eight a-
helices (aD to aK) and three 3/10 helices (3/10B, 3/10C and 3/10D), with one main pair of antiparallel
B-strands (B7-B8). Locations of the hinge region, G-loop and A-loop are indicated. The bound
inhibitor and phosphorylated Tyr1034 and Tyr1035 are presented in a ball-and-stick representation
with carbon atoms in yellow, oxygen atoms in red, nitrogen atoms in blue and phosphorus atoms in
orange.
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The highly conserved structures and residues in this lobe are briefly described hereafter.
Between the B1 and B2 strands is the glycine-rich loop (GxGxxG) called the G-loop or the
phosphate-binding loop (P-loop), one of the most flexible elements of the catalytic core which
participates in the phosphoryl transfer reaction and its regulation. A lysine residue in the B3
strand, called the ATP-binding Lys, establishes crucial contacts with the a- and B-phosphate
groups, positioning them for catalysis (Fig. 4). In the active configuration, this Lys makes a
salt bridge with a Glu residue of the aC helix (see below). Substitution of this conserved Lys
with Arg or Glu abolishes catalytic activity, which can be measured in vitro as auto-

phosphorylation or substrate phosphorylation.
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Catalytic loop

Figure 4. Diagram of known interactions between the protein kinase catalytic core, ATP and a
substrate, reproduced from (10). Numbering of the serine-threonine kinase PKA is used. The red
arrow indicates catalyzed transfer of the ATP y-phosphate to a hydroxyl group of a protein substrate.
Catalytically important residues which are in contact with ATP and/or substrate are shaded yellow.
Secondary structures and residues which are known to be involved in regulation of the catalytic
activity are shaded gray. Hydrophobic interactions between the HRD motif, the DFG motif and the aC
helix are shown by black arrows. The important polar contacts are shown by dashed lines.

The aC helix is the only conserved helix in the N-lobe. It makes direct contacts with residues
in the C-lobe, notably the Phe of the DFG motif of the A-loop. Together with the His of the
HRD motif in the catalytic loop (Fig. 4), and with a residue in the 4 strand, these interactions

contribute to form a hydrophobic “regulatory spine” in the active form of the kinase (10).
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Thus, changes in the conformation of the aC helix will affect these interactions and modulate
activity (11). A flexible hinge region connects the N-lobe to the C-lobe. The nucleotide
(ATP)-binding site is located between the two lobes, bordering the hinge. Binding of ATP
induces conformational changes by assembling a stack of nonlinear hydrophobic residues that
span the two lobes, thus forming a “catalytic spine”, which mediates phosphate transfer (Fig.

4 (12).

The large C-lobe is characterized by a high helical content (helices aD to aK) and two short
B-strands (B7 and B8) preceding a flexible loop of 20 to 30 residues, called the activation or
A-loop (Fig. 3). The highly conserved HRD motif is required for catalysis and forms the
catalytic loop at the base of the active site (Fig. 4). The DFG motif is located at the N-
terminus of the A-loop and, together with the following two residues, forms the Mg-binding
loop. The Asp establishes polar contacts with all three ATP phosphates, directly or via
coordinating atoms of Mg. The APE motif at the C-terminus of the A-loop is critical for
organizing the substrate-binding network (12). Located in the A-loop of JAKs are two
tyrosine residues (YY motif), whose phosphorylation is critical for kinase activity. In a
general model of protein kinase activation, the phosphorylation of the tyrosine(s) of the A-
loop causes a rearrangement of the DFG loop (from a ‘DFG-out’ to a ‘DFG-in’ position),
positioning the Asp for interaction with ATP and the Phe for building the hydrophobic
“regulatory spine” (Fig. 4). The aC helix in the N-lobe flips to complete the formation of the
spine, securing it with the B3 Lys-Glu salt bridge (10). The substrate binds in an extended
conformation across the front end of the nucleotide binding pocket, close to the y-phosphate
of ATP. The exposed phosphorylated A-loop provides a binding platform for the peptide
substrate (11).

The TK domains of the four JAKs have all been co-crystallized with ATP-competitive
inhibitors (type I inhibitor) and were all found to adopt an active ‘DFG-in’ conformation, with
an exposed A-loop, either phosphorylated or not (Table 1). The JAK2 TK domain was also
crystallized in complex with a type II inhibitor (NVP-BBT594) occupying a hydrophobic
pocket adjacent to the ATP-binding site (9). Here, the TK domain was found to be in an
inactive or ‘DFG-out’ conformation (Table 1). The first structure was reported by Boggon et
al in 2005 (4). The TK domain of JAK3 was found to be in an activated state, i.e. with the two
tyrosines of the A-loop phosphorylated. It was shown that the phosphate group on Tyr981 is
in part coordinated by an Arg residue of the aC helix, suggesting a direct mechanism by

which the active position of the aC helix is induced upon phosphorylation of the A-loop. A
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direct coupling was also observed in the JAK2 TK structure, where the two phosphorylated
tyrosines interact by hydrogen bonding with residues in the N lobe (aC helix), the C lobe and

the A-loop, confirming their critical role in JAK activation (5).

In their study, Boggon et al. pointed at a unique insertion of about 20 residues located in the
C-lobe between the aF and aG helices and thus named helix FG (4). Previously noticed in
primary sequence alignments, the insertion was highlighted in the TK structures of the other
JAKSs and was called aH helix (as in Fig. 3), JAK-specific insertion or lip (5; 8; 13). This
insertion may be relatively mobile and consists of a helix of about 8-10 residues followed by a
short loop. One TYK2 natural variant (TYK2 P1104A) has been reported to be protective
against many autoimmune diseases. TYK2 Prol1104 is located at the first turn of this JAK-

specific aH (aFG) helix. Thus, this region is particularly interesting to me.

The aH (aFG) lines the substrate-binding site and is in close proximity to the catalytic cleft.
Mutational study in JAK2 has clearly demonstrated an impact of this unique helix on catalytic
activity (13). Adjacent to it is an evolutionally conserved GQM motif (Fig. 2) that was
identified as a SOCS3-binding site in JAK1, JAK2 and TYK2, but not JAK3. Mutation of the
GQM motif in JAK2 did not affect ATP hydrolysis but disturbed phosphate transfer to
tyrosine substrate and prevented inhibition by SOCS3 (14). SOCS3 belongs to the family of
SOCS (suppressors of cytokine signaling) proteins, which are induced via cytokine-JAK-
STAT pathways. SOCS proteins suppress cytokine signaling cascade by inducing degradation
of the target molecules (receptors or JAKs) via ubiquitination (15) or by directly inhibiting
JAK kinase activity (16; 17). A 12-aa region at the N-terminus of SOCS1 and SOCS3, called
kinase inhibitory region or KIR, was proposed to function as a pseudosubstrate essential for
suppression of JAK-mediated cytokine signaling (17). The solved crystal structure of murine
SOCS3 complexed with the JAK2 TK domain and a gp130-derived phoshorylated fragment
showed that SOCS3 binding is centered on the JAK2 GQM motif and that the KIR of SOCS3
partially occludes the substrate-binding site of JAK?2, inhibiting downstream signaling (18).
These studies suggested that the JAK-specific insertion participates in the regulation of kinase
activity, most likely by modulating substrate binding.
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1.2 The kinase-like domain This domain has been called kinase-like (KL), pseudokinase or
JH2 and is the most characteristic feature of JAK proteins and has been deeply investigated.
As mentioned above, kinase activation requires ‘optimization’ of the C-lobe, which is
achieved by phosphorylation of the A-loop. The N-lobe needs to be reorganized as well, in
order to bind ATP and transfer the y-phosphate to the substrate. The key residues that mediate
these changes are missing in the pseudokinase domains of JAKs (Fig. 2). Notably, a threonine
residue is found in place of the third glycine in the G-loop (GxGxxT). The glutamic acid in
the aC helix is replaced by alanine or threonine, both unable to make a salt bridge with the
ATP-binding lysine of the B3 strand. The catalytic HRD motif is replaced by HGN and the
DFG motif by DPG. Finally, the activation loop is seven residues shorter than the A-loop in
the TK domain and lacks tyrosine residues (Fig. 2). In spite of these differences, the
pseudokinase domain of JAK2 was shown to possess a weak Ser/Thr kinase activity targeting
two residues (Ser523 and Thr570) in the pseudokinase domain itself (19). Phosphorylation of
these residues has an auto-inhibitory effect on the TK activity. Such mechanism does not
operate in the other three JAKs, which lack the two target residues. The regulatory layer
unique to JAK2 may relate to the fact that this latter is the only member of the JAK family
that pairs with homodimeric-type cytokine receptors, and may thus need to be differently

controlled.

The deletion of the pseudokinase domain can have variable functional consequences: in
TYK?2 it abrogates catalytic activity (20), but in JAK2 and JAK3 it leads to a catalytic gain of
function (21). Importantly, in all cases the deletion of the pseudokinase domain abrogates
cytokine-induced signaling. Loss-of-function point mutations in the pseudokinase of JAK3
cause severe combined immunodeficiency (22). Single mutations in the pseudokinase domain
of TYK2 abrogate catalytic activity (23). The well-studied V617F substitution in the
pseudokinase domain of JAK?2 causes constitutive catalytic activation and is the predominant
somatic mutation found in patients with myeloproliferative disorders (24). The corresponding
substitutions in JAKI (V658F) and TYK2 (V678F), but not JAK3, are also activating
mutations (25; 26). The crystal structures of the JAK2 WT and the JAK2 V617F
pseudokinase domains (Table 1) have been solved without and with Mg-ATP (27). These
domains adopt a prototypical kinase fold and bind ATP and a single Mg®" ion with high
affinity but in a non-canonical mode. The F617 residue stabilizes the aC helix via an aromatic

stacking interaction with two phenylalanines (F594, F595) of the aC helix. These data
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supported previous biochemical studies showing that the gain of function of JAK2-V617F

requires an aromatic amino acid at residue 595 (28; 29).

The JAK1 V658F mutation was found in T-cell acute lymphoblastic leukemia. The crystal
structures (Table 1) of the WT and V658F JAK1 pseudokinase domains have been solved and
their overall architecture closely resembles a typical TK domain (30) (Fig. 5). However, the
region corresponding to the A-loop adopts a well-defined conformation that is predicted to
preclude substrate binding. Importantly, in these two structures the linker connecting the SH2
to the pseudokinase domains (SH2-KL linker) is retained and adopts a partially a-helical
conformation, extending along the N-lobe perpendicular to the C lobe. As shown in Fig. 5,
V658 is located in a small loop at the end of f4. In the V658F structure, the p4-B5 loop
rearranges and F658 occupies a position that in the WT structure is occupied by a residue in
the linker (F575). Thus, F658 packs with F636 of the aC helix in an aromatic stacking
interaction. In the WT protein, activation is thought to occur through rearrangements of the
linker and the KL domain via a F-F-V triad (F575 in the linker, F636 in the aC helix, and
V658 from the 4-B5 loop). These results suggest that the linker region is prone to movement
and may be stabilized by the oncogenic F617. While this rearrangement may occur in all JAK
family members, the question of how it leads to activation of the adjacent TK domain remains
unanswered. The importance of the SH2-KL linker is further underlined by the fact that many
JAK2-activating mutations found in patients lacking the V617F mutation cluster in the linker

region (exon 12 mutations) (Fig. 2) (31).

The TYK2 variant rs12720356 (TYK2 1684S) that has been associated to autoimmune
diseases is distant only six amino acid from Val678 (Val617 in JAK2) and is located on 35,
proximal to the C-terminal end of the f4-B5 loop. The functional impact of this substitution
on TYK2 function will be described in Results Part 1.
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SH2-PK
linker

Figure 5. Structure of the JAKI pseudokinase domain, reproduced from (30). Key structural motifs,
and the Val658 residue at the end of the B4 (see text) are indicated. At the N-terminus of the domain,
the SH2-KL linker adopts a partially a-helical conformation and extends across the N-lobe roughly
perpendicular to the C helix. This domain superimposes well with the JAK2 pseudokinase domain
structure reported in (27), where however the SH2-KL linker was missing.

The crystal structure of the pseudokinase and TK domains of TYK2, including the SH2-KL
linker, was recently reported (3). The two kinase domains are in contact through their N-lobes
(Fig. 6). The interface is generated by the back side of the pseudokinase N-lobe (the aC, the
4 strand and the extended B7-B8 loop), the SH2-KL linker, and the loop between 2 and 3
of the TK domain. Mutation of residues located near the interface resulted in increased in
vitro kinase activity. The presence of an active-like conformation in this structure suggests
that the pseudokinase domain regulates the TK domain by steric inhibition of ATP binding
and/or by reducing the flexibility of the TK active site required for catalysis. Overall, these
findings support an in cis autoinhibitory model (3), which is also proposed for JAK2 in a

study based on molecular dynamics simulations of protein docking (32). Using different
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approaches, a trans (inter-molecular) configuration model of JAK2 associated to the

homodimeric growth hormone receptor has also been proposed (33; 34).
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Figure 6. Crystal structure of the tandem TYK2 pseudokinase-TK domain, reproduced from (3). (4)
Simplified domain structure of TYK?2 indicating the boundaries of the pseudokinase-kinase construct
used. (B) Diagram of the pseudokinase (blue) and kinase (tan) complex. From this view, the N and C
termini of the crystallized construct are visible. The protein backbone is shown with the all-atom
surface of the kinase domain displayed to AID consideration of the interaction interface. The kinase
inhibitor molecule compound 7012 is shown in the active site as spheres (carbon atoms colored
purple). (C) The diagram from B is rotated 180°, with pseudokinase and kinase represented in the
same color, but the surface of the pseudokinase is shown. In this view, the region of the interdomain
linker between the pseudokinase and kinase are visible, with a distance measurement and a dashed line
shown to illustrate the connection made by the unobserved peptide linkage. Simplified diagrams are
shown beneath each panel for orientation.

1.3 The N-terminal region. JAK proteins mediate cytokine signaling through direct
and specific noncovalent interaction with receptors of the cytokine receptor superfamily. This
interaction is highly selective, i.e. each JAK binds a defined subset of receptors. JAK3 binds
only to the common yc, and JAK2 is the only member of the family that binds to
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homodimeric-type receptor complexes. A major question in the field concerns the molecular
definition of JAK/receptor binding specificity. No unique motif or structural determinant in
cytokine receptor components solely specifies JAK binding, though a membrane-proximal
region appears critical. This region contains a proline-rich box1 and a hydrophobic motif or
box2, located 10 to 40 residues downstream (Fig. 10) (35).

On the JAK side, the FERM and SH2-like domains contain the structural determinants for
receptor binding. In 2014, the first structure of the N-terminal region of a JAK protein was
determined (2). The region encompassing the FERM and SH2 domains of TYK2 was
crystallized in complex with a box2-containing segment of IFNAR1, one of the two subunits
of the type I IFN receptor. Following this pioneer structure (Fig 7, Fig. 8B) (2), crystal
structures of the human JAK1 FERM-SH2 fragments complexed with IFNLR (Fig. 8C) (36;
37) and JAK2 FERM-SH2 domains (Fig. 8D) (38) were resolved in 2016. The elucidation of
FERM-SH2 structures from three of the four JAK family members enables the comparison of
receptor-binding surfaces of each JAK and gives us novel clues to the molecular basis of the
JAK-receptor specific interaction (see next section).

In the solved complex of TYK2 FERM-SH2 and IFNAR1c¢yt, the FERM domain displays the
three lobed or clover leaf architecture (Fig. 7) which characterizes other FERM domains (39).
The F1 lobe exhibits a ubiquitin-like fold with an insertion (L1) that interacts with the C-
terminus of the SH2 domain and the IFNARI1 peptide. The F2 lobe is entirely helical and
exhibits homology to an acyl-CoA-binding protein fold. Compared to canonical FERM
domains, the structure of the F2 subdomain in JAKSs is particular in at least two features: one
is the prolonged F2-a.2 helix and F2-a3 helix, forming an interface to bind the box1 region of
cytokine receptors. The other feature of the F2 lobe is a basic patch (Fig.7 B, C) made of three
helices (a2', a2", a3) containing 9 (15 in TYK2) conserved surface-exposed basic residues.
The positive surface charge of F2 may direct this region in proximity to the phosphatidyl lipid
head groups of the membrane Interestingly, in the protein FAK - a tyrosine kinase with a
FERM domain - the positively charged region in the F2 lobe was shown to bind to P1(4,5)P2,
inducing clustering of the kinase on the lipid bilayer, an important step in FAK activation (40).
This patch was also shown to be involved in nuclear localization of FAK (41). The
Pellegrini’s lab showed that ectopically expressed TYK2 is diffusely localized in the cell
including in the nucleus (42). While the role, if any, of this nuclear pool of TYK?2 is unknown,
it was shown that alanine substitution of three basic residues of the F2 lobe abrogated nuclear
localization (42). The analogy with the study of FAK is thus inspiring. My study on the role
of the positively charged region on the TYK2 F2 lobe will be described in Results, Part1-3.
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The F3 lobe of the FERM domain (Fig. 7A) retains the topology of pleckstrin-homology (PH)
domains, known to bind phospholipids and to target proteins to membranous structures. The
core structure of the F3 subdomain of TYK2, JAK1, JAK?2 is identical and highly similar to
that of canonical FERM domains. Yet, the F3 subdomain of TYK?2 deviates from those of
JAKI and JAK2 in two loop structures (Fig 1): TYK?2 has a longer F3-f1/B2 loop (30, 19, 8
aa in TYK2, JAKI, JAK?2, respectively) and F3-B3/B4 loop (44, 32, 12 aa in TYK2, JAKI,
JAK2, respectively). In addition, these two F3 loops are highly conserved in different species.
Remarkably, there is a specific basic motif (KKAKAHK) in the B3-4 loop in TYK?2 (Fig. 1),
which may favor lipid interaction. My study on the role of these two loops of the F3 lobe will
be described in Results, Part1-3.
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Figure 7. The structure of the TYK2 FERM-SH?2 receptor-binding module in complex with IFNARI,
reproduced from (2). (A) A cartoon representation shows the interaction between TYK2 and IFNARI.
The FERM domain is colored in red, with the F1, F2, and F3 subdomains labeled. The SH2 domain is
colored in blue, and IFNARI is colored in yellow. N- and C-termini are labeled N and C, respectively.
(B) Electrostatic surface for the TYK2 FERM—SH2 structure. (C) The inset box shows a detailed view
of the 02’, 02", and a3 helices of the F2 subdomain, with basic side chains shown as sticks and colored
in light blue.

In this pioneer structure, the SH2 domain adopts a characteristic SH2 fold and is intimately
connected with the FERM domain (2). The C-terminus of the SH2 domain forms a linker
which, together with the F1/F2 linker, holds the SH2 domain in place. Thus, the FERM and
SH2 domains form a Y-shaped receptor-binding module that interacts with the receptor
peptide (19 residues) via a composite interface formed by the F2 lobe and the SH2 domain,
mimicking a SH2-phosphopeptide interaction. The degree of conservation of the FERM-SH2
and linker sequences in the JAK family suggests conservation of the overall domain (Fig. 1).

Taken together, the pioneer TYK2 structure highlights the critical scaffolding function of the
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SH2 domain in mediating receptor interaction and provides a hint of how receptor-JAK
specificity can be achieved. Considering the described role of the SH2-KL linker in the
interface between the two kinase domains and its impact on ATP binding affinity and
catalytic activity (see above and (43)), it is plausible that this linker ‘transfers’ to the kinase
the information regarding the conformational changes of the receptor induced by ligand
binding. In line with these recent findings, early mutational studies of JAK1 and JAK3
implicated the FERM domain in the regulation of JAK activity (44; 45) and, reciprocally,

inactivating mutations in the TK domain were shown to affect receptor function (46; 47).
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Figure 8. Comparison of JAK FERM-SH2 domains, reproduced from (35). (A) Cartoon depiction of a
JAK FERM and SH2 module bound to a receptor, illustrating receptor recognition principles
discovered in recent crystal structures, followed by representations of crystal structures solved for (B)
TYK2 (C) JAK1 and (D) JAK2. The F1, F2, and F3 FERM subdomains are colored in various shades
of orange, green, and blue, respectively. SH2 domains are colored in various shades of pink. Linkers
L1, L2, and L3 are colored in various shades of gray. The IFNAR1 receptor peptide is colored blue,
and the IFNLRI is in yellow.

1.4 The JAK-receptor interaction. JAK family members engage specific cytokine receptors.

Identifying the molecular determinants of this specificity has been an important goal in the
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field. Below I will describe some details of the interface of JAK and receptor in the above

structures and discuss the molecular basis of specific JAK-receptor interactions.

To overcome the poor expression and solubility of JAKs and inspired by the finding that
TYK2 stabilizes IFNAR1 in cells (48), a protein containing the TYK2 FERM-SH2 domains
fused to a juxta-membrane peptide of IFNARI enabled the pioneer crystallization of TYK?2
FERM-SH2 domain with IFNAR1 Box2 (residues 478-512). In this structure (2), three
interaction sections can be seen. The first section includes the interaction between three Leu
(490, 491, 492) of box2 and a hydrophobic groove formed between F2, Linker 1 (F1/F2) and
F1 (Fig. 9A, top panel). The middle section is a mimic of a pTyr-SH2 interaction, where the
highly conserved glutamate residue (E497) of box2 (instead of pTyr) interacts with Serd76
and Thr477 from TYK2-SH2 domain by hydrogen bonds (Fig. 9A, middle panel). The third
section involves hydrophobic interaction between box2 (C502, 1504, +5 and +7 positions
relative to E497) and a short B sheet of the TYK2 SH2 (Fig. 9A, bottom panel). By aligning
the intracellular regions (Fig. 10) of cytokine receptors, the authors identified conserved
box2-SH2 interaction motifs and other surrounding motifs, which may secure a tight JAK-
receptor interface. Taken together, this interaction is primarily mediated by backbone H-bond
(middle section) and non-polar interactions, therefore revealing how JAK SH2 domains can
bind a range of weakly conserved box2 sequences that contain aliphatic residues in the first

and third interaction sections.

IFNLR1 and IL-10R1 were found to bind JAK1 tightly enough to allow purification of a
complex and crystallization. Importantly, these structures revealed an interaction between
box1 of these class II cytokine receptors and the F2 of the JAK1 FERM (36). This interaction
comprises two sites. The first interaction site lying on IFNLR box1 is a 3/10 helix consisting
of Pro256, Trp257, and Phe258 (PWF motif). The Trp257 inserts into a deep groove formed
by the F2-a2 and a3 helices (Fig. 9B, top panel). The second interaction site lying on IFNLR
box1 is another 3/10 helix consisting of Pro264, Leu267, and Phe269 (motif PxxLxF),
forming a hydrophobic ridge that interacts with a groove formed by the F2-02, a3, and 04
helices in the JAK1 FERM F2 domain (Fig. 9B, bottom panel). The proline and leucine
residues found in this PxxLxF motif are conserved in all class II cytokine receptors (Fig. 10).
Interestingly, IL-10R1 lacking the PWF motif could not be co-crystallized with JAK1. The
structure of a hybrid receptor formed by an N-terminal fusion of IFNLR1 PWF motif with the
IL-10R1 box1 PxxLxF and box2 motifs display the identical interaction with JAK1 as IFNLR.
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IFNAR1

Figure 9. Views of the interactions between TYK2-IFNARI box2 and JAKI-IFNLRI boxl in detail,
reproduced from (35). (A) Overview of the interaction between TYK2 FERM and SH2 domains in
complex with the IFNAR1 box2 region. Detailed interactions are shown for three regions of the
TYK2-IFNARI1 complex (right panels). (B) Overview of the bipartite interaction between JAKI
FERM and SH2 domains in complex with the IFNLR1 box1 region. Detailed interactions are shown
for two regions of the JAK1-IFNLR1 complex.
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Figure 10. Alignment of box1 and box2 motifs from Janus kinase (JAK)-interacting cytokine receptors,
reproduced from (35). The juxtamembrane intracellular sequences from all known signaling receptors
that interact with JAKs were aligned by their box1 proline motifs. Hydrophobic residues within the
box1 region are colored in blue and prolines in yellow. For the box2 region, putative four-residue
hydrophobic motifs (aliphatic-X-aliphatic-X) are colored in blue, with glutamate residues three to
seven residues N-terminal to these motifs are colored in purple. Receptors with known structures
(IFNARI1, IFNLR1, and IL-10RA) are marked with a star.

A second crystal structure of the JAK1 FERM-SH2/IFNLR1 boxl1-box2 complex
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demonstrated the simultaneous binding of box1 and box2 to a single JAK monomer (37).
Here, a fusion of JAK1 FERM-SH2 to the IFNLRI1 peptide was used (Fig. 8C). In this
structure, box1 of IFNLR interacts with the FERM-F2 of JAK1 identically as described above.
Box2 of IFNLR interacts with the JAKI SH2 domain in a similar mode as in the
IFNARI1/TYK2 complex. The first and third interaction sections are mediated by hydrophobic
bonds in the same orientation. The major difference lies in the middle section where, instead
of the hydrogen bond interaction, the salt bridge formed by the highly conserved glutamate
(E285) of the IFNLR box2 and Arg466 (His474 in TYK2) of the SH2 of JAKI1 closely
mimics the interaction between a phosphate group and the SH2 arginine present in a canonical

SH2-pTyr interaction.

Analysis of the conservation of the receptor-binding interfaces on the FERM F2 and SH2
domains indicates a significant level of conservation among JAK family members, suggesting
that all JAKs interact with receptors with two common interfaces (Fig. 8A) (35). However,
there are several differences in the JAK FERM F2 subdomains that may create
incompatibility with certain box1 sequences. For example, the cleft accommodating the W257
of PWF motif in JAKI1 is in a closed status in JAK2, the JAK2 F2-02 helix is one turn shorter
than in TYK2 and JAKI1, the difference in the linker 1 and side chain variations within the
peptide binding F2-a2/a3 interface between JAK1, TYK2, and JAK2. All these differences
suggest that box1 PxxLxF is a specific binding motif for JAK1 (35).

With regards to the SH2 domain, the two structures (TYK2-IFNAR1 and JAKI-IFNLRI1)
show a remarkable similarity in their interaction mode, especially given the low sequence
homology in the two receptors. The specificity for box2 binding in the SH2 of JAKs may be

determined by certain residues at the interface (38).

Single-particle electron microscopy has been used to obtain molecular snapshots of full-
length JAK1 purified from mammalian cells (49). Images indicated a highly flexible particle
consisting of three main lobes ranging from an extended to a more compact conformation. In
the 3D model, the pseudokinase and TK domains are always in close proximity, the FERM
domain is more loosely connected and the SH2 domain seems to project out. Interestingly, the
entire IL-6 signaling complex (gpl130/IL-6/IL-6Ra and two JAK1) was greatly stabilized
when reconstituted in a nanodisc that provides a native-like membrane environment. Thus, the
authors speculated that JAK1 may contact the membrane, likely through the FERM domain,
and this would enhance gp130 binding.
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Among the many questions that remain to be answered is whether JAKSs interact with lipids at
the cell membrane and/or intracellular membranes? During my studies on TYK?2, I have been

brought to address this question (Results Part1-3).

2. TYK2-activating cytokines

TYK2 was discovered as the first JAK family member to mediate cytokine signaling (1). It
was functionally identified by genetic complementation of the IFN-o unresponsive human
fibroblastic cell line 11.1 (1; 50). These TYK2-null cells, called 11.1 or UlA, have been
extensively used for structure/function analysis of TYK2 and for studying its implication in
cytokine signaling, notably of type I IFNs. Interestingly, 11.1 cells display low residual
sensitivity to IFN- (1). In addition to its tyrosine kinase activity, TYK2 is required for
optimal IFN binding to the receptor (20) and for scaffolding IFNART1 at cell surface (46; 48).

Studies in the last 10-15 years have shown that TYK2 is also activated by members of the IL-
12, IL-10 and IL-6 families. Several Tyk2 KO, KI and conditional mouse models have been
generated for in vivo studies. However, it was only the recent identification of rare TYK?2-

deficient patients that allow to delineate the indispensable functions of TYK2 in humans.

Hereafter, I will describe succinctly type I IFN and other cytokines that activate TYK?2.

2.1 TypelIFN

Type I IFNs (IFN-I, mainly IFNo/p here) are the first cytokines discovered. It is a large
family that comprises many subtypes: IFN-f3, IFN-g, IFN-k, IFN-» and IFN-v each encoded
by an intron-less gene on chromosome 9, and 13 subtypes of IFN-a (51). With different
binding affinities, all subtypes of IFN signal through the IFN heterodimeric receptor complex
comprising IFNa receptor 1 (IFNAR1) and IFNAR2 subunits, which are ubiquitously
expressed in all nucleated cells.

Type I IFNs signal via the JAK-STAT pathway. The JAK-STAT pathway was discovered in
the early nineties in the context of IFN studies and was later found to be broadly used by all
class I and class II cytokines. Type I IFNs act on cells in an autocrine and paracrine manner
by binding and inducing the assembly of IFNAR1 and IFNAR2 subunits at the cell surface
(52). It was proposed that IFN-I first bind to the high-affinity IFNAR2, followed by IFNAR1
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recruitment in the binary complex. Upon ternary complex assembly, the pre-associated Janus
family kinases (JAK) TYK2 on IFNAR1 and JAK1 on IFNAR2 are activated by
transphosphorylation. Subsequently they phosphorylate tyrosine residues on the receptors,
which serve as docking sites for STAT proteins. STATSs in turn are phosphorylated by the
JAKs on a specific tyrosine residue. Phosphorylated STATs (P-STAT) form homo- or
heterodimers through intermolecular interaction of the phosphorylated tyrosine residue and
Src homology 2 (SH2) domains and subsequently translocate into the nucleus and directly

regulate interferon-stimulated-gene (ISG) transcription.
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Figure 11. Schematic representation of the type I IFN-triggered JAK/STAT pathway, from (53)

IFN have the unique ability to activate all seven known STATs (STATI, 2, 3, 4, 5a, 5B, 6),
and to induce the formation of many different STAT homodimeric or heterodimeric
complexes. The transcription factor ISGF3, formed by the p-STAT1/p-STAT2 heterodimer
and IRF9, is the hallmark of type I IFN signaling. ISGF3 binds IFN-stimulated response
elements (ISREs) within the promoter of ISGs. Other P-STAT dimers bind the IFN-y

activation sequence (GAS) elements present in ISG promoters (Fig. 11). The combination of
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different dimers of phosphorylated STATs with different affinity to specific GAS elements
will lead to distinct transcription programs and determine different biological functions.
Signaling through STATI1 is known to be pro-inflammatory, anti-proliferative and pro-
apoptotic, as opposed to signaling through STAT3, STAT4 and STATS, which induce genes
that promote cell survival, proliferation and differentiation (Fig. 11). Thus, the intracellular
competition between STAT1 and STAT3, STAT4 and STATS determines the transcriptional
and functional consequences of type I IFN signaling (53; 54). For example, in quiescent NK
cells where there is more STAT4 than STATI, IFN-I activate STAT4 and induce pSTAT4
homodimer-mediated NK cell activation, including IFNy production and T-bet-driven
proliferation. In activated NK cells with increased STAT1 level, IFN-I promote a STATI1-
mediated anti-proliferative effect (55). In TCR-activated T cells maintaining a low level of
STATI1 compared to other STATSs, IFN-I signal is transduced by other STATs than STATI,
leading to T cell survival and proliferation, CD8+ T cells differentiation and Thl cell
polarization (54). However, for naive T cells or in the situation of sustained IFN exposure (for
example, chronic infection), type I IFNs exert anti-proliferative and pro-apoptotic effects
mediated by STAT1 (54). In addition to the canonical JAK/STAT pathway, IFN have been
reported to activate other pathways, such as PI3K signaling. My work has focused on the
JAK/STAT pathway.

Type I IFNs play an essential role in host defense against viruses by its direct antiviral activity
in infected and neighbouring cells and by activating immune cells. However, if the IFN-I
system is dysregulated, altered immune responses and damaging processes can occur, such as
in the rare mendelian interferonopathies, auto-immune diseases and some chronic viral and
bacterial infections. The evolution from beneficial to pathogenic IFN-I, which promotes
persistent inflammation, immune cell dysfunction and tissue injury, remains poorly defined.
Aspects of the physiopathological role of IFN-I and negative regulation of signaling will be

discussed extensively in Part II of the Introduction.

2.2 IL-12 and IL-23

The IL-12 cytokine family is composed of IL-12, IL-23 and IL-35. TYK2 is involved in IL-12
and IL-23 signaling through its association with the shared receptor IL-12RB1 (Fig. 12). Both

cytokines play important role in controlling innate and adaptive immune responses.
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IL-12 (Fig. 12) is a heterodimer composed of a 35kDa a-chain (p35 subunit) and a 40kDa -
chain (p40 subunit), which are linked via disulphide bonds. The p35 and p40 subunits bind to
the receptor IL-12RB2 and IL-12RB1, respectively. Both receptors are required for high
affinity binding of IL-12. TYK2 associates to the intracellular domain of IL-12RB1 and JAK?2
to IL-12RB2. There is no tyrosine residue in the intracellular domain (ICD) of IL-12R1, so
that STATs are recruited to IL-12R[2 for activation. STAT4 plays a central non-redundant
role in the IL-12 signaling cascade, although other STATS, STAT1, STAT3 and STATS can
be activated by IL-12. Upon pathogenic infection, IL-12 is produced and secreted by
macrophages, monocytes, dendritic cells (DCs), granulocytes and B cells. Secreted IL-12
binds to its receptor, mainly expressed on T cells and NK cells, and triggers the JAK-STAT
pathway. Phospho-STAT4 binds to the promoter of the IFN-y gene and rapidly induces IFN-y
production. IFN-y in turn acts on macrophages enhancing their phagocytic function and local
inflammation by inducing NO synthase and the subsequent release of reactive nitrogen
species. IFN-y also acts on T cells in an autocrine manner to maintain IL-12Rp2 expression
which is inhibited by IL-4. Through these auto- and paracrine positive feedback loops, IL-12
plays a central role in the amplification and expansion of Thl cells. IL-12 also promotes NK
cell and CD8+ cytotoxic T lymphocyte (CTL) proliferation and cytotoxic activities (granzyme
and perforin production) (56). Patients with genetic deficiencies in the IL-12p40, IL-12Rp1,
IL-12RB2, IFN-yR1, and IFN-yR2 genes are more susceptible to mycobacterial infections and
display enhanced atopic disease (57).

IL-23 is a heterodimer of pl19 and p40 (Fig. 12), the latter being shared with IL-12. The
receptor complex is composed of IL-23R and IL-12RB1, expressed in Th17 and other immune
cells, such as natural killer T (NKT) cells and innate lymphoid cells (ILCs). IL-23 signaling is
mediated primarily by the JAK/STAT pathway. IL-23 binding to the receptor leads to
activation of TYK2 and JAK2, which mediate receptor phosphorylation and STATSs activation.
STAT3 is believed to be the major signal transducer, although IL-23 activates STATI,
STAT4 and STATS as well. STAT binding sites are located in the IL-23R but not in the IL-
12RB1 chain.

The main function of IL-23 is to promote Th17 and Th22 cell differentiation and thus
production of IL-17 and IL-22. Via broadly expressed IL-17 receptors (on fibroblasts,
epithelial cells, keratinocytes, endothelial cells, myeloid cells), IL-17 contributes to the host

defense against extracellular bacterial and fungal infections. IL-17 activity also inhibits matrix
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production, and can lead to tissue damage and defective tissue repair during chronic

inflammation (58).

IL-23 and IL-17 are considered pathogenic in many autoimmune diseases (59), such as
rheumatoid arthritis (RA), psoriasis, inflammatory bowel disease (IBD), type I diabetes (T1D),
ankylosing spondylitis (AS) and multiple sclerosis (MS). Single-nucleotide polymorphisms
(SNPs) in genes involved in IL-23 signaling (/L-234, IL-23R, and IL-12B) have been
associated with psoriasis. In addition, an IL-23R variant (R381Q), which leads to decreased
receptor expression (60), confers strong protection against many autoimmune diseases, such

as AS and Crohn's disease.
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Figure 12. Schematic illustration of the IL-12 and IL-23 receptor complexes. 1L-12 mainly induces
STAT4 phosphorylation, whereas IL-23 mainly induces STAT3 phosphorylation. Adapted from (61)

2.3 1IL-10, IL-22, IL-26 and IFN-A

IL-10, IL-22, IL-26 and IFN-A are members of the IL-10 cytokine family, which includes
additional members such as IL-19, IL-20, IL-24. TYK2 is involved in signaling of IL-10, IL-
22, IL-26 and IFN-A by associating to the shared receptor IL-10R[2. There is no tyrosine
residue in the ICD of IL-10R[B2, so that STATs are recruited to their JAKI-associated
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cytokine-specific receptor chain (Fig. 13). The different signaling properties and functions of

these cytokines are summarized in Table 2.

IL-10 is considered as a critical anti-inflammatory cytokine regulating innate and adaptive
immunity. It is secreted by a variety of cells and has pleiotropic effects on T, B and myeloid
cells, and other cell types. In particular, IL-10 inhibits the secretion of pro-inflammatory
cytokines, such as tumor necrosis factor a (TNF-a), IL-12, IL-23 and IFN-y. Thus, IL-10
prevents excessive inflammation and tissue damage during the recovering phase of infections.
STATS3 is the key transcription factor. Lack of STAT3 completely abolishes the suppressive
effects of IL-10 on production of pro-inflammatory cytokines by macrophages and
neutrophils. The protective role of IL-10 in IBD in humans has been corroborated through

identification of patients with early-onset IBD that are deficient in IL-10R1 or IL-10R2 (62).

Table 2. Cytokines sharing IL-10R2, adapted from (63)

JAK1- Major Cellular
Cytokine associated STAT cellular Key functions | Structure
. targets
receptor chain sources
STAT3
IL-10 IL-10R1 STAT1 | Leukocytes | Leukocytes il;)r;z;rslfon Dimer
STATS
1L-22 IL-22R Th22, Thi, fgltshehal Antibacterial |y oo
STAT3 | Thl7, others P
STATL | (CD8 T, Epithelial :
NK., NKT) remodeling, N
IL-26 IL-20R1 > .cells and wound healing Dimer?
immune cells
IFNLR1 Same Legkocytes, Epithelial Antiviral
IFNA (IL-28R) as type | Epithelial cells LeSPONSES Monomer
IIFN | cells Leukocytes? p

Unlike IL-10 that targets immune cells, IL-22 and IL-26 primarily target epithelial cells in
various organs, protect them from pathogens (bacteria/yeast) invasion and enhance tissue
remodeling and wound-healing. Thus, IL-22 and IL-26 help to maintain tissue integrity and
restore homeostasis of epithelial layers during infection and inflammatory responses (63). Not
expressed in immune cells, IL-22R is expressed in many organs (kidney, the digestive system,
lung, trachea) with the highest expression in skin and pancreas) (64). IL-22 activates STAT3,
induces antimicrobial peptides and inhibits apoptosis. Impairment of these functions
contribute to atopic dermatitis, Staphylococcal skin abscesses and muco-cutaneous

candidiasis (63). In a study performed in human cells, IL-22 produced by NK cells was shown

to inhibit growth of M. tuberculosis by enhancing phagolysosomal fusion in macrophages
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(65). Tyk2 knockout mice were shown to have an altered composition of the gut microbiota
and an aggravated inflammatory bowel disease in a colitis model (66). Intestinal epithelial
cell-specific depletion of Tyk2 exacerbates colitis which can be rescued by excess
administration of exogenous IL-22, pointing to the protective role of IL-22 in acute colitis. In
autoimmune diseases, [L-22 seems to play a protective role against IBD but a pathogenic role
in psoriasis and RA (64). Notably, IL-23 is essential in promoting IL-22 production from

many immune cell types (63).

Our understanding of IL-26 signaling and function is sparse (67). IL-26 was initially
identified as produced by human T cells infected with Herpes virus saimiri (HVS). IL-26
plays a pro-inflammatory role by promoting the secretion of IL-1B, IL-8, TNF-a and
neutrophil migration. Experiments in human primary cells suggest a protective role of IL-26
against Gram-negative bacteria, M. tuberculosis and virus infections in macrophages,
monocytes and NK cells, respectively (67). IL-26 may be an important player in host defense

but is also a pathogenic factor in chronic inflammatory disorders of humans.

The type III IFN or the IFNA family comprises IFN-A1 (IL-29), IFN-A2 (IL-28A), IFN-A3(IL-
28B), and IFN-A4. These cytokines (Fig. 13) signal through the broadly distributed low-
affinity receptor subunit IL-10R2 and the specific high-affinity IFN-A receptor 1 (IFNLRI,
formerly IL-28R), which is expressed restrictively in epithelial cells (especially in lung,
intestine, and liver tissues). A few other immune cells (e.g. B cells, macrophages and
plasmacytoid DCs) may express IFNLR1 (68). Both epithelial cells and myeloid-lineage cells
produce IFN-A. These cytokines exert antiviral activity similar to type I IFNs but they act
primarily on epithelial cells. Several SNPs of IFNLR1 have been associated with autoimmune

diseases (68).
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Figure 13. Schematic representation of IL-10, IL-22, IFN-A (IL-28) signaling, from (63)

2.4 The IL-6 family

The IL-6 cytokine family comprises IL-6, IL-11, IL-27, leukemia inhibitory factor (LIF),
oncostatin M (OSM), ciliary neurotrophic factor (CNTF), cardiotrophin-1, cardiotrophin-like
cytokine, and neuropoietin. These cytokines share the common signal-transducing receptor
protein, glycoprotein 130 (gp130), which 1is ubiquitously expressed. The cellular
responsiveness to these cytokines depends on tightly regulated expression of a specific
cytokine receptor subunit, i.e. IL-6R, IL-11R, LIFR, and OSMR (Fig. 14). Binding of these
cytokines to their receptor complex leads to phosphorylation and activation of JAK1, JAK?2,
and Tyk2, which results in the recruitment and activation of STATSs, especially STATI,
STAT3, and STATS. Notably, JAKI1, JAK2, and TYK2 are all phosphorylated upon
stimulation with these cytokines, but only JAK1 is indispensable for signaling (69). The role
of JAK2 and TYK?2 is not clear. Several members of the IL-6 cytokine family induce SOCSI1
and SOCS3 so that they negatively regulate the JAK/STAT pathway. Most members of this
family have neuroprotective effects. Moreover, IL-6, LIF, OSM, and IL-11, play critical
immuno-regulatory roles (70; 71). These cytokines have different biological effects despite of
similar intracellular signaling. These diverse bioactivities may due to “temporal and spatial

receptor activation, higher affinity binding, or activation of negative regulators” (71).
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Figure 14. Schematic representation of IL-6 cytokine family and their receptors, from (70)

IL-6 interferes with IFN-y signaling by upregulating SOCS1 and thus inhibiting Thl
differentiation. Moreover, IL-6 promotes IL-4 production so as to enhance Th2 cell
polarization. IL-6 promotes as well T follicular helper cells differentiation and plasma cell
development and antibody production. IL-6 supports Th17 cells differentiation but it
completely blocks the TGF-B-induced generation of FoxP3+ Treg cells. Conversely, LIF
inhibits the development of Th17 cells and promotes expansion of Treg cells (Fig. 15).

IL-11 induces Th2 polarization and inhibits Th1 polarization. In contrast, OSM induces IL-12

in dendritic cells, therefore, enhancing Th1 proliferation and IFN-y production.

Although IL-6, LIF, OSM, and IL-11 exert diverse impacts on T cell subsets, they all induce
an anti-inflammatory effect in macrophages. IL-6 enhances IL-4, IL-10 production and
decreases IL-1P secretion in macrophages. LIF reduces the release of pro-inflammatory
mediators, such as oxygen radicals and TNF-a by macrophages. IL-11 inhibits production of
TNF-a , IL-1B , IL-12, and NO by macrophages. Moreover, IL-6, LIF, and OSM skew human
monocytes into an anti-inflammatory M2 subset, which produces high levels of IL-10 and

TGF-B, low levels of IL-12, and has poor T cell costimulatory properties.

IL-27 also signals through gp130 chains. It is often functionally classified in the IL-12 family.
IL-27 is produced mainly by DC and macrophages upon microbial infection. This cytokine
displays pro- and anti-inflammatory functions depending on the activation of STAT1 and
STAT3, respectively. On the one hand, IL-27 promotes T-bet and IL-12RB2 expression and
exerts pro-inflammatory effects, and on the other hand, IL-27 has been shown to prevent

tissue damage during excessive inflammation (72)
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Figure 15. Schematic representation of the effects of IL-6 family cytokines on immune cells (involved
in the pathogenesis of MS) , from (71)

2.5 1IL-4 and IL-13. TYK?2 associates to the [L13Ra chain, shared by IL-13 and IL-4 (Fig.
16). These two cytokines are mainly produced by Th2 cells, granulocytes,
monocytes/macrophages and other innate immune cells, and mediate Th2 cell differentiation,
M2 macrophage polarization, MHC II expression, B cell and plasma cell differentiation and

antibody isotype switch. Originally discovered as a B-cell-stimulating factor, IL-4 promotes
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antibody class switch recombination and the production of IgG1 and IgE, which is strongly
implicated in atopic and allergic disease (73). Many SNPs in components of the IL-4 and IL-
13 signaling pathway have been associated with immune diseases. For example, SNPs leading
to increased IL-4 expression are positively correlated with RA, multiple sclerosis (MS) and
asthma. Three SNPs in the IL-4RA have been associated with hyper-IgE and atopy. The two
cytokines activate mainly STAT6. The precise role of TYK2 in IL-13 and IL-4 signaling

remains to be determined.
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Figure 16. Schematic representation of IL-4 and IL-13 signaling, from (73). The type I receptor
composed of the IL-4Ra and common gamma chain (yC), and the type II receptor composed of the IL-
4Ra and IL-13Ral.

3. Tyk2 mouse models
Hereafter, murine genes and proteins will be in lower-case (e.g. Tyk2, Isgl5).

In 2000 two groups reported on Tyk2-deficient mouse models (74; 75). Viable and fertile,
these mice display a mild susceptibility to VSV infection, which is mainly controlled by IFN-
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induced antiviral activity. These mice are more susceptible to some other viruses (e.g. LCMV)
and many bacterial, such as Listeria monocytogenes. Surprisingly, MEF or bone marrow
macrophages (BMM) derived from Tyk2-/- mice exhibit impaired responsiveness to a low
dose of IFN-a, but can fully respond to a high concentration of IFN-a. Notably, unlike in
human cell lines, the level of cell surface Ifnarl was found to be comparable in Tyk2-
deficient cells and wt cells, as measured by Western blot (WB). This was later confirmed by
flow cytometry for a third Tyk2-/- mouse (76). Thus, these data firmly established that in
mice Tyk2 does not sustain Ifnarl, as is the case in humans (see below). Importantly, the level
of Statl protein was reduced in Tyk2-/- BMM, and this may variably affect signaling by
Statl-activating cytokines (74). T cells from Tyk2-/- mice display a strong impairment of IL-
12 response with abrogated IFN-y production and Thl cells differentiation (75). Cells from
these mice appear to respond normally to IL-10 and IL-6. Notably, Stat3 activation is
completely abolished in response to IFN-a and IL-12, suggesting a special relationship
between TYK2 and STAT3. Remarkably, the requirement of TYK2 appears cell-type specific.
For example, TYK2 is required for LPS-induced IL-12 production in DCs but not in T cells.

Further characterization of TYK2-/- mice revealed that TYK2 plays important protective role
in tumor surveillance (77) and allergic asthma (78), while lack of TYK2 leads to resistance
against autoimmune and inflammatory diseases (EAE, RA) (79; 80 ). Interestingly, the
B.10Q/J mouse strain was found more resistant to collagen-induced arthritis and extremely
susceptible to infection by Toxoplasma gondii. This phenotype is due to poor IFN-y responses
to autoantigen priming or parasite challenge, resulting from impaired IL-12 response in lymph
node cells from these mice. A point mutation in the Tyk2 gene (E775K) was found to be
responsible for the phenotype of the B.10Q/J mouse strain. The E775K substitution results in
a kinase inactive form of TYK2 (79).

TYK2-/- mice are more susceptible to Th2-mediated allergic airway inflammation and display
increased Th2 development, IgE production and decreased goblet cell, suggesting a potential

role of TYK?2 in IL-4 and IL-13 signaling (81).

Interestingly, TYK2-/- mice develop obesity due to abnormal brown adipose tissue (BAT)
differentiation (82). BAT is not only critical for maintaining body temperature in hibernating
animals and human infants but also play an important role in regulating energy expenditure in
human adults. The mass of brown fat is inversely correlated with body weight. Reduced
TYK2 mRNA and protein level are associated with obesity in both mice and human (82). In

addition, Tyk?2 is also involved in mitochondrial respiration (83).
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4. TYK2-deficient patients

Nine TYK2-deficient patients have been reported so far. They presented with autosomal
recessive homozygous mutations, insertions or deletions in the 7YK2 gene, generating
nonsense mutations or frameshifts leading to premature stop codons. No full-length or deleted

forms of TYK2 protein were detected in patients’ cells (84-86).

The first TYK2-deficient patient was reported in 2006. A 22-year-old Japanese patient
manifested hyper-IgE syndrome (HIES) - characterized by recurrent skin abscesses,
pneumonia, and elevated IgE level - with high susceptibility to intra-macrophage bacteria
(BCG, Salmonella), and suffered of atopic dermatitis and recurrent viral and fungal infections.
Primary T cells and macrophages from this patient were used to investigate the implication of
TYK2 in various cytokine pathways and exhibited impaired response to IFN-a., IL-12, IL-23,
IL-10 and IL-6 (84).

In 2015 seven TYK2-deficient patients from five families of four ethnic groups (Turkey,
Moracco, Iran, Argentina) were reported and analyzed together with the Japanese patient

described above (85)

More recently, Fuchs et al reported an additional TYK2-deficient patient of Kurdish origin
presenting with eczema, skin abscesses, respiratory infections and elevated IgE level without
viral or mycobacterial infection. He was not vaccinated with BCG and tolerated MMR and

varicella vaccines (86).

Overall, four of the nine patients suffered from bacterial infection (BCG or M. tuberculosis)
without altered viral susceptibility, three suffered from both bacterial infection (BCG-osis,
Samonella, Brucella) and viral infection (HSV, VZV), one suffered only from viral infection
(HSV). All had favorable outcomes. Of the two patients with high serum level of IgE and
HIES-like disorders, one also displayed susceptibility to mycobacterial and viral infection.
Below I will summarize the results obtained by the three laboratories on cytokine signaling in

cells derived from TYK2-deficient patients.
4.1 TYKZ2, cognate cytokine receptors and cytokine signaling

In T cells and EBV-B cells from TYK2-deficient patients, the cell surface levels of IFNARI1
(84; 85), IL-10R2 (85; 86) and IL-12RB1 (85) were found to be significantly lower than in
control cells. These data corroborated the scaffolding role of TYK2 in sustaining cognate

receptors that had been first reported by the Pellegrini’s lab (48).
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IFN signaling.  In patients’ T cells the phosphorylation of JAK1, STATI1, STAT2 and
STAT3 by IFN-a or IFN-3 was undetectable (84; 85). Yet, in patients’ EBV-B cells, weak
phospho-STAT1 was detected after stimulation with high doses of IFN-a (25nM) or IFN-f
(8nM). STAT?2 phosphorylation was not reported. Interestingly, STAT3 phosphorylation was
not detectable, suggesting strong dependency of STAT3 on TYK2 (85). By EMSA, ISGF3
and GAF binding to target DNA elements in response to high IFN-o or IFN- stimulation
were very low in EBV-B and fibroblasts of patients, and undetectable in HVS-T cells. This
suggested that, in IFN signaling, TYK2 may be more critically required in T cells than in B
cells or fibroblasts (85).

To study the downstream response, the induction of ISG/5 and MX] was measured by qPCR.
Normal induction was observed in fibroblasts and EBV-B treated with IFN-o/f3 for 2 to 6
hours (85). Interestingly, the basal level of the two transcripts was lower in patient’s cells than
in control cells, suggesting that TYK2 is required for tonic signaling. STAT3-dependent
SOCS3 induction by IFN-o/3 was undetectable in patient’s cells.

Viral titers were determined in VSV- or HSV-infected EBV-B, HVS-T and fibroblasts
pretreated with IFN-a. The antiviral response, measured at 24 or 48 hr after infection, was
impaired (84; 85). Interestingly, in the first 6 hr of infection, patient’s fibroblasts showed a
reduction in viral replication comparable to control cells, suggesting an early TYK2-

independent antiviral effect of IFN at least in these cells (85).

The level of STATI protein, but not of STAT2 or STAT3, was reduced in patient’s T and
EBV-B cells compared to control cells (84; 85). This may be due to defective tonic signaling.
Interestingly, JAK1 and JAK?2 levels were also reduced in TYK2-deficient patient cells (85).

IL-12 signaling. STAT4 phosphorylation was undetectable by western blot in patient’s
primary T cells or HVS-T cells treated with IL-12 (84; 85). However, in microarray analysis
some residual IL-12-induced gene expression was measured, which was not the case for cells
from IL-12RB1-deficient patient who showed a complete loss of response. Accordingly,
BCG+IL-12-induced IFN-y production in TYK2-deficient patient’s PBMCs, T cells, NK cells,
was impaired but not abolished (85). Conversely, Fuchs et al reported that IL-12-induced NK
cell activation was unaffected (86). Patient’s NK cells showed normal degranulation and IFN-

v production in response to IL12/IL18. Cytotoxicity was also normal.

IL-23 signaling. In four of six patients studied IL-23-induced STAT3 phosphorylation was
undetectable and in two patients it was very weak (85). It should be noted that in EBV-B cells
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from healthy controls a considerable inter-individual variation exists in the level of IL-23-
induced STAT3 phosphorylation measured by western blot ((85), my observation). STAT4
phosphorylation was undetectable in patient’s primary T cells stimulated with IL-23 (84). In
patient’s HVS-T cells IL-23 induced-gene expression (microarray analysis) was impaired but

not abolished (85).

IL-23 is thought to be important in Th17 differentiation. The proportion of IL-17+ cells in
patients’ blood was found to be normal (85), suggesting a TYK2-independent pathway for
Th17 cell differentiation in vivo. However, the production of IL-17A/F, measured by a
cytometric beads assay, was impaired in patient’s naive T cells cultured ex vivo for 5 days in

the presence of 1L-23.

IL-10 signaling In patient’s EBV-B cells the IL-10 response was impaired but not abolished,
as shown by EMSA, phospho-STAT3 blot and SOCS3 induction. The inhibition of LPS-
induced TNFa production by IL-10 was also partially impaired in patient’s macrophages (84-
86).

IFN-A signaling 1FN-A shares with IL-10 the IL-10R2 receptor chain that binds TYK2. In
patient’s EBV-B cells a sub-optimal IFN-A response was measured as IFIT1 expression 2-4 hr
after IFN-A (20ng/ml) stimulation. Basal IFIT1 expression was lower inpatient cells (85),
again possibly indicating a role of TYK2 in tonic induction of IFIT]1.

Interestingly, Fuchs et al measured the IFN-A response in the leukemic haploid cell line
HAP1 with a TYK2 gene deleted by the CRISPR/Cas9 approach (87). The authors concluded
that TYK?2 is not required for IFN-A signaling (86). By FACS, TYK2-deficient HAP1 cells
showed no phospho-STAT1 in response to IFN-a but normal phospho-STAT1 in response to
IFN-A or IFN-y. The antiviral response to IFN-A, but not to I[FNo, was normal measured as

VSV-GFP replication by FACS.

IL-6, IFN-y, IL-27, LIF, IL-21 signaling In the TYK2-deficient Japanese patient studied by
Minegishi et al the IL-6 response was found to be impaired, as shown by IL-6-induced
SOCS3 in PBMCs and by EBV+IL-6-induced IgM production in B cells (84).Yet, the IL-6
response was found to be normal in EBV-B and fibroblasts from the other eight TYK?2-
deficient patients (phospho- STAT3, EMSA and SOCS3). Of note, the re-expression of TYK?2
in EBV-B cells of the Japanese patient failed to rescue IL-6 signaling, which led the authors
to conclude that TYK?2 is not required for IL-6 response (85). Kreins et al showed that [FN-y,
IL-27, 1IL-21 signaling in EBV-B cells, LIF signaling in SV40 and primary fibroblasts of
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TYK?2-deficient patients were not affected, indicating TYK2 is not required for signaling by
these cytokines (85).

TYK2 and T cell differentiation 1L-12 and IFN-y promote Thl differentiation. T cells of
TYK?2-deficient patients are skewed towards Th2 (84; 85). Naive and memory T cells purified
from three patients and controls were stimulated with anti-CD2/CD3/CD28 for 5 days. While
in both patients and controls cytokine production from naive T cells was extremely low.
Compared to controls, patients’ memory T cells showed a lower production of cytokines (IL-6,
IL-10, IL-17A/F, IL-22) and to some extent of IFN-y. IL-9 and TNF-a were comparable.
Conversely, the production of IL-4, IL-5 and IL-13 was increased, this suggesting a bias
towards Th2 differentiation (85).

Concluding remarks In humans TYK?2 deficiency leads to mild and curable BCG and/or
viral infections. The impaired IL-12-induced IFN-y production in T cells may account for the
mycobacterial infection, while the residual IFN signaling may explain the absence of life-
threatening viral infection. Moreover, the intact NK cell function and/or TYK2-independent
IFN-A signaling may compensate the defect in IFN signaling. Two of the nine TYK2-
deficient patients developed HIES-like clinical features, which may result from a Th2 bias.
One possibility is that in the other patients without HIES an early exposure to Thl-inducing
BCG or viruses have re-directed the immune responses and hence the phenotype. From a
mechanistic viewpoint, TYK?2 is required for responses to IFN-a/f3, IL-12, IL-23 and IL-10.

However, the degree of requirement varies greatly depending on several factors.

- TYK2 requirement can be cell type-specific. For example, TYK2 is absolutely required for
IFN signaling in T cells but less so in EBV-B and fibroblasts. TYK2 may be critical for
BCG/IL-12-induced IFN-y production in T cells but less so for IL-12/IL-18-induced IFN-y in
NK cells.

- TYK2 can be required for activation of a specific STAT. For instance, TYK2 appears to be
indispensable for STAT3 phosphorylation in response to IFN, although the mechanistic basis

of this is not known.

- The degree of TYK2 requirement may depend on ligand concentration, i.e. TYK2 is
essential at low ligand concentration (tonic signaling), as shown by the low basal level of
MXI1, ISG15, STATI, IFITI transcripts in EBV-B cells from TYK2-deficient patients. A study

in the mouse supports this concept (88). The mouse strain B10.Q/J expresses an inactive Tyk2
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point mutant (E775K) and display same cytokine signaling and same phenotype as Tyk2
knockout mice. ISGs induction in splenic B cells and macrophages was compared in B10.Q/J
and wt mice by microarray analysis at baseline and 2 h after in vivo subcutaneous injection of
IFN-a.. The ISGs that were unaltered were called “Tyk2-independent”. The ISGs that were
affected at either baseline or stimulated condition were called “Tyk2-dependent”. For
example, isgl5, cxcll0, stat2, socsl, tir3, ill8, il-15, cd69, cd274, cd86, jun, oas3 in B cells
and il6, il-10ra, IL-15ra in macrophages were less induced in B10.Q/J than wt mice, and thus
belong to the “Tyk2-dependent” subset. Interestingly, some “Tyk2-independent” ISGs (usp /8,
irf7, irf9, tlr7, ifitl, statl) exhibited comparable expression and apparent higher fold changes
in response to IFN in B10.Q/J than wt mice. This may indicate that the lower tonic expression
of these “Tyk2-dependent” ISGs at baseline can be compensated at high dose of IFN, when
they in fact become “Tyk2-independent” ISGs. Accordingly, “Tyk2-independent” ISGs were
found to be more sensitive to low IFN doses (lower ED50) as compared to the tonic-sensitive
ISGs. Thus, the degree of Tyk2 dependency varies with the target ISG and with the context
(basal condition or IFN).

TYK2 appears to contribute to maintain constitutive/tonic expression of some tonic-sensitive
ISGs and promotes tonic-insensitive ISGs induction in the presence of high IFN, such as
during viral infection. Interestingly, human ISG15 is a TYK2-dependent ISG in the tonic
situation, but not at high dose of IFN, while murine Isgl5 is a tonic-insensitive and a Tyk2-
dependent ISG at high dose of IFN. This difference may indicate a species-specific function
of ISG15, which I have studied (Result Part II). Further studies by microarray or RNAseq in
TYK?2-deficient patients’ cells may help to define the TYK2 dependency of various genes in
response to other cytokines (IL-12 family, IL-10 family, gp130 family).

- TYK?2 is required in a cytokine-specific manner. For example, TYK2 appears more critical
for IL-12 than IL-10 signaling. The role of TYK2 in IFN-A signaling is unclear as the
conclusions from two studies are discordant (85; 86). This may be due to the different read-
outs (IFIT1 induction, phospho-STAT1, antiviral protection) and the use of different cells
(patient’s EBV-B vs HAP1 cells).

IL-10R2 is the receptor subunit not only for IFN-A and IL-10, but also for IL-22 and IL-26.
The response of patient’s cells to these cytokines was not studied, but it is conceivable that
the impact of TYK2 deficiency differs among these cytokines due to unique JAK/receptor

arrangement.
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TYK?2 binds to the ubiquitously expressed gpl130 receptor, which is shared by the many
cytokines of the IL-6 family. TYK?2 is activated in response to IL-6 but does not seem to be
required for IL-6 signaling. The role of TYK2 in signaling of IL-22, IL-26 and of other IL-6

family cytokines, such as IL-11, remains to be investigated.

Lastly, it is important to emphasize that it is difficult to define how much the requirement of
TYK2 relates to its receptor scaffolding function and how much to its tyrosine kinase activity
or other function(s). In mice Tyk2 has no impact on Ifnarl expression, hence the signaling
defects recorded in Tyk2-/- mice could be considered as loss of function of Tyk2 per se. In
human TYK2-deficiency the issue is more intricate, since signaling impairment may relate to
receptor abundance and/or to loss of TYK2 activity. Several natural TYK2 variants have been
associated with autoimmune diseases, and the close analysis of these experiments of nature

may help to answer this question (Results Part I).

5. TYK2 and diseases Overexpression of TYK2 has been found in many cancer cell lines
and in malignant cells in human tumors (81). By RNA interference (RNA1) screening, Tyk2
was found critical for cell survival in T-cell acute lymphoblastic leukemia (T-ALL). Five
TYK?2 mutant have been identified (G36D, S47N, V7311, E957D, and R1027H) from T-ALL
cells (cell lines and patients’ cells) and found hyperactive in terms of auto-phosphorylation or
STAT phosphorylation upon overexpression in 293T cells. This TYK2-promoted continued
leukemic cell survival is shown to be dependent on the TYK2-STAT1-BCL2 pathway (89).
Recently, two other TYK2 germline mutations (P760L and G761V) were reported in two
ALL patients. Both mutations are in the DPG motif of the KL domain and were found
constitutively activated (90). These findings suggest a therapeutic potential of molecular
targeting TYK?2 in these patients. A rare TYK2 natural variant TYK2-P1104A (rs34536443)
was found in different tumor tissues (91) and was detected in 7% of acute myeloid leukemia
(AML) patient samples. Another TYK2 natural variant TYK2-V362F (1rs2304256) has also
been proposed to have tumor-promoting effect (81). Here I will focus on the TYK2 natural

variants associated with autoimmune diseases.

5.1 TYK2 variants associated with autoimmune diseases Autoimmune diseases (AID) are
chronic inflammatory and destructive diseases arising from attacks by inappropriate or
hyperactive immune response against self-tissue. Today, over 80 distinguished autoimmune
diseases have been identified, targeting different organs. Etiology of AID is still far from

elucidated but known to arise from multiple factors, including genetic, epigenetic and
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environmental factors (microbiota, virus, climate etc.). The combination of these factors
dictates AID susceptibility by impacting on the immune response, such as cytokine signaling,

antigen presentation.

Our knowledge of the pathogenic mechanisms of AID has been augmented by the recently
advances in genome-wide association studies (GWAS) across autoimmune and immune-
mediated diseases (92). Genetic association studies, such as GWAS, have led to an explosion
of genetic loci associated to diseases. Today the new challenge is to biologically interpret
these genetic association data, i.e. identify the causal gene(s) and the causal SNPs (single
nucleotide polymorphisms) from a cluster of SNPs (haplotype) in linkage disequilibrium (LD),
and determine the functional impact of the variant. When a causal gene is involved in multiple
pathways, as is the case for TYK?2, another challenge is to determine which signaling pathway
and in which context (cell type, tissue, cytokine environment etc.) the variant impacts disease

pathogenesis.

SNPs are localized in both coding and non-coding regions. Coding SNPs can be silent
(synonymous), missense/non-synonymous that lead to altered amino acid, or nonsense that
introduce a premature stop codon. Nonsense and some missense SNPs can alter protein

expression and function, thus impacting the individual susceptibility to diseases.

Both coding and non-coding SNPs may change gene expression by affecting transcription
factor binding, mRNA stability or splicing (skipping of the exon, retention of the intron or
generation of a new splice site, etc). The complexity of the splicing process, which selects the
coding sequences or exons from the more abundant non-coding sequences or introns, has
revealed the existence of new splicing regulatory elements. These elements, located in both
coding and non-coding regions, are difficult to identify exclusively by sequence inspection.
Genetic variations in these elements may result in unexpected deleterious effects on precursor
(pre) mRNA splicing (93) and the disruption of exonic splicing signals can be significant in
the etiology of genetic diseases (94). Hence, investigating the functional consequence of
disease-associated genetic variations in new splicing regulatory elements can be informative
to clinical practice (95; 96). My analysis of TYK2 variants is in line with this view (Result
Part I-2).

By interacting with receptor subunits, such as IFNARI, IL-10R2 and IL-112RB1, TYK2
mediates signaling by several cytokines that regulate the immune response: type I IFNs (o/p),

type III IFNs (A), IL-10, IL-12, IL-22, IL-23 and IL-26. Thus, natural TYK2 variants are
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likely to have a role in disease susceptibility.

In human populations, the 7YK2 gene presents a high level of genetic variation with
thousands of SNPs, of which 532 cause nonsynonymous changes, suggesting TYK2 may be a
source of inter-individual variation for diseases susceptibility. Indeed, a few of TYK2 SNPs
have been associated with autoimmune disease susceptibility. I summarized the information
of these SNPs in Table 2 (97-114; 115). Notably these SNPs have different minor allele
frequency (MAF) in different populations and most of these SNPs are protective for AID.

Rs55762744, 152304256, 1s12720356, rs35018800 and 1rs34536443 correspond to the
following aa changes in TYK2: AS53T, V362F, 1684S, A928V and P1104A respectively.
Except for Val362, the other residues Ala53, 1le684, Ala928 and Pro1104 are all conserved in
JAK proteins. Those nonsynonymous natural TYK?2 variants lead to amino acid changes
scattered in different functional domains of TYK2 so that they could impact any of the

described TYK?2 functions: receptor binding, kinase activity and its regulation.

Rs12720270, rs280518, rs280519 are localized proximal to intron/exon junctions and may

result in alternative splicing or affect TYK2 expression.
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PartII Type I IFN and its physiopathological role

Historically, the term interferon (IFN) refers to an activity 'interfering' with viral replication
and secreted by cells infected with virus (Isaacs and Lindenmann in 1957) (116). Today, three
types of IFN are known: type I IFNs, type II IFN (IFN-y) and type III IFNs (IFN-A). Each
type of IFN binds to a specific receptor.

My study has focused on type I IFNs (mainly IFN-a2 and -f), referred thereafter as IFN.

1. IFN induction

1.1 Constitutive IFN  Under steady-state, IFN is not easy to measure using classical methods,
like RT-PCR or ELISA. However, many studies substantiated a constitutive low basal level of
IFN produced in physiological conditions, probably due to commensal microorganisms (88).
Notably, the low constitutive IFN-B induction is NF-kB- and AP-1-dependent and
independent of IRF3 and IRF7 (117). From studies in mice, the “tonic” activity of the
constitutively secreted IFN is critical for the maintenance of hematopoietic stem cell niche
and bone remodeling. It has a perceptible influence on immune cell homeostasis and activity
by priming immune cells to subsequent response to IFN and other cytokines, likely via

sustaining expression of key transducers (e.g. Statl) and other signaling proteins (117).

Microarray analysis showed that at baseline a set of ISGs i1s under-expressed in B cells from
ifnarl-/- compared to wt mice. These ISGs were called tonic-sensitive (statl, uspl8, irfl, tir7,
mx1/2, ifitl1/2/3, oas2). Another set of ISGs were instead named tonic-insensitive (isglJ5, stat2,
cxcll0, socsl, tlr3, il-2ra, ill8, il-15, cd69, cd274, cd86, tnfsf10) (88). A trend was noticed
toward higher dependence on tonic IFN for the most highly responsive ISGs (fold changes),
but this was not uniform. For instance, the highly responsive cxcl/0 was considered tonic-
insensitive. Most of the tonic-sensitive ISGs showed an ED50 lower than 5U/ml (1.25pM).
Exceptions were noted, suggesting that ISG expression relying on constitutive IFN does not

simply reflect the most sensitive end of the IFN signaling spectrum.

The profile of this tonic activity of IFN is not well documented in humans. Interestingly, I
noticed that in published western blot datasets the level of STATI1 protein is lower in
IFNAR2-deficient (118) or STAT2-deficient (119) patients’ fibroblast cells, suggesting

defective tonic IFN signaling.

1.2 Pathogen-induced IFN. Almost every cell is capable of producing IFN-o/f. Virus-

encoded nucleic acids and other pathogen components in infected or uninfected cells are

52



recognized as non-self-pathogen-associated molecular patterns (PAMPs) by the pattern-
recognition receptors (PRRs), including cytosolic receptors (Fig. 17), such as RIG-I and
MDAS and Toll-like receptors (TLRs). Sensing of PAMPs by the PRRs initiates signaling
cascades that act through adaptors such as TRIF, MAVS, STING, and MyD88, leading to
activation of transcription factors: IRF3, IRF7, and NF-kB, AP1 for the induction of type I
IFN genes and other pro-inflammatory cytokines, such as IL-6. Many factors involved in
these signaling cascades, such as RIG-I, MDAS and IRF7, are encoded by ISGs (Fig. 17).
Some ISG products enhance PAMP sensing or stabilize IFN mRNA. This positive feedback
regulation of IFN production leads to rapid secretion of high level of the cytokines for an

efficient antiviral activity (120; 121).
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2. IFN activities through ISGs: a double-edged sword

IFNs exert a multitude of effects on cells by upregulating or downregulating thousands of
gene that are coding or non-coding. ISGs encode proteins involved in a broad spectrum of
biological functions: antiviral, immune modulation, antigen processing, antigen presentation,
chemokines, metabolism, transcription, growth modulation and apoptosis (122). A common
core of the ISGs is induced in essentially all cell types, but some ISGs are induced only in

specific cells (88).

2.1 Direct antiviral activity. 1SGs encode a wide variety of direct antiviral effectors
interfering with various phases of viral life cycle. To complete their life cycle, viruses must
enter cells, translate and replicate their genomes, and exit to infect new cells. Each stage of
infection is a potential target for ISG intervention (Fig. 18). For example, Mx1 is one of the
first described broad virus inhibitor acting at an early post-entry step of the virus life cycle.
Mx1 mediates the inhibition by preventing virus from reaching their cellular destination and
promoting virus degradation (121). IFN-induced antiviral activity blocks viral replication as a
first line of defense. When this fails, the infection may become systemic, with pDCs
producing a large amount of IFN that act on immune cells to prevent systemic dissemination

of the virus (see below).
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Figure 18. Targets for interferon (IFN)-stimulated proteins within viral life cycles, from (121)

2.2 Orchestrators of innate and adaptive immunity. IFNs act on both innate and adaptive
immune cells, inducing expression of various ISGs that orchestrate systemic immune
responses (Fig. 19). These ISG products include receptors, cytokines, chemokines,
transcription factors (IL-2Ra, IL-12RB2, IL-15, CSF1, TNFa, CXCL10, STATI). Firstly,
IFN promote antigen presentation and chemokine production in innate immune cells. For
example, IFN promote dendritic cell (DC) maturation: IFNs upregulate MHC-I expression
and enhance DC capacity to cross-present antigen to CD8 T cells, which are critical for
pathogens clearance. The co-factor CD80/CD86 (B7) binding to the co-stimulatory molecules
CD28 or CD27 on T cells are also upregulated by IFN. IFNs induce as well the expression of
CC-chemokine receptor 5 (CCRS) and CCR7 and the adhesion molecule lymphocyte
function-associated antigen 1 (LFAT1), which facilitate DC migration to draining lymph nodes.

IFNs promote production the chemoattractants, such as CXC-chemokine ligand 9 (CXCL9)
and CXCL10, facilitating T cells activation. IFNs stimulate NK cells cytotoxicity by inducing
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granzyme B. IL-15 induced by IFN is critical for NK cell proliferation. Depending on the
differentiation state of T cells, IFN can promote activated T cell survival and proliferation or

inhibit T cell survival by inducing programmed death ligand 1 (PDL1) (54; 123).
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Figure 19. IFN controls innate and adaptive immunity and intracellular antimicrobial programmes,
from (123)

2.3 Anti-proliferative activity. Soon after the discovery of IFN, it was recognized that the
proliferation of many cell types is inhibited in culture with prolonged exposure to IFN. This
anti-proliferative activity of IFN has been attributed to many ISGs including genes involved
in apoptosis (TRAIL, FasL) and cell cycle regulation. IFN can delay the cell cycle by
inducing different factors in different cell types. For example, IFN inhibit cell division in
human colon cancer cells by inducing p21 protein (124), a cyclin-dependent kinase (CDK)

inhibitors.

2.4 Detrimental effects of ISGs. Today, there is increasing awareness of the potential
detrimental effect of IFN. ISGs are found elevated in blood cells in a range of autoimmune,

auto-inflammatory diseases and microbial infections. It is uncertain whether these high ISGs
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are causative to the disease or the downstream consequence of inflammation. Yet, it is clear
that excessive and persistent exposure to IFN contributes to tissue damage, chronic infection

and autoimmune disease.

2.4.1 IFN and infectious diseases During viral infection, appropriate concentration of IFN
will lead to induction of antiviral ISGs in infected cells and in immune cells for viral
clearance. However, persistent and high IFN signaling may result in tissue damage due to
excessive inflammation and apoptosis or block of proliferation of tissue cells (125). Moreover,
in chronic virus infection, IFN play an immunosuppressive role (Fig. 20) (54). During chronic
LCMV infection, IFN signaling promotes IL-10 production and PDL1 expression and is
responsible for the lymphoid tissue disorganization in persistently infected mice, so that
inhibiting the IFN response with IFNAR1 neutralizing antibody restores T cell function and

helps to cure the persistent infection (126).

IFNs also play a detrimental role in some bacterial infections. For example, compared to wt
mice, Ifnarl-deficient mice are more resistant to several bacterial infections (e.g. Listeria,
Mycobacterium tuberculosis). Several mechanisms have been proposed to explain the action
of IFN. IFN was shown to downregulate of IFN-yR1 in myeloid cells, induce the
immunosuppressive IL-10 or/and suppress the production of the antibacterial IL-1o/B. IFN
also contribute to secondary bacterial co-infection following viral infection, probably via
reducing both Thl and Th17 responses and therefore impair responses to both intracellular

and extracellular bacteria (125).

2.4.2 IFN and autoimmune disease With the exception of multiple sclerosis, where IFN-f3 is
used as therapy, in many autoimmune diseases (AID) IFN can have a pathogenic role by
promoting antigen presentation and lymphocyte responses and inducing chemokine
expression (Fig. 19, Fig. 20). The apparent induction or exacerbation of a preexisting
autoimmune disease is relatively frequent in patients treated with recombinant IFN (127).
Numerous reports have described the occurrence of features of systemic lupus erythematosus
(SLE) and cutaneous lupus erythematosus in IFN-treated patients. The symptoms usually
resolve after discontinuation of IFN treatment, suggesting a pathological role of IFN.
Moreover, SNPs of IRF5 and TYK2 - involved in IFN induction and IFN cellular response
respectively - have been associated with susceptibility to SLE. Today, many TYK2 SNPs

have been associated with autoimmune diseases. This is the first topic of my thesis work.
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2.4.3 Interferonopathies

Aicardi-Goutieres syndrome (AGS) was originally defined as an early-onset progressive
inflammatory brain disease. Infants with AGS suffer from epileptic seizures, intracerebral
calcifications and leukodystrophy, associated with high numbers of white blood cells in the
cerebrospinal fluid. Over time, other features have been associated with AGS, such as skin
lesions or chilblains, glaucoma and, in some cases, SLE-like symptoms. Dissection of the
genetic basis of AGS has highlighted a connection between nucleic acid metabolism, PRRs
and IFN induction. These studies led to define in 2011 human interferonopathies as a broad
set of mendelian disorders whose key pathology is a constitutive upregulation of IFN activity
(128). This latter can be assessed by measuring the level of ISG transcripts in blood cells (IFN
signature). As summarized by Rodero and Crow (129), many monogenic disorders have been

considered associated with enhanced IFN induction (Fig. 21). Eleven such genes are involved
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in nucleic acid metabolism/signaling. Loss-of-function mutations of these genes disturb
endogenous nucleic acid pathways, resulting in accumulation of unusual endogenous nucleic
acid products which lead to abnormal sense of self-nucleic acids as “non-self” by PRRs.
Gain-of-function mutations in MDAS, RIG-I and STING lead to increased sensitivity to

cytosolic nucleic acid ligands or constitutive activation of cytosolic interferon induction

pathways.
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Figure 21. Monogenic disorders (blue boxes) considered as interferonopathies, from (129).

Interestingly, the Down syndrome caused by trisomy 21 (T21) was recently proposed to
belong to the interferonopathies (130). T21 is the most common human chromosomal
disorder, occurring in about 1 in 700 live births. The extra copy of chromosome 21 affects the
development of all major organs, causing neurological problems and stunted growth.
Intriguingly, T21 patients are more susceptible to certain diseases, such as autoimmune
disorders, but are protected from others, including solid tumors. Sullivan et al reported a
persistent high constitutive ISG expression in fibroblasts and circulating blood cells from T21
individuals. Of note, in addition to IFNAR1 and IFNAR2, IFNGR2 and IL-10RB, two
receptor subunits used by IFN-y and IFN-A, are located on chromosome 21, which makes the

situation more complicated. In another study, a patient presenting a partial T21 phenotype
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was reported to carry a de novo 2.78-Mb duplication of chromosome 21q22.11. This
duplication contains 16 genes and includes IFNARI1, IFNAR2 but not IFNGR2 and IL-10RB
(131). This finding supports the concept that a persistent upregulation of the type I IFN

response plays an important pathological role in the Down syndrome.

3 Negative regulation of IFN signaling

As Gresser and colleagues noted in 1980, IFN is “a potent substance” (132). Too much IFN,
for too long or at the wrong time or location may be detrimental. Therefore, the induction of
IFN and the IFN response are tightly regulated. Transient IFN production and controlled
signaling outputs in response to infection promote pathogen clearance and facilitate return to
homeostasis limiting detrimental effects. The IFN response is fine-tuned by integrated
negative regulators operating at multiple levels in both cell-intrinsic and ISG-mediated
manners. As for other cytokines systems, receptor endocytosis and turnover play important
roles in rapidly reducing the level of JAK-STAT signaling (133). Signaling can be decreased
by the action of phosphatases including SHP1/2 and PTPNI1/2 that negatively regulate
phosphorylation events associated with IFN signaling. STAT activity can be as well altered
by the protein inhibitors of activated STAT (PIAS) family of proteins. Increasing evidence
suggests that the IFN response can also be regulated by noncoding RNA including miRNAs
and long ncRNAs (IncRNAs). Regulation may become very sophisticated since SOCS
proteins themselves are negatively regulated by miRNAs (134). Compared to SOCS proteins,
USP18 is a delayed and dedicated negative regulator of IFN. The next chapter is devoted to
USP18 and its substrate ISG15. Below I will focus on the internalization of IFNAR1, which
has been well dissected and where TYK2 plays a role.

3.1 Internalization, ubiquitination and degradation of IFNARI Upon IFN binding, IFNAR1
undergoes rapid turnover (135). This ligand-dependent degradation of IFNAR1 in human and
murine cells is mediated by the E3 ubiquitin ligase complex, SCF-BTrCP (Skp1-Cullinl-F-
box protein transducing repeat-containing protein), in a phosphorylation-dependent manner
(136). It was shown that within 30 min of IFN stimulation, Ser535 and Ser539 of the
conserved DSGNYS motif (degron motif) at the distal cytoplasmic tail of IFNARI are
phosphorylated. This dual phosphorylation is required for recruiting BTrCP, which
ubiquitinates IFNAR1 on various lysine residues. Ubiquitin tagging enables efficient IFNAR1
internalization and endosomal sorting towards the lysosome for degradation. The catalytic

activity of TYK2 was found to be dispensable for internalization, but to be required for IFN-
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induced Ser535 phosphorylation and ubiquitination of IFNAR1 (137). The IFN-dependent
phosphorylation of the degron motif is mediated by the serine/threonine protein kinase D2
(PKD2) which is recruited to IFNARI1 after IFN stimulation. TYK2 activity is required for

PKD?2 activation but not for its recruitment to the receptor (138).

Three of six lysine residues in the cytoplasmic region of IFNARI1 were identified as
ubiquitination sites (Lys501, Lys525, Lys526) essential for IFNAR1 degradation (139). It was
further noticed that the rapid and maximal internalization of IFNAR1 depends on the
interaction of a Tyr-based endocytic motif (Y46 VFF) on IFNAR1 and AP2, an adaptor for
clathrin-dependent endocytosis. As such, it was proposed that ligand-induced IFNARI
ubiquitination, via conformational changes, promotes the binding of AP2 to this endocytic
motif. In the absence of ligand, IFNAR1 would be protected from basal endocytosis by a
hypothetical complex (140). Later, TYK2 was identified as the masking protein (141), in
agreement with the previous finding that TYK2 controls IFNARI1 cell surface level (48). It is
notable that the Tyr residue in the Y466 VFF motif and two of the three lysines are absent in the

murine Ifnarl, suggesting a species-specific regulatory mechanism.

Interestingly, Ser535 phosphorylation-dependent ubiquitination and degradation of IFNARI1
can be triggered by the unfolded protein response (UPR)/ER stress or by PRR activation (142).
These ligand- and TYK2-independent pathways are mediated by the kinase PERK (pancreatic
endoplasmic reticulum kinase) or/and p38. The kinase phosphorylates Ser532, which serves
as priming site for subsequent Ser535 phosphorylation by CK1la within the degron (143).

These different pathways are schematized in Figure 22.

Thus, virus infection or activation of PRR in cells prior to IFN production may trigger
downregulation of the IFNARI level and may limit cell responses to these cytokines. This
may be important for shielding IFN-producing cells (e.g. DCs) from the anti-proliferative
effect of autocrine/paracrine IFN. Restraining IFN signaling in specialized cells may also
allow viral replication to supply enough antigen to stimulate adaptive immunity. (See another

example in the chapter on USP18)
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4. ISG15 and USP18

4.1 The ubiquitin-like ISG15. Interferon-stimulated gene 15 (ISG15) is a 15 kDa protein
made of two ubiquitin-like (Ubl) domains separated by a hinge. As in ubiquitin the C-terminal
sequence LRLRGG is essential for recognition by a processing protease and for conjugation
to substrates. Unlike the high evolutionary conservation of ubiquitin, ISG15 conservation is
poor (Fig. 21). In addition, ISG15 is only present in vertebrates. Thus, ISGI5 is not a

housekeeping gene and may carry diverse evolutional functions in different species.

4.1.1 ISGylation. The post-translational modification of protein substrates by covalent linkage
of ISG15 (ISGylation) is similar to ubiquitination and is mediated by the consecutive action
of enzymes analogous to those for ubiquitin conjugation: an E1 enzyme (UBEIL), an E2
enzyme (UbcHS), and one of several E3 ligases (e.g. EFP and HERCS). On the other hand,
ubiquitin-specific protease 18 (USP18) is the de-conjugating enzyme to remove ISG15 from
its conjugated proteins (de-ISGylation) (144). All the enzymes involved in ISGylation and de-
ISGylation, together with ISG15 can be induced by IFN or other stimuli, such as virus and
LPS. The functional impact of ISG15 conjugation on protein function is very diverse and

specific for each protein.

4.1.2 Extracellular ISG15. ISG15 has been detected as an extracellular protein functioning as
a cytokine. ISG15 was found to be secreted from monocytes, lymphocytes and monocyte-
derived THP-1 cells stimulated with IFN-0/Bf. Human recISG15 purified from E. coli can
induce the production of IFN-y by PBMCs and promote NK cell proliferation (145; 146).
ISG15 has been described as a neutrophil chemotactic factor in Plasmodium yoelii (causing
malaria)-infected red blood cells (147). The critical role of secreted ISGIS5 in anti-
mycobacterial immunity was recently emphasized when three unrelated patients with
susceptibility to the Mycobacterium bovis BCG vaccine and inherited ISG15 deficiency were
identified (148). The high susceptibility to BCG was ascribed to the failure of PBMC from
these patients to produce sufficient IFN-y, an absolute requirement to control mycobacterial
infection (149). Secreted primarily by granulocytes (neutrophils), ISG15 was shown to
synergize with IL-12 towards IFN-y secretion in NK cells and to a lesser extent T cells.
Clinically, these patients did not present with viral illnesses and, accordingly, their fibroblasts
mounted an efficient antiviral response in vitro (148). However, the mode of secretion of

ISG135, its receptor and mode of action on target cells remain unknown.
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4.1.3 Antiviral role of ISG15. In human cultured cells, many experimental results indicate that
ISG15 inhibits infection and replication of various viruses (150). For example, overexpression
of ISG15 inhibits HIV-1 replication and co-expression with UBEIL causes a complete
inhibition of HIV-1 replication (151). Specifically, ISG15 expression prevents assembly and
release of virions from infected cells by inhibiting the ubiquitination of Gag and Tsgl01 and
disrupts their interaction. Further studies demonstrated that ISGylation and free ISG15 inhibit
HIV budding (152).

A number of in vivo studies have shown that ISG15 mediates protection in different viral
infection models dependent or independent of ISGylation. Both ISG15-/- mice and UBE1L-/-
mice are fertile and display no obvious abnormalities. They exhibit an identical increased
susceptibility to viral infections, such as influenza B virus. However, ISG15-/- mice, but not
UBEIL-/- mice, are more susceptible to chikungunya virus infection, suggesting a
conjugation-independent antiviral function of ISG15. Both ISG15-/- mice and UBE1L-/- mice

display normal antiviral responses against VSV and LCMV infection.

During the study of cells from ISG15-deficient patients I was brought to address the following
question: is ISG15 an essential antiviral protein in natura? What is the essential role of ISG15

in humans?
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4.2 USP18 Ubiquitin-specific peptidase 18 (USP18, formerly UBP43) is a member of the
ubiquitin-specific proteases family removing ubiquitin (Ub) or ubiquitin-like (Ubl) proteins
from conjugated substrates. Usp18 specifically removes Isgl5 from ISGylated proteins (144).
The isopeptidase active site of USP18 lies on three functional domains, including a cysteine
box with a Cys residue (C64 in human, C61 in mice), a histidine box as well as an adjacent
asparagine (154). The three residues Cys-His-Asp, constitute the catalytic triad. Mutation of
the active site cysteine within the Cys box of USP18 protein abolishes its isopeptidase activity

(C64S in human, C61S or C61A in mouse).

USP18 is a canonical ISG that can also be induced by type III IFNs, viral infection, LPS,
TNF-0, and genotoxic stress (155). The protein is subject to proteasomal degradation
mediated by the SCF-Skp2 E3 ubiquitin ligase complex (156). Usp18 is expressed at different
levels in several tissues (155). For instance, Usp18 is expressed in liver, spleen, and thymus at
high level, while at low but detectable level in bone marrow, adipose tissue, and lung tissue.
Usp18 is highly expressed in CD169+ macrophages, bone marrow-derived DCs, peritoneal

macrophages, monocyte-derived macrophages.

The USP18 protein is expressed from the same mRNA as two isoforms differing at the N-
terminal region due to alternative start codons. USP18 is mainly found in the cytoplasm, but
the shorter isoform distributes in cytoplasm and nucleus. Both proteins possess enzymatic and
IFNAR2 binding activities (157). The specific role of each isoform is unclear. I observed that
the presence of 25 nucleotides in the 5’UTR of USP18 promotes the expression of the shorter
isoform. USP18 exerts two functions, which are considered to be distinct. Originally

identified as an isopeptidase, USP18 was later found to inhibit IFN signaling.

4.2.1 Uspl8-deficient mice. All Uspl8-/- mice present a high level of free and conjugated
ISG15, indicating that Uspl8 is the dominant de-ISGylation enzyme in vivo. However,
Usp18-/- mice show a strain-specific phenotype. On a mixed Sv129-C57BL/6 background,
Usp18-/- mice are viable at birth, but gradually display neurological disorders associated with
hydrocephalus because of necrosis of ependymal cells from 2 to 19 weeks after birth. On a
C57BL/6 background, absence of Uspl8 leads to fetal death due to “Isgl5 dependent-
embryonic development disorder”. Interestingly, knockout mice generated on the FVB/N
background do not display severe neurological symptoms and have a normal life span (155).
The different phenotype suggests that the effect of absence of Uspl8 on neurological
disorders and lethality may depend on unknown strain-specific modifiers. However, the

neurological disorders in Uspl8-/- mice are not related to high Isgl5 or ISGylation, since
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hydrocephalus also develops in mice knockout for both Usp18 and Isgl5 (158).

Remarkably Uspl8-/- mice are so hypersensitive to IFN that they die within 72 h after
treatment with the potent IFN inducer poly I:C, whereas wt mice survive. A dramatic decrease
of peripheral white blood cell number due to IFN-induced apoptosis, was observed in the
Usp18-/- mice but not wt mice after poly I:C treatment (159). Why and how the absence of
Usp18 leads to hypersensitivity to IFN?

4.2.2 USPIS8 as inhibitor of IFN signaling. Using molecular, biochemical, and genetic
approaches, Zhang’s group demonstrated that Uspl8 specifically binds to the IFNAR2
receptor subunit and interferes with JAK1 binding to IFNAR2 (160). Thus, USP18 was found
to be a specific inhibitor of IFN signaling. Interestingly, USPI§ expression is negatively
correlated to the therapeutic efficacy of IFN-a in patients with chronic hepatitis C (161).
Liver cells from mice repeatedly injected with murine IFN-a become refractory to further
IFN-o stimulation. However, this desensitized state was not observed in Uspl8-/- mice,

indicating that Usp18 is essential for IFN-a desensitization (162).

Through finely designed experiments, Frangois-Newton et al (163) found that both type I and
type III IFNs induce a long-term desensitization state in cells of different lineages, including
human primary hepatocytes. Remarkably, the refractory state is targeted to the IFN- o and
IFN-® subtypes, leaving nearly intact the cells’ responsiveness to IFN-B and IFN-A.
Importantly, Frangois-Newton ef al. demonstrated that USP18 is necessary and sufficient to
desensitize cells to IFN by disturbing the assembly of IFN/receptor ternary complex to
different extent depending on the binding affinity of the ligand for the receptors. Furthermore,
they clarified the critical role of USP18 in establishing transcriptional and anti-proliferative
IFN-0/pB differential effects, where IFN-B induces a prolonged activation of both STATs and
ISGs, including two pro-apoptotic genes (TRAIL, FAS) (164) .

4.2.3 USP18 and virus infection in mice

Usp18-/- mice are hypersensitive to IFN and were described to be resistant to fatal viral
infections following intracerebral inoculation with lymphochoriomeningitis virus (LCMV) or
vesicular stomatitis virus (VSV) (165). However, Usp18-/- mice exhibit increased mortality to
intravenous VSV infection. Lang’s group showed that, after intravenous infection with VSV,
Uspl18-/- mice showed typical VSV-mediated paralysis and died 1 week after infection
whereas wild-type mice survived (166). These observations suggest that USP18 mediates pro-

viral activity in local infection but antiviral activity in systemic infection. Honk et al found
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that in specialized macrophages (CD169+ metallophilic macrophages) located in the spleen
and LNs, a high basal level of Uspl8 is important to reduce their sensitivity to IFN. This
facilitates locally restricted viral replication, which is essential to activate the adaptive
immune system and to prevent the fatal outcome of intravenous VSV infection in mice. In this
study, Uspl8 deficiency in antigen-presenting cells but not in T cells leads to reduced
expansion of VSV-specific CD8+ T, CD4+ T cells, delayed IgM response, delayed and
reduced VSV-neutralizing IgG antibodies (166). The same mechanism can lead to virus-
induced autoimmune diabetes as seen in a mouse model. DCs express more Uspl8 than do
other cell types and their reduced response to IFN leads to augmented viral replication and a
sufficient amount of autoantigen to promote expansion of autoreactive CD8+ T cells.
Knocking down Usp18 expression in DCs allows IFN-mediated inhibition of viral replication

and consequently prevents autoimmune diabetes in the mouse model (167).

Taken together, the basal expression level of USP18 in different specialized cell types shapes
their responsiveness to type I IFN and contributes to orchestrate innate and adaptive antiviral

immunity.
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PartI Functional characterization of TYK?2 natural variants associated with AID

Many SNPs in JAK-encoding loci have been associated with risk or protection to immune-
mediated diseases (168-171) (172). The TYK2 SNPs that have been reported so far are
noncoding or nonsynonymous, i.e. cause a change in amino acid. Instead, for the other JAKs,
most AlD-associated SNPs are of the noncoding type. This observation hints to a more
relaxed and tuning role of TYK2, which may be a source of inter-individual variability in

cytokine-regulated functions and in susceptibility to autoimmune diseases (114).

As of today, eight nonsynonymous TYK2 SNPs have been associated with AID by genetic
association studies (Introduction Table 2). The main objective of this work was to biologically
interpret genetic association data and determine the impact of some disease-associated TYK?2
variants on the expression and/or activities of the protein. A second aim was to better define
the implication of these variants in disease pathogenesis by determining which signaling

pathway(s) is most impacted and in what context (cell type, tissue, cytokine environment).

In Li et al (173), we reported on the properties of two TYK2 variants studied in cells from
genotyped individuals. Signaling studies performed in cells reconstituted with these variants
allowed me to ask basic mechanistic questions on the specific role of TYK2 vs JAK1 in the

IFN response pathway.

In an ongoing collaboration with S. Boisson-Dupuis (Rockefeller University, NYC), we have
analyzed signaling in response to IFN and other immune cytokines in cells from patients

homozygous for one of the two variants.

I have also characterized two additional TYK2 variants. Based on my findings and assisted by
the recently published crystal structure of TYK2 FERM-SH2, I sought to analyze in more
detail specific regions of the FERM domain. I will present some unpublished results on the
study of two loops unique to the FERM domain of TYK2 and potentially involved in lipid
binding.

Part Il Negative regulation of IFN signaling, from patients to mechanism
1I-1 USP18-deficient patients, ISG15-deficient patients and species-specific role of ISG15

In collaboration, we sought to analyze IFN signaling in cells derived from rare USP18-
deficient infants and we confirmed a dysregulated IFN response (174). I also contributed to

the study of rare ISG15-deficient patients, which revealed an unexpected but essential role of
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ISG15 in human (175). I will summarize these two studies in Part II-1, detailing my specific

contribution.

The different phenotypes of ISG15-deficient humans and mice led us to address further
questions on the species-specific role of ISG15 in the control of IFN signaling. I am the

second author in this published work (176).

1I-2 Mechanistic studies on USP18 function in IFN signaling

As discussed in the Introduction, USP18 down-regulates IFN signaling in a fine-tuned manner
so that its impact varies for IFN subtypes possessing different receptor binding affinity. In a
collaboration with the group of Jacob Piehler (Osnabriick University, Germany), we sought to
study how USP18 regulates the plasticity of the IFN receptor (177). More recently, I also
contributed to a collaborative study demonstrating that the recruitment of USP18 to the IFN
receptor is enhanced by STAT2 (178).
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Plasmid constructs

TYK2 WT has been described as pRc-TYK2 (179). TYK2 P1104A and TYK?2 1684S, in pRc-
CMV and pIRES vectors respectively, were generated by standard PCR technique. To obtain
TYK2 V678F/P1104A, a 1kb SgrAl/Xbal fragment spanning the P1104A mutation was
prepared from TYK2 P1104A in the pRc-CMV vector and swapped into pRc-TYK2 V678F
(25). The human JAK1 P1084A and K908E mutants were generated by site-directed
mutagenesis in pBS-JAK1 and recloned into pRc/CMV-JAKT1 (180) with Afel/Xbal. TYK?2-
AES8, TYK2-4K4A, TYK2-AB1B2, TYK2-AB3B4 were generated by site-directed mutagenesis
using QuikChange XL site-directed mutagenesis kit (Aligent Technologies) in pRc-TYK?2 or
pQE-His-N(180). All new plasmids were verified by sequencing. All expression constructs,
except Tyk2 1684S and pQE-His-N, have a C-terminal vesicular stomatitis virus glycoprotein
(VSV-QG) epitope tag.

Cells and transfection

EBV-transformed B cell lines were obtained from Coriell Cell Repositories (Camden, NJ), the
Centre de Ressources Biologiques of the Reseau Frangais d’Etude Génétique sur la Sclérose
en Plaques or from S. Boisson-Dupuis (Rockefeller university). Genotyping for rs12720356,
1s34536443, 1512720270, rs2304256 confirmed the presence of the specific polymorphism in
the EBV-B lines. Cells were cultured in RPMI 1640 and 10% heat-inactivated FCS. Before
cytokine stimulation and protein analysis, cells were serum starved for 2 h. The IFNo—
unresponsive human fibrosarcoma 11,1 (UIA, TYK2-deficient) cells and U4C (JAKI-
deficient) cells were cultured in DMEM and 10% heat-inactivated FCS. Transfections were
performed with FuGENE6 (Roche Applied Science). The 11,1 cells were transfected with
pRc-CMV-based plasmids for stable expression of Tyk2 WT or mutants, and clones were
selected in 400 pg/ml G418. U4C cells were cotransfected with pSV2-puro and pRc-CMV-
JAK1 WT, JAK1 P1084A, and JAK1 K908E. PuroR clones were selected in 400 ng/ml
puromycin. IFN-a2 was a gift from D. Gewert (Wellcome Research Laboratories).
Recombinant human IL-10 was from PeproTech France. IL-6 was a gift from Merck Serono.

IL-23 was from R&D system.

Western blot analysis and Abs
Cells were lysed in modified RIPA buffer (50 mM Tris-HCI pH 8, 200 mM NaCl, 1% NP40,
0.5% DOC, 0.05% SDS, 2mM EDTA) with 1 mM Na3;VO, and a cocktail of antiproteases
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(Roche). A total of 30 ng proteins was separated by SDS-PAGE and analyzed by western blot.
Membranes were cut horizontally according to molecular size markers, and stripes were
incubated with different Abs. Immunoblots were analyzed by ECL with the ECL Western
blotting Reagent (Pierce) or the more sensitive Western Lightning Chemiluminescence
Reagent Plus (PerkinElmer) and bands were quantified with Fuji LAS-4000. For reprobing,
blots were stripped in 0.2 M glycine (pH 2.5) for 30 min at room temperature. The following
Abs were used, unless otherwise indicated in figure legends: TYK2 mAb T10-2 (Hybridolab,
Institut Pasteur); anti-JAK1-phospho-YY 1022/23 (BioSource International, Invitrogen); anti-
STAT2—phospho-Y689 (R&D); anti-STAT1, anti-STAT2, , anti-STAT3, anti-JAK1, and anti
phosphotyrosine mAb 4G10 (Millipore); and anti-STAT1-phospho-Y701, anti-STAT3—
phospho-Y705, and anti-TYK2—phospho-YY1054/55 (Cell SignalingTechnology, Beverly,
MA).

In vitro Kinase assay

Cells were lysed in 50 mM Tris (pH 6.8), 0.5% Nonidet P-40, 200 mM NacCl, 10% glycerol, 1
mM EDTA, 1 mM sodium vanadate, 1 mM sodium fluoride,10 mM PMSF, cocktail of
antiproteases (Roche Applied Science). TYK2 and JAK1 were immunoprecipitated from 2
mg lysate using noncommercial R5-17 polyclonal Abs or affinity-purified anti-VSV-G
polyclonal Abs (a gift from M. Arpin, Institut Curie) or anti-VSV-G agarose (Sigma).
Immunocomplexes were washed three times in buffer 1 (50 mM Tris [pH 6.8], 400 mM NaCl,
0.5% Triton X-100, and 1 mM EDTA), once in buffer 2 (50 mM Tris [pH 6.8] and 200 mM
NacCl), and once in kinase buffer (50 mM HEPES [pH 7.6] and 10 mM MgCl,). The kinase
reaction was carried out in 50 mM HEPES [pH 7.6], 10 mM MgCl,, 0.6 mg recombinant
STAT3 or STATI (SignalChem or OriGene Technologies), and with or without 30 uM ATP
at 30°C for 5 min in a total volume of 30 pl. The reaction was terminated by boiling in
Laemmli buffer. Half of the sample was loaded for SDS-PAGE, transferred to a nitrocellulose
membrane, and phosphorylated products were analyzed by Western blotting with anti-
phosphotyrosine 4G10mAb or activation loop phospho-specific Abs. After stripping,
membranes were reblotted with anti-TYK2 mAb, anti-JAKI, or anti-VSV-G Abs and

revealed using ECL detection reagents (Western Lightning; PerkinElmer).

Minigene assays
TYK2 minigene constructs were made in plasmid pl-12, using a ~1.2 kb genomic region

comprising 1s12720270 and rs2304256, spanning the region from exon 7 to 9. Site-directed
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mutagenesis was performed to introduce the different allelic combinations. RNA was isolated
from HEK 293T cells using the RNeasy Micro Kit (Qiagen) and cDNA was synthesized.
Minigene splicing was analyzed by PCR amplification of cDNA using T7 and SP6 primers

that specific to the minigene. All resulting amplification products were sequenced.

Protein purification and in vitro pull-down assay

Histidine-tagged proteins were expressed in bacteria, purified on Ni-NTA agarose beads
according to the manufacturer’s protocol (Qiagen), eluted, and dialyzed against 20 mM Tris-
HCI, pH 7.5, 100 mM NaCl, 10% glycerol, and 2mM EDTA, 1mM dithiothreitol (DTT).
Proteins were concentrated by vivaspin concentrator (Vivascience) and stored at 80 °C. GST
fusion proteins were affinity-purified on glutathione-Sepharose (GE Healthcare). For in vitro
pull-down assay, same quantity of His-tagged purified recombinant proteins were incubated
with glutathione-Sepharose containing about 2ug of bound GST fusion protein in 100 ul of
binding buffer (0.1% Nonidet P-40, 10% glycerol, 50 mM NaCl, 50 mM Tris-HCI, pH 8§, and
1 mM DTT) with 0.5% bovine serum albumin and protease inhibitors for 60 min at 4 °C.
Beads were pelleted and washed three times in binding buffer. Bound proteins were eluted and
boiled in 20 pul of Laemmli buffer, separated by SDS-PAGE, and analyzed by immunoblotting
with the appropriate antibody.

Lipid binding assay

PIP strips were obtained from Echelon Biosciences (Cat n® P-6001). The PIP Strip contains
15 lipids at 100 pmol per spot (Fig. 3A in part I-3 of Results). The strip was blocked with 1%
non-fat dry milk in TBS-T (0.1% v/v Tween-20) for 1 h at room temperature and then
incubated with purified His-tagged proteins (around 1 pg in 3 ml TBS-T) for 1 h at room
temperature followed by incubation with primary antibody (anti-TYK2 antibody). After
washing 5 times with TBS-T , the strip was incubated with HRP-conjugated secondary
antibody for 1 h and then visualized with the ECL reagent.
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This chapter is divided into two parts.

In Part I, I will summarize published data and additional results concerning the study of four

TYK?2 variants as well as some recent molecular studies of the FERM domain of TYK2.

In Part I, I will summarize collaborative studies on IFN signaling in cells from rare patients.
These studies have been instrumental to reveal the essential roles of USP18 and ISG15 in

negative regulation of the IFN response.

76



Part 1

Functional study of natural TYK2 variants associated with AID
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Part I-1. Functional impact of Rs12720356 (1684S) and rs34536443 (P1104A)

We characterized two rare TYK2 variants, 1684S and P1104A, which have been associated
with AID. Specifically, I measured their in vitro catalytic activity and their ability to mediate
STAT activation in fibroblasts and genotyped B cell lines. Both variants were found
catalytically impaired but able to rescue signaling in response to IFN-a/p, IL-6, and IL-10.
These data, coupled with the functional study of an engineered JAK1-P1084A, support a
model of non-hierarchical activation of juxtaposed JAKs, in which one -catalytically
competent JAK is sufficient for signaling provided that its partner, even if inactive, behaves
as proper scaffold. Through the analysis of IFN-a and IFN-y signaling in cells with different
JAKI1-P1084A levels, I also illustrate a context in which a hypomorphic JAK hampers
signaling in a cytokine-specific manner. Given the multitude of TYK2-activating cytokines,
the cell context-dependent requirement for TYK2 and the catalytic defect of the two disease-
associated variants, we predicted that these alleles are functionally significant in complex
immune disorders. These results have been published (see article Li et al, J. Immunol 2013,

attached below).

In the European population, the frequency of homozygosity of these two variants is rather low
(1% for TYK2-1684S and 0.1-0.2 % for TYK2-P1104A). To study the functional impact of
TYK2-1684S on cytokine signaling, I used homozygous EBV-B cells from two healthy
donors and from a multiple sclerosis patient. The impact of TYK2-P1104A homozygosity was
studied in patient-derived EBV-B cells in collaboration with S. Boisson-Dupuis (Rockefeller
University, NYC). This group recently found a strong enrichment of P1104A homozygosity
in a cohort of patients with infection-predisposing primary immunodeficiency. Studies in
EBV-B cells showed that TYK2-1684S has no impact on signaling by various cytokines,
while P1104A homozygosity mildly decreases IFN and IL-10 signaling, and interestingly
abolishes IL-23 signaling. These unpublished results are described below (Additional results
part I-1).
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Two Rare Disease-Associated Tyk2 Variants Are Catalytically
Impaired but Signaling Competent

Zhi Li,*" Milica Gakovic,*" Josiane Ragimbeau,*' Maija-Leena Eloranta,”
Lars Ronnblom,” Frédérique Michel,*" and Sandra Pellegrini*’

Tyk2 belongs to the Janus protein tyrosine kinase family and is involved in signaling of immunoregulatory cytokines (type I and III IFNs,
IL-6,11.-10, and IL-12 families) via its interaction with shared receptor subunits. Depending on the receptor complex, Tyk2 is coactivated
with either Jakl or Jak2, but a detailed molecular characterization of the interplay between the two enzymes is missing. In human
populations, the Tyk2 gene presents high levels of genetic diversity with >100 nonsynonymous variants being detected. In this study,
we characterized two rare Tyk2 variants, 1684S and P1104A, which have been associated with susceptibility to autoimmune disease.
Specifically, we measured their in vitro catalytic activity and their ability to mediate Stat activation in fibroblasts and genotyped B cell
lines. Both variants were found to be catalytically impaired but rescued signaling in response to IFN-o/3, IL-6, and IL-10. These data,
coupled with functional study of an engineered Jakl P1084A, support a model of nonhierarchical activation of Janus Kkinases in which
one catalytically competent Jak is sufficient for signaling provided that its partner behaves as proper scaffold, even if inactive. Through
the analysis of IFN-« and IFN-y signaling in cells with different Jak1 P1084A levels, we also illustrate a context in which a hypomorphic
Jak can hamper signaling in a cytokine-specific manner. Given the multitude of Tyk2-activating cytokines, the cell context-dependent
requirement for Tyk2 and the catalytic defect of the two disease-associated variants studied in this paper, we predict that these alleles

are functionally significant in complex immune disorders. The Journal of Immunology, 2013, 190: 2335-2344.

involved in signaling of cytokines, such as type I and type III

IFN, proinflammatory cytokines IL-6, -12, -22, -23, and -26,
and the anti-inflammatory IL-10. Thus, Tyk2 is an essential enzyme
centralizing inputs from cytokines that shape the immune response.
Signaling defects to some of these cytokines have been documented
in human and murine Tyk2-deficient cells (1-4). To date, Tyk2
deficiency in two patients has been associated with different clinical
pictures, one more complex with features of hyper-IgE syndrome,
skewed Th2 lymphocyte polarization, and susceptibility to numer-
ous pathogens and the second with disseminated bacillus Calmette-
Guérin infection, neurobrucellosis, and herpes zoster infection (4,
5). A role of Tyk2 in the pathogenesis of autoimmune and in-
flammatory diseases was suggested from the phenotype of the B10.
Q/J strain of mice with a Tyk2 missense mutation (6-8). Studies in
null murine models showed that the impact of Tyk2 in cytokine
responses and defense to pathogens varies among cell types and
infectious contexts (reviewed in Ref. 9). Tyk2 participates in the
protective antitumor response, and Tyk2 null mice were shown to

T yk2 is one of the four Janus (Jak) tyrosine kinases and is
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have increased predisposition to tumor formation due to a compro-
mised immune surveillance (10).

The survey of sequence databases from International Consortia
(dbSNP, 1000 Genomes) reveals a high number of single nucleotide
polymorphisms (SNPs) in the 7yk2 gene. Many SNPs are in the
coding region, and >100 nonsynonymous variants have been an-
notated. Genome-wide association studies and more targeted can-
didate approaches have shown strong linkage of Tyk2 haplotypes
or individual SNPs to systemic and organ-specific autoimmune dis-
eases, namely systemic lupus erythematosus (SLE) (11-14), multi-
ple sclerosis (MS) (15-19), Crohn’s disease (20-22), psoriasis (23),
type 1 diabetes (24), endometriosis-related infertility (25), and pri-
mary biliary cirrhosis (26) (Table I). Interestingly, one rare MS-
associated variant (rs34536443) is considered to be protective,
whereas another (1s55762744) was recently identified as a risk allele
(17). rs12720356, initially reported to be protective in SLE (13), was
not confirmed in a replication study (12) and instead found to
be a risk allele in Crohn’s disease (20, 22). A frequent variant
(rs2304256) has been shown to be protective in SLE, Crohn’s, and
type 1 diabetes in European populations (Table I). Tyk2 allelic
variants may predispose to tumor formation. Using a computational
approach to distinguish polymorphisms from cancer-associated mu-
tations, Kaminker et al. (27) identified the Tyk2 rs34536443 variant
as associated to increased cancer risk. 1s34536443 was also iden-
tified in a high-throughput sequencing approach used to find tyro-
sine kinase—encoding gene variants potentially relevant in de novo
acute myeloid leukemia (28). Altogether, these studies point to
Tyk2 as one of the genetic determinants in some complex diseases.

The activation of Tyk2 by immunoregulatory cytokines relies
upon its ability to bind specifically to one of the two components of
heterodimeric receptors. Whether coactivated with Jakl or Jak2,
Tyk2 is always found associated to the low-affinity receptor subunit
(i.e., IFNARI, IL-12RB1, and IL-10R2), which is devoid of es-
sential phospho-Tyr—based Stat recruitment motifs. Early studies
of the type I IFN (IFN-o/) receptor (IFNARI1 and IFNAR2)
demonstrated that the structural integrity of the receptor/Tyk2/
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Jakl complex is essential for signaling, because cells lacking ei-
ther of the two Jaks or expressing only the receptor-binding do-
main are unresponsive to IFN. The large N-terminal region of
Tyk2 (FERM and Src homology 2-like domains) interacts with the
membrane-proximal portion of IFNAR1. Phospho-transfer activity
requires the regulatory JH2 (kinase-like, pseudokinase) domain
and the catalytic tyrosine kinase JH1 domain (29-31). In addition,
Tyk2 has a noncatalytic scaffolding function that ensures plasma
membrane stability of IFNAR1 (32). As is the case for the other
Jaks, little is known of the connectivity and interplay between the
various domains of Tyk2 in the basal state. Also, the molecular
details that allow cytokine-induced activation of the receptor-
associated kinases are not well defined. It is unclear whether
heterodimerizing Jaks play equivalent roles or whether one exerts
a dominant catalytic (initiator) role and the other a subordinate
role that may be essential in some cellular contexts. Related to this
is the question of whether each Jak activates unique signaling
steps, or both are equally needed to downstream signals. These
issues are of clear relevance to the development of specific
inhibitors as therapeutics and are addressed in this study.

We studied the functional impact of two Tyk2 disease-associated
variants. We demonstrate that Tyk2 1684S (rs12720356) and Tyk2
P1104A (rs34536443) variants are catalytically impaired. How-
ever, in contrast to the canonical ATP-binding mutant Tyk2 K930R,
these variants were as competent as Tyk2 wild-type (WT) in
reconstituting IFN-a—induced Stat signaling in Tyk2-null cells.
These data were corroborated by analyses of IFN-a, IL-6, and IL-
10 signaling in EBV-B lymphocytes from genotyped individuals.
Thus, these two rare Tyk2 variants are hypomorphic alleles for
which catalytic deficiency can be compensated by the Jak partner,
at least in some cellular contexts and for some cytokines.

Materials and Methods

Plasmid constructs

Tyk2 WT has been described as pRc-Tyk2 (30). Tyk2 P1104A and Tyk2
1684S, in pRc-CMV and pIRES vectors respectively, were generated by
standard PCR technique. To obtain Tyk2 V678F/P1104A, a 1-kb SgrAl-
Xbal fragment spanning the P1104A mutation was prepared from Tyk2
P1104A in the pRc-CMV vector and swapped into pRc-Tyk2 (33). The
human Jakl P1084A and K908E mutants were generated by site-directed
mutagenesis in pBS-Jak1 and recloned into pRc/CMV-Jak1 (31) with Afel/
Xbal. All new plasmids were verified by sequencing. All expression con-
structs, except Tyk2 1684S, have a C-ter vesicular stomatitis virus glyco-
protein (VSV-G) epitope tag.

Cells and transfection

EBV-transformed B cell lines were obtained from Coriell Cell Repositories
(Camden, NJ) and the Centre de Ressources Biologiques of Réseau Frangais
d’Etude Génétique sur la Sclérose en Plaques. Genotyping for rs12720356

Table I. Disease-associated nonsynonymous Tyk2 variants

and rs34536443 confirmed the presence of the specific polymorphism in the
EBV-B lines. Cells were cultured in RPMI 1640 and 10% heat-inactivated
FCS, and before cytokine stimulation and protein analysis, cells were serum
starved for 2 h. The IFN-a—unresponsive human fibrosarcoma 11,1 (U1A,
Tyk2-deficient) cells and U4C (Jak1-deficient) cells were cultured in DMEM
and 10% heat-inactivated FCS. Transfections were performed with
FuGENEG6 (Roche Applied Science). The 11,1 cells were transfected with
pRc-CMV-based plasmids for stable expression of Tyk2 WT or mutants,
and clones were selected in 400 pg/ml G418. U4C cells were cotransfected
with pSV2-puro and pRc-CMV-Jakl WT, Jakl P1084A, and Jakl K908E.
PuroR clones were selected in 400 ng/ml puromycin. IFN-a2 was a gift
from D. Gewert (Wellcome Research Laboratories). Recombinant human
IL-10 was from PeproTech France. IL-6 was a gift from Merck Serono.

Western blot analysis and Abs

Cells were lysed in modified RIPA buffer (34). A total of 30 pg proteins
was separated by 7% SDS-PAGE and analyzed by Western blot. Mem-
branes were cut horizontally according to molecular size markers, and
stripes were incubated with different Abs. Immunoblots were analyzed by
ECL with the ECL Western blotting Reagent (Pierce) or the more sensitive
Western Lightning Chemiluminescence Reagent Plus (PerkinElmer). For
reprobing, blots were stripped in 0.2 M glycine (pH 2.5) for 30 min at
room temperature. The following Abs were used, unless otherwise indi-
cated in figure legends: Tyk2 mAb T10-2 (Hybridolab, Institut Pasteur);
anti-Jak1-phospho-YY1022/23 (BioSource International, Invitrogen); anti-
Statl, anti-Stat2, anti-Stat2—phospho-Y689, anti-STAT?3, anti-Jak1, and anti-
phosphotyrosine mAb 4G10 (Millipore); and anti-Stat1—phospho-Y701,
anti-Stat3—phospho-Y705, and anti-Tyk2—phospho-YY1054/55 (Cell Sig-
naling Technology, Beverly, MA).

In vitro kinase assay

Cells were lysed in 50 mM Tris (pH 6.8), 0.5% Nonidet P-40, 200 mM NaCl,
10% glycerol, | mM EDTA, 1 mM sodium vanadate, 1 mM sodium fluoride,
10 mM PMSE, 3 pg/ml aprotinin, 3 pg/ml leupeptin, and 3 pg/ml pepstatin.
Tyk2 and Jakl were immunoprecipitated from 2 mg lysate using noncom-
mercial R5-17 polyclonal Abs or affinity-purified anti-VSV-G polyclonal
Abs (a gift from M. Arpin, Institut Curie). Inmunocomplexes were washed
three times in buffer 1 (50 mM Tris [pH 6.8], 400 mM NaCl, 0.5% Triton X-
100, and 1 mM EDTA), once in buffer 2 (50 mM Tris [pH 6.8] and 200 mM
NaCl), and once in kinase buffer (50 mM HEPES [pH 7.6] and 10 mM
MgCl,). The kinase reaction was carried out in 50 mM HEPES [pH 7.6],
10 mM MgCl,, 0.6 g recombinant Stat3 (SignalChem), and with or without
30 wuM ATP at 30°C for 5 min in a total volume of 30 wl. The reaction was
terminated by boiling in Laemmli buffer. Half of the sample was loaded for
SDS-PAGE, transferred to a nitrocellulose membrane, and phosphorylated
products were analyzed by Western blotting with anti-phosphotyrosine 4G10
mADb or activation loop phospho-specific Abs. After stripping, membranes
were reblotted with anti-Tyk2 mAb, anti-Jakl, or anti-VSV-G Abs and
revealed using ECL detection reagents (Western Lightning; PerkinElmer).

Results
Tyk2 1684S is catalytically impaired but relays cytokine signaling

rs12720356 refers to a rare-occurring nonsynonymous variant that
maps in exon 15 of the Tyk2 gene and causes replacement of the
amino acid Ile at position 684 with a serine (1684S) (Table I). The

Ancestral >

Rs Derived” MAF” Residue (Domain) Disease Association Risk Allele Reference
2304256 C>A 0.29 V362F (FERM) SLE C 11-14, 54¢, 55¢
Crohn’s disease C 21
Type 1 diabetes C 24
12720356 A>C 0.045 1684S (JH2) SLE A 114,124 13
Crohn’s disease C 20, 22
Psoriasis A 23
34536443 G>C 0.014 P1104A (JHI) MS G 15, 16, 18, 19
Endometriosis-related infertility G 25
Primary biliary cirrhosis G 26
55762744 C>T 0.004 AS53T (FERM) T 17

“Refers to the (—) strand nucleotide.
’From the dbSNP database.
“Association was not replicated.
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Ile residue is located in the JH2 domain and is conserved across
species in Tyk2, Jak1, and Jak2 (Fig. 1A, 1B). A threonine residue
is present in Jak3 orthologs and Drosophila Hopscotch. To func-
tionally analyze this allelic form, we studied EBV-B—transformed
lines established from individuals genotyped for rs12720356. Two
lines (referred as AA1 and AA?2 in this paper) are homozygote for
the ancestral A allele, two are homozygote for the derived C allele
(CC1 and CC2), and four are heterozygote (AC1 to AC4). The
comparable level of Tyk2 expression in the eight cell lines ex-
cluded an effect of the mutation on stability (Fig. 2A). First, we
compared the autophosphorylation ability of the AA (Tyk2 1684)
and the CC variants (Tyk2 S684). For this, the protein was im-
munoprecipitated from homozygote cells and subjected to in vitro
kinase assay in the presence or absence of added ATP. The reac-
tion product was analyzed by immunoblotting to phospho-tyrosine
4G10 mAb and phospho-Tyk2 Abs specific to Tyr'%*10%5 in the
activation loop. As shown in Fig. 2B (left panel), in the absence of
ATP, a weak phospho-Tyk2 band was detected with 4G10 in both
samples, suggesting comparable basal phosphorylation in cells.
When ATP was added to the reaction, the intensity of the phospho-
Tyk?2 reactive band strongly increased in the AA sample (Tyk2
1684), indicating activity. No activity, however, was detected in the
CC sample (Tyk2 S684).

We then assessed the in vitro activity of Tyk2 immunopurified
from cells stimulated with IFN-a. AA2 and CC2 lines were used as
they express comparable surface levels of IFNAR1 and IFNAR2
(data not shown). Upon ATP addition, a 3- to 4-fold increase in
phospho-Tyk2 was observed for IFN-a—treated AA2 cells but not
for CC2 (Fig. 2B, right panel). Overall, these data indicate that,
in vitro, Tyk2 S684 has impaired basal and IFN-oa—induced
autophosphorylation activity. Nonetheless, in cells, the variant is
phosphorylated to the same extent as the ancestral form.

Next, we compared the activation of Stat proteins in the EBV-B
lines stimulated with cytokines that activate Tyk2. As shown in Fig.
2C, the extent of phosphorylation of Tyk2, Statl, and Stat2 was
comparable in AA2 and CC2 cells stimulated with nonsaturating
doses of IFN-a. Activation of Stat3 by IL-6 and IL-10 was mea-

A v678F 1684S K930rR P1104A
\./ | |

1 FERM SH2| JH2 JH1 1187

: pe = «ED

hTyk2 669 HLAFVHGVCVRGPENIMVTEYVEHGPLDVWLRR
hJakl 649 HIVYLYGVCVRDVENIMVEEFVEGGPLDLFMHR
hJak2 608 HLVLNYGVCVCGDENILVQEFVKFGSLDTYLKK
hJak3 583 HLVLLHGVCMAGDS-TMVQEFVHLGAIDMYLRK

C L OH

hTyk2 1103 SPPTKFLELIGIA-QGOM
hJakl 1083 SPMALFLKMIGPT-HGQM
hJak2 1056 SPPVEFMRMIGNDKQGQM
hJak3 1029 SPSAEFLRMMGCE-RDVP

FIGURE 1. (A) Schematic representation of the domains of Tyk2 and
position of the variants and engineered mutants analyzed in this study. (B)
Alignment of the sequences of the four human Jak proteins in the region
containing the valine and the isoleucine (Tyk2 Val®’®11e®®*) shown in blue.
Secondary structure characteristics are indicated above the alignment. (C)
Alignment of the sequences of the four human Jak proteins in the region
containing the proline residue (Tyk2 Pro''®). Secondary helical structure
of the unique Jak insertion, in this figure called aH, is indicated above. The
adjacent Gly-GIn-Met motif is overlined (see Discussion).
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sured in two AA lines and two CC lines and found to be roughly
comparable (Fig. 2D, 2E). Of note, the low constitutive level of
phospho-Stat3 in these cells may be due to secreted autocrine-
acting cytokine(s) (35).

To exclude potential effects from other Tyk2 polymorphisms, we
engineered the 1684S substitution in the 7yk2 cDNA and derived
stable transfectants in Tyk2-deficient 11,1 cells. The in vitro cat-
alytic activity of immunopurified Tyk2 WT and Tyk2 1684S was
compared as described above. rStat3 was added to the reaction as
exogenous substrate, and the reaction products were immuno-
blotted with 4G10 mAb to reveal phosphotyrosines. Fig. 3A shows
that ATP-dependent autophosphorylation and substrate phos-
phorylation are impaired in the case of Tyk2 1684S. Of note, when
immunopurified from IFN-a-stimulated cells, Tyk2 1684S was
phosphorylated on the activation loop to the same extent as the
WT protein (Fig. 3A, lanes 3 and 7). Next, we compared IFN-o—
induced Stat1/2/3 phosphorylation in WT and 1684S-expressing
cells. No consistent differences were found in the extent of Stat
activation, even in the context of a clone expressing a lower level
of Tyk2 1684S (cl.2, Fig. 3B). These results reinforce the con-
clusions drawn from the analysis of EBV-B cell lines that re-
placement of 1le684 with a serine abrogates Tyk2 kinase activity
without affecting cytokine-induced signaling.

Tyk2 P1104A is catalytically impaired but relays Stat signaling

1rs34536443 refers to a rare nonsynonymous Tyk2 variant that maps
in exon 23 of the Tyk2 gene and is found only in heterozygote state
(Table I). At the protein level, this polymorphism causes alanine
substitution of a highly conserved proline residue (Pro''%), which
is located in a small Jak-specific insertion in the JHI domain (Fig.
1A, 1C). To analyze whether this substitution affects Tyk2 func-
tion, we engineered the Pro to Ala mutation in 7yk2 cDNA. Stable
WT and P1104A-expressing clones were derived from Tyk2-
deficient cells to assess in vitro activity in the presence of rStat3
as exogenous substrate (Fig. 4A). The reaction products were
immunoblotted with phospho-Tyk2—-specific Abs and 4G10 mAb.
Addition of ATP to the WT sample led to rec-Stat3 phosphory-
lation and Tyk2 autophosphorylation (Fig. 4A, lanes 1-4). On the
contrary, Tyk2 P1104A was totally impaired in exogenous sub-
strate phosphorylation (lanes 5-8). In IFN-stimulated cells, the
mutant was phosphorylated and possessed in vitro a weak auto-
phosphorylation activity targeted to tyrosines other than Tyr' >+
in the activation loop (Fig. 4A, lanes 7 and 8, 4G10 detection). In
comparison, Tyk2 K930R, mutated in the conserved lysine of the
ATP binding pocket, was not phosphorylated neither in cells nor
in vitro (Fig. 4B). Next, we compared Stat activation in cells
expressing Tyk2 WT, P1104A, and K930R that were stimulated
with IFN-a. As shown in Fig. 4C, the phosphorylation profiles
were comparable in WT and P1104A-expressing cells, whereas
signaling was severely hampered in K930R-expressing cells. In
accordance with these data, the analysis of EBV-B cells prepared
from three heterozygote rs34536443 individuals did not reveal
defect in IFN-a signaling (data not shown).

To gain more insight into the impact of the Pro to Ala mutation
on enzymatic activity, we asked whether this mutation would
perturb the hyperactivity of Tyk2 V678F. This designed mutant is
catalytically hyperactive in vitro and basally highly phosphorylated
on the activation loop and thus mimics the gain-of-function
pathogenic Jak2 V617F (33). We generated the V678F/P1104A
double mutant (VF/PA), which was expressed to roughly equiva-
lent level as Tyk2 WT, K930R, P1104A, and V678F in 293T cells
(Fig. 5A). As expected, Tyk2 V678F was hyperphosphorylated on
the activation loop. Remarkably, the double VF/PA mutant was
~10-fold less phosphorylated than V678F. Moreover, in Tyk2
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FIGURE 2. Functional analyses of Tyk2 variants in rs12720356 genotyped EBV-B cells. (A) Tyk2 expression level in eight EBV-transformed B cell lines
from rs12720356 genotyped individuals. Individuals AA1 and AA2 carry two ancestral A alleles; individuals CC1 and CC2 carry two derived C alleles;
four individuals, AC1 to AC4, are heterozygotes. Cell lysates (30 wg) were immunoblotted with anti-Tyk2 and anti-Akt as loading control. (B) Left panel,
Basal in vitro kinase (IVK) activity of Tyk2 from unstimulated EBV-B cells of homozygote AA individual (Tyk2 1684) and CC individual (Tyk2 S684).
Tyk2 was immunoprecipitated (IP) and subjected to an in vitro kinase reaction for 5 min at 30°C in the presence (+) or absence (—) of 30 uM ATP.
Phosphorylated proteins in the reaction were revealed by successive immunoblotting with 4G10, anti-phospho-Tyr' #7155 gpecific to the activation loop
(Tyk2-P-Y), and anti-Tyk2. Right panel, Kinase activity of Tyk2 from the indicated EBV-B cells after stimulation for 15 min with 50 pM of IFN-a. Samples
were processed as described above. (C) IFN-a—induced Jak/Stat activation in EBV-B cells from one AA individual (Tyk2 1684) and one CC individual
(Tyk2 S684). Cells were stimulated with increasing doses of IFN-a for 15 min. The level of tyrosine-phosphorylated Tyk2, Statl, and Stat2 was analyzed by
Western blot with phospho-specific Abs. The membrane was reprobed for Tyk2 and total Stat3 levels. A low level of phospho-Stats was reproducibly
detected in nonstimulated cells. (D) Stat3 phosphorylation levels in the indicated EBV-B cells stimulated with IL-6 for 15 min. Tyk2 levels shown as
loading control. (E) Stat3 phosphorylation levels in the indicated EBV-B cells stimulated with IL-10 for 15 min. Stat3 levels shown as loading control.

V678F-expressing cells, endogenous Stat3 was highly phosphor-
ylated (33), but this was not the case in VF/PA-expressing cells
(Fig. 5A). Next, we measured the catalytic potential of the double
VF/PA mutant in vitro (Fig. 5B). As expected, Tyk2 V678F ex-
hibited a robust activity. Conversely, the VF/PA mutant was im-
paired in both ATP-dependent autophosphorylation and substrate
phosphorylation. Overall, these data showed that the catalytic
gain-of-function effect exerted by phenylalanine at position 678 is
abrogated by the Pro'!%*-to-Ala substitution. Thus, the Pro-to-Ala
substitution has a strong negative and dominant impact on phospho-
transfer activity.

Jakl P1084A is catalytically impaired but relays Stat signaling

The natural Tyk2 1684S and P1104A variants were found to be
functionally impaired in vitro and yet inducibly phosphorylated in
cells and competent to rescue signaling. These data supported the
view that the kinase activity of Tyk2 is dispensable or subordinate
with respect to that of Jakl (30, 36). To test this model and gain
more mechanistic insight on the specific contribution of Tyk2
and Jakl, we engineered the corresponding Jakl mutant (Jak1
P1084A) and stably expressed it in Jakl-null U4C cells. Clones
expressing Jakl WT and the ATP-binding deficient Jakl K90SE
mutant were studied in parallel. In vitro kinase assays were per-
formed on immunopurified Jak1 proteins as described above. Jak1

WT exhibited ATP-dependent (basal and IFN-induced) activity
detected with phospho-Tyr!'92?719%_gpecific Abs and 4G10 (Fig.
6A, lanes 1-4). Conversely, Jakl P1084A, although phosphory-
lated in IFN-stimulated cells, failed to autophosphorylate in vitro
on the activation loop (Fig. 6A, lanes 7 and 8). A weak ATP-
dependent phospho-Jakl P1084A band was detected with 4G10
in IFN-stimulated samples (Fig. 6A, lanes 7 and 8; 4G10), similar
to that shown for Tyk2 P1104A (Fig. 4A). IFN-induced Stat1/2/3
activation was restored in Jak1 P1084A-expressing cells but not in
Jak1 K908E-expressing cells (Fig. 6B).

In conclusion, the Pro-to-Ala substitution in both Tyk2 and
Jak1 strongly impacted catalytic activity but did not affect their
ability to rescue IFN-« signaling. Thus, these data did not support
the notion that Tyk?2 is catalytically subordinate with respect to
Jak1, but rather suggested a model of catalytic equivalence of the
two enzymes and the possibility of their reciprocal compensation.

Pro-to-Ala mutants of Tyk2 and Jakl are substrates for trans
phosphorylation

A question raised by the above data concerned the remarkably
different behavior between the Pro-to-Ala mutants (Tyk2 P1104A
and Jak1 P1084A) and the ATP-binding mutants (Tyk2 K930R and
Jak1 K908E). Although all four mutants were inactive in vitro, only
the Pro-to-Ala mutants were inducibly phosphorylated on the
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WT and Tyk2 1684S. Tyk2 was immunoprecipitated (IP) from cells nonstimulated or stimulated with IFN-a (500 pM, 15 min) and subjected to an in vitro
kinase reaction in the presence or absence of 30 WM ATP for 5 min at 30°C. rStat3 (0.6 pg) was added to the reaction as exogenous substrate. Phos-
phorylated proteins in the reaction were revealed by sequential blotting with anti-phospho-Tyr mAb 4G10, anti—phospho-Tyk2, and anti-Tyk2. (B) IFN-a—
induced Jak/Stat activation in cells expressing Tyk2 WT or Tyk2 1684S. One WT clone and two 1684S-expressing clones were stimulated with the indicated
doses of IFN-a for 15 min. The phosphorylation level of the indicated proteins was analyzed by immunoblotting with phospho-tyrosine—specific Abs. The
membranes were reprobed for total protein level. Total Tyk2, Statl, Stat2, and Stat3 are shown. Note that IS cl.2 expresses less Tyk2 (~70%) with respect to

the other clones.

activation loop in cytokine-stimulated cells and rescued signaling.
We reasoned that this may reflect the competence of the protein to
be trans phosphorylated (i.e., to act as substrate of the Jak part-
ner). To test this, we performed mixed kinase assays in vitro to
compare the ability of Tyk2 P1104A and Tyk2 K930R to act as
substrates for Jakl. Lysates of Jakl-expressing cells were mixed
with lysates of Tyk2 P1104A or Tyk2 K930R-expressing cells.
Tagged Jak proteins were coimmunopurified to be assayed
in vitro. As shown in Fig. 6C, addition of ATP led to strong
phosphorylation of Tyk2 P1104A but not of Tyk2 K930R, indi-

cating that, of the two catalytically impaired mutants, only Tyk2
P1104A is a suitable substrate for Jakl.

In another set of experiments, we assessed whether Jak1 P1084A
was a good substrate for Tyk2 WT. For this, Jakl P1084A-ex-
pressing cells were stably transfected with Tyk2 WT or Tyk2
P1104A. Tagged proteins were coimmunopurified and analyzed
in vitro. As shown in Fig. 6D, Jakl P1084A was phosphorylated
only when copurified with Tyk2 WT (lanes I and 2). Conversely,
when the two Pro to Ala mutants were copurified, no phosphor-
ylated products were detected (lanes 3 and 4). These data con-

Tyk2 clones Tyk2 clones
WT P1104A WT K930R
IFNoo - - + + - - + + IFNo. - - + + . - + +
FIGURE 4. Functional analyses of the engi- ATP - + - + t -+ ATP - + - + - + - +
neered Tyk2 P1104A mutant. (A) In vitro kinase —— Tyk2-P-Y - & Tyk2-P-Y
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30°C. rStat3 (0.6 pg) was added to the reaction as 1
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firmed the catalytic impairment of the Pro-to-Ala mutants and 15-20-fold higher (referred as hi). Jakl WT'Y and P1084A""
demonstrated that they are suitable substrates for the juxtaposed cells responded similarly to IFN-a (Fig. 7A, lanes 11-20). In
WT partner. contrast, Jak1™ cells responded differently, with phospho-Statl

being more abundant in WT™ than in P1084A" cells (lanes 1-

Impact of Jak1 P1084A in IFN-o and IFN-y signaling 10). This suggested that, in the presence of excess Jakl P1084A

The studies described above suggested that a Pro-to-Ala mutant, mutant, endogenous Tyk2 activity can become limiting.

either Tyk2 or Jakl, can be inducibly phosphorylated on the ac- Jak1 is involved in signaling through the IFN-y receptor com-
tivation loop through the initiating action of the facing WT partner plex, where it is juxtaposed to Jak2. Thus, using the clones de-
and that this reaction is productive for Stat activation. This model scribed above, we analyzed the rescuing capacity of Jakl P1084A

predicts that the WT enzyme may become rate-limiting when the by measuring IFN-y—induced Statl activation. As shown in Fig.
mutant Jak is highly expressed. This possibility was tested by 7B, IFN-y signaling was comparable in Jak1'™ WT and
comparing the IFN-a response of cells expressing Jakl (WT or P1084A°Y cells (lanes 1-8). Cells reconstituted with the kinase-
P1084A) at near-endogenous level (referred as low) or at levels dead Jakl K904E mutant, and parental 2C4 cells were monitored
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FIGURE 6. Functional analyses of the engineered Jakl P1084A mutant. (A) In vitro kinase (IVK) activity of Jakl WT, Jakl P1084A, and the ATP-
deficient Jak1 K9O8E. U4C cell-derived clones reconstituted with the indicated tagged Jak1 form were used. Jakl was immunoprecipitated (IP) with anti—
VSV-G from either nonstimulated cells or IFN-a—stimulated cells and subjected to in vitro kinase reaction. Phosphorylated proteins were revealed by
blotting the reaction product with 4G10, anti—phospho—]ak1—Tyr1022’1023, and anti-Jakl. (B) IFN-o—induced Jak/Stat activation in U4C-derived clones
expressing Jakl WT, Jakl P1084A, or Jakl K908E. Cells were treated with increasing doses of IFN-a for 15 min. Phosphorylation levels of the indicated
Stat were analyzed by Western blot with phospho-tyrosine specific Abs. Total Jakl and Statl levels are shown. (C) In vitro frans phosphorylation of Tyk2
P1104A and Tyk2 K930R by Jakl WT. Lysates were prepared from U4C cells expressing tagged Jakl WT and from 11,1 cells expressing tagged Tyk2
P1104A (Tyk2 PA) or Tyk2 K930R (Tyk2 KR). Equal amounts (1.75 mg) of the two lysates were mixed. Tagged proteins were coimmunopurified on beads
coated with anti-VSV-G and subjected to in vitro kinase (IVK) reaction. Phosphorylated proteins were revealed by blotting the reaction products with 4G10
(top panel) and, after stripping, with anti—-VSV-G (bottom panel). (D) In vitro trans phosphorylation of Jakl P1084A by Tyk2 WT or Tyk2 P1104A. U4C
cells expressing tagged Jak1 P1084A were engineered to stably coexpress either tagged Tyk2 WT or Tyk2 P1104A. Tagged proteins were coimmunopurified
on beads coated with anti-VSV-G and subjected to in vitro kinase reaction. Phosphorylated proteins were revealed by blotting the reaction products with
4G10 (top panel) and, after stripping, with anti-VSV-G (bottom panel).
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FIGURE 7. Statl activation by IFN-a or IFN-vy in
cells expressing high or endogenous-like levels of
Jak1 P1084A. (A) IFN-a—induced Statl activation in
U4C cells reconstituted with either Jakl WT or Jak1
P1084A expressed at high (hi) or endogenous-like
level (low). Cells were treated with IFN-« for 15 1
min. Statl/2 phosphorylation was analyzed by
Western blot. Total Jakl and Statl levels are shown.
(B) IFN-y—induced Statl activation in U4C cells
reconstituted with endogenous-like level of Jakl WT,
Jakl P1084A, or the ATP-binding—deficient Jakl
K908E and in the parental 2C4 cells. Cells were
treated with IFN-y as indicated for 15 min. Statl
phosphorylation was analyzed with phospho-tyro-
sine—specific Abs. Total Jakl and Statl levels are
shown. (C) IFN-y—induced Statl activation in pa-
rental 2C4 cells and U4C cells expressing high Jak1
WT or Jakl P1084A levels. Cells were treated with

IFN-y for 15 min. Statl phosphorylation was ana- 1234
lyzed with phospho-tyrosine—specific Abs. Total Jak1

and Statl levels are shown. Note that the phospho- C 204end.
Stat] membrane was exposed for shorter time than in

(B). 2C4 cells are present in both panels as internal o Q ‘_- -

reference.
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as controls (Fig. 7B, lanes 9-15). Interestingly, JaklWT" and
P1084AM cells exhibited a comparable robust IFN-y signaling
(Fig. 7C, lanes 6—-15). Thus, when overexpressed, Jakl P1084A is
unable to support high signaling from the type I IFN receptor but
can do it from the IFN-y receptor. Overall, these results indicate
that the specific role of a Jak, and thus the impact of a variant, can
differ in different cytokine receptors.

Discussion

The exact mechanism that controls basal-state and ligand-induced
activation of Jak proteins in complex with cytokine receptors
remains ill defined. Over the years, this issue has been addressed
by measuring the signaling capacity of kinase-dead Jaks mutated
in the conserved lysine of the ATP-binding pocket of the JH1
domain. For type I IFN, analysis of Jakl K907E-expressing cells
and Tyk2 K930R cells led to propose a hierarchical asymmetric
activation model, with Jakl playing the initiator role (30, 36).
Studies of IFN-vy signaling were performed on cells over-
expressing Jakl or Jak2 lysine mutants and concluded on a hi-
erarchical activation as well, with Jak2 playing the initiator role
(36). The question was recently re-examined for IFN-y with the
same mutants expressed at near-endogenous levels, and the data
pointed, instead, to Jakl as the initiator (37). These studies
emphasized the impact of Jak expression level and indicated
a certain degree of catalytic hierarchy between two juxtaposed
Jaks. Interestingly, the Jakl and Tyk2 lysine mutants were found
to have defective interactions with their cognate receptors in the
IFN-v and IFN-a context, respectively (30, 37), suggesting that

the alteration of the ATP-binding pocket disturbs the confor-
mational integrity of the enzyme (see below).

In the present work, we describe three mutants (Tyk2 1684S,
Tyk2 P1104A, and Jakl P1084A) that are catalytically impaired
and yet indistinguishable in type I IFN signaling potency from the
WT proteins. Furthermore, Jakl P1084A rescues IFN-y signaling
as well. Contrary to the lysine mutants, the Pro-to-Ala mutants are
good activation loop phosphorylation substrates, both in cells and
in vitro. These data suggest that, at least for these cytokine recep-
tors, one catalytically competent enzyme is sufficient to trigger
signaling provided that the juxtaposed partner, although inactive,
acts as a proper scaffold and/or phospho-acceptor substrate. This
unidirectional activation mode is nonhierarchical and somehow
reminiscent of the allosteric mechanism of kinase activation pro-
posed for epidermal growth factor receptor family members (38).
Moreover, it is expected to be productive only in cytokine recep-
tors bringing together two different Jaks. Consistent with this, one
study showed that a catalytically inactive Jak2 mutant (Jak2 I1065A,
Fig. 1C) rescued signaling to IFN-y but not to erythropoietin, a cy-
tokine that homodimerizes the EpoR/Jak2 complex (39).

The difference in signaling competence between the natural
variants and the conventional lysine mutants, all catalytically
impaired, is remarkable. As mentioned above, mutants of the lysine
in the ATP-binding pocket behave as poor scaffolds and substrates
and thus may be constrained in an inhibited conformation, less
prone to release the activation loop. As in other protein kinases,
ATP binding may prime for critical conformational changes
(40, 41). Indeed, structural studies showed that the isolated JH1
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domains of the four Jaks complexed with ATP-competitive inhib-
itors adopt an active conformation with an exposed loop (42—44).
With regard to intact Jaks, specific ATP competitive inhibitors that
block catalytic function also promote activation loop phosphory-
lation in cells (45). Moreover, some JH2 mutants of Tyk2 and Jak3
have been described that are catalytically dead but constitutively
phosphorylated on the activation loop. Importantly, this phosphor-
ylation was abrogated when the ATP-binding lysine of JH1 was
mutated (46, 47). Overall, these data support the concept that
scaffolding function, ATP binding- and conformational flexibility
of a Jak protein can be more critical than its phospho-transfer
activity for signaling through heteromeric receptors.

Although detailed mechanistic understanding of the catalytic
defect exhibited by the two Tyk2 variants will require advanced
structural knowledge, the positions of each residue in the protein is
informative. The isoleucine residue (Tyk2 11e%®4) is located in the
regulatory JH2 domain, which has negative and positive effects on
JH1 (33, 46). As shown in Fig. 8A, the corresponding isoleucine in
Jak2 JH2 is located in the N lobe, at the end of the loop connecting
the B4 and B5 strands, and is a few residues away from Val®'’
(48). Interestingly, it was shown that the activating V617F muta-
tion rigidifies the JH2 aC helix through w-stacking interactions
with two phenylalanines (Phe***®%), confirming previous muta-
tional studies of Jak2 V617F by Constantinescu’s group (49). Yet,
the mode by which the rigidified oC helix brings about JH1 ac-
tivation in Jak2 V617F remains unclear. In this study, we show
that the V678F and 1684S single substitutions in Tyk2 have op-
posite consequences on catalytic activity and thus may impact in
opposite manner on the JH2 aC helix. Indeed, in Jak2 JH2, the
isoleucine side chain does not point toward the oC helix, as is the
case for the valine, but faces more toward the inner hydrophobic
core of the N lobe (Fig. 8A). Thus, substitution of the isoleucine
with the small polar serine may disturb the N lobe and compro-
mise productive positioning of the aC helix. Overall, Tyk2 1684S
appears to be impaired only in the positive regulatory function of
JH2 toward JH1. This contrasts with the more severe loss of
function of two point mutants in the C lobe of JH2 (Tyk2 R856G

and Tyk2 E782K). These mutants are not only kinase-dead, but
also highly phosphorylated on the activation loop and signaling
incompetent (6, 46).

Pro1104 is located at the edge of a unique insert (13—15 residues)
in the JH1 domain. This insert is conserved in the Jak family with
the exception of Drosophila Hopscotch, is not found in the JH2
domain nor in other tyrosine kinases, and has been called aH
helix, FG helix, Jak-specific insertion, or Lip (43). The insert folds
into a short o helix (aH) that is adjacent to the aG helix of the C
lobe and close to the catalytic cleft (Fig. 8B). Mutational studies in
Jak?2 indicated the key role of the aH helix in autophosphorylation
(39). Indeed, Jak2 point mutants in conserved residues of aH
showed reduced, abrogated, or enhanced phosphorylation in cells.
In these studies, the proline corresponding to Tyk2 Pro''** was not
analyzed nor was in vitro kinase activity of the Jak2 mutants
measured. As discussed above, both Pro-to-Ala Tyk2 and Jakl
mutants that we studied in this paper rescued signaling, indicating
no impairment of their respective scaffolding role. In cells, both
mutants were inducibly phosphorylated in response to ligand, but
failed to auto-frans phosphorylate on the activation loop and to
phosphorylate an exogenous substrate in vitro.

Several observations suggest that Pro''® and the adjacent aH
helix are important in substrate recognition. The catalytic defect
of Tyk2 P1104A is dominant in that it could not be rescued by the
V678F substitution, which per se causes enzyme hyperactivation.
When stimulated by IFN-« in cells and tested in vitro, both Pro-to-
Ala mutants exhibited a very weak catalytic activity on tyrosines
outside of the activation loop (Figs. 4A, 6A), which may indicate
altered substrate recognition. As shown in Fig. 8B, Pro''* appears
to pack in a ring-stacking interaction with a tryptophan residue
(Trp'%%), which is conserved in tyrosine kinases. Interestingly, in
place of this tryptophan, Ser/Thr kinases have a tyrosine residue,
which, in cAMP-dependent protein kinase studies, was shown to be
critical for substrate binding and orienting catalytic residues (50).
Moreover, adjacent to the aH helix is the exposed Gly-Gln-Met
motif (Figs. 1C, 8B), which is part of a binding surface for the
negative regulator suppressor of cytokine signaling 3. Through this

FIGURE 8. (A) Location of Jak2 T1e®** and Val®'” residues corresponding to Tyk2 Te®®* and Val®’®. The side chains of Jak2 Tle®** and Val®'’, corre-
sponding to Tyk2 11e®®* and Val®’®, respectively, are highlighted in blue sphere representation on the crystal structure of the active form of the JH2 domain
(PDB entry 4FVQ) (48). The N lobe of the kinase domain is in beige and the C lobe in cyan. Note that a unique large insert is present only in Tyk2 between
the B2 and B3 strands (arrow). (B) Location of Pro''® in the JH1 domain of Tyk2. The side chain of Pro''® is highlighted in yellow sphere representation
on the crystal structure of Tyk2 JH1 domain complexed with the Jak inhibitor CP-690550 (PDB entry 3LXN) (42). The N lobe of the kinase domain is in
orange, the C lobe in light blue, with the oH helix in darker blue. Facing the proline, a conserved tryptophan residue (Trp1067) is shown in yellow stick
representation (see text). The side chain of the glutamine residue of the Gly-GIn-Met motif is depicted (see text) (51). Note that the activation loop,

1054

phosphorylated on Tyr ", is partly disordered.
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interaction, suppressor of cytokine signaling 3 was reported to
disturb phosphate transfer to the tyrosine substrate without affecting
ATP hydrolysis (51).

Tyk2 is an essential element of the tonic signal induced by
homeostatic IFN-f3 and is implicated in signaling networks initi-
ated by a large number of immunoregulatory cytokines (9, 52). As
first proposed by Shaw et al. (6) and later supported by human
disease genetic-association studies, notably MS, naturally occur-
ring mutations in the 7yk2 gene may underlie altered susceptibility
to autoimmune disorders (Table I). The two rare disease-associated
Tyk2 polymorphisms that we studied in this paper have a clear
damaging effect, as they give rise to hypomorphic proteins devoid
of kinase activity. Yet, the kinase-independent scaffolding function
of these proteins appears sufficient for Stat activation by type I IFN,
IL-6, and IL-10 in fibroblastic and/or B cell lines. Also, our com-
parative analysis of IFN-a and IFN-vy signaling in cells expressing
different levels of Jakl PO184A illustrates that a catalytic loss-of-
function Jak can hamper signaling in a cytokine-specific manner.

Studies in mice have shown that the requirement for Tyk2 in
signaling by type I IFN and other immune cytokines can be cell-
context dependent (2, 3, 53). Moreover, it is increasingly clear that
the functional impact of many polymorphisms, notably in immune
response imbalance, can differ according to cell or tissue types
and their particular biological state. A modest reduction of IFN-f3
signaling has been observed in ex vivo—expanded T cells from
heterozygote Tyk2 P1104A carriers (16). As this is not the case in
heterozygote B cell lines and reconstituted fibroblasts, it suggests
that this Tyk2 variant may have a differential impact depending on
cell type. Given the variety of Tyk2-activating cytokines, their in-
tricate effects on the immune response and the lineage complexity
of immune and nonimmune target cells, it will be a major challenge
to phenotypically assess the beneficial, neutral, or harmful effect of
Tyk2 alleles in diverse clinical manifestations (Table I). Yet, the
remarkable catalytic impairment of the two Tyk2 variants studied in
this paper predicts that they are not neutral but rather functionally
significant in complex immune disorders.

Note added in proof. A recent study has also shown that
Rs34536443 is associated with rheumatoid arthritis (56).
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Part I-1 Additional studies of rs12720356 (1684S) and rs34536443 (P1104A)

TYK2-1684S homozygosity has no impact on IFN, IL-10 and IL-23 signaling  The level of
activation of STAT proteins was compared in EBV-B cell lines from donors carrying TYK?2
WT (TYK2-1684) or TYK2-1684S (TYK2-S684) (Fig. 1, page 83). Cells were stimulated with
increasing doses of IFN-a, IL-10, or IL-23. We noticed an inter-individual variability in the
basal level of TYK2 and STAT proteins. Taking this into account, we concluded that the
levels of STATI1/2/3 phosphorylation in response to IFN-a (Fig. 1A), of STAT3
phosphorylation in response to IL-10 (Fig. 1B) and IL-23 (Fig. 1C) were not consistently

different between control and homozygous TYK2-1684S carriers.

TYK2-P1104A homozygosity decreases IFN and IL-10 and abrogates IL-23 signaling.
JAK/STAT activation was compared in EBV-B cell lines from two control healthy donors
(TYK2-P1104) and two patients with TYK2-P1104A (TYK2-A1104) homozygosity (Fig. 2,
page 84). Patients' cells were found to exhibit normal levels of IFNARI1, IL-10R2 and IL-
12RB1 receptors at the cell surface (S. Boisson-Dupuis, pers. communic). Cells were
stimulated with increasing doses of cytokines. In response to IFN-a, TYK2 and STATI1/2
phosphorylation were comparable in control and TYK2-P1104A cells, while STAT3
phosphorylation was modestly reduced in TYK2-P1104A cells (Fig. 2A, D). STATS3
phosphorylation in response to IL-10 was consistently reduced in TYK2-P1104A cells (Fig.
2B) and in response to IL-23 was not detectable (Fig. 2C).

Cytokine signaling in TYK2-/- EBV-B transduced with TYK2-P1104A4

To exclude potential effects of other genetic variations on cytokine signaling in patients cells,
our collaborator S. Boisson-Dupuis engineered TYK2-/- EBV-B cells retrovirally transduced
with TYK2 WT or P1104A. Of note, the level of transduced TYK2-P1104A protein was
lower than WT TYK2 (Fig. 3, page 85). Interestingly, in EBV-B cells from patients the level
of (endogenous) TYK2-P1104A does not appear to be lower than in controls. When
ectopically expressed, the difference in protein level between TYK2 WT and P1104A may be
more evident, but the underlying mechanism is unclear. On that line, it was reported that
kinase-inactive murine Tyk2-K923E has an extremely shortened half-life due to
autophagosomal degradation and that the Tyk2 kinase activity is critical to prevent this
degradation (Prchal-Murphy 2012). Compared to WT cells, in TYK2-P1104A cells STAT3
phosphorylation in response to IL-10 was reduced substantially. Remarkably, IL-23-induced
STAT3 phosphorylation was abolished in TYK2-P1104A cells (Fig. 3). Of note, in WT cells
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the activation of STAT3 in response to IL-23 was about 10 fold higher than in response to IL-
10 (Fig. 3). This result suggests a selective impairing effect of TYK2P1104A on the I1L-23

response.

Neither STAT3 nor STATI can be phosphorylated in vitro by TYK2-P1104A. The extent of
phosphorylation of STAT1/2 in response to IFN-a was comparable in TYK2-P1104A- and
TYK2 WT-expressing EBV-B cells (Fig. 2A and D). However, the phosphorylation of
STAT3 in response to IL-23, and to a lesser extent IL-10 and IFN-a (Fig. 2D, Fig. 3), was
strongly impaired in TYK2-P1104A EBV-B cells with respect to control cells. This difference
may reflect an altered recognition by the TYK?2 variant of STAT3 as substrate. In other words,

TYK2-P1104A may be more specifically impaired in phosphorylating STAT3 than STATI.

To address the above possibility, I compared the ability of TYK2-P1104A to phosphorylate in
vitro recombinant STAT1 and STAT3 added as exogenous substrates. TYK2 was
immunoprecipitated from TYK2-minus cells stably reconstituted with either TYK2 WT or
TYK2-P1104A and subjected to in vitro kinase assay in the presence or absence of added
ATP. RecSTATI or recSTAT3 was added to the reaction. The products of the reaction were
analyzed by immunoblotting to Abs specific to the two activation loop tyrosines of TYK2
(Tyr1054-1055) and to phospho-STAT1 (Tyr701) or phospho-STAT3 Abs (Tyr705). As
shown in Fig. 4 (A and B, lane 1, 2; page 86), when ATP was added to the reaction, the
phospho-TYK2 WT band and phospho-STAT1 or STAT3 were detected, demonstrating basal
TYK2 catalytic activity. No ATP-induced band was instead detected for TYK2-P1104A,

indicating impaired kinase activity as shown in Fig. 4 (A and B, lane 5 and 6).

We similarly assessed cytokine-induced activity of TYK2 by pulsing cells with IFN-§ (Fig.
4A, lanes 3, 4 and 7, 8) or IFN-a (Fig. 4B, lanes 3, 4 and 7, 8). Upon addition of ATP to the
reaction, a 2 to 4-fold increase in phospho-TYK2 were observed in IFN-treated WT cells (Fig.
4A and B, lanes 3, 4) but not in P1104A cells (Fig. 4A and B, lanes 7, 8). Importantly, ATP-
dependent phosphorylation of the two recSTATSs substrates was detected with TYK2 WT, but
not with TYK2-P1104A. In conclusion, both the basal and the IFNo/B-induced auto-
phosphorylation activity of the P1104A variant are impaired. Substrate-phosphorylation

activity of the variant is impaired as well, with no difference between STAT1 and STATS3.

Overall, these data suggest that the impaired activation of STAT3 in response to IL-23 in
TYK2-P1104A-expressing cells does not relate to an intrinsic defect to phosphorylate STAT3.
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Rather, the molecular features of the IL-23 receptor and particularly the precise positioning
and role of TYK2 vs JAK2 within this receptor/JAK complex may compromise STAT3
phosphorylation in TYK2-P1104A-expressing cells.
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Figure 1. IFN-0, IL-10 and IL-23-induced JAK/STAT activation in EBV-B cells from donors
carrying homozygote TYK2 WT or TYK2-1684S. EBV-B cells were treated with increasing doses
of (A) IFN-a (0, 10, 100 pM), (B) IL-10 (0, 10, 100 ng/ml) or (C) IL-23 (0, 10, 100 ng/ml) for 15 min,
(IFN-a, IL-10) or 30 min (IL-23). The level of tyrosine-phosphorylated TYK?2, STAT1, STAT2 and
STAT3 was analyzed by western blot with phospho-specific Abs. The membrane was reprobed for
TYK2 and total Stats levels. Actin levels shown as loading control.
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Figure 2. IFN-a, IL-10 and IL-23-induced JAK/STAT activation in EBV-B cells from two
healthy donors carrying homozygote TYK2 WT or from two primary immune deficient patients
(P1 and P2) carrying TYK2-P1104A. Cells were treated with increasing doses of (A) IFN-a (0, 10,
100 pM) or (B) IL-10 (0, 10, 100 ng/ml) or (C) IL-23 (0, 10, 100 ng/ml) for 15min (IFN-a, IL-10) or
30 min (IL-23). The level of tyrosine-phosphorylated TYK2, STAT1/2/3 was analyzed by western blot
with phospho-specific Abs. The membrane was reprobed for TYK2 and total STAT levels. Actin or
Akt levels shown as loading control. (D) Quantitative analysis of JAK/STAT activation in response to
IFN-a (500 pM, 15min) in EBV-B cells from a healthy donor carrying TYK2 WT or from a patient
carrying TYK2-P1104A (P1 in red). Left panels: total protein levels. Right panels: analysis of
phosphorylated proteins. The intensity of the phosphorylated band was normalized by the
corresponding total protein level and that of WT was taken as 100.
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Figure 3. IL-23, IFN and IL-10 signaling in TYK2-/- EBV-B transduced with TYK2 WT or
P1104A. EBV-B cells derived from a TYK2-deficient patient were retrovirally transduced with a
vector encoding WT or P1104A. Phosphorylation of STAT3 and TYK2 after stimulation with
increasing doses of IL-23 (ng/ml), IFN-a. (pM) and IL-10 (ng/ml) for 30 min was determined by
western blot using specific antibodies recognizing phospho-TYK?2 or phospho-STAT3. The membrane
was reprobed for TYK?2 and STAT levels. Akt level is shown as loading control.
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Figure 4. Basal and IFN-induced in vitro kinase activity of TYK2-P1104A, using recombinant
STAT3 (A) or STAT1(B) as substrate. TYK2 was immunoprecipitated (IP) from 11.1 cells stably
expressing TYK2 WT or P1104A and stimulated with IFN (500 pM, 15 min) and subjected to an in
vitro kinase reaction for 5 min at 30°C in the presence (+) or absence (-) of 30 uM of ATP.
Phosphorylated proteins in the reaction were revealed by immunoblotting with anti-phospho-TYK2
and phospho-STAT3 or phospho-STAT1. The membrane was reprobed for TYK2 and STAT levels.
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Part I-2. Functional impact of rs2304256 (V362F) and rs12720270

In the European population, the TYK2 variants rs12720270 and rs2304256 are in linkage
disequilibrium (r2=0.50, 1000 genomes database). Rs12720270 has been associated with
protection from SLE in UK families (98) and in Finnish population (103). As shown in Table
2 (Introduction), its minor allele frequency (MAF) ranges from 4% in Africans to 46% in
Asians (1000 genomes Project). Rs12720270 is an intronic SNP, which is located 36 bp
upstream of the intron 7/Exon 8 boundary (Fig. 2A) and may therefore influence splicing of
Exon 8. Indeed, the analysis of intron 7 with the software HSF (human splicing finder)
predicts that the G (ancestral) to A (derived) nucleotide substitution may mildly (-4.78%)

decrease the value of a potential branch point (181).

Rs2304256 has been associated to protection against autoimmune diseases, such as SLE,
psoriasis and type I diabetes in Caucasian populations (see Table 2 in Introduction).
Rs2304256 maps in Exon 8 and causes a valine (V) to phenylalanine (F) substitution at
position 362 in the FERM domain of TYK2. This valine residue is not conserved in JAK
proteins or in TYK2 of other species. Hence, this substitution is unlikely to impact TYK2
function. Accordingly, our functional studies in fibroblasts showed that TYK2 V362F
behaves as wild type in terms of stability, catalytic activity and ability to rescue type I IFN

signaling (data not shown).

Interestingly, rs2304256 is located 75 bp downstream of the intron 7/Exon 8 boundary (Fig.
2A). Close software-assisted analysis of Exon 8 sequence predicts that the C (ancestral) to A
(derived) nucleotide substitution could destroy a putative Exon splice silencer (ESS) or a
putative Exon splice enhancer (ESE) recognized by the arginine- and serine-rich protein

ASF/SF2 (181), therefore this SNP may impact splicing of Exon 8.

Based on the above data, I hypothesized that rs12720270 and rs2304256, alone or in
combination, may influence splicing of Exon 8. My working hypothesis was assessed

experimentally as described below.

Results

AA homozygosity at rs2304256 or rs12720270 correlates with absence of the AES
transcript

A survey of the e-Ensembl gene database reveals the existence of a partial 7YK?2 transcript

lacking Exon 8 (TYK2 AES8). We succeeded in amplifying from cDNA of EBV-B cells a
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partial TYK2 AES transcript which is weakly expressed with respect to the full-length
transcript. As shown in Fig. 1 (page 91, RT-PCR on EBV-B cells RNA, using primers in
Exon 7 and Exon 9, amplified the expected 743nt product and a minor product of 545nt.
Sequencing confirmed that the smaller band lacks Exon 8 of 198nt and retains the original
open reading frame. The presence of this AES transcript was assessed in EBV-B cell lines
derived from 30 individuals genotyped for rs12720270 and rs2304256. These cell lines were
obtained from Coriell Cell Repositories (n=22) and Genethon (n=8). A perfect correlation was
found between absence of the AES transcript and AA homozygosity at rs2304256. Cells
(n=11) homozygous for the derived A allele (AA) of 152304256 lacked the AES transcript
(Table 1, page 91), which indicates that the C to A substitution of rs2304256 promotes

retention of Exon 8, possibly due to loss of an exon splice silencer site.

AA homozygosity at rs12720270 (n=3, of which two are combined with AA homozygosity at
1s2304256) showed the same tendency, suggesting that G to A substitution of rs12720270
strengthens a potential branch point promoting retention of Exon 8. Overall, these analyses
indicated that the derived A allele (AA) of 1s2304256 or rs12720270 promotes the retention
of Exon 8.

AA homozygosity at rs2304256 or rs12720270 promotes retention of Exon 8 in a
minigene assay

To further verify that the two TYK2 allelic variants affect splicing efficiency, we used the
minigene assay. One of the advantage of this approach is that it allows to exclude potential
influence of other TYK2 polymorphisms on mRNA abundance and/or splicing (95; 96).
Usign the pI-12 splicing vector we generated a minigene construct spanning the 1.2kb 7YK2
genomic region from Exon 7 to Exon 9, comprising rs12720270 and rs2304256 (Fig. 2A,
page 92). The different alleles combinations were introduced by site-directed mutagenesis
(Fig. 2B, page 92). These minigenes were transfected into 293 cells, RNA was isolated and
cDNAs synthesized. Splicing events were analysed by PCR using T7 and Sp6 primers
specific to the minigene. Three major amplification products were obtained and sequenced
(Fig. 2B). The 720nt band contains Exon 7 and Exon 8. The 520nt band contains Exon 7 only.
The 210nt band contains splicing donor and acceptor sites only. We then compared the
transcripts profiles expressed from the four minigenes. It was evident that, for each SNPs, the

presence of the minor allele A led to more abundant levels of the transcript retaining Exon 8
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(Exon 8-positive) (Fig. 2B). Moreover, the minigene carrying the minor alleles A for both

SNPs was expressed almost exclusively as Exon 8-positive transcript.

Overall, these data indicated that the derived A alleles of 152304256 and rs12720270 promote
the retention of Exon 8 and synergize with each other. It has been described that small
changes in the relative abundance of splice variants and the proteins they encode can have a
significant biological impact (182). Thus, rs2304256 and rs12720270 appear to affect the fine

balance of isoforms produced by alternative Exon 8 splicing.

TYK2-AES is catalytic competent but unable to rescue signaling or sustain IFNARI1

To study the impact of Exon 8 on protein function, a 7YK2 cDNA lacking Exon 8 (TYK2
AES, lacking aa 338-403) was engineered in the pRc-CMV vector and transfected into TYK?2-
null human fibrosarcoma cells (11,1). Stable neoR clones were chosen for functional studies.
We first compared the auto-phosphorylation activity of TYK2 WT and TYK2 AES. For this,
each protein was immunoprecipitated and subjected to in vitro kinase assay in the presence or
absence of added ATP. The reaction product was analyzed by immunoblotting to phospho-
TYK2 Abs specific to Tyr1054-1055 in the activation loop. As shown in Fig. 3A (page 93),
when ATP was added to the reaction, the intensity of the phospho-TYK2 reactive band

strongly increased in both samples, indicating activity.

Next, we compared the level of STAT activation in cells pulsed with non saturating doses of
IFN-B for 15 min. As shown in Fig. 3B, TYK2, STATI1, STAT2 and STAT3 were
phosphorylated in a dose-dependent manner in TYK2 WT-expressing clones stimulated with
IFN-B. No activation of TYK2 or STATs was detected in AES8-expressing clones.
Interestingly, the level of IFNAR1 in TYK2-AES clones was as low as in 11,1 cells (Fig. 3C),
indicating that TYK2-AE8 is unable to rescue IFNAR1(48). To confirm this finding, we
compared the interaction of TYK2 FERM-SH2 (aa 1-591) and a AE8 version with
IFNAR Icyt in vitro, as described in ((180). Bacterially expressed WT and AES8 proteins were
purified on Ni*-NTA-agarose beads, eluted and incubated with GST-IFNARlcyt purified on
glutathione-Sepharose beads. The complex retained on Sepharose beads was analyzed by
immunoblot with anti-TYK2 and anti-GST Abs. As shown in Fig. 3D, the WT protein, but
not the AE8 mutant, was retained on GST-IFNAR 1cyt. Altogether, these data indicate that the
Exon 8-encoded segment is critical for the TYK2/IFNAR1 complex.
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The same mutation in TYK2 may have different impact on distinct cytokine receptor
complexes, as shown for TYK2-P1104A. We therefore asked whether TYK2-AE8 can
mediate IL-12 signaling. The WT and AE8 constructs were transiently transfected in TYK?2-
null cells stably expressing the two chains of the IL-12R. As show in Fig. 3E, as opposed to
WT TYK2, TYK2-AES failed to rescue IL-12 signaling. Of note, the WT TYK2-expressing
cells responded poorly to IFN, likely due to high ectopic expression of IL-12RB1 - another
TYK2-binding receptor - and limited TYK2 availability to sustain endogenous IFNAR1 (183).

We also tested whether TYK2-AES exerts a dominant-negative (DN) effect on IFN signaling.
TYK2-AES8 and the so-called triple mutant (TYK2 K930R/YYFF1054,55) with known DN
effect were overexpressed in parallel in 293T cells and signaling was monitored. As shown in
Fig. 3F, compared with an empty vector, the triple mutant led to a decrease in the
phosphorylation of endogenous TYK2, STATI and STAT2, indicating a DN effect.
Overexpressed TYK2-AES8 had no such effect, most likely because, not being able to bind to
IFNARI, it cannot compete out endogenous TYK?2.

We were unable to detect by western blot endogenous TYK2-AES in a variety of cell types
including PBMCs, suggesting an extremely low level of expression with respect to the full-
length TYK2. Interestingly, in a published eQTL loci database (GTEx Consortium, 2015) we
found that the minor allele of rs2304256 is associated with increased TYK?2 transcript level in
some tissues, such as adrenal gland, adipose, liver, basal ganglia, whole blood cells, skin
especially sun-exposed skin, mammary tissues, but not in others (pancreas, spleen, muscle,
colon, brain except basal ganglia, EBV-B, transformed fibroblasts etc). Thus, it is tempting to
speculate that the increased full-length 7YK2 expression is consequent to more efficient
retention of Exon 8 and influences disease pathogenesis. I will discuss this possibility in the

last chapter "Discussion and perspectives".
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Table 1 Homozygous minor alleles at rs2304256 or rs12720270 and Exon 8 retention

Genotyped | 550nt | Rs2304256 | Rs12720270
EBV-B band (V362F) intronic
50044 + CcC GG
GM07056 + CcC GG
GM 10854 + CcC GG
GM 10846 + CcC GG
GM 10857 + CcC GG
GM 10851 + CcC GG
GM 11830 + CcC GG
GM12004 + CcC GG
GM 12282 + CcC GG
GM 10836 + CA GG
GM 10859 + CA GG
GM 10864 + CA GG
51814 + CA GG
GM 12145 + CA GG
GM11918 + CA GA
GM 10835 + CA GA
GM12144 + CA GA
52173 + CA GA
GM 12249 - CA AA
34702 - AA GG
GM 12275 - AA GG
50772 - AA GG
51464 - AA GG
GM 11882 - AA GG
52279 - AA GA
49888 - AA GA
GMO07037 - AA GA
GM12154 - AA GA
GM 12342 - AA AA
GM12234 - AA AA

(—) retention of Exon 8

7500t (7 [T 9]
500t [T 3]

Fig. 1 Detection of TYK?2 transcripts in EBV-B cell lines from genotyped individuals.
RT-PCR (25 cycles) products from 5 ng of RNA from EBV-B cells was loaded on 2% agarose gel,
stained by ethidium bromide and visualized under UV light.

91



exon6t 7 89
Tyk2 (25 exons) T 1512720270 ..

7 l Sp6
j>|T e

rs2304256 (Val362Phe)

B
Minigene 1 2 3 4
Rs 12720270 G -> A G| G| A A
Rs 2304256 C-> A C A A C

- 720 nt: Exon 8 +
— 520 nt : Exon 8 -

— 58

Fig. 2 Rs12720270 and rs2304256 influence Exon 8 splicing

(A) Schematic representation of the 7YK2 gene intron-exon structure and of the sequence inserted in
PI-12 vector to obtain the minigene. Splicing donor site (SD) and splicing acceptor site (SA) in the
vector are in blue. Exon 8 in green. Position of rs12720270 and rs2304256 are indicated by arrows. (B)
Detection of minigene transcripts. the RT-PCR (25 cycles) product from 5 ng of RNA of 293T cells
transiently transfected with each minigene was loaded on 2% agarose gel, stained by ethidium
bromide and visualized under UV light.
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Figure 3. TYK2-AES is catalytically active but unable to rescue IFN signaling, sustain IFNAR1
or rescue IL-12 signaling.

(A) Basal in vitro kinase (IVK) activity of TYK2 from unstimulated 11.1 cells stably expressing
TYK2 WT or TYK2-AES. TYK2 was immunoprecipitated and subjected to an in vitro kinase reaction
for 5 min at 30°C in the presence (+) or absence (-) of 30 uM ATP. Phosphorylated TYK?2 in the
reaction was revealed by immunoblotting with anti—phospho-TYK2. The membrane was reprobed for
TYK2.

(B) IFN-induced JAK/STAT activation in 11.1 cells stably expressing TYK2 WT or TYK2-AES. Cells
were treated with increasing doses of IFN-B (0, 0.1, 1nM) for 15 min. The level of tyrosine-
phosphorylated TYK2, STAT1, STAT2 and STAT3 was analyzed by western blot with phospho-
specific Abs. The membrane was reprobed for TYK?2 and total STATs.

(C) Total IFNARI level in 11.1 cells stably expressing TYK2 WT or TYK2-AES.
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(D) In vitro interaction of His-TYK2-FERM-SH2 with GST-IFNAR1cyt. His-TYK2-FERM-SH2 WT
or AE8 were incubated with a GST fusion protein containing the cytoplasmic domain of
IFNARI1(IFNARI1cyr) or 1IkBp. Proteins bound to glutathione-Sepharose beads were separated on
SDS-PAGE and visualized by anti-TYK2 antibody. 5% input TYK?2 protein was shown on the bottom.

(E) IL-12-induced JAK/STAT activation in 11.1 cells stably expressing ectopic IL-12 receptors. Cells
were transiently transfected with TYK2 WT or TYK2-AES8. Twenty-four hrs later, cells were treated
with IFN-B (500 pM) or IL-12 (20 ng/ml) for 15 min. The level of tyrosine-phosphorylated TYK2,
STAT1 was analyzed by western blot with phospho-specific Abs. The membrane was reprobed for
TYK2 levels. A nonspecific band shown as loading control.

(F) 293T cells were transfected with empty vector, TYK2-AE8 or a dominant-negative control mutant
TYK2K930R-YYFF1044,55 (DN). Twenty-four hrs later, cells were treated with increasing doses of
IFN-a for 15 min. Phosphorylation of STAT1/2 and TYK2 were analyzed by western blot with
phospho-specific Abs. The membrane was reprobed for TYK?2 and STAT]I.
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Part I-3. Functional study of the TYK2 FERM domain

The structure of the FERM and SH2 domains of TYK2 complexed with an IFNARIcyt
peptide has been solved (2) (Figure 7 in Introduction). In this structure the Exon 8-encoded
segment does not contact IFNAR1. However, as described above, we found that deletion of
the Exon 8-encoded segment impairs TYK2 binding to receptors, suggesting that this region
is required to maintain proper structural arrangement for receptor binding. Exon 8 encodes a
66 aa-long peptide (aa338-403, Fig.1 in Introduction) which is likely exposed at the surface of
the F3 lobe of the FERM and spans from the B34 loop to 6 (Fig. 1A, Page 99) (2). The
large disordered B3-f4 loop is unique to TYK2 (2). It is a 44 aa-long loop (aa330-364)
containing a basic patch (aa354-360, KKAKAHK) which likely forms an interaction surface.
Since the F3 lobe has the topology of a pleckstrin homology (PH) domain, this loop with its
basic patch may target TYK2 to phospholipid-rich membranes independently of cytokine
receptors. Alternatively, the loop may provide contact points to reinforce binding to receptors.
Interestingly, another loop between the Bland B2 strands (aa 283-312, Fig.1 in Introduction)
is longer in TYK2 than in other JAKs (30aa in TYK2, 19aa in JAKI and 8aa in JAK?2).
Recently, I started investigating whether these loops (B34 loop and B1B2 loop), play a role in
TYK2-mediated cytokine signaling.

Results

The basic patch in the B3-4 loop of the F3 lobe is required for autophosphorylation but
dispensable for cytokine signaling

To study the role of the B3-f4 loop of the F3 lobe, I substituted the KKAKAHK basic patch
present in this loop with AAAAAHA and engineered the TYK2-4K4A mutant. I also deleted
the unstructured segment (dashed lines in Fig. 1A) of the f1B32 loop and of the 334 loop in
the F3 lobe (TYK2-AB1B2, TYK2-AB3p4). I overexpressed these mutants in 293T cells and
measured their autophosphorylation and the phosphorylation of endogenous STAT3 (Fig. 1B).
TYK2-AB1B2 (lacking aa 296-308) behaved as TYK2 WT. Conversely TYK2-AES8 (lacking
aa 338-403) and TYK2-AB3B4 (lacking aa338-370) did not autophosphorylate, while TYK?2-
4K4A mutant displayed only a modest decrease in autophosphorylation. Of note, the kinase-
inactive TYK2-K930R, used as control, was impaired in both autophosphorylation and
phosphorylation of endogenous STAT3 (Fig. 1B, page 99). In contrast, the three mutants
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(TYK2-4K4A, -AB3B4 and -AE8) were competent in STAT3 phosphorylation, which
suggests that their kinase activity is intact. The autophosphorylation impairment of TYK2-
AB3B4, TYK2-AE8 and TYK2-4K4A may be due to inefficient clustering.

Next, I measured IFN signaling in a 11.1-derived clone stably expressing TYK2-4K4A.
Unlike TYK2-AE8, TYK2-4K4A rescued IFNARI and IFN signaling as well as WT (Fig.
1C). Similar results were obtained in 11.1 cells transiently expressing TYK2-AB1B2 or
TYK2-AB3B4 (data not shown). To analyze IL-12 signaling, I transiently transfected TYK?2-
AB1B2 and TYK2-AB3B4 in 11.1 cells stably expressing the two IL-12R chains. Unlike
TYK2-AES, TYK2-ABI1B2 and TYK2-AB3pB4 rescued IL-12 signaling as well as WT (Fig.
1D). These results suggest that the unstructured fragments (32aa) within the B34 loop,
including the basic patch (KKAKAHK), is dispensable for receptor binding (shown by
rescued cytokine signaling), but mediates TYK2 clustering probably by targeting TYK2 to

membrane.

The basic region in the F2 lobe is critical for sustaining receptor level

In parallel, I studied another basic patch comprised of 15 positively charged residues which is
on the exposed a2’, a2’’, a3 helix of the F2 lobe and on the opposite side of the putative Box1
binding site of TYK2 (Fig. 2D). The Pellegrini’s group previously reported that Ala
substitutions of these basic residues abrogate nuclear localization of ectopically expressed
TYK2 (42). These data were revisited in view of recent evidence showing that a
corresponding basic patch in the FERM domain of the non-receptor tyrosine kinase FAK is
involved in PI(4,5)P binding and in nuclear localization (40). I focused on three mutants:
TYK2-3RA (Ala substitution of 3 Arg in the a3 helix, R231/3/5), TYK2-2RA (Ala
substitution of 2 Arg in 02’ helix, R220/221) and TYK2 A219-240 (deletion of the a2’’ helix
and half of the a3 helix). The kinase activity of these mutants was considered intact as
measured by STAT3 phosphorylation upon their overexpression in 293T cells (data not
shown).

TYK2-3RA, -2RA and A219-240 were transiently transfected in TYK2-deficient cells stably
expressing the two chains of the IL-12 receptors (Fig. 2A, page 101). In response to 1L-12,
STATI1 phosphorylation was abolished in cells expressing A219-240, suggesting no TYK2
binding to the receptor. TYK2-2RA and 3RA mutants mediated STATI phosphorylation as
well as the WT protein. Surprisingly, phosphorylation of TYK2-3RA was strongly impaired
in response to IL-12. Notably, in these cells, the two IL-12R chains are constitutively
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expressed. The impaired TYK2 activation and the intact STATI1 activation in TYK2-3RA
cells may reflect an impaired but not abolished TYK2/IL-12R1 interaction.

I measured response to IFN in clones stably expressing the TYK2-3RA mutant. These cells
exhibited reduced IFN response, as shown by STAT1/2/3 phosphorylation, with TYK2
phosphorylation being most affected (Fig. 2B). This impaired signaling is mostly due to the
low level of IFNARI in TYK2-3RA cells (Fig. 2C). The three Arg residues are localised on
the opposite side of the IFNAR1 binding surface and their Ala substitution is not expected to
alter the a3 helix structure. However, the strong impairment of the TYK2-3RA mutant in
scaffolding IFNAR1 suggests an interaction via the positively charged patch that could
protect IFNAR1 from degradation. I postulate that this positively charged region may target
TYK2 to a phospholipid-rich membrane and/or reinforce TYK2/IFNAR1 binding.

The TYK2 FERM domain binds to PI(3)P

Whether TYK2 or other JAKs bind to phospholipids of the plasma membrane or intracellular
membranes is not known. To start addressing this question, His tagged FERM-SH2 and
FERM-SH2-AES proteins were purified from E. coli and tested for binding to commercial
membrane strips spotted with 15 different phospholipids (Fig. 3B, page 103). Binding was
revealed by immunoblot with anti-TYK2 Abs. The FERM-SH2 protein, ie the entire N-
terminal region, showed strong and specific binding to PI(3)P, while the AE§ mutant did not
bind to any phospholipid (Fig. 3A and C, right stripes).

Interestingly, the FERM domain alone (aa 1-451) was able to bind to PI(3)P (Fig. 3A, left),
suggesting that the SH2 domain is not required. Hence, I introduced the AB3B4 deletion
(including the KKAKAHK basic patch) and the 3RA substitutions in the FERM to study if
these basic patches on the F2 and F3 lobes, respectively, play a role in lipid binding. Both the
alanine substitution (3RA) in the F2 lobe and the AB34 deletion in the F3 lobe reduced
modestly PI(3)P binding, suggesting the involvement of both positively charged patches in
PI(3)P binding.

As stated above, in the Wallweber structure of TYK2 FERM-SH2 complexed with
IFNARIcyt (2), the Exon 8-encoded segment does not contact IFNAR1. However, deletion of
this segment impaired binding to receptors (IFNAR1) and to PI(3)P. These data suggest that
the Exon 8-encoded segment is critical to the functional integrity of the FERM-SH2. As
opposed to Exon 8 deletion, mutations within the Exon 8 segment (4K4A and AB3p4) rescued
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cytokine signaling, suggesting functional global protein conformation. As shown above, these
mutations impaired auto-phosphorylation and PI(3)P binding, suggesting a role of the $3-p4
loop in targeting TYK2 to the membrane.

In the Wallweber structure (2), the F2 lobe does not contact the short IFNARcyt peptide.
However, we found that deletion of aa 219-240 abrogates signaling. Thus, the F2 helical fold
may be required to bind box1 motifs of cognate receptors, as was shown in the JAK1 FERM-
SH2 complexed with IFNLR Icyt (36). Mutations in the Arg-rich patch on the F2 lobe (3RA)
partially impairs IFNARI1 scaffolding and IFN signaling, suggesting that this surface
contributes to maintain TYK2 in association to cognate receptors and/or binding to membrane

lipids.

Although PIP stripe binding is a highly sensitive method, more quantitative approaches, such
as surface plasmon resonance or isothermal titration calorimetry, and imaging studies should
be used to determine properties and physiological relevance of this lipid binding. I will
discuss the possible relevance of TYK2/PI(3)P binding in the "Discussion and perspectives"
chapter.
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Figure 1. Functional study on the p1-p2 and p3-p4 loops in the F3 lobe.

(A) Localization of the B1-B2 and p3-p4 loops in the F3 lobe of the FERM of TYK2 (adapted from (2).
The mutants in F3 lobe studied are detailed on the right panel.

(B) Autophosphorylation of TYK2 and phosphorylation of endogenous STAT3 in 293T cells
transiently transfected with the indicated constructs. To note, the first two lanes are from a different
blot with different exposure time.

(C) IFN-induced JAK/STAT activation in 11.1 cells stably expressing TYK2 WT or 4K4A. Cells were
treated with IFN-a (0, 10, 500 pM) for 15 min. The level of tyrosine-phosphorylated TYK?2, and
STAT1/2/3 was analyzed by western blot with phospho-specific Abs. The membrane was reprobed for
TYK2 and total STAT1 levels. IFNARI levels are shown in the bottom stripe.
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(D) IL-12 induced TYK?2 and STATI phosphorylation in 11.1 cells stably expressing ectopic 1L-12
receptors. Cells were transiently transfected with TYK2 AB1B2, AB3p4, WT or empty vector (EV) and
next day cells were treated with IL-12 (20 ng/ml) for 15 min.
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Figure 2. Functional study of the basic region in the F2 lobe.

(A) Localization of the basic region in the F2 lobe of the TYK2 FERM. Fifteen positively charged
residues are highlighted in the right box (adapted from (2)). The mutated Arg residues analyzed in this
study are indicated by yellow stars. The mutants in F2 lobe studied are detailed on the right panel.

(B) IL-12-induced TYK2 and STAT1 phosphorylation in an 11.1-derived clone stably expressing
ectopic IL-12 receptors and transiently transfected with mutants TYK2-3RA (R231A/R233A/R235A),
2RA (R220A/R221A), A219-240 or empty vector (EV). Cells were treated with IL-12 (20 ng/ml) for
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15 min. The level of phosphorylated TYK2, STAT1 was analyzed with phospho-specific Abs. The
membrane was reprobed for TYK?2 and STATT levels.

(C) IFN-induced TYK?2 and STAT1/2/3 phosphorylation in 11.1-derived clones stably expressing
TYK2 WT or 3RA. Cells were treated with IFN-a for 15 min and analyzed as above. The membrane

was reprobed for TYK?2 and STAT3 levels.
(D) IFNARI1 and TYK2 levels in 11.1-derived clones stably expressing TYK2 WT, 3RA or EV.
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Figure 3. Binding of WT and mutant FERM-SH2 proteins to phospholipids

(A) PIP strips were incubated with various purified His-tagged proteins containing the TYK2 FERM
domain (WT, 3RA, AB3p4, 3RA/AB3B4 double mutant), or the TYK2-FERM-SH2 (WT or AES).
Bound proteins were revealed by western blot using anti-TYK?2 antibody.

(B) Fifteen different PIP were pre-blotted on the membrane.

(C) Quantitative analysis of the data in (A). Density of the FERM bound to PI(3)P was set at 100.

(D Anti-TYK2 immunoblotting of 0.2% of each sample used in (A).

103



Part 11

Negative regulation of IFN signaling:

from patients to molecular mechanisms
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Part II-1 Studies of patients
USP18-deficient patients

Five USP18-deficient patients were identified from two unrelated families (174). These
infants presented pseudo-TORCH syndrome (PTS) and perinatal death. PTS is characterized
by microcephaly, enlarged ventricles, cerebral calcification, and features at birth resembling
the sequelae of congenital infection but in the absence of an infectious agent. Ex vivo brain
autopsy from one patient demonstrated a strong activation of innate immune cells, as
indicated by the robust presence of astrocytes, microglia, and by the up-regulation of MHC
class II molecules. Positivity of phospho-STATI1 in the patient versus a control brain
suggested activation of the IFN pathway. My contribution to this work has been to compare
IFN signaling in primary dermal fibroblasts from patients and controls. My results (attached
hereafter with the first page of the article) showed that 8 to 36 h post-stimulation with IFN-a,
patient fibroblasts displayed enhanced and persistent STAT2 phosphorylation, higher ISG
expression and ISGylation (Fig. 1, Fig 2B). Lentiviral transduction of USP18 completely
rescued these alterations (Fig. 2A, 2B). Thus, we identified a novel genetic etiology of a type
I interferonopathy (174).
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Pseudo-TORCH syndrome (PTS) is characterized by microcephaly, enlarged ventricles, cerebral calcification, and, occasionally,
by systemic features at birth resembling the sequelae of congenital infection but in the absence of an infectious agent. Genetic
defects resulting in activation of type 1 interferon (IFN) responses have been documented to cause Aicardi-Goutiéres syn-
drome, which is a cause of PTS. Ubiquitin-specific peptidase 18 (USP18) is a key negative regulator of type | IFN signaling. In
this study, we identified loss-of-function recessive mutations of USP78 in five PTS patients from two unrelated families. Ex
vivo brain autopsy material demonstrated innate immune inflammation with calcification and polymicrogyria. In vitro, patient
fibroblasts displayed severely enhanced IFN-induced inflammation, which was completely rescued by lentiviral transduction of
USP18. These findings add USP18 deficiency to the list of genetic disorders collectively termed type | interferonopathies.
Moreover, USP18 deficiency represents the first genetic disorder of PTS caused by dysregulation of the response to type | IFNs.
Therapeutically, this places USP18 as a promising target not only for genetic but also acquired IFN-mediated CNS disorders.

The Journal of Experimental Medicine

Maternal exposure to microbial pathogens can cause severe
fetal brain damage that is detectable at birth. The acronym
TORCH (toxoplasmosis, other [syphilis, varicella, mumps,
parvovirus and HIV], rubella, cytomegalovirus, and herpes
simplex) was first coined to highlight the commonality of the
observed phenotype secondary to transplacental transmission
of such microbes (Shin et al., 1976; Fine and Arndt, 1985;
Donley, 1993). Events involved in the control of infections are
associated with important immune-mediated collateral dam-
age, with the CNS being more susceptible due to its immune
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privileged status (Konradt and Hunter, 2015). CNS charac-
teristics of TORCH include microcephaly, white matter dis-
ease, cerebral atrophy, and calcifications.

Children are considered to have pseudo-TORCH syn-
drome (PTS) if they display a clinical phenotype indicative of
in utero exposure to infection, but where the disorder has a
noninfectious etiology (Reardon et al., 1994;Vivarelli et al.,
2001). The high frequency of consanguinity among families
with PTS suggests that many cases are genetic, inherited as
autosomal recessive traits (Vivarelli et al., 2001).

One known rare Mendelian mimic of congenital infec-
tion, overlapping with and falling under the umbrella of PTS,
is the Aicardi-Goutieres syndrome (AGS; OMIM #225750).
AGS is genetically heterogeneous, caused by mutations in
any of TREX1, RNASEH2B, RNASEH2C, RNASEH2A,
SAMHD1, ADAR1, and IFIH1 (Crow and Rehwinkel, 2009;
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Figure 1. IFN signaling and ISGs protein production in fibroblasts from USP18 deficient
patients. Primary fibroblasts from two controls (C1 and C2) and two USP18 deficient patients (P1 and
P2) were stimulated with 100 pM IFN-a2 for 8, 20, and 36 h. The levels of phosphorylated STAT2
and of the indicated ISG products were analyzed by western blotting of 20 ug of cell lysate.

A P1LV-USP18 P1LV-Luc | P2LV-USP18 P2LV-Luc B c1 P P1LV-USP18
- 82036 -8 236 -8 2003 - 8 2 36hIFNa100M . 4 2 3. 8203 - 8 20 36 hIFNa 100pM
,00[ —— et I -—] P-STAT2 o
T — mt ! 100 F 2
100 e s g —_ STAT2 7% " =
3 : 0 ot g
- ‘ et — —— l MX1 w - §
50 [ — —— -"—‘ IFITY s
! - 20
a7
 ———— Te———— usPis
1 I ] ) e R
50 ‘ B-tubulin
: ' ISG15

Figure 2. USP18 rescues USP18 deficiency

(A) The levels of the indicated proteins were compared in fibroblasts from P1 and P2, lentiviral
transduced with USP18 or with the control Luc LV. Cells were stimulated and processed as in Fig. 1.
(B) The levels of free and conjugated ISG15 were analyzed in lysates (40 pg/lane) from a control (C1)

and P1 (P1), and USP18-transduced fibroblasts from P1 (P1 LV-USP18), stimulated, and processed as
described in Fig. 1.
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ISG15-deficient patients

A first report from the Casanova's group described three families with ISG15-deficient
individuals suffering from BCG infection (148). Later, a fourth family with three ISG15-
deficient patients were identified in China. The Chinese patients, who did not receive BCG
vaccine, presented to the clinic with seizures. Calcification in the brain, enhanced ISGs
expression in blood cells (IFN signature) and auto-antibodies were found in all patients,
suggesting a new interferonophathy. In collaboration with D. Bogunovic, we studied cells
from ISG15-deficient individuals and revealed a novel role for ISG15 in suppressing the type
I IFN response (175). Indeed, fibroblasts and EBV-B cells derived from these patients
exhibited increased and persistent STAT phosphorylation following IFN stimulation.
Accordingly, canonical ISGs were more induced. Remarkably, it was noticed that, despite
induced mRNA, the level of USP18 protein was lower in patients’ cells compared to controls.
This observation suggested a role of ISGIS5 in stabilizing USP18, the known negative
regulator of IFN signaling. Indeed, blocking translation with cycloheximide (CHX) resulted
in reduced USP18 protein levels in ISG15-deficient fibroblasts than control. In addition, re-
expression in patients’ fibroblasts of either WT ISG15 or a mutant (AGG) unable to conjugate
(Introduction 4.1.1), prevented proteolysis in the presence of CHX. These data indicated that
ISG15 somehow stabilizes USP18 at a post-translational level and independently of
ISGylation. Mechanistically, we could show that, in an overexpression system, ISGI15
interferes with the binding of USP18 to SKP2, a ubiquitin E3 ligase involved in cell cycle
progression and previously reported to target USP18 to proteasomal degradation (156).

This study demonstrated that ISG15 contributes to the control of the type I IFN response.
Thus, in addition to the proposed role of the extracellular form of ISG15 in anti-mycobacterial
immunity (148), it is likely that intracellular ISG15 contributes to protective immunity to
intracellular bacteria by tuning down type I IFN signaling (Introduction part 11-2.4.1 IFN and

infectious diseases).

My main contribution to this study was to show that I[FN-stimulated fibroblasts and EBV-B
cells derived from ISG15-deficient patients exhibit lower USP18, increased and persistent
STAT2 phosphorylation and increased levels of canonical ISG-encoded proteins (see Fig. 1
attached hereafter with the first page of the article). This work is described in (175).
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Human intracellular ISG15 prevents interferon-a/f
over-amplification and auto-inflammation

Xiangin Zhang'*, Dusan Bogunovic*>*, Béatrice Payelle-Brogard**, Véronique Francois-Newton**, Scott D. Speer
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Intracellular ISG15 is an interferon (IFN)-a/p-inducible ubiquitin-
like modifier which can covalently bind other proteins in a process
called ISGylation; it is an effector of IFN-a/p-dependent antiviral
immunity in mice' ™. We previously published a study describing
humans with inherited ISG15 deficiency but without unusually severe
viral diseases’. We showed that these patients were prone to myco-
bacterial disease and that human ISG15 was non-redundant as an
extracellular IFN-y-inducing molecule. We show here that ISG15-
deficient patients also display unanticipated cellular, immunological
and clinical signs of enhanced IFN-a/p immunity, reminiscent of the
Mendelian autoinflammatory interferonopathies Aicardi-Goutiéres
syndrome and spondyloenchondrodysplasia®®. We further show that
an absence of intracellular ISG15 in the patients’ cells prevents the
accumulation of USP18'>"!, a potent negative regulator of IFN-o/f
signalling, resulting in the enhancement and amplification of IFN-
o/p responses. Human ISG15, therefore, is not only redundant for
antiviral immunity, but is a key negative regulator of IFN-o/f immun-
ity. In humans, intracellular ISG15 is IFN-a/f-inducible not to serve
as a substrate for ISGylation-dependent antiviral immunity, but to
ensure USP18-dependent regulation of IFN-0/p and prevention of
IFN-0/p-dependent autoinflammation.

Calcification of the cerebral basal ganglia during childhood is an
important radiological sign associated with a range of genetic and non-
genetic states'>". In Fahr’s disease, also known as idiopathic basal gan-
glia calcification (IBGC)'*"7, the genetic causes identified are germline
mutations of the SLC20A2, PDGFB and PDGFRB genes'>'°. Intracranial
calcification is also a well recognized feature of a group of Mendelian
autoinflammatory diseases associated with upregulation of IFN-o/3
signalling®'®, including Aicardi-Goutiéres syndrome (AGS) and spon-
dyloenchondromatosis (SPENCD), in particular. We investigated three
siblings from China with IBGC. The eldest child (P4) died during an

21,22,26,27§

episode of epileptic seizures at the age of 13 years (Supplementary Infor-
mation, case report). The other two siblings, currently aged 11 (P6) and
13 (P5) years, have suffered only occasional seizures. Despite having been
exposed to common childhood viruses (Extended Data Table 1), these
children have experienced no severe infectious disease. Whole-exome
sequencing (WES) of P5 and P6 and their healthy mother identified only
one common nonsense homozygous mutation, which had not been
reported in public databases or in in-house WES data for 1,500 other
individuals (Extended Data Table 2). This variant was in exon 2 of
ISGI15: ¢.163C>T/163C>T (p.Gln 55*/Gln 55*; asterisks denote stop
codons). Familial segregation was consistent with an autosomal reces-
sive mode of inheritance (Fig. 1a, b and Extended Data Fig. 1a).

This observation was surprising, as we recently described three unre-
lated children from two families from Turkey and Iran who were homo-
zygous for loss-of-function mutations of ISG15°. These patients (P1, P2
and P3, now aged 17, 14 and 17 years, respectively) displayed clinical
disease caused by the BCG vaccine, which, in otherwise healthy indivi-
duals, defines Mendelian susceptibility to mycobacterial disease (MSMD),
arare disorder characterized by severe clinical disease following infec-
tion with weakly virulent mycobacteria'>*. In these patients, MSMD
resulted from insufficient ISG15-dependent IFN-vy production®'. These
patients displayed no severe viral disease’. Following the identification
of ISG15 mutations in Chinese children with a putative diagnosis of IBGC,
we performed computed tomography (CT) scans on the Iranian and
Turkish ISG15-deficient MSMD patients. We found that P1 and P2
displayed calcification of the basal ganglia, with CT imaging in P3 also
showing calcification along the cerebral falx (Fig. 1¢). The ISG15-deficient
patients from China were not vaccinated with BCG at birth, consistent
with their current lack of an MSMD phenotype. The ¢.163C>T/163C>T
mutant allele showed no ISG15 protein on western blots (Extended Data
Fig. 1b). In total, six patients (P4 with inferred genotype) with IBGC
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Figure 1. Prolonged IFN signaling, low USP18, and high interferon-stimulated-gene-encoded
protein levels in patient-derived cells. hTer-immotalized fibroblasts (A) and EBV-transformed B
cells (B) from control (C3) and ISG15-deficient patient P1 were stimulated with 100 pM of IFN-a or
IFN-B for 0.5-36h. Cell lysates (30 pg) were analyzed by western blot with the indicated antibodies.
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ISG15 deficiency and increased viral resistance in humans but not mice

ISG15 has been shown to be an antiviral effector molecule in murine models of infection and
in cultured human cells (Introduction part [I-4.1.3). Isgl5-/- mice are highly susceptible to
many viral infections. Yet, none of the ISG15-deficient patients exhibit signs of viral diseases.
The different phenotype of ISG15 deficiency in humans and mice led us to study the
mechanism of how lack of ISG15 differently impacts antiviral response in humans and in
mice. In this study, we describe that fibroblasts derived from ISG15-deficient patients display
enhanced antiviral protection compared to control cells after IFN stimulation and that re-
expression of ISG15 in ISG15-/- cells attenuates viral resistance. I contributed to the
mechanistic studies. In the 293T overexpression system, I compared human vs murine ISG15
for their capacity to stabilize USP18 and to complex with it. I found that only the human
ISG15 can stabilize human USP18 and complex with it. Murine orthologues of ISG15 and
USP18 do not form a stable complex. Thus, the species-specific gain-of-function in antiviral
immunity observed in ISG15 deficiency is explained by the requirement of ISG15 to sustain
USP18 levels in humans, a mechanism not operating in mice. This work is described in (176)

attached hereafter in which I am the second author.
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ISG15 is an interferon (IFN)-a/B-induced ubiquitin-like protein. It exists as a free molecule,
intracellularly and extracellularly, and conjugated to target proteins. Studies in mice have
demonstrated a role for Isg15 in antiviral immunity. By contrast, human ISG15 was shown to
have critical immune functions, but not in antiviral immunity. Namely, free extracellular ISG15
is crucial in IFN-y-dependent antimycobacterial immunity, while free intracellular ISG15 is
crucial for USP18-mediated downregulation of IFN-a/p signalling. Here we describe
ISG15-deficient patients who display no enhanced susceptibility to viruses in vivo, in stark
contrast to Isg15-deficient mice. Furthermore, fibroblasts derived from ISG15-deficient patients
display enhanced antiviral protection, and expression of ISG15 attenuates viral resistance to
WT control levels. The species-specific gain-of-function in antiviral immunity observed in
ISG15 deficiency is explained by the requirement of ISG15 to sustain USP18 levels in humans,
a mechanism not operating in mice.

1 Department of Microbiology, Icahn School of Medicine at Mount Sinai, New York 10029, USA. 2 nstitut Pasteur, Cytokine Signalling Unit, CNRS URA 1961,
75724 Paris, France. 3 Department of Biology, University of Osnabriick, 49076 Osnabriick, Germany. 4Immunology Division, Hacettepe University,

lhsan Dogramaci Children’s Hospital, 06100 Ankara, Turkey. ° Division of Infectious Diseases and Clinical Immunology, Pediatric Respiratory Diseases
Research Center, National Research Institute of Tuberculosis and Lung Diseases, Shahid Beheshti University of Medical Sciences, 4739 Teheran, Iran.

6 Department of Medicine and Department of Pathology and Immunology, Washington University School of Medicine, St. Louis, Missouri 63110, USA.

7 Department of Pathology, University of Texas Medical Branch, Galveston, Texas 77555, USA. * These authors contributed equally to this work.
Correspondence and requests for materials should be addressed to S.P. (email: Sandra.Pellegrini@pasteur.fr) or to D.B. (email: Dusan.Bogunovic@mssm.edu).

| 7:11496 | DOI: 10.1038/ncomms11496 | www.nature.com/naturecommunications 1


mailto:Sandra.Pellegrini@pasteur.fr
mailto:Dusan.Bogunovic@mssm.edu
http://www.nature.com/naturecommunications

ARTICLE

nterferon-stimulated gene 15 (ISG15) is an interferon

(IFN)-o/B-inducible ubiquitin-like molecule. It has two

ubiquitin-like domains and is synthesized from an immature
precursor by cleavage of a C-terminal extension peptide!. Mature
ISG15 has the LRLRGG sequence, which is also present at the C
terminus of mature ubiquitin. ISG15 exists in two distinct states:
as a free molecule (intracellular and extracellular) or conjugated
to target protein lysine residues (ISGylation)?7!%, In a process
similar to ubiquitin ligation, ISGylation involves a conjugation
pathway including E1 (UBEIL), E2 (UBCHS8) and E3 (HERCS5,
EFP, HHARI) enzymes. ISGylation is reversed by the action
of the isozpeptidase ubiquitin-specific protease 18 (USP18;
UBP43)!112 Accordingly, cells deficient in the conjugation
machinery exhibit absent or reduced ISGylation, while
Usp18-deficient cells exhibit high levels of Isgl5 conjugates'.
All of the enzymes involved in ISGylation/de-ISGylation are
transcriptionally induced by IFN-o/f.

Numerous in vivo and in vitro studies have ascribed an
antiviral role to ISG15. Mice lacking Isgl5 exhibit enhanced
susceptibility to challenge with multiple viruses, including murine
gammaherpesvirus 68 (ref. 14), influenza A virus (IAV)14
influenza B virus'*!>, Sindbis virus'#, vaccinia virus'®, herpes
simplex virus 1 (HSV-1)!, Chikungunya virus!” and murine
norovirus'®, yet no enhanced susceptibility to vesicular stomatitis
virus (VSV) and lymphocytic choriomeningitis virus'®. In vitro
studies in mouse embryonic fibroblasts (MEFs), mouse lung
fibroblasts and RAW 264.7 cells have demonstrated an antiviral
role for Isgl5 during Sindbis virus®, vaccinia virus!®, Ebola
virus?!, Dengue virus and West Nile virus?? infection, although
there are several reports of viruses exhibiting no enhanced
replication in the absence of Isgl5 (murine gammaherpesvirus 68,
HSV-1, Sindbis virus, IAV!%). ISG15 small interfering RNA
(siRNA) knockdown in human cells has also suggested an
antiviral role for free and/or conjugated ISG15 during
infection with numerous viruses, including IAV?3, human
immunodeficiency virus?4~26, Ebola virus?"*7, human papilloma
virus?®, VSV?7, Japanese encephalitis virus'® and Sendai virus
(SeV)?. While these many studies have suggested an antiviral
role for ISG15, others have suggested no role at all; the one clear
exception is hepatitis C virus (HCV). In vitro studies of HCV
infection suggest that ISG15 exhibits proviral activity’®3!. The
silencing of ISG15 in human hepatoma cells was found to lead to
an inhibition of HCV replication, increases in cell sensitivity
to IFN-a/f and accumulation of IFN-o/B-stimulated gene
products (ISGs).

Our studies on ISG15-deficient individuals have demonstrated
a critical role for free extracellular ISG15 in the induction of
IFN-y and protection against mycobacterial disease. These
findings were confirmed in Isgl5-deficient mice®. Intriguingly,
there is no evident overlap in viral susceptibility phenotype
between mice and humans lacking ISG15. Despite being
serologically positive for numerous childhood viruses, such as
human cytomegalovirus (HCMV), Epstein Barr virus, measles
virus, varicella-zoster virus, HSV-1 and -2, mumps virus, IAV
and hepatitis A virus, ISG15-deficient individuals exhibit no overt
susceptibility to viral disease®!?. We recently demonstrated that
human free intracellular ISG15 binds USP18, a negative regulator
of IFN-o/f signalling. This binding prevents the SKP2-mediated
degradation of USP18, and thus is critical for the accumulation of
USP18 and the appropriate regulation of IFN-o/f signalling.
Indeed, patients lacking ISG15, and consequently having low
USP18 levels, display higher steady-state levels of ISG transcripts
in whole blood than controls!®32,

We demonstrate that human cells deficient in ISG15 exhibit a
persistent elevation in ISG expression. We find that, not only
do humans deficient in ISG15 lack any overt susceptibility

2

to viral infection, but cells derived from these individuals
exhibit an enhancement of broad protection against viruses.
Complementation of ISG15-deficient cells with the wild-type
(WT) or conjugation-deficient AGG ISGI5 alleles rescues both
WT levels of ISG expression and viral susceptibility. Furthermore,
we demonstrate that there is a species-specific interaction
between ISG15 and USP18. While humans require ISG15 for
USP18 stability and appropriate negative regulation of the IFN
response, mice lack this stable interaction and can regulate the
IEN response in the absence of Isgl5.

Results

Persistent increase of ISG expression in cells lacking ISG15.
The ISGI5-deficient individuals identified to date have been
infected with numerous childhood viruses, against which they
mounted a humoral immune response®!%, No overt viral illnesses
were documented in these patients, suggesting that ISG15 may
not be essential for immunity to these viruses. ISGI15-deficient
patients may actually have a milder disease course than wild-type
individuals. However, this is difficult to demonstrate, as
information about subclinical illness is often not transmitted by
patients to their doctors or noted by the doctors themselves. We
tested this hypothesis in vitro using hTert-immortalized dermal
fibroblasts derived from ISGI5-deficient patients and relevant
WT controls. Human cells lacking ISG15 also have low USP18
levels (due to the lack of USP18 stabilization by ISG15) and high
levels of ISG transcripts, as documented ex vivo with leukocytes
from ISG15-deficient individuals!®. We carried out in vitro
studies, monitoring the kinetics and persistence of ISG induction
by quantitative real-time PCR in WT and ISGI5-deficient
fibroblasts during and after IFN priming, in which the cells
were pulsed with IFN-a2b for 12h and then allowed to rest for
36h. We determined mRNA levels for the IFN-induced protein
with tetratricopeptide repeats 1 (IFIT1) and myxovirus resistance
1 (MX1), from 12h to 6 days post-IFN-a/f priming. The
expression levels of IFITI and MXI transcripts during peak
induction and early dampening were similar between ISGI5-
deficient and control cells (Fig. 1a). However, the time taken for
IFITI transcript levels to return to baseline after IFN priming
differed between control and ISGI5-deficient cells. Specifically,
IFIT] transcript levels remained significantly elevated for more
than 5 days in ISG15-deficient cells, whereas they returned to
basal levels within 2 days in control cells (Fig. 1a).

ISG15-deficient IFN-primed cells are resistant to viral infection.
ISG15-deficient patients had previously been infected with
HSV-1, HCMYV and IAV, as indicated by the results of serological
tests!®, but did not develop severe disease. We, therefore,
investigated whether the prolonged increase in ISG levels
affected the susceptibility of the patients’ cells to viral challenge.
When IFN-o/B-primed ISGI5-deficient fibroblasts were infected
with HSV-1 (Fig. 1b), HCMV (Fig. 1¢) or IAV (Fig. 1d) levels of
viral replication were significantly lower in ISGI5-deficient cells
than in control cells. SeV, a murine paramyxovirus known to be
highly sensitive to human ISGs, also replicated significantly less
efficiently in IFN-o/B-primed ISGI5-deficient cells (Fig. le).
Finally, we investigated whether ISGI5-deficient cells were also
resistant to highly pathogenic viruses affecting humans that our
patients would have been unlikely to encounter, by infecting
control and ISGI5-deficient fibroblasts with Rift Valley fever
virus (RVFV) and Nipah virus (NiV). Both of these viruses
also appeared to replicate less efficiently in IFN-o/B-primed
ISG15-deficient cells than in control cells (Fig. 1f,g), although
neither RVFV nor NiV reached statistical significance. Thus, the
prolonged induction of ISGs observed in ISG15-deficient human
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Figure 1 | ISG15-deficient cells exhibit prolonged ISG expression and resistance to infection with viruses from multiple families. hTert-immortalized

fibroblasts from ISG15-deficient patients (n = 3) or controls (n=75) were treated with the indicated concentration of IFN-a:2b for 12 h, washed, and allowed to
rest for 36 h before infection. (@) Relative IFITT (left panel) or MX1 (right panel) mRNA levels at 12 (time of IFN-a2b removal), 24, 48, 72, 96, 120 and 144 h
post-priming with 1,000 IUml ~. (b) Cells were infected with HSV-1-UST1-GFP at a multiplicity of infection (MOI) of 1.0 for 24 h, fixed, subjected to Hoechst
33342 nuclear staining, and imaged. Shown are the percentages of cells positive for both GFP and nuclear staining. (¢) Cells were infected with HCMV-IE2-YFP
at an MOI of 2.0 for 24 h, fixed, and imaged. Shown are the numbers of GFP-positive cells field ~ . (d) Cells were infected with IAV PR8-gLuc-PTV1 at an MOI
of 10.0 for 24 h. Lysates were collected and assayed for luciferase activity. Shown are the results in relative luminescence units. (e) Cells were infected with
SeV-GFP-glLuc at an MOI of 0.1 for 24 h. Supernatants were collected and assayed for luciferase activity. Shown are the results in relative luminescence units.
() Cells were infected with RVFV at an MOI of 0.01 for 48 h. Supernatants were collected and titered by plaque assay. (g) Cells were infected with NiV-gLuc-
P2A-eGFP at an MOI of 0.01 for 24 h. Supernatants were titered by plaque assay. a shows the combined results of two experiments. b,c, and e show a single
representative experiments of three performed. d shows the combined results of three experiments. f and g are single experiments performed in the BSL-4.
Error bars, s.d. Comparisons made with unpaired t-test. *P<0.05, **P<0.01, ****P<0.0001. NS, not significant.

cells protects against viruses from multiple families, having both
RNA and DNA genomes, and causing both low and highly
pathogenic disease in normal healthy humans. These results
further suggest that viral infections in ISG15-deficient individuals
may follow an attenuated course with milder symptoms. Thus,
the in vivo clinical follow-up of ISGI5-deficient individuals,
serological testing and the results of in vitro studies of
patient-derived cells all indicate a greater resistance to viral
challenge, consistent with a proviral role of ISG15 in humans.

WT or AGG ISG15 allele restores WT viral susceptibility. We
verified that the observed phenotype was due solely to the lack of

ISG15 by stably transducing ISG15-deficient patient and control
fibroblasts with lentiviral particles encoding ISGI5 or control
luciferase!?. The cells were subsequently infected with VSV,
another virus known to be sensitive to low levels of IFN-o/f.
Control fibroblasts displayed similar levels of VSV replication
with and without IFN-o/f priming, suggesting that most of the
ISG antiviral activity had declined during the post-priming rest
(Fig. 2a). By contrast, IFN-o/B-primed cells deficient in ISG15
displayed significantly lower levels of viral replication (Fig. 2a),
indicating a protracted antiviral state, as confirmed with other
viral challenges (Fig. 1b-g). The resistance phenotype was
confirmed using fibroblasts from the three ISGI5-deficient
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Figure 2 | WT ISG15 and ISG15AGG restore VSV infection phenotype in ISG15-deficient cells. (a-c) hTert-immortalized fibroblasts from ISGT5-deficient
patients (n=3) or controls (n=2 or 3) were treated with the indicated concentration of IFN-a2b for 12 h, washed, and allowed to rest for 36 h before

infection. (a) Cells were infected with VSV at an MOl of 1.0 for 24 h. Supernat

ants were titered by TCIDsg. (b) Cells were infected with VSV-GFP at an MOI

of 1.0 for 24 h, fixed, subjected to nuclear staining, and imaged. Representative images are shown for each treatment group. (¢) Quantification of panel b.
Shown is the percentage of cells positive for both GFP and nuclear staining. (d) and (e) hTert-immortalized fibroblasts from ISG15-deficient patients (n=3)

or controls (n=2), untransduced or stably transduced with luciferase, ISG15

or ISG15AGG, were mock-treated or primed with 1,000 IUml " IFN-a2b for

12 h, washed, and allowed to rest for 36 h. (d) Relative IFITT mRNA levels 48 h post-priming. (e) Fibroblasts were infected with VSV at an MOI of 1.0,
48 h post-priming. Supernatants were collected at 24 h post-infection and titered by TCIDsg in duplicate. a,d and e show the combined results of three
experiments. b and ¢ show single representative experiments of three performed. Error bars, s.d. Comparisons made with unpaired t-test. *P<0.05,

**P<0.01, ***P<0.001, ****P<0.0001. NS, not significant.

patients and five controls (Supplementary Fig. 1). Similar
phenotypic differences in viral replication were observed
between control and ISGI5-deficient fibroblasts infected with
VSV-expressing GFP (VSV-GFP), as assessed by fluorescence
microscopy (Fig. 2b,c). Complementation of ISGI5-deficient
patient fibroblasts with WT ISG15, but not with control
luciferase, restored both ISG expression (Fig. 2d) and viral
replication (Fig. 2e) to the levels observed in the control cells.
We have previously shown that the conjugation-deficient mutant
of ISG15 (ISG15AGG) retains the ability to bind and stabilize

4

USP18, and is thus a functional negative regulator of IFN
signalling!®. Accordingly, we used ISGI5-deficient fibroblasts
transduced with ISG15AGG, which exhibit fully functional
downregulation of IFN signalling but no ISGylation, to
determine the relative role of each function during viral
infection. As observed with WT ISG15, complementation with
ISG15AGG rescued both the ISG expression and VSV replication
phenotypes in ISGI5-deficient fibroblasts (Fig. 2d,e). Similar
results were obtained in A549 and Hela cells that were silenced
with siRNA targeting ISG15 or a non-silencing control. In both
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cell lines, knockdown of ISG15 enhanced ISG expression and
resistance to viral replication (Supplementary Fig. 2a-f). These
data demonstrate the dependence of the in vitro phenotype on
the ISGI5 allele and suggest that, in human epithelial cells, the
dominant role of ISG15 during viral replication is the ISGylation-
independent downregulation of IFN-a/f signalling.

Isgl5-deficient mice do not exhibit elevated ISG expression.
All of our observations, whether from the clinical history
of ISG15-deficient patients or from in vitro studies of ISGI15-
deficient patient-derived cells, point to a lack of overt
susceptibility to viruses, and suggest that ISG15 may exhibit a
proviral role. We were unable to reconcile these data with the
numerous reports ascribing a critical antiviral role to Isgl5 during
the infection of mice in vivo with multiple viruses (for example,
chikungunya virus!’, murine gammaherpesvirus 68 (ref. 14),
IAV'4, influenza B virus'*33, Sindbis virus'4, vaccinial®, HSV-1
(ref. 14) and murine norovirus!®). We, therefore, analysed whole
blood from Isgl5-deficient mice, to determine whether these
mice, like ISG15-deficient humans, also displayed elevated levels
of steady-state ISG expression in the absence of diagnosable
infection'®. In unstimulated conditions, Ifitl mRNA levels of
Isgl5-deficient animals were similar to those of their age-matched
WT cagemates (Fig. 3a). This indicates a species-specific
difference in ISG regulation in the absence of ISG15. We then
hypothesized that, in natura, humans are constantly exposed to
environmental challenges that induce IFN-o/f, resulting in
persistently high levels of ISGs in ISGI5-deficient individuals,
due to a lack of negative regulation. Our mice were not housed in
completely sterile conditions, but were nevertheless somewhat
shielded from true environmental exposure to microbes. IFN-o/3
induction was mimicked by injecting 10,000U of type-I IFN
intraperitoneally into WT control and Isgl5-deficient mice,
followed by analysis of the levels of ISG transcripts in whole
blood at multiple timepoints. As expected, the animals receiving
IFN injections displayed a robust increase in ISG expression
within 8h that was fully resolved within 24h. However, no
difference in ISG expression levels between Isgl5-deficient and
WT mice was observed at any time point (Fig. 3b-d). For further
comparison with our results in human cells, primary MEFs
derived from both WT and Isgl5-deficient mice were primed with
type-I IEN for 12 h, allowed to rest for 36 h and the levels of Ifit!
mRNA were analysed. No differences in Ifitl expression levels
were observed between WT and Isgl5-deficient cells at any time
point after IFN priming (Fig. 3e). These experiments suggest that
the impact of ISG15 on IFN-a/B-induced signalling may indeed
differ between humans and mice.

Isgl5 does not sustain Uspl8 levels in mice. Due to the
suboptimal levels of USP18, IFN-o/B signalling persists and ISG
transcripts accumulate in ISGI5-deficient human cells'®. We,
therefore, investigated whether late IFN-o/f signalling and Usp18
levels were also affected in Isgl5-deficient murine cells. WT and
Isgl5-deficient MEFs were subjected to prolonged stimulation
with IFN-B, and the levels of phosphorylated Stat2 and
IFN-stimulated proteins were measured by western blotting.
In contrast to what was observed for human fibroblasts, WT
and Isgl5-deficient MEFs accumulated similar levels of
phosphorylated Stat2, Ifit2 and Uspl8 over the time course of
the experiment (Fig. 4a). The IFN-o/P response was also studied
in primary bone marrow-derived macrophages (BMM) from WT,
Isgl5-deficient or UbelL-deficient (free Isgl5 present, but no
ISGylation) mice. No major differences were observed between
the three strains, indicating that neither free, nor conjugated
Isgl5 was required to stabilize Usp18 in mice (Fig. 4b). Similar
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Figure 3 | Murine Isg15 deficiency does not affect the regulation of Ifit1
transcripts. (a-d) Age-matched Isg15-deficient (n=2-4 per group) or WT
C57BL6/J (n=2-4 group™) mice received intraperitoneal injections of

(a) PBS (mock) or (b-d) 10,000 IU type-I IFN. Animals were sacrificed at
the (b) 8h, (¢) 24 h or (d) 96 h post treatment and relative /fitT mRNA
levels were determined by gPCR. (e) MEFs derived from Isg15-deficient or
C57BL/6 J mice were mock-treated or primed with 1000 IU ml ~ " type-I IFN
for 12 h, washed and allowed to rest for 36 h. Relative mRNA levels for [fit
were determined by gPCR at the indicated times post-priming. e shows the
combined results of three experiments. Error bars, s.d. Comparisons made
with unpaired t-test. NS, not significant.

conclusions were drawn from studies of a murine fibroblast cell
line (LL171), in which Isgl5 was silenced with siRNA (Fig. 4c).
These results provide strong evidence to suggest that, in the
mouse system, Isgl5 is not involved in the Uspl8-mediated
negative feedback loop.

USP18 stabilization by ISG15 is species-specific. The unique
properties of the USP18 or ISG15 orthologues, or of both of them,
may underlie the observed species-specific functional differences.
ISG15 is weakly conserved across species’®, whereas the

murine and human USP18 proteins are 70.1% identical and
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Figure 4 | Murine Isg15 does not control Usp18 accumulation and IFN-a/f signalling. (a) Primary MEFs from WT and Isg15-deficient mice were primed
with murine IFN-B (500 pM) for 6-38 h. Cell lysates (30 pg) were analysed by western blotting with the antibodies indicated. (b) BMM from WT,
Isg15-deficient and Ubell-deficient mice were primed with murine IFN-a4 (250 pM) for 4-36 h. Cell lysates (20 ug) were analysed by western blotting
with the antibodies indicated. (¢) Murine LL171 cells were transfected with non-silencing control or ISG15 siRNA. 24 h post-transfection, the cells were
primed for 1-32 h with murine IFN-f (10 pM). Cell lysates (30 pug) were analysed by western blotting with the antibodies indicated.

79.7% similar. We confirmed that human ISG15 stabilizes
USP18 through ISGylation-independent binding!®, since the
conjugation-deficient ISGI5AGG mutant was able to stabilize
USP18 (Fig. 5a). Furthermore, co-expression of USP18 with
an unrelated protein (GFP) did not sustain USP18 levels
(Fig. 5b). The ISG15:USP18 complex could be detected by
co-immunoprecipitation (co-IP; Fig. 5¢, lane 2) and was abolished
in the presence of N-ethylmaleimide (NEM), which alkylates
cysteine residues (Fig. 5¢, lane 3). Yet, the ISG15:USP18 complex
retained NEM sensitivity even when we used the USP18-C64S
catalytic mutant, suggesting a role for cysteine residues outside of
the catalytic core (Fig. 5d).

Next, we tested whether murine Isgl5:Usp18 complexes could
be detected by co-IP. Weak or completely absent interactions
between the two murine proteins was detected in co-IP assays
(Fig. 5e). However, USP18 is the cognate deIlSGylase both in
humans and mice. To further examine this interaction we used a
micropatterning approach to quantif\é the stability of the
ISG15:USP18 complex in living cells®. In this experimental
setup, the murine Uspl8:Isgl5 complex was observed, but it
exhibited reduced stability when compared to the human
complex (Supplementary Figs 3 and 4, Supplementary
Movie 1 and Supplementary Methods). The controls for the
micropatterning and fluorescence recovery after photobleaching
experiments are outlined in Supplementary Fig. 4. Next, we tested

6

whether transient co-expression of murine Isgl5 and Uspl8
influenced the levels of murine Uspl8. Murine Isgl5 failed to
sustain the level of murine Usp18 (Fig. 5f-h), in contrast to the
phenotype observed with the human orthologues. The inability of
overexpressed murine Isgl5 to sustain murine Usp18 is consistent
with our functional data on the endogenous murine proteins
(Fig. 4) and with the comparable downregulation of IFN-o/f
responses in WT and Isgl5-deficient mice in vivo (Fig. 3a-d).
Altogether, these results indicate that the difference in viral
susceptibility between ISGI5-deficient humans and mice stems
from the need for ISG15 to stabilize USP18, and thus
downregulate the IFN-a/f response, in humans but not in mice.

Discussion

IFN-a/p signalling and ISG induction are controlled at multiple
levels by negative regulators, such as SOCS (suppressor of
cytokine signalling), PIAS (protein inhibitor of activated STAT),
protein phosphatases (for example, SHP1) and USP18
(refs 36-38). However, we have shown that these regulators
are not sufficient, and that ISG15 is required for complete
downregulation of IFN-o/f signalling (Fig. 1a). Humans lacking
ISG15 consistently display high steady-state levels of ISGs in
whole blood, and in patient-derived fibroblasts following priming
with IFN-o/B (ref. 10). We hypothesized that this dysregulation
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Figure 5 | Murine free Isg15 does not interact stably with Usp18. (a) HEK293T cells were transfected with a human USP18 expression vector (0.5 pg)
alone or with increasing amounts of the human Flag-ISG15AGG construct. 48 h post transfection, cell lysates were analysed by western blot with antibodies
against USP18 and Flag. (b) Cells were transfected with human USP18 (0.5 ug) alone or with increasing amounts of human ISG15 or GFP expression
vectors. 48 h later lysates were analysed with the indicated antibodies. (¢) Cells were transfected with human Flag-ISG15AGG (3 pg) alone or with human
USP18, as indicated (1.5 pg). NEM (10 mMM) was added to the lysis buffer (lane 3). Lysates were subjected to IP with USP18 antibodies. Lysates and co-IP
eluates were analysed with antibodies against USP18 and Flag. (d) Left panel: cells were transfected with human Flag-ISG15 (1.5 pg), and either human
USP18 WT or USP18 C64S (1.5 ug). 48 h later, lysates were subjected to anti-USP18 IP. Lysates and co-IP eluates were analysed with antibodies against
USP18 and Flag. Right panel: cells were cotransfected with Flag-ISG15 (1.5 ug) and USP18 C64S (1.5 pg). NEM (10 mM) was added to the lysis buffer (lane
3). Lysates were subjected to anti-USP18 IP. Lysates and co-IP eluates were analysed with antibodies to USP18 and Flag. (e) Cells were cotransfected with
human or murine USP18-V5 and human or murine Flag-ISG15. 48 h later, lysates were subjected to co-IP with anti-V5 antibodies. Co-IP eluates (top panels)
and total lysates (bottom panels) were analysed with the indicated antibodies. (f) Cells were transfected with untagged murine Uspl18 (0.5 pug) alone or
with increasing amounts of murine Flag-Isg15. Lysates were analysed with antibodies to murine Usp18, Flag and Akt. (g) As in f, except that HA-tagged
murine Usp18 was transfected and detected with HA antibodies. (h) Cells were transfected with human USP18-V5 or murine Usp18-V5 Usp18 (500 ng)
alone or with the indicated amount of human Flag-ISG15 or murine Flag-Isg15. 48 h later, cell lysates were analysed by western blot.

of IFN-0/ signalling would account for the lack of an overt viral
susceptibility in humans, in contrast to what was observed in
mice. We show here that, unlike the antiviral activity of Isgl5
observed in mice, human ISG15 promotes a proviral state
following IFN priming. The persistent ISG expression observed in
human ISG15-deficient cells imparts a resistance to infection with
multiple families of viruses with both RNA and DNA genomes.

These findings contrast from previous reports that have
ascribed an antiviral role to ISG15 in human cells. Shi et al.?
reported that, following silencing of ISG15 for 48 h in HEK-293
cells, SeV titres increased by ~0.5 and ~1.0log at 6h and 12h
post infection, respectively. Tang et al?? found that following
ISG15 silencing, A549 cells became ~ fivefold more susceptible to
infection by IAV (A/PR/8/1934). While these studies point to an
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antiviral role of ISG15 in human cells, our experiments with SeV
and IAV do not capture the small observed difference in viral
growth when comparing WT and ISGI15-deficient hTert-
immortalized fibroblasts without IFN priming (Fig. 1). These
studies focused on early timepoints of the acute IFN response
induced by the virus, and did not capture the more powerful role
of ISG15 as a negative regulator of IFN signalling. Even if there
may be a small antiviral role for ISG15 during the acute IFN
response, it is clinically irrelevant in vivo and not readily captured
in vitro.

Interestingly, we observed that the conjugation-deficient
ISGI5AGG was as efficient as WT ISG15 in rescuing viral
replication in ISGI5-deficient patient cells. One could have
predicted an even better rescue of both the ISG expression and
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infection phenotypes by ISG15AGG, since the latter should be
more readily accessible to mediate USP18 stability than the
conjugation-competent form of ISG15. However, this was not the
case, suggesting the possibility that ISG15AGG may have lower
USP18-binding affinity or that only a small amount of ISG15 is
required to stabilize USP18, and the increased availability of
ISG15AGG has no further effect. An additional possibility, albeit
less likely given the depth of work demonstrating the antiviral
role of ISGylation, is that ISG15 in the conjugated form may also
exhibit some proviral properties.

We have shown that free ISG15 associates with higher affinity
to USP18 in humans as compared with mice, although the
species-specific structural determinants involved in complex
formation have yet to be identified. Another species-restricted
complex involving free ISG15 has been described. The NS1
protein of influenza B virus binds non-covalently to human and
non-human primate ISG15, but not to murine Isgl5 (refs 39-41).
Mutational and structural studies of the NS1:ISG15 complex have
shown that the molecular determinant of the binding specificity
(humans versus mice) lies in the small hinge region of ISG15
(refs 42,43). Further work is required to identify the domain(s)
responsible for the human ISG15:USP18 interactions that are
required to enhance stability and properly regulate the IFN
responses.

Unlike humans, mice can downregulate IFN signalling
regardless of ISG15 competency and it is currently unknown
whether murine Uspl8 is stabilized by another protein,
IFN-stimulated or otherwise. Individuals lacking ISG15 exhibit
elevated ISG expression, which may confer an enhanced
protection against viral infection, but do not exhibit any of the
side-effects associated with IFN treatment'®. As such, the
USP18:ISG15 interaction is a potentially attractive target for
small molecule-based short-term treatments to boost endogenous
IEN activity.

Our findings raise interesting questions about the evolutionary
role of ISG15. Given the detrimental effects that inflammation
may cause in species with a longer lifespan, gain-of-function
binding mutations in ISG15 and/or USP18 may reflect an
evolutionary necessity in humans, and likely other mammals, to
more stringent tuning of the IFN system. On the other hand,
viruses have developed immune evasion strategies in parallel.
Indeed, many human viral pathogens were shown to oppose
ISGylation (influenza B virus NS1%° and vaccinia virus E3L16:44
proteins) or induce de-ISGylation (numerous viral L proteins
containing ovarian tumour®® or papain-like protease*®). Much of
the work characterizing these viral proteins has focused on the
inhibition/removal of conjugated ISG15 from viral and host
targets. However, in light of our data demonstrating that the
primary role of human ISG15 is to stabilize USP18 and
downregulate the IFN response, it may be that inhibition of
ISGylation and removal of conjugated ISG15 is a novel mode of
IFN antagonism. By enhancing the pool of free ISG15, these viral
proteins may enhance USP18 levels, dampen IFN signalling and
promote viral escape.

Based on current knowledge, murine Isgl5 acts in an antiviral
manner (largely via ISGylation), while murine Usp18 functions in
a proviral manner (IFN negative regulation and de-ISGylation).
By contrast, human ISG15 and USP18 both appear to function in
an anti-inflammatory manner. Consequently, this makes them
proviral, although the ISGylation of cellular or viral proteins may
play a non-dominant antiviral role. However, if both ISGylation
and de-ISGylation are proviral (through provision of the free
ISG15 required for USP18 stabilization), this notion becomes
somewhat paradoxical. In humans then, this process may serve as
a mechanism for the temporal regulation of IFN-o/fB-induced
signalling. We suggest that one of the roles of ISGylation at
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early stages of viral infection in humans is to sequester free
ISG15, thereby allowing IFN signalling to occur. At later stages,
USP18-mediated de-ISGylation releases free ISG15, which in
turn stabilizes USP18 and tunes down IFN-o/f signalling and
inflammation.

Methods

Cells. Icahn School of Medicine IRB board has approved the use of human subject
cell lines. Dermal fibroblasts from ISG15-deficient patients (n=3) and WT
controls (n=>5) were immortalized by stable transduction with hTert!?. Patient
(n=3) and control (n = 2) cells were stably complemented with ISG15, ISGI5AGG
or luciferase by lentiviral transduction!?. Transduced fibroblasts were sorted on the
basis of RFP expression (BD FACS Aria II). The stable expression of the transduced
constructs was periodically checked by western blotting. Murine embryonic
fibroblasts from WT C57BL6/] and Isgl5-deficient mice were derived by
disaggregation of day 13.5 embryos from timed matings by trituration of the
embryos at 37 °C in trypsin!®. Mouse bone marrow macrophages (BMM) were
generated by isolating bone marrow cells capable of adhering to non-tissue-culture
treated plates for 7 days in BMM media (Dulbeco’s Modified Eagle Medium, 10%
fetal calf serum, 5% horse serum, 2% supernatant derived from CMG14-12 cells)*’.
LL171 cells (clonal isolate of murine 1929 fibroblasts; from G. Uzé, CNRS,
Montpellier, France), HEK293T (CRL-11268; ATCC), Vero-E6 (CRL-1586;
ATCC), Vero (CCL81; ATCC), HeLa (CCL-2; ATCC), A549 (CCL-185; ATCC),
murine embryonic fibroblasts and human fibroblasts were cultured in normal
growth medium consisting of DMEM supplemented with 10% fetal calf serum.
All cells were cultured at 37 °C and 10% CO,. All cells were tested for mycoplasma
contamination using the PlasmoTest kit according to the manufacturer instructions
(Invivogen).

Priming. Untransduced, luciferase-, ISG15-, and ISG15AGG-transduced
fibroblasts (Figs 1-3) were primed by incubation with 0, 10, 100, or 1,000 TU ml ~ !
IFN-02b (Merck IntronA) in normal growth medium for 12 h. The IFN-o2b was
then eliminated by thorough washing with PBS and the cells were allowed to rest
for 36 h in normal medium before infection. Murine embryonic fibroblasts were
primed with 1,000 U universal type-I IFN (Fig. 3; PBL IFN) or 500 pM murine
IFN-B (Fig. 4; PBL IFN). Mouse bone marrow macrophages were primed with
250 pM murine IFN-04 (Fig. 4; Calbiochem). LL171 cells were primed with 10 pM
murine IFN-B (Fig. 4; PBL IFN).

ISG Expression analysis. RNA was extracted from fibroblasts (Qiagen RNeasy) or
whole blood (PAXgene Blood RNA Kit) and reverse-transcribed (ABI High
Capacity Reverse Transcriptase) according to the instructions provided by the
manufacturer. Levels of ISG expression (IFIT1, MX1), relative to the 185 rRNA
housekeeper gene, were analysed by Tagman quantitative real-time PCR (TagMan
Universal Master Mix II w/ UNG, Roche LightCycler 480 II). The relative
expression levels of the ISGs were calculated by the AACT method, with
comparison with the mean value for mock-treated controls.

Viral infections. All infections were performed 48h after IFN treatment (12h
priming, 36h rest) in normal growth medium. The viruses and multiplicities of
infection used were as follows: VSV Indiana strain at an MOI of 1.0, rVSV-GFP
Indiana strain*® at an MOI of 10.0, rtHSV-1 US11-GFP Patton strain*® at an MOI
of 1.0 (kindly provided by the laboratory of Ian Mohr), rtHCMV IE2-YFP strain
AD169 (ref. 50) at an MOI of 2.0, rIAV A/PR/8/34 gLuc virus’! modified by the
introduction of a PTV1 2A cleavage site (PR8-gLuc-PTV1; kindly provided by
Nick Heaton) at an MOI of 10.0, rSeV-eGFP Fushimi strain®? modified by the
introduction of a gLuc-P2A cleavage site (rSeV-gLuc-P2A-eGFP; same method as
for NiV below) at an MOI of 0.1, RVFV strain ZH501 at an MOI of 0.01, and the
rNiV-gLuc-P2A-eGFP Malaysian strain®? at an MOI of 0.01. All work with
infectious RVFV and rNiV was carried out under biosafety level 4 (BSL-4)
conditions at the Robert E. Shope BSL-4 laboratory at the University of Texas
Medical Branch.

Analysis of viral replication. VSV-infected supernatants were removed 24 h.p.i.
and titered by determining the 50% tissue culture infectious dose on Vero-E6 cells.
RVFV and rNiV-gLuc-P2A-eGFP-infected supernatants were collected at 48 and
24 h.p.i, respectively, and titered by plaque assays on Vero-CCL81 cells. Fibroblasts
infected with rVSV-GFP or rHSV-1-US11-GFP were fixed in 4% PFA 24 h.p.i. and
stained with 5 pgml~! Hoechst 33342 in PBS. Cells were imaged and the results
were analysed (BioTek Cytation 3; Gen5 software). HCMV-IE2-YFP-infected
cells were fixed with 4% PFA 24h.p.i,, and imaging analysis was performed on an
Acumen Explorer plate cytometer. Fibroblasts infected with IAV PR8-gLuc-PTV1
were collected and washed with PBS at 24 h.p.i. The cells were lysed and

assayed for luciferase activity, according to the manufacturer’s instructions
(Promega Renilla Luciferase Assay System; BioTek Cytation 3). We collected
rSeV-gLuc-P2A-eGFP-infected supernatants were collected at 24 h.p.i. Supernatant
samples were inactivated with lysis buffer, and assayed for luciferase activity

| 7:11496 | DOI: 10.1038/ncomms11496 | www.nature.com/naturecommunications


http://www.nature.com/naturecommunications

ARTICLE

according to the manufacturer’s instructions (Promega Renilla Luciferase Assay
System; BioTek Cytation 3).

Mouse studies. Co-housed 10-week-old female C57BL6/] (Jackson) and
Isg15-deficient'® mice received intraperitoneal injections of PBS or 10,000 IU
universal type-I IFN (PBL Interferon Source). At the post-treatment times
indicated, the mice were sacrificed and exsanguinated for the analysis of ISG levels
in whole blood. All procedures were carried out in accordance with National
Institutes of Health and Icahn School of Medicine at Mount Sinailnstitutional
Animal Care and Use Committee guidelines.

Plasmids and transfection. HEK-293 T cells were transiently transfected with
Lipofectamine-2000 (Invitrogen), complexed with the following constructs
according to the instructions provided by the manufacturer. Pseudotyped lentiviral
particles were produced by transfection of pCAGGS-VSV-G, pCMV-Gag/Pol and
PTRIP-hISG15AGG-IRES-RFP. The following constructs were used for expression
and co-IP assays: pcDNA4b-huUSP18 (ref. 53), pcDNA3-3xFlag-huISG15 (from
J. Huibregtse, University of Texas at Austin, TX, USA), pBabe-3xFlag-His6-
huISG15AGG was derived from the construct above; pBK-CMV-mUspl18,
pcDNA3-HA-mUsp18 and pCAGGS-Flag-mlsgl5 (Addgene), pEGFP-N1
(Clontech), pcDNA4B-hUSP18-V5, and pcDNA4B-mUsp18-V5.

siRNA-mediated silencing. Murine LL171 cells were silenced by incubation for
24h with 25nM Isgl5 siRNA (5-CACAGUGAUGCUAGUGGUACA-3'; Sigma)
followed by priming with IFN. HeLa and A549 cells were silenced by incubation for
24h with 25 nM ISG15 siRNA followed by priming with IFN. siRNA transfections
were performed with Lipofectamine RNAi max reagent (Invitrogen) according to
the manufacturer’s instructions.

Protein analysis. Cells were lysed in radioimmunoprecipitation assay buffer
(RIPA buffer; 10 mM Tris-Cl, 1 mM EDTA, 0.5 mM EGTA, 1% Triton X-100, 0.1%
sodium deoxycholate, 0.1% SDS, 140 mM NaCl, 150 mM PMSF, protease inhibitor
cocktail (Sigma-Aldrich), lugml’1 okadaic acid (Merck), and Halt phosphatase
inhibitor (Thermo Scientific)) and analysed by western blot. For co-IP assays,
transfected cells were lysed in 50 mM Tris pH 6.8, 0.5% Nonidet P40, 200 mM
NaCl, 10% glycerol, 1 mM EDTA and a protease inhibitor cocktail. Sensitivity to
NEM (Sigma-Aldrich) was assessed by adding this compound to the lysis buffer at
a concentration of 10 mM. USP18 was immunoprecipitated with anti-human
USP18 (Cell Signaling Technology D4E7, 1:250) or anti-V5 (Invitrogen R960-25,
1:200) monoclonal antibodies. The following antibodies were used for western blot
analysis: human ISG15 (Santa Cruz 3E5, 1:1,000; ABGENT AP1150a, 1:1,000; mAb
cl. 2.1, 1:1,000 (a gift from E.C. Borden, Cleveland Clinic, Cleveland OH>%));
human USP18 (Cell Signaling Technology D4E7, 1:5,000); murine Isgl5 (rabbit
mAb 1551, 1:3,000; or rabbit pAbs, 1:5,000 (a gift from A.L. Haas, LSU Health
Sciences Center School of Medicine, New Orleans, LA®®); murine Uspl18 (1:3,000
(a gift from K.P. Knobeloch, University of Freiburg, Freiburg, Germany®®);

V20 (Santa Cruz Biotechnology sc-50019, 1:200); murine Ifitl (1:5,000) and Ifit2
(1:10,000; gifts from G. Sen (Cleveland Clinic, Cleveland, OH*’); Stat1 (Millipore
06-501, 1:2,000); phospho-Statl (Cell Signaling Technology 9171 L, 1:1,000);
murine Stat2 (1:5,000) (a gift from C. Schindler, Columbia University, NY, NY8);
phospho-Stat2 (Millipore 07224, 1:1000); AKT (Cell Signaling Technology 40D4,
1:1000); actin (Sigma-Aldrich cl. AC-40, 1:10,000); HA (Sigma-Aldrich H9658,
1:2,000); Flag (Sigma-Aldrich F3165, 1:5,000); GFP (Rockland Immunochemicals
600-101-215, 1:1,000); V5 (Sigma-Aldrich V8137, 1:5,000). Antibody binding was
detected by enhanced chemiluminescence (Western Lightning, Perkin Elmer).
Relative band intensities were determined with a Fuji ImageQuant LAS-4000.
Uncropped images for Fig. 4a and b can be found in Supplementary Fig. 5a-b.
Uncropped images for Fig. 5a,e,fh can be found in Supplementary Fig. 6a-d
(ref. 59).
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Part II-2 Mechanistic studies of USP18 function in negative regulation of IFN signaling

As discussed in the Introduction, USP18 down-regulates the IFN response in a fine-tuned
manner by attenuating ligand/receptor binding to different extent depending on the binding
affinity of the IFN subtypes (163). Here we have addressed the question of how USP18
regulates this plasticity. By optimizing single-molecule fluorescence imaging techniques, our
collaborators (J. Piehler and coll.) were able to measure the assembly of ligand and receptor
subunits in live cells at physiological receptors levels. They demonstrated that USP18
downregulates IFN-a2 response by attenuating IFNAR1 recruitment and thus by impairing
the formation of a ternary (ligand/IFNAR2/IFNAR1) complex. This work also showed that
JAKI1 binding to IFNAR2, but not JAKI catalytic activity, is required for efficient [FNa.2-

driven receptor dimerization (177).

The IFNa2-M148A mutant binds IFNAR2 with 50-fold reduced affinity compared to IFNo2
so that fluorescently labeled "Y*'IFNa2-M148A only binds significantly to cell surface
receptors when it interacts simultaneously with IFNAR1 and IFNAR2, and thus it was used as
an indirect marker of ternary complex (177). Upon expression of USPI8, binding of
DYSHTIENGi2-M148A to the cell surface was reduced by 80%. USP18 did not interfere with the
binding of IFN to IFNAR2, instead it affected the ability to recruit IFNAR1 and to form a

ternary complex.

My contribution to these studies have been: 1) to validate the activity of IFNa2-M148A and
show that it is able to induce desensitization (Fig. 1) and 2) to demonstrate that mutants of
IFNa2 that exhibit reduced affinity to IFNAR1 mimic the USP18 phenotype on dampening
IFN response. I performed dose-response assays with different IFNa2 mutants using a stable
clone expressing ectopic USP18 (HU13 cells). The dose-response curves of IFNa?2 revealed a
substantial reduction in the maximum level of pSTAT1 and pSTAT2 upon ectopic expression
of USP18 (HU13). Indeed, the maximum amplitudes of pSTATI1 and pSTAT2 were reduced
by 75% and 50%, respectively, which is in line with the reduced maximum number of ternary
complexes formed in the presence of USP18 and measured by single-molecule fluorescence
imaging techniques. For IFNa2-R120A, a mutant with 60-fold reduced IFNAR1 binding
affinity, a similar reduction in the maximum amplitude of pSTATI1 and pSTAT2 was already
observed in the absence of USP18. In contrast, for IFNa2-M148A, with its 50-fold reduced
binding affinity toward IFNAR2, the same maximum level of phospho-STATs as for [FNa.2-

wt was still obtained, though at higher ligand concentrations (Fig. 2). Thus, the reduction of
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the affinity of IFN toward IFNAR1 mimics the phenotype caused by USP18, corroborating
the fact that USP18 regulates IFN signaling at the level of IFNARI recruitment and receptor
dimerization dynamics. This work is described in (177). Fig. 1 and Fig. 2 are attached

hereafter with the first page of the article.
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Receptor dimerization dynamics as a regulatory
valve for plasticity of type | interferon signaling
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ype | interferons (IFNs) activate differential cellular re-

sponses through a shared cell surface receptor com-

posed of the two subunits, IFNART and IFNAR2. We
propose here a mechanistic model for how IFN receptor
plasticity is regulated on the level of receptor dimerization.
Quantitative single-molecule imaging of receptor assembly
in the plasma membrane of living cells clearly identified
IFN-induced dimerization of IFNART and IFNAR2. The
negative feedback regulator ubiquitin-specific protease 18
(USP18) potently interferes with the recruitment of IFNAR1

Introduction

Functional plasticity, i.e., the ability to elicit differential cellular
responses through the same cell surface receptor by means of
different ligands, is a frequently observed feature of cytokine
receptor signaling (Moraga et al., 2014), which plays an impor-
tant role for drug development (Schreiber and Walter, 2010).
The molecular mechanisms regulating functional plasticity have
so far remained unclear, though some common determinants are
emerging (Moraga et al., 2014). A prominent paradigm of cyto-
kine receptor plasticity is the type I interferon (IFN) receptor.
All 15 members of the human IFN family recruit a shared cell
surface receptor comprising the subunits IFNAR1 and IFNAR2
(Uzé et al., 1992, 2007; Novick et al., 1994; Pestka et al., 2004),
through which they activate a broad spectrum of defense mech-
anisms against pathogen infection and malignancy development
(Deonarain et al., 2002; Parmar and Platanias, 2003; Decker
etal., 2005; Hertzog and Williams, 2013; Schneider et al., 2014).

Correspondence to Jacob Piehler: piehler@uos.de

Abbreviations used in this paper: HBS, Hepes-buffered saline; HTL, HaloTag
ligand; IFN, type | interferon; IFNAR, type | interferon receptor; JAK, Janus ki-
nase; MBP, maltose-binding protein; PEG, poly(ethylene glycol); PICCS, particle
image cross-correlation spectroscopy; PLL, poly-tlysine; STAT, signal transducer
and activator of transcription; TIRFM, total internal reflection fluorescence
microscopy; TMR, tetramethyl rhodamine; USP, ubiquitin-specific protease;
wt, wild type.
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into the ternary complex, probably by impeding complex
stabilization related to the associated Janus kinases. Thus,
the responsiveness to IFNa2 is potently down-regulated
after the first wave of gene induction, while IFNB, due
to its ~100-fold higher binding offinity, is still able to ef-
ficiently recruit IFNAR1. Consistent with functional data,
this novel regu|otory mechanism at the level of receptor
assembly explains how signaling by IFNB is maintained
over longer times compared with IFNa2 as a temporally
encoded cause of functional receptor plasticity.

Differential cellular responses activated by different IFNs have
been reported for numerous instances (Abramovich et al., 1994;
Rani et al., 1996; Coelho et al., 2005; Uzé et al., 2007). Although
all IFNs induce antiviral activity with very similar potencies,
other cellular responses regulating proliferation and differentia-
tion are much more potently induced by IFN3 compared with
IFNa subtypes. Detailed mutational studies on the IFN-receptor
interaction (Piehler and Schreiber, 1999b; Runkel et al., 2000;
Roisman et al., 2001; Cajean-Feroldi et al., 2004; Lamken et al.,
2005; Strunk et al., 2008), as well as extensive low- and high-
resolution structural data on the binary and ternary complexes
(Chill et al., 2003; Quadt-Akabayov et al., 2006; Li et al., 2008;
Strunk et al., 2008; Thomas et al., 2011; de Weerd et al., 2013),
clearly established that, rather than differences in the structure,
the diverse binding affinities of IFNs toward the receptor sub-
units are responsible for differential signaling (Subramaniam
et al., 1995; Russell-Harde et al., 1999; Lamken et al., 2004;
Jaks et al., 2007; Lavoie et al., 2011). In particular, the ~100-
fold higher binding affinity toward IFNARI observed for IFN3
compared with IFNa subtypes was suggested to be responsible
© 2015 Wilmes et al. This arficle is distributed under the terms of an Attribution—
Noncommercial-Share Alike-No Mirror Sites license for the first six months after the pub-
lication date (see http://www.rupress.org/terms). After six months it is available under a

Creative Commons License (Aftribution-Noncommercial-Share Alike 3.0 Unported license,
as described at http://creativecommons.org/licenses/by-nc-sa/3.0/).

Supplemental Material can be found at:
http://icb.rupress.org/content/suppl/2015/05/25/jcb.201412049.DC1.html
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Figure 1. Desensitization of IFN signaling in HeLa cells primed with 3 nM IFNa2-M148A.
(a) Scheme of the treatment of naive and primed cells before western blot analysis.
(b) Analysis of STAT phosphorylation and USP18 expression.
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Figure 2. Functional consequences of USP18-mediated interference with ternary complex
assembly. (a and b) western blot analysis of STAT1 and STAT2 phosphorylation in parental HLLR1
cells versus cells stably expressing USP18 (HU13) stimulated with IFNa2-wt, -R120A, or -M148A.

(c and d) Dose-response curve for pSTAT normalized to total STAT calculated from the band
intensities in the western blot. Values were normalized to those obtained at the highest dose of IFN
WT, which was taken as 100%. The broken lines represent the curve extrapolations for lower IFN
doses expected from independent experiments.
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What have we learned from the AlID-associated TYK2 natural variants: TYK2-1684S,
TYK2- P1104A?

In humans, TYK2-deficiency leads to reduced levels of cell surface IFNAR1, IL-10R2 and
IL-12RB1. TYK2-deficient EBV-B cells display impaired response to IFN, IL-10, IL-12 and
IL-23, which may reflect lower receptor abundance and/or lack of catalytic activity. Unlike
EBV-B cells derived from TYK2-deficient patients, cells from individuals carrying
homozygosity of TYK2 1684S or TYK2 P1104A exhibit normal levels of IFNAR1, IL-10R2
and IL-12RB1 receptors at the cell surface. Thus, any alteration of cytokine signaling in cells
from these individuals is expected to reflect essential role(s) of TYK2 other than receptor

scaffolding.

Our results showed that the two AID-associated variants, TYK2 1684S and TYK2 P1104A are
both catalytically impaired and yet have different impact on cytokine signaling. TYK?2 1684S
does not appear to cause detectable alteration in STAT activation by the cytokines tested in
fibroblasts or EBV-B cells. TYK2 P1104A leads to impaired signaling but to different extent,
depending on the cytokine. This difference may relate to the position of the aa residues, 1684
being in the KL domain and P1104 in the TK domain, and suggests that the two mutations

impair kinase activity through different mechanisms (see below).

TYK?2 1684S may alter the interface between the KL and TK domains without changing the
conformation of the TK domain. Ile 684 is in the N lobe of the KL domain and 6 aa
downstream of Val 678 (corresponding to Val 617 of JAK2 and V658F of JAK1) (Fig. 5 in
Introduction). These two residues are localized at the two ends of the small B4-B5 loop
respectively and are not part of the inhibitory interface between KL and TK domains. The
crystal of JAK1 V658F is characterized by a rearrangement of the small B4-B5 loop with the
F658 stacking with F636 from the aC helix by occupying the position of F575 from the SH2-
KL linker. This linker is part of the auto-inhibitory KL-TK interface (Fig. 5 and Fig. 6 in
Introduction, KL domain). Ile 684 faces the hydrophobic core of the N lobe. Substitution of
Ile 684 by a small polar serine at one end of P4-B5 loop may disturb the flexibility of this
loop and hamper JAK activation by altering the layout of the SH2-KL linker with respect to
the a.C of KL domain via the proposed F-F-V triad (Introduction page 22). Our in vitro kinase
assay showed that serine substitution of Ile 684 results in a kinase-inactive TYK2 variant,
probably due to an enforced in cis auto-inhibition. However, activation of JAK proteins in
cells is certainly more complex. Considering the critical role of SH2 domain in receptor

binding, it is plausible that, upon ligand binding, the conformational change of the receptor
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drives a shift of the SH2-KL linker position, loosening the auto-inhibitory interaction between
KL and TK domains, leading to JAK activation. It is possible that in cells the shift of the
SH2-KL linker induced by ligand binding to receptors may bypass the impact of the 1684S
substitution and lead to TK domain activation. This may explain the intact cytokine signaling

observed in 1684S cells.

TYK2 P1104 is localized in the TK domain and this substitution abolishes kinase activity
probably due to altered substrate recognition (173). In the crystal of the TK domain of JAK2
P1057A (corresponding to TYK2 P1104A), Dendrou et al highlighted a 15 angstrong shift of
the aFG (aH, JAK-specific insertion) and aG helices (184). This shift may alter the
conformation of the substrate-binding sites. We showed that, in EBV-B cells from patients the
catalytically impaired TYK2 P1104A mediates IFN signaling almost as well as in control
cells. Moreover, TYK2 P1104A, but not the ATP-binding lysine mutant K930R, rescues IFN
signaling in fibroblasts (173) and EBV-B cells (data not shown) from TYK2-deficient patient.
The difference between TYK2 K930R and P1104A in mediating cytokine signaling is
remarkable and suggests critical structural contributions of the binding of ATP and the

phosphorylation of the activation loop to cytokine signaling through heteromeric receptors.

By measuring IFN-o and IFN-y responses in fibroblasts expressing JAK1-P1084A, we
proposed that a catalytic JAK hypomorphe can hamper signaling in a cytokine-specific
manner (173). We found that at endogenous expression level JAK1-P1084A rescues both
IFN-o and IFN-y signaling as well as WT JAKI. However, when overexpressed, JAKI-
P1084A boosts IFN-y signaling as well as WT JAKI, but not IFN-a signaling. One
interpretation relates to the stoichiometry of the two cytokine receptor/JAK complexes.
Unlike IFN-a, which is a monomer and signals through a heterodimeric receptor, IFN-y is a
homodimer and signals through two IFNGR1 subunits and two IFNGR2 subunits, which are
likely associated to two JAK1 and two JAK2 molecules, respectively. Thus, in the IFN-y
receptor complex the two WT JAK2 may better compensate for the impairment of JAK1
P1084A than the single WT TYK2 in the IFN-a receptor complex.

Related to this, it is conceivable that such a JAK hypomorphe may have different impact on
cytokine signaling depending on expression level of the JAK proteins.

Similarly, we found that the response to IFN-a of EBV-B cells derived from TYK2 P1104A
homozygous patients is almost unaffected, while the response to IL-23 is much reduced. Thus,
the impaired catalytic activity of TYK2 P1104A can be compensated within the
IFNARs/JAK1 complex but not within the IL-23R/JAK2 complex. One possibility is that in
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this latter complex TYK2, associated to IL-12RB1, operates as the "initiator" kinase.
Interestingly, the IL-23R/JAK2 complex was shown to assemble in a non-canonical manner,
with JAK2 binding to IL-23R at an unusual distance from the juxtamembrane region (185).
Thus, in this particular complex, JAK2 may be unable to properly contact TYK2 P1104A.
Alternatively, the recruitment of STAT3 to the TYK2 P1104A-containing multimeric

complex may be impaired. The precise molecular mechanism needs to be further studied.

Recently, Dendrou et al confirmed that the rs34536443 (P1104A) minor allele is protective
for AID (184). Most importantly, rs34536443 homozygosity (C/C, P1104A) was shown to
confer more than double protective effect than a single allele (nonadditivity effect). The C/C
(TYK2 P1104A) homozygosity was identified as highly protective against autoimmunity
(odds ratio, OR= 0.094, 0.095, 0.158, 0.188, 0.307 for CD, AS, psoriasis (Ps), ulcerative
colitis (UC), MS respectively). It is noteworthy that for ulcerative colitis, only the C/C
homozygosity of rs34536443 but not heterozygosity was found to be protective.

These authors also measured, mostly by flow cytometry, the functional impact of rs34536443
on cytokine signaling in primary immune cells from healthy donors carrying homozygous
TYK2 P1104A (Oxford Biobank). TYK2 and cell surface IFNAR1 were normally expressed.
The total level of each STAT protein was not reported. The authors concluded that P1104A
homozygosity causes a significantly impaired response to IFN (primary B cells, T cells and
monocytes) and IL-12, IL-23 (pre-activated T cells), based on phospho-STAT positivity (184).
Interestingly, IL-10, IL-6, or IL-13 signaling were shown not to be affected.

However, some inconsistencies make the data inconclusive. I found intriguing that in IFNa-
stimulated TYK2 P1104A cells, with the 80% decrease of pSTAT3 positivity, the reported
decrease of pSTAT3 MFI appears not significant (P>0.05) and the peak shift of pSTAT3 in
the histogram presentation is very subtle in both WT and TYK2 P1104A cells. Moreover, in
response to IL-12, with 70% decrease of pSTAT4 positivity in PHA-pre-activated T cells, the
decrease of IFN-y production measured by ELISA was only ~2% in IL-12 mediated
differentiated CD4+ Thl derived from TYK2 P1104A individuals compared to WT control.

Interestingly, with such impaired cytokine signaling, the Oxford Biobank C/C (TYK2-
P1104A) individuals (European ancestral population) are all self-reported healthy, with
normal frequencies of peripheral blood leukocyte subset (184). The authors conclude that
TYK2 P1104A homozygosity determines an "optimal" cytokine response, i.e. low enough to

protect from autoimmune disease but sufficient to fight infections. On the other hand, our
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collaborators at the Rockefeller University found an enrichment of TYK2 P1104A
homozygosity in primary immunodeficient patients with tuberculosis. Of note, eight of nine
patients are from geographic regions outside Europe, where BCG is mandatory and
tuberculosis is endemic. Europeans are less exposed to BCG and even less to M. tuberculosis
than other populations, which could explain the lack of infectious phenotype in the Oxford

Biobank individuals with homozygous TYK2 P1104A studied by Dendrou et al.

Overall, homozygosity of the catalytically impaired TYK2 allelic variant (P1104A) which is
protective in many AID, represents a risk allele in primary immunodeficiency (S. Boisson-
Dupuis, unpublished observation), probably by selective impairment of IL-23 response, which
may be particularly dependent on TYK2 catalytic activity (186). In this regard, the potential
risk of infection in patients with AID treated with TYK2 specific inhibitors will have to be

considered.

Interestingly, TYK?2 1684S was reported to be protective for some AID (SLE, RA, psoriasis)
and risky for others (AS, IBD). In line with my results in EBV-B cells, Dendrou et a/ showed
that rs12720356 (TYK2 1684S) did not affect TYK2 expression nor STAT phosphorylation in
various immune cell types stimulated with the various cytokines (184). TYK2 mediates
signaling of other cytokines such as IL-22 and IL-11 that may be involved in AID
pathogenesis. The impact of TYK2 1684S and TYK2 P1104A on the signaling in response to

these cytokines needs to be studied.

JAK is not "just another kinase". We showed that JAK proteins play a critical catalytic -
independent structural function for receptor scaffolding, mediating cytokine signaling (173)
and stabilizing the ternary complex (177). In heterodimeric cytokine receptors, the specific
role (catalytic vs scaffolding) of each JAK may differ, being influenced by the properties of
the cognate receptor chain and its re-orientation upon ligand binding. Our studies on
functional impact of TYK2 mutants, including the two catalytically loss-of-function mutants
(P1104A or 1684S) and the catalytic gain-of-function TYK2 V658F showed that none of the
mutants affected the level of STAT activation (25; 173) in response to IFN. This suggests that
the conformational integrity and scaffold function of a JAK can, in some receptor contexts, be
more critical than its phospho-transfer activity. This concept may be instrumental for clinical
application of JAK inhibitors. For example, one would predict that, due to catalytic
redundancy, the therapeutic catalytic inhibition of one JAK may not abrogate certain cytokine

signaling (13). On the other hand, the catalytic role of TYK2 appears indispensable in the IL-
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12 and IL-23 signaling pathways (186; our results). When the precise contribution of each
JAK in signaling through a heterodimeric-type cytokine receptor is known, the choice may be

to inhibit the catalytically dominant JAK, or to inhibit both (187).

Our studies on EBV-B cells from patients carrying TYK2 P1104A showed a selective
abrogation of the IL-23 signaling. Moreover, in these cells activation of STAT3 by other
cytokines (IL-10, IFN-a) appears to be more impaired than that of other STATs. The role of
TYK2 in lipid metabolism (82) and mitochondrial respiration (83) is probably linked to
STAT3. Expression of a constitutively active Stat3 can compensate the loss of Tyk2 function
on the mitochondrial respiration or on the lipid metabolism in Tyk2-null murine cells.
Altogether, these scattered observations call for a further investigation of the relationship

between TYK?2 and STATS3.

Is TYK2 rs2304256 (V362F) causal in AID?

Rs2304256 is located in Exon 8 of TYK?2 and leads to a Val to Phe substitution (V362F) in the
FERM domain F3 lobe. Our unpublished data show that this amino acid change has no effect
on TYK2 kinase activity or function. However, I found that the rs2304256 minor allele (AA)
promotes the retention of Exon 8 and may therefore promote the full length 7YK2 expression.
I also showed that TYK2-AES is a loss-of-function protein that cannot bind to receptors or
mediate cytokine signaling (Results, Part I-2). In agreement with this, by analyzing public
eQTL datasets (188), I found that the rs2304256 minor allele (A) correlates with increased
TYK2 expression in many tissues (adrenal gland, adipose, liver, whole blood cells, sun-
exposed skin, mammary tissues), but not in others (pancreas, spleen, muscle, colon, EBV-B,
transformed fibroblasts efc). 1 hypothesize that the increased retention of Exon 8 by

rs2304256 may increase TYK?2 level in some cell types and affect disease susceptibility.

A meta-analysis of genome-wide-association datasets showed that TYK2 rs2304256 (V362F)
is protective for type ldiabetes (T1D, OR=0.86, p=4.13x10”) in the European population
(113). However, the reports on the role of TYK2 in pathogenesis of T1D appear discordant.

Type 1 diabetes (T1D) arises from loss of pancreatic B cells and failure to produce insulin.
Destruction of pancreatic B cells could result from autoimmunity caused by an excessive
inflammatory response to certain viral infections among susceptible individuals where
autoreactive T cells would contribute to B cell killing. Conversely, in the case of fulminant

T1D (absence of autoantibody), the B cells could be directly destroyed by the viral infection.
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TYK2 may be damaging or protective in the same disease, depending on the pathogenic
mechanism. For instance, low antiviral activity due to a TYK2 loss-of-function mutation may
trigger virus-induced diabetes (189). At the same time, the mutation can be protective by
preventing IFN-induced 3 cells apoptosis or/and by reducing the recruitment of T cells to the

islets or limiting T cell activation (190).

Nagafuchi et al. showed that in the Japanese population a TYK2 promoter variant (haplotype)
that decreases 7YK2 expression (82% of WT, measured in luciferase reporter assay) is
associated with higher susceptibility to both type 1 and type 2 diabetes (OR=2.1 and 2.4 for
TID and T2D, respectively), particularly in patients with TID associated with flu-like
syndrome at onset (OR=4.8) (189). In this study of Japanese patients, rs2304256 was not in
the promoter haplotype and was considered not to be associated with diabetes. There was no
difference in the MAF of rs2304256 (GT+TT) between diabetes patients and healthy controls,
as shown in the Suppl. Table 2 (below) taken from the report (189). In this study, rs2304256
(V362F) was also named “SNP at Exon 8, 15597 G/T”. “G/T” in the positive strand
corresponds to “C/A” in the negative strand of TYK2 referred in my study. However, I noticed
an interesting difference in the frequency of the homozygous minor allele (TT, corresponding
to AA in my study) between controls and T1D or T2D patients (9% vs 15.2%, 14.9%

respectively).

Table from (189)

Supplementary Table 2. SNP at 7TYKZ Exon 8 in patients with T1D, T2D and healthy controls.

Healthy Type 1 DM

B : - Type 2 DM
SNP at Exon 8 °I“-’°"5 All Flu-like syndrome (n=255)
(15597G/T) (n=254) (n=244) associated (n=36)
No (%) No (%) OR*(95% CI) No (%) OR*(95% CI) No (%) OR*(95% CI)
GG “ lagm 103 (42.2) 100' 18 (50.0) 100" 96 (376) 1.00'
116 ,
GT 45.7%) 104 (42.6) W 12(33.3) W 121 (47.5)
J'l.l (0.8-1.6) J' 0.8 (0.4-1.7) 1.3(09-19)
™ o 00,25 37 (152) 6 (16.7) 38 (149)
P value' 049 0.59 0.08

"Symptoms of flu-like syndrome includes fever, chills, sore throat, muscle and joint aches, poor appetite, diarrhea, cough,
and fatigue, suggestive of certain viral infections.

‘referent, "OR, odds ratio; *Cl.confidence interval

"Heterozygous and homozygous variant genotypes combined versus homozygous wild genotype.
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Taken together, the rs230456 AA homozygosity, which leads to higher level of TYK2 in
blood cells, but not in pancreatic cells, is more frequent in Japanese diabetes patients. Given
the involvement of TYK2 in signaling of many pro-inflammatory cytokines, I postulate that a
higher activation of immune cells (e.g. Thl or/and autoreactive CD8+ T cells) due to higher
level of TYK2 protein, resulting from rs2304256 AA homozygosity (i.e. enhanced Exon 8
retention as shown in Result Part 1-2), could promote autoimmunity against B cells and

increase susceptibility to diabetes in Japanese population.

The etiology of T1D in different ethnic groups may be different. Europeans are more prone to
T1D than Japanese. Childhood obesity has been positively correlated with risk of TI1D in
individuals of European ancestry (191). Decreased levels of TYK?2 are associated with obesity
in both mice and humans (82). Thus, rs2304256 may protect against T1D in the European
population (113), because of a reduced risk of obesity due to higher TYK2 expression

resulting from Exon 8 retention.

Rs2304256 has been associated with SLE, Crohn’s disease and T1D. In two recent studies,
152304256 (V362F) was found falsely associated with SLE (114) and multiple sclerosis (115)
driven by imperfect linkage disequilibrium to rs34536443 (P1104A) and rs12720356 (1684S).
During my studies, I found that most, if not all, P1104A and 1684S individuals carry V362F
(data not shown). Interestingly, P1104A and 1684S have not been associated with T1D to
which rs2304256 (V362F) has been instead associated, suggesting an independent role of this
SNPs in T1D pathogenesis. Of note, rs34536443 (P1104A), rs12720356 (1684S) are not
found in the Asian population and the frequency of rs2304256 (V362F) is higher in the Asian
population (47%) than in other populations.

It is conceivable that in case of heterozygosity of P1104A or 1684S occurring within the same
locus of the minor allele (A) of 12304256 (V362F), the expression of the full-length protein
from this locus will be more abundant than from the WT locus in certain cell types, and
therefore more available for receptor binding. This situation may favor the impact of the
hypomorphic TYK2 P1104A or 1684S on signaling of cytokines for which the catalytic
activity of TYK2 is indispensable, such as IL-23. In contrast, rs2304256 may enhance
signaling by cytokines for which the catalytic activity of TYK2 is dispensable, such as IFN-a.,
due to increased level of TYK?2. Thus, rs2304256 may have both direct and indirect effects on
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susceptibility to different AID depending on the pathogenic role of different cytokines.

In conclusion, I found that the minor allele of rs2304256 (AA) promotes Exon 8 retention,
which may lead to increased full-length TYK2 expression. Given the role of TYK2 in
mediating signaling of multiple immuno-regulatory cytokines and in metabolism (obesity), I
predict that rs2304256 could be a causal SNP in AID, such as type I diabetes. Rs2304256 was
found to increase TYK2 expression in some tissues, such as adrenal gland and whole blood,
but not in EBV-B cells or pancreatic cells. It will be interesting to identify the cell type(s) in
which rs2304256 impacts TYK2 expression and may influence susceptibility to AID.

Why and how TYK2 FERM domain binds to PI(3)P

The molecular mechanism of IFN-induced receptor dimerization, TYK2/JAKI1 activation,
receptor complex internalization and sorting start to be elucidated. It will be important to
investigate how TYK2 or/and JAKI1 are involved in these processes and if they have

comparable roles in other cytokine pathways.

In preliminary studies of the potential ability of the TYK2 FERM domain to bind lipids, I
found that the TYK2 FERM domain, expressed as a recombinant protein, interacts with
PI(3)P, a phosphoinositide (PIP). Different PIPs originate by the attachment of phosphate
groups by specific kinases to the 3, 4 or 5 positions of the inositol ring of
phosphatidylinositols (PtdIns) (Fig. D1). The majority of PIPs are constitutively expressed on
specific organelles (Fig. D2) and specifically recruit a range of peripheral membrane proteins
(192). Thus, the temporal and spatial (organelle-specific) distribution of different forms of
PIPs mediates specific protein/membrane interaction and plays a critical role in cellular
functions, such as signaling transduction, intracellular membrane trafficking and cellular

organization (193).
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Figure D1. Domains that bind lipid targets. From (193)

PI(3)P is enriched at the surface of early endosomes, intraluminal vesicles of multivesicular
endosomes and autophagosomes. It is also found at the site of LC3-associated phagocytosis
and at the primary cilium (Fig. D2). Usually, PI(3)P recruits proteins which serve as scaffolds
for other proteins regulating membrane remodeling, trafficking or signaling events. For
example, PI(3)P is required for efficient recruitment of retromer (Fig. D2) to endosomes, and
this facilitates sorting of membrane proteins to the late Golgi or back to the plasma membrane.
Retromer is a multi-subunits complex. The mammalian retromer complex is composed of a
dimer of sorting nexins (a combination of SNX1, SNX2, SNX5 and SNX6) and a trimer of
Vps26—Vps29-Vps35. SNX contains a phox homology (PX) domain which binds to PI(3)P in
the membrane of endosomes. The Vps26—Vps29—Vps35 trimer is responsible for recruiting

cargo protein by binding to the cytosolic tail of transmembrane receptors (194).
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Figure D2. Overview of PIP subcellular localization and endomembrane trafficking in mammalian
cells involving endosomes and autophagy-related organelles. Major PIPs are shown in different colors.
TGN, trans-Golgi network; VTC, vesiculo-tubular clusters; ER, endoplasmic reticulum. From (195).

Proteins can bind to PI(3)P (193) via FYVE domains (as in EEA1, Hrs, DFCP1), PX domains
(as in sorting nexins) or WD40 domains (as in ATG18). PH domains can also mediate PI(3)P
binding (as a split PH domain in Vps36).

The Pellegrini's lab found that, shortly after IFN stimulation, ubiquitinated IFNAR1, IFNAR2
and tyrosine-phosphorylated TYK2 and JAK1 can be found in an EEA+ endosomal
compartment, which suggested the possibility of persistent signaling (196). Thus, on the one
hand internalization may promote immediate signaling by concentrating signaling
components on endosomes. This was also suggested by the lower IFNo/B-induced STAT1/2
phosphorylation (about 50% reduction) measured in cells pre-treated with pitstop, a selective
inhibitor of clathrin-dependent internalization (Pellegrini's lab, unpubl. obs.). On the other
hand, internalization serves to down-regulate IFNARI1, ultimately dampening IFN binding.
Interestingly, upon ligand binding, IFNAR2 was shown to be down-regulated by IFN- but
not by IFN-a, suggesting that the strength of ligand binding and/or the lifetime of the ternary
complex (ligand/receptor subunits) influence the fate of IFNAR2 (197). A recent study
showed that after IFN stimulation, internalized IFNAR1 and IFNAR?2 are differentially sorted
by the retromer (Fig. D2). IFNAR2 binding to retromer in early endosomes drives the sorting
of both receptor chains to distinct pathways: IFNARI1 towards lysosomal degradation and
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IFNAR2 back to the cell membrane (198). Since PI(3)P is enriched on the membrane of early
endosomes, it is conceivable that TYK2 binding to PI(3)P could play a role in the process of

receptor internalization and sorting.

I found that the TYK2 FERM domain binds to PI(3)P in vitro, probably via the two basic
patches of the F2 and F3 lobes. Deletion of the Exon 8 encoding segment abolished this
interaction. In cells, alanine substitution of the two basic patches disturbs TYK2 basal or
induced phosphorylation and also the receptor scaffolding function (Results part 1-3). In the
crystal structure, these two basic patches are not involved in the direct interaction with
IFNARI and are unlikely to affect IFNARI binding. This needs to be confirmed by an in
vitro pull-down assay. TYK2 sustains IFNAR1 on the cell surface by preventing its
internalization (48). TYK2 activity was shown to be required for PDK2-mediated IFNAR1
ubiquitination and turnover (137). TYK2 and JAK1 proteins contribute to the stability of the
ligand/receptor ternary complex (20; 177). Thus, I hypothesize that the TYK2-FERM/PI(3)P
binding may target TYK2 to cell membrane and/or intracellular membrane and this could
ensure an optimal receptor binding, activation of TYK2, ternary complex formation and/or
receptor internalization/sorting. Further studies are needed to investigate this hypothesis and
the relevance of the FERM/PI(3)P interaction in cells. The subcellular localization of WT and
mutated TYK2 should be studied before and after cytokine stimulation (e.g. IFN). We need to
study whether other JAKs can bind to PI(3)P and related to this, delimit the PI(3)P binding

site(s) and the mode of regulation of the interaction.

A study of knock-in mice expressing a kinase-dead Tyk2 K923E reported that the Tyk2
K923E protein level is substantially reduced compared to the WT TYK2 protein and its level
can be restored by an inhibitor of the autophagy-lysosome systems (199). An assay with
panJAK inhibitor showed that Tyk2 activity is critical to prevent Tyk2 from autophagosomal
degradation. PI(3)P is present on the autophagosome (Fig. D2). Whether the TYK2/PI(3)P
interaction plays a role in TYK2 degradation need to be further studied.

USP18, ISG15 and species-specific interaction of USP18/ISG15

Our collaborative studies on USP18 and ISG15-deficient patients have added two new genes
to the growing list of genes known to be involved in rare genetic interferonopathies (Fig. D3).
USPI18 and ISGI15 deficiencies are the first identified interferonopathies caused by a

dysregulation of the response to type I IFNs and not due to an excess production of these
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Figure D3 Monogenic disorders (blue boxes) considered as interferonopathies. From (129)

We have described ISG15 as a novel and human-specific negative regulator of IFN-I
signaling (175) (Fig. D4). The different phenotypes of ISG15 deficiency in humans and in
mice is remarkable and seems to be related to the fact that in human cells, but not in murine
cells, ISGI5 contributes to the stability of the negative regulator USP18 (176). The
mechanism underlying this different behavior is still unclear. Recently, a comparison of the
crystal structure of full-length hISG15 and mlsgl5 proteins revealed a similar secondary
structure in each individual domain of hISG15 and mlsgl5 (Fig. 21). However, the overall
conformation of their tertiary structures is dramatically different due to a distinct arrangement
of the N- and C-terminal domains (153). Precisely, with respect to hISG15, the orientation
between the C- and N-terminal domain of mlsgl5 is twisted from 43.0° to 66.9° (Fig. D5-a).
In addition, hISG15 contains a continuous negatively charged surface across the two domains

(Fig. D5-b), which lacks in mIsgl5.
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Figure D4. ISG15 is a negative regulator of IFN by protecting USPIS8 from degradation in humans
but not in mice.

We have shown that murine Isgl5 cannot form a complex with human USPI8 (176).
However, we do not know whether the tertiary structure and electrostatic properties unique to
hISG15 do account for its ability to interact with USP18. The structure of human USPI18 is
not available yet, but the crystal structure of the murine Isgl5/Uspl8 complex has been
solved. In this complex, Usp18-devoid of its N-ter and C-ter ends- exhibits the typical fold of
the catalytic core of USPs, i.e. a “right hand”-like structure comprised of three major domains
(finger, palm and thumb), Isgl5 interacts with the palm and thumb domain of Usp18 via its
C-terminal Ubl domain only. (200). Conversely, In the solved complex of another protease,
USP21, and di-Ubiquitin (201), both Ub domains contact the protease. The N-terminal Ub
domain is in contact with the finger domain in this USP21-di-Ub complex and the author
proposed that ISG15 which contains 2 tandem Ubl domain binds USP18 in a similar manner.

A crystal structural of huUSP18/ISG15 will shed light on this species-specific interaction.
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Figure D5. (a) Overlay of mISG15 (purple) and hISG15 (green) shown in ribbons. (b) Electrostatic
surface of mISG15 and hISGI1. From (153).

A novel negative regulatory role of STAT2

STAT?2 is an essential and specific positive effector of type I IFN signaling and it is well
known that it constitutively interacts with aa 418—444 of IFNAR2 (Nguyen 2002). We
demonstrated that STAT?2 is required for USP18 to exert its inhibitory effect on IFN-I (178).
Hence, ectopic USP18 was shown not to affect STAT1 phosphorylation in STAT2-deficient
UGA cells treated with IFN-a, whereas in parental 2fTGH cells and U2A (IRF9-deficient)
cells, USP18 clearly dampened STAT1 phosphorylation. Using a series of STAT2 deletion
mutants, aa 138-572, including the coiled-coil (CC) and DNA-binding (DB) domains plus
linker region, were found to be required for the USP18 binding and IFN-I signaling inhibition.
Interestingly, these domains are also critical for the constitutive interaction of STAT2 with
IFNAR2 (Nguyen 2002). On the other hand, USP18 interacts simultaneously with membrane
proximal site of IFNAR2 (160) via the N and C-terminal regions (aa 36-51 and aa 313-371)
and interacts with STAT2 (178) via the adjacent region (aa 51-112 and aa 303-312).

Our results indicate that the presence of STAT2 is required for USP18-mediated inhibition of
IFN-induced receptor assembly as well as JAKs phosphorylation. These observations
establish the key role of STAT2 in USP18-mediated inhibition of IFN signaling and moreover

suggest that the increased STAT2 levels observed in response to IFN may further enhance
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negative feedback regulation.

In addition to ISG15 and STAT2, it is possible that other adaptors could be involved in the
USP18-mediated negative regulation. These adaptors might act in species-specific manner,
such as ISG15. The molecular details of the interaction between USP18/ISG15 and among
USP18/ STAT2/IFNAR2/JAK1 still await further clarification. Another interesting question
is whether ISG15 binding (free or conjugation) alters interaction between USP18, STAT?2,
and IFNAR2.

At present time, our mechanistic studies illustrate that USP18, via simultaneous interaction
with IFNAR2 and STAT2 (178), hamper JAK1 binding to IFNAR2, and thus blocks the
recruitment of IFNART to the ligand receptor complex (177). This model also emphasizes the
role of JAK proteins in the formation of the ternary complex (20; 177).
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Résumé

In recent years, the pervasive action of type I IFN (IFN-o/, here IFN-I) in human physiology
and pathology has become evident. Actors of the immediate defence against viruses, IFN-I
contribute to immune cell functions by orchestrating innate and adaptive immune responses.
However, if the IFN-I system is dysregulated, altered immune responses and damaging
processes can ensue as in the rare mendelian interferonopathies, several inflammatory and
auto-immune diseases (AID) and some chronic viral infections. The evolution from beneficial
to pathogenic IFN, which promotes persistent inflammation, immune cell dysfunction and
tissue injury, remains poorly defined. On this basis, my thesis work has focused on the study
of three elements of the IFN response pathway, with the view that their fine functional
analyses could bring light onto how dysregulation may occur.

TYK?2 belongs to the Janus protein tyrosine kinase family and is involved in signaling of
several immunoregulatory cytokines, such as type I IFN (IFN-o/f) and type III IFNs, IL-6,
IL-10, IL-12 and IL-23. Depending on the specific receptor complex, TYK?2 is co-activated
with either JAK1 or JAK2. A detailed molecular characterization of the interplay between the
two juxtaposed enzymes is missing. In my study, I characterized TYK2 1684S and TYK2
P1104A, two rare human variants that have been associated with susceptibility to autoimmune
diseases. I found that both variants are catalytically impaired but rescue signaling in response
to IFN-I in fibroblasts. My results, coupled with additional functional study of JAK1-P1084A,
support a model of non-hierarchical activation of Janus kinases where one catalytically
competent JAK is sufficient for signaling provided that its partner, even if inactive, behaves
as scaffold. Given the multitude of TYK2-activating cytokines, the cell type-specific
dependence for TYK2 and the catalytic defect of the two disease-associated variants, I
proposed that these two natural variants are relevant in complex immune disorders. Indeed, in
addition to be associated with AID, a strong enrichment of TYK2 P1104A homozygosity was
recently recorded in a cohort of patients with infection-predisposing primary
immunodeficiency. My signaling studies showed that EBV-B cells homozygous for this
variant exhibit mildly decreased IFN-I and IL-10 response, but abolished IL-23 signaling.

I studied two additional TYK2 variants (rs12720270, rs2304256) that have been associated
with AID. Interestingly, from public eQTL datasets it appears that the rs2304256 minor allele
correlates with elevated 7YK2 mRNA expression in many tissues. I found that both minor
alleles promote retention of Exon8 and that an engineered TYK?2 mutant lacking the Exon8-
encoded segment is unable to bind the receptor subunit IFNARI1, though it retains catalytic
activity. I propose that this partial loss of function is due to loss of integrity of the FERM-
SH2 domain and/or an alteration of a potential lipid-binding surface.

In the second part of my thesis work I contributed to dissecting the molecular mechanism that
tunes down IFN-I response in primary cells derived from rare USP18- and ISG15-deficient
patients that suffered of severe and mild interferonopathy, respectively. This work
substantiated the role of USP18 as the essential negative feedback regulator of IFN-I
particularly in the central nervous system. It also highlighted a novel function of the
ubiquitin-like protein ISG15 in restraining IFN-I response in humans, but not in mice.
Molecular analysis showed that USP18 tunes down IFN signaling by modulating IFNAR1
recruitment or altering the dynamics of receptor dimerization.
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