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ABSTRACT:

Background: Severe combined immunodeficiency (SCID) can besedby loss-of-
function mutations in genes involved in the DNAaeination machinery, such as
RAG1, RAG2 or DCLRE1C. Defective DNA recombination causes a developmental
block in T cells and B cells, resulting in high eepgtibility to infections.
Hypomorphic mutations in the same genes can alsoapartial loss of T cells, in a
spectrum including leaky SCID (LS) and Omenn syntkdOS). These patients not
only develop life-threatening infections due to iommodeficiency, but also develop
inflammatory/autoimmune conditions due to the pmeseof autoreactive T cells.
Objective: We sought to develop a preclinical model thatyfukkcapitulates the
symptoms of LS/OS patients including a model fgtitey therapeutic intervention.
Methods. We generated a novel mutant mouBel(elc®) that develops a LS
phenotype. Mice were monitored for diseases andunamphenotype and immune
function were evaluated using flow cytometry, ELISAd histology.

Results: Dclreld®™¥ mice present with a complete blockade of B cdfedéntiation,
with a leaky block in T cell differentiation resmig) in an oligoclonal TCR repertoire
and enhanced cytokine secretiddclrelc®™™ mice also developed inflammatory
symptoms including wasting, dermatitis, colitis, pkeyeosinophilia and high IgE
levels. Development of a preclinical murine modet £S allowed the testing of
potential treatment, with administration of CTLAg+leducing disease symptoms and
immunological disturbance, resulting in increasadisal.

Conclusion: These data suggest that CTLA4-Ig should be ewaduat a potential

treatment of inflammatory symptoms in LS and O Sepés.
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Key message:
+ Ddclrelc®™ mouse recapitulates the symptoms and immunolofgealires of
LS/OS patients.
» CTLA4-Ig is efficiently controlling inflammation athese mice through a tight

regulation of the CDA4T cells.

Capsule summary: CTLA4-Ig controls immune dysregulation in an Artami
deficient mouse model that recapitulates leaky 3QInenn Syndrome clinical

manifestations.

Key words: leaky-SCID, Artemis, Treg, CTLA4, immune dysregidat

Abbreviation: BCR, B cell receptor; CTLA4-1g, Cytotoxic T-lymphgte protein 4,
DCLRE1C, DNA cross-link repair 1C; ENWI-ethyl-N-nitrosourea; LIG4, DNA
Ligase 4; LS, Leaky-SCID; OS, Omenn Syndrome; RAgBombination activating
gene; SCID, Severe combined immunodeficiency; TCBell receptor; Treg,

regulatory T cells.

Words count: abstract: 243 words, manuscript text: 3836 words.
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INTRODUCTION

Severe combined immunodeficiency disorders (SCID@ aharacterized by a
profound defect in the adaptive immune system wigiartial or total loss of function
of T cells and B cells. Patients are highly susbéptto severe opportunistic
infections and their survival expectancy is limitauess they receive early allogeneic
hematopoietic stem cell transplantation. An impartezause of SCID is mutation in
genes such @&AG1, RAG2, DCLREIC, LIG4, which produce proteins that are part of
the DNA recombination machinery. During the V(D)dcombination of T cell
receptor (TCR) or B cell receptor (BCR), RAG1l andAGR2 recognize the
recombination-signal sequence (RSS) and cleavelel@iitanded DNA, followed by
the formation of hairpin loop at the end of the m@@NA. In complex with other
proteins, ARTEMIS (product ddCLRELC) then cleaves these hairpin loops to allow
the ligation of the newly formed DNA strand by DNAGASE IV (product ofLIG4).

In the absence of any of these components, dege¥ii2)J recombination blocks the
formation of a functional TCR or BCR, leading to early block of T and B cell

differentiation?,

In addition to the typical SCID phenotype, hypontocpmutations inRRAG1, RAG2
andDCLRELC genes can cause Omenn syndrome (OS) and leaky @SIDOS is
characterized by early and severe inflammatory $gmp, including generalized
erythrodermia, diarrhea, hepatosplenomegaly, lyrdehapathy with
hyperoesinophilia and elevated IgE levels. UnliK&l[3 T cells are detected in the
blood of patients in absence of maternal engraftmamd demonstrate peripheral
activation and oligoclonal expansion of self-reaefl cells®. LS patients show even

higher levels of T cells in the blood (althoughllsteduced relative to healthy
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individuals), of an oligoclonal natufe LS patients may present with a later clinical
onset of the disease with combined immunodeficie{GID) and immune
dysregulation leading to autoimmune manifestationgstly autoimmune cytopenia.
Both OS and LS patients are highly susceptibleegetbp cancer from a lymphoid
origin 3. In most OS and LS patients, residual activityttd protein is detected.
Specifically, large deletions and mutations in ¢agalytically functional domain$3{
lactamase an@-CASP domains) of the ARTEMIS protein lead to arseaize of
protein and SCID, while mutations in the C-termidamain can result in the OS/LS
phenotypes’. OS and LS appear to lie on a spectrum of immuinzdacy, with

potential for similar mutations to manifest wittfdient clinical presentatiors.

A diverse set of hypotheses have been formulatedxfmain the co-existence of
autoimmunity and immunodeficiency in OS/I°SHowever the lack of preclinical
models for LS/OS with Artemis deficiency has redgd both a functional

understanding of the immune processes occurring),aéso the testing of therapeutic
tools. Here we developed a novel LS mouse modekethby a hypomorphic point
mutation in Dclrelc. Mutant mice develop a macroscopic phenotype amib

patients with LS, including the presence of periphel cell lymphocytes, the
development of spontaneous inflammatory diseases @anhigh incidence of
lymphoma development. Importantly, administratidrin@ immunosuppressive drug
CTLA4-Ig resulted in control of the inflammationdarmproved disease free-survival
in comparison to control mice, identifying CTLA4-lgs a potential treatment for

leaky SCID patients.

METHODS



132 Mice

133 To generate thBclrelc®™ strain, founder C57BL/6 male mice were treatedh A0
134 mg/kg ENU and bred t&oxp3°™" females’. First-generation male offspring were
135 backcrossed t&oxp3°" females to produce the second-generation offspritich
136  were in turn inter-crossed to produce the thirdegetion for phenotype screening.
137  Phenotypic screening involved flow cytometric asayfor CD4 and Foxp3 (GFP),
138 and identification of mice with values for the pamtage of GFP+ cells (within the
139 CDA4+ population) more than two standard deviatitnosn the norm. Identified
140 variant offspring were inter-crossed to produce @&7BL/6Foxp3° " .Dclrelc ™
141 mutant mouse strain. Theaky mutation identified by all-exome sequencing and
142  confirmed by Sanger sequencing.

143

144 CTLA4-lg (Abatacept, Orencia, Bristol-Myers Squibbyas administrated to
145  C57BL/6Foxp3°.Dclrelcd® andlittermate controls starting at 8 weeks of age at a
146  dose of 25mg/kg intraperitoneally every other wedice were maintained in specific
147  pathogen-free facilities of University of Leuvenll Axperiments were approved by

148 the University of Leuven ethics committee.
149
150  Western Blotting

151 Thymocytes were homogenized in lysis buffer comggsof 100 mM NacCl, 50 mM

152 Tris-HCI pH 7.5, 1% Triton X-100, 2 mM dithiothreit 1mM EDTA, Phosphatase
153 inhibitor (Sigma-Aldrich) and Protease inhibitoi€Re), then incubated on ice for 30
154 min. Cells were sonicated and lysate prepared. NIlRAGE® Precast Gel System
155 was used for western blotting (Life technologi€€)-20 ug of lysate were separated
156 on 4-12% bis-tris acrylamide gels and blotted oRMDF membrane (GR Health

157 care). Membranes were incubated using polyclon@ tgbbit anti-mouse/human



158

159

160

161

162

163

164

165

166

167

168

169

170

171

172

173

174

175

176

177

178

179

180

181

182

ARTEMIS (1:1000, Thermo Scientific, PA5-26741) amdouse anti-GAPDH
(2:10000, Thermo Scientific, GA1R) and developethgisvestern Lightning Plus-
ECL (Perkin Elmer) and the imaging system G:Box XEyngene). Quantification

was performed using the AIDA software (Raytestsiar 5.0).

TCR Vp CDR3-size spectratype analysis

Total splenocytes were harvested and conservedNid Rater stabilization reagent
(Trizol, Thermo Fisher scientific). RNA was thentracted using the RNEasy mini
kit (Qiagen) following the manufacturer’s instrts. Genomic DNA was removed
using recombinant RNase-free DNasel (Roche). cDNA synthesized from RNA (2
Kg) using oligo(d Ty primers with the “Transcriptor First Strand cDNynghesis kit”
(Roche). Semi-nested PCR was performed using gemsers for a panel of murine
VB families and two @ anti-sense primers (IDT Technologies), as preWous
described. CDR3-size spectratype analysis was noeefib with GeneMapper version

4.0 Software (Applied Biosystems).

Flow cytometry

Single-cell suspensions were prepared from mougaub, bone marrow, spleen and
pooled lymph nodes (cervical, inguinal, mesenteggillary and brachial). For
intracellular cytokine staining, lymphocytes wetated at 5x108cells/well in 96-well
tissue culture plates in complete RPMI containirgprpol myristate acetate (50
ng/mL; Sigma-Aldrich), ionomycin (250 ng/mL; Signdddrich) and Monensin
(1/1500; BD, Bioscience) for 4 hours at 37°C. Adlls were fixed with BD Cytofix™
(BD, Biosciences) or fixed and permeabilized with €Bioscience Foxp3 staining kit

(eBioscience/Affymetrix). Anti-murine antibodiescinded anti-CD4 (RM4-5), anti-
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CD8a (53-6.7), anti-Foxp3 (FJK-16s), anti-CD25 (PC6,1.anti-CTLA4 (UC10-
4B9), anti-CD69 (H1.2F3), anti-CD44 (IM7), anti-CRI6 (MEL-14), anti-B220
(RA3-6B2), anti-CD19 (eBio1D3), anti-CD43 (eBioR@)j6anti-IgM (11/41), anti-IgD
(11-26¢), anti-NK1.1 (PK136), anti-Grl (RB6-8C5)ntiaCD11b (M1/70), anti-
CD127 (A7R34), anti-KLRG1 (2F1), anti-PD1 (J43)tie®D3 (145-2c11), anti-
CD24 (M1/69), anti-Qa2 (1-1-2), anti-NKG2D (CX5nhtaLy49D (4E5), anti-CD122
(TM-b1), anti-IFNy (XMG1.2), anti-IL4 (BVD6-24G2) and anti-IL17 (eBiZB7)
from eBioscience and anti-Ki67 (B56) and anti-Sigke (E50-2440) from BD

Biosciences.

Histology

Mouse tissues were preserved in 10% formalin andgssed into paraffin-embedded
tissue blocks by Histology Consultation Servicescheblock had thin (~4u) sections
cut on a microtome, mounted on glass slides, andest with hematoxylin and eosin

(H&E). Pathological diagnosis was performed by Biogtics Research Laboratories.

ELISA-MSD

IgE titers in individual serum samples were deteedi by a mouse IgE ELISA
Ready-SET-Go! kit (eBioscience), according the nfacturer’'s protocol. Cytokine
serum levels were quantified by the V-Plex™ mouseiRfflammatory panel MSD

(Meso Scale Discovery) plates, according to theufeturer’s instructions

Satistical analyses
Single comparisons were analyzed using the nompetrc Mann-WhitneyU test.

All statistical analyses were carried out with GrBpd Prism. Data from mice
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diagnosed with tumors were excluded from cell stshsend cytokines analysis.

Homology alignment was performed using HomoloGeree BLAST.

RESULTS

An ENU-induced mutation in Artemis resultsin a leaky-SCID phenotype

In a screen for modulators of regulatory T celle@y number, we exposed C57BI/6
mice to the ENU mutagen and intercrossed with Rbep3°®" strain prior to flow
cytometry-based screening for Treg numbers. Onegpeal was isolated with the
presentation of low CDA4T cells and disproportionately low Tregs withire thlood
(Fig. 1a). All-exon sequencing identified a point mutation Dclrelc, the gene
encoding Artemis. This transition mutation (c.65€)>namedeaky, generated an
amino acid substitution in position 219 coding doproline instead of a leucinEig.

1b). The mutated reside is located betweenpthectamase anfl-CASP domains, in

a highly conserved regionFig. 1c-d). Western blot analysis detected a strong
presence of Artemis expression in thymuseaky mice, indicating that the mutation

did not affect the protein expressidfid. 1€).

The discrepancy betwe@rtlrelc“® mice®, with near-complete T cell deficiency, and
Dclrelc® mice, with reduced but detectable numbers of & delall mice, spurred
further characterization of T cell development e mutant strainDclrelc® mice
display a block in thymocyte development at thebdeunegative stage (DN), during
VDJ rearrangemerit Dclrelc®™ mice also exhibited decreased absolute numbers of
total thymic cells in comparison to wildtype mided. 2a). Further, percentages of
DN cells were enhanced in Artemis mutant mice caegbéo wildtype mice, in both

young and old animald$-(g. 2b). Double positive cells (DP) were severely reduiced
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leaky mice Fig. 2c), however, unlike knockout animals, both singlsifiee CDS T
cells (SP CD8 and CD4 T cells (SP CD were detected iBclrelc® mice Fig.
2d-e). This result indicates a hypomorphic allele ailogva fraction of thymocytes to
rearrange competent T cell receptors (TCRs) foth&ur progress to the next
developmental stage. Detailed immunophenotypinp@thymus showed a dominant
presence of recirculating cells within the SP T pebulation inDclrelc® mice in
comparison to wildtype animakSuppl Fig.1l). Interestingly, and in line with the
initial phenotype screening, FoxpBregs were significantly decreased in both young
and old mutant animal$ig. 2f). In absolute numbers, all measured T cell subrets
the thymus were decreasedéaky mice, but substantial numbers of T cells weré stil

able to rearrange their TCR and to mature to thiplpery Suppl. Fig. 1).

The LS phenotype in human has been described dmomrgly reduced, but still
present, number of CD3T cells in the peripheral blood, caused by hyparhior
mutation in known SCID genes, includi®CLRELC 2 In Dclreld®™¥ mice, both
mature CDZ and CDS8 T cells were present in the spleen, albeit atisogmtly lower
numbers Fig. 3a-c and Suppl. Fig2d). T cells were also present in the lymph nodes
(Suppl. Fig. 2). Importantly, in almost alleaky mice analyzed, Treg numbers were
disproportionately reducedFig. 3d and Suppl. figure 2e). Patients with a LS
phenotype have a restricted T cell repertdiréThis prompted us to analyze the
diversity of TCR repertoire in the spleen of wildéyandleaky mice through TCR
spectratyping. Consistent with the patient phenstype observed thddclrelc®
mice displayed a very limited TCR repertoire conggato wildtype miceKig. 3e).
Together, these results indicate theaky mice recapitulate the oligoclonal nature of

the T cell repertoire observed in LS due to retdcT cell differentiation. Regarding
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other immune cell compartments, B cells were alnabsient ineaky mice, with an
early block between the pro-B cell and the pre-B stage during the bone marrow
development with a conserved Pro-B cell compartn{emdian: 3.3% from total
bone marrow cells for wildtype mice, versus 3.4% Balre1¢®< mice) and a near-
absent Pre-B cell compartment (median: 4.3% frotal tbone marrow cells for
wildtype mice, versus 0.2% for Dclrd® mice, p=0.003) Rig. 3f-g). The
percentage of NK cells and myeloid cells were diedvan Artemis mutant mice due
to the reduction in T and B lymphocytes, howevesadilite numbers were similar
(Fig. 3h-j). An altered activation profile was, however, alee in NK cells from
Dclreld®™ mice Guppl. figure 2f-g). Dclrelc®™™ mice therefore fit the
immunological criteria for leaky SCID, with sevdpat partial defects in TCR/BCR

rearrangement, but otherwise intact immune systems.

Leaky mice devel op inflammatory pathology

Published mice with mutations in Artemis phenoctpy classical SCID presentation
of patients withDCLRELC mutation®*, with defects in T cells and B cells causing
immunodeficiency, but no spontaneous dis&aSdapart from an increased incidence
of tumor under a specific backcrd$s By contrastPclrelc® mice recapitulate the
LS phenotype present in a subseD@LREIC patients, with spontaneous immune
activation. The clonal T cells frorheaky mice that underwent successful TCR
rearrangement demonstrated high levels of oligatlperipheral expansiofrig. 3e),
with enhanced proliferatior{g. 4a andSuppl. Fig. 3a). These expanded cells were
mainly of an effector phenotype, with a signifidgndecreased naive T cell

compartmentKig.4b-c andSuppl. Data 3b-c). Interestingly, CD122 expression was
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increased in CD8+ central memory T cells (TCM),gesjing thaDclreld®™ T cells
may have a higher reliance on IL15 for homeost&ippl. Data 3d). This is further
illustrated by an expansion over the time of tipedfic CD8+ TCM population in
Dclre1¢® mice, while this population stays stable in wilgttyanimals Fig.4b-c and
Suppl. Data 3b-c). Indeed, splenic absolute number of CD8+ TCMscealkreases
10-fold in old (median: 0.47x£p versus young (median: 0.04X10p<0.001)
Dclre1¢®® mice, although the overall number remain belowiidtype cell number
level (median: 3.1x10and 2.7x18 ns, in old and young mice respectiveljie high

T cell activation inDclreld® mice was also demonstrated by the increased
percentage of cells expressing CD69 at their agllase, a marker of early T cell
activation Fig.4d andSuppl. data 3e). By contrast, no difference in the expression of
CD127, KLRG1 or PD1 was observed in CDB cell subsetsHig. 4€), however a
transient boost in short-lived effector cells (S)E&as observed iheaky mice at
young ages with resolution in older mic8uppl. data 4). In order to determine
whether the activated T cells iteaky mice were producing an inflammatory
environment, we assessed cytokine release. Wikimelc®™® mice, Thl (IFN-
secreting CDAT cells), Th2 (IL-4-secreting CD4T cells) and Th17 (IL-17-secreting
CD4" T cells) were all increased compared to wildtyperals Fig. 4f andSuppl.

data 3f), with serum increases in IiNiso observedg. 49).

The inflammatory T cell phenotype Bfclrelc®™™ mice was associated with immune
pathology. More than 50% déaky mice developed a wasting disease with lower
weight, poor grooming, an abnormal hunched postursigns of severe dermatitis

(Fig. 5a-b and Suppl. Fig. 5a-c). When evaluated by histology, &Haky analyzed

mice showed signs of lymphoreticular infiltratesdifferent organs including lung,
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liver, gastro-intestinal tract, pancreas, lymph e®o@nd skin with signs of severe
vasculitis Fig. 5¢). Disease was accompanied by a high number ohepisils in
both spleen and peripheral blooéid. 5d), and substantial elevation of IgE
(>50,000ng/ml) was detected in the serum of 26%eady mice (compared to 7% of
age-matched controls). Consistently, IL-5 in theuse of Dclrelc®™ mice was
detected at a higher levéBuppl. Data 6). In addition, tumors of a lymphoid origin
developed in 15% dbclrelc®™ mice at 8-10 months of agei@. 5a, e and Suppl.
data 5d), a level similar to that of spontaneous tumorngoreed in patients with
DCLRELC mutation and a LS phenotypé The combined effect was an increased
premature mortality rate in Artemis mutant mice%d 8t 8 months of age, compared
to 0% in wildtype siblings at the same age). Thmisnune pathology places the
Dclrelc®™ mouse strain on the spectrum of clinical immunthgagy observed in
DCLRE1C mutant patients with leaky SCID or Omenn Syndrome.

CTLA4-1g treatment prevents immune pathology in Artemis mutant mice with leaky
CID

The development of a new animal model that reckgéd the key clinical features of
LS allowed the testing of potential therapeuticeimentions. TheDclrelc®
phenotype was associated with peripheral T cetiga®on including high IL-4 level,
high IgE and increased level of eosinophils, whaie characteristics of Treg-
deficiency and Th2-mediated disease. These obsamgagprompted us to tre&taky
mice with CTLA4-lg to investigate whether diseasmuld be prevented by this
treatment, previously shown to be effective in sepping Th2 responses in mice with
low Tregs™. Dclreld®™ and littermate control mice (including heterozygonice)
were left untreated or received 25mg/kg CTLA4-Igmvsecond week from the age

of 8 weeks. Untreatel@aky mice showed normal weight curves until 6 monthag#,
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at which point wastingHig. 6a) and premature mortality (27% of mice) were noted
(Fig. 6b). By contrast, the CTLA4-Ig-treatddaky mice did not exhibit wasting, and
no premature mortality was observe#figf 6a,b). Furthermore, none of the
Dclrelc® mice receiving CTLA4-lg treatment developed anyptoms of skin
inflammation Fig.6c andSuppl. Fig. 7) or hyper IgE Fig. 6d). These observations
indicate the efficacy of CTLA4-Ig for the autoimnesrelated manifestations of LS
with the exception. By contrast, however, colitiasanot improved under CTLA4-Ig
treatment and 15% ddclrelc ™ mice treated with CTLA4-Ig developed tumors, an
incidence similar to the untreated group, indigatthat CTLA4-lg administration

does not prevent the development of thymic lymph@fng 6c).

While the precise mechanism of action of CTLA4ti8 snder debate, there is strong
evidence suggesting that reducing ligand accesthdoco-stimulation molecule,
CD28, constitutes one of its principal functioisAn immunological analysis of the
effects of CTLA4-Ig treatment on control aledky mice found that the main immune
phenotype caused by CTLA4-Ig treatment was a pnocedi and sustained decrease
in CD4" T cells, including further reduction of the Tragpset Fig. 7a-c and Suppl.
Fig. 8a-b). This is in accordance with the fact that CD28timulation is critical for
T cell peripheral survival’, with a more profound requirement present in Trég8
Further, we observed a lower percentage of CD4ell proliferation Fig. 7d and
Suppl. Fig. 8c) and activationKig. 7e and Suppl. Fig. 8d) in the spleen and lymph
nodes following CTLA4-Ig treatment. Regarding cytuk secretion, there was a
strong reduction of the absolute number of cytoldeereting T cells due to the
generic blockade on T cell activatioRig. 7f-h), specifically in Th2 as a reflect of

better control of Th2 over Thl by CTLA4y In addition, IFN and TNF were
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significantly lower in the serum dclrelc®™ mice receiving CTLA4-IgKig. 7i-j).
Finally, it is worth noting that all significant imune differences induced by CTLA4-
lg treatment were observed in both littermate airgndDclrelc®™ mice, indicating
that the successful ablation of immune pathologheaity mice is driven by the same

immunological processes initiated by CTLA4 in cohmice.

DISCUSSION

While complete T cell deficiency presents as pratbimmunodeficiency, incomplete
forms, prototypically Omenn syndrome and leaky SQifanifest as a paradoxical
co-presentation of immunodeficiency and immune elyslation with spontaneous
inflammatory/autoimmune symptoms. Numerous hypabdsave been put forward
to explain this paradox at the immunological levetluding a mismatch between
available effector and regulatory T cell clonesrfbligoclonal expansion, reduced
efficiency of thymic tolerance processes in theasbral thymic tissue present, or a
hyper-stimulatory phenotype of dendritic cells t¢eelaby the peripheral T cell

deficiency °*°. However a limited range of pre-clinical modelss Heampered the

ability to test these models and develop therapetitategies.

Mutations in ARTEMIS drive clinical phenotypes thttll in the SCID-OS-LS
spectrum. Mouse models, by contrast, show a muake nestricted phenotypic range,
owing to the concentration on “knockout” mutatiorg&andard Artemis knockout
mice possess a SCID-like phenotype, although tksemce of T cells in periphery
suggesting a partial redundancy of Artemis for T@Rrrangement in micé.
Mutations in the C-terminal domain of Artemis, mdikely to promote a leaky

phenotype in patient§ have only a partial block in B and T cell devetemt°,
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however none of these models present with clinsg@mhptoms analogous to those
experienced by leaky SCID patients. In the Artem@ise model reported here, point
mutation L219P, results in a clinical phenotypet tisavery similar to patient with
LS/OS, with inflammatory disorder in multiple organSpecifically, Dclrelc®
recapitulates key features of LS/OS patients inolydiermatitis, wasting disease,
splenomegaly, inflammatory cytokines, high IgE lesad hyperoesinophilia. With
symptomatic development in older mice, leaky mitevithin the LS clinical range,
albeit with similarities to OS. While no mutatiamn219 position has been described in
a SCID patient, a mutation in the nearby residu®, 2@thin the same conserved
region, has been reported in a patient with a S@Henotype and partial VDJ

recombination and DNA repair activity vitro *.

The serendipitous development of a LS pre-clinmabel allowed for a dissection of
potential tolerance break-points and, thus, tesiingtervention strategies. The most
striking observation was the low amount of Treganfb in both thymus and in
periphery. One could speculate that the only altbwgD)J rearrangement in LS
condition is detrimental to the Treg formation awdhaintenance due to a selection
of TCR with a specific affinity’”. This low Treg phenotype can account for the
inflammatory Th1/Th2 profile observed Dclrelc®™™ mice, owing to the asymmetry
in Treg control over the two immune arifs Additional homeostatic “space filling”
pressures can be extrapolated from the oligoclemphnsion and adoption of the
TEM phenotype observed in T cells. The logical egien of this immunological
presentation is that therapeutic intervention nexpuisubstitution for Treg-deficiency,
enhanced suppression of the Th2 response and dec@ation of the enhanced

CD80/CD86 stimulatory profile of lymphopenic denuricells.



417

418  Current treatment for inflammatory manifestatiorLBYOS patients are based on non-
419  specific immunosuppressive drugs such as corticugte and cyclosporine A>%
420 While these treatments show some limited succdss,combination of limited
421 efficacy and undesirable side-effects leave roomchmical improvement. The new
422  therapeutic approaches are directing towards b&itgeted and specific treatment
423 with less sides effects, as illustrated with the @$ TpoR agonist in the case of
424  thrombocytopenid'. The immunology-directed rationale of changesiified in our
425  pre-clinical model identified CTLA4-lg, a solubleension of CTLA4, as a key
426 therapeutic candidate. CTLA4-Ig meets all of thernvention criteria listed above:
427  first, as a potent suppressive molecule used bgsTfer immune suppressidf,
428 CTLA4-Ig can substitutive for Treg-deficiency; sadp CTLA4-Ig is highly effective
429 at quenching Th2 responséd and third, CTLA4-Ig effectively competes with
430 CD80/CD86 for CD28 binding™ countering the elevated expression of these
431  molecules in lymphophenic dendritic cells. As biatldy administration of CTLA4-
432 Ig to Dclrelcd®™ mice resolved inflammation, prevented tissue daneayl improved
433  overall survival, the immunological rationale of CA4-1g selection for murine LS
434 treatment can be regarded as validated. While edaitalemonstrates high efficiency
435 in rodent studies, when considering clinical tratish additional options become
436  available, with belatacept demonstrating higheiniff towards human CD&&

437

438 Overall our study identified a novel mutation oftémis resulting in a murine pre-
439 clinical model of leaky SCID. Consistent with CD4+ cells being the driver of
440 inflammatory disease in LS’ and based on assessment of the immunological

441 disturbances observed, CTLA4-Ig proved an effectdrug to prevent disease
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manifestation and increase survival. By contrastinmprovement was observed in the

elevated incidence of lymphoma in these mice, whidtiors the patient presentation

* indicating a mechanistically independent origin the oncological components of

disease. In addition, colitis seems to be resistanCTLA4-Ig treatment. This

observation is in accordance with clinical tridiatt showed failure of CTLA4-Ig in

the treatment of patients with Crohn’s diseaselcerative colitis®, secondary to the

resistance of inhibition of Th17 by CTLA&.Together these results call for a

carefully-controlled trial of CTLA4-lg treatment @S/LS patients, to investigate the

potential for treating the autoimmune/inflammatooynponents of disease.
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FIGURE LEGENDS

Figure 1. New point mutation identified in Dclrelc®™. Using ENU mutagenesis,
leaky mice with a point mutation in Artemis were idemd. (A) Leaky mice were
identified with a low level of peripheral Treg ihe blood.(B) Sanger sequencing of
Dclrelc, encoding for Artemis, in wildtype ankkaky mice confirmed a T to C
mutation resulting in a lysine to proline mutationamino acid chang€C) Mutation
confers a L219P substitution (star) between thet®e domains of the proteirg{(
lactamase, SM00849 afidCASP domain, PF07522)D) L219P mutation is located
in a region conserved across spec{e3.Western blot (left) and relative expression

(right) of Artemis protein in wildtype (n=5) ariiclrelc®™ thymocytes (n=5).

Figure 2. A partial T cell developmental block in Dclreld® mice. The thymus
from wildtype andDclrelc®™ mice was evaluated at 8 weeks and 8-10 months of
age. Thymic cell subsets were analyzed by flowrogioy. (A) Thymus absolute cell
numbers. (B) Percentage of double negative cells (DN) from ltatalls. (C)
Percentage of double positive cells (DP) from taalls. (D) Percentage of CD8
single positive cells (SP CDB from total cells.(E) Percentage of CD4single
positive cells (SP CD% from total cells(F) Percentage of regulatory T cells (Treg)
from SP CDZ cells. Median and individual data points shoyh:F) Pooled data
from up to 11 experiments, wildtype 8 weeks olden(ic=3),Dclrelc® 8 weeks old
mice (n=8), wildtype 8-10 months old mice (n=14)&rclrelc®¥ 8-10 months old

mice (n=27).

Figure 3. Dclreld®™ mice have a leaky-SCID phenotype in the periphery.

Spleens from wildtype an®clrelcd®™¥ mice were evaluated at 8 weeks old and
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between 8 to 10 months old. Splenic cell subsete \aaalyzed by flow cytometry.
(A) Absolute numbers of CD8nd CD4 T cells in the spleen at 8-10 montkB)
Percentage of CD4T cells,(C) CD8" T cells andD) Treg (CD4Foxp3 cells).(E)
Spectratyping CDR-3 analysis of TCR3\diversity. Representative mice ang V
families are presented. Black bars indicate saturabf signal intensity.(F)
Representative bone marrow B cell maturation floyjtometry plots (left) and
percentage of early B cell progenitors Pro-B cahisl Pre-B cells graph (right)G)
Percentage of splenic B cells aftdl) NK cells. (1) Absolute numbers of splenic NK
cells and(J) neutrophils (Gr-19CD118"9" cells). Median and individual data points
shown.(A-D and F-J) Pooled data from up to 11 experiments wildtypeeks old
mice (n=3),Dclrelc®™¥ 8 weeks old mice (n=from 7 to 8), wildtype 8-10mtiws old

mice (n=from 3 to14) anBclrelc*™ 8-10 months old mice (n=from 8 to 27).

Figure 4. Dclreld®™ have increased T cell activation and pro-inflammatory
cytokines in serum. Splenic T cells from wildtype an®clrelc®™™ mice were
evaluated at 8 weeks and 8-10 months of age. Tsubbets were analyzed by flow
cytometry.(A) Percentage of CD4and CD8 T cells expressing Ki67(B) T cells
were characterized as CD6ZID44 naive cells, CD62ICD44" central memory T
cells (TCM) and CD62ICD44 effector memory T cells (TEM) for CD4and (C)
CD8" subsets(D) Percentage of CD4and CD8 T cells expressing CD69E)
Percentage of CD8T cells expressing CD127, KLRG1 and P) Splenocytes
were stimulated in vitro for 4 hours with PMA/longain and CD4 T cells evaluated
for cytokine secretion including IRNIL-4 and IL-17.(G) Serum levels of IFNand
IL-4. Median and individual data points shown. Rambldata from up to 11

experiments, wildtype 8 weeks old mice (n=B/relc®™” 8 weeks old mice (n=8),



618  wildtype 8-10 months old mice (n=from 4 to14) abdlrelc® 8-10 months old
619 mice (n=from 6 to 27).

620

621 Figureb. Dclrelc®™ mice are affected by inflammatory diseases and lymphoma.
622 Mice were evaluated at 8-10 months of age for disaacidence and markers of
623 inflammation. (A) 34 leaky mice were evaluated for pathological symptoms, each
624  circle represents an individual moud®) Mouse weight(C) Histology of lung, liver,
625 skin and colon of both wildtype ari2clrelc®™™ mice. Arrows show lymphoreticular
626 infiltrates. (D) Percentage of eosinophils into the spleen and tleedb (E)
627 Representative histology of a lymphocytic lymphdneen the thymus, infiltrating the
628 liver and lung.(A) Pooled data up to 11 experimen(B) pooled data from 5
629  experiments, wildtype mice (n=8) anBclreld®™¥ mice (n=17), (C and E)
630 representative histology image, scale bars gnh0(D) represents 1 experiment,
631  wildtype mice (n=from 3 to 9) arldclrelc® mice (n=from 4 to 7).

632

633  Figure 6. CTLA4-lg treatment prevents immune pathology in Dclrelc®™™ mice.
634  Dclrelc®™ mice and littermate controls (Ctrl) were followeg tor a longitudinal
635 study with and without received CTLA4-lg treatmg@bmg/kg every two weeks
636  starting at 8 weeks). Mice were evaluated at 40kwed age(A) Weight curve(B)
637  Survival curve.(C) Adverse events/pathological observations were tamed in all
638 mice at the time of sacrifice, each circle représem individual mousgD) IgE
639 concentration in the serum. Mean and SEM are shfwnA, and median and
640 individual data points shown for D. At the starttbe study (A and B) untreated
641 control mice (n=11) and untreatBa!relc® mice (n=11), CTLA4-Ig treated control

642 mice (n=12) and CTLA4-Ig treatedclrelc®™ mice (n=13). At the time of analysis
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(C and D) untreated control mice (n=10) and unéedclreld® mice (n=9),
CTLA4-Ig treated control mice (n=12) and CTLA4-Igeated Dclrelc®™ mice
(n=13).

Figure 7. CTLA4-Ig treatment effectively decreases inflammation in Dclrelc'®
mice. Dclrelc™ mice and littermate controls (Ctrl) received CTLA{25mg/kg)
every two weeks starting at 8 weeks old. Mice vwex@uated at 40 weeks old for the
immune cell compartment in the spleéh) Kinetic of CD4 T cells in the blood at 3,
6 and 9 months old mic¢B) Percentage of total CD4T cells.(C) Within CD4™ T
cells, percentage of Treg (Ctbxp3 cells). (D) Ki67" cells, and[E) CD69" cells.
(F) Absolute number of Thl (IFNsecreting CD4T cells),(G) Th2 (IL4 secreting
CD4" T cells) and(H) Th17 cells (IL17 secreting CD4T cells).(I) Serum level of
IFNy (one very high value fobclreld® is not shown) an@J) TNFe. Median and
individual data points shown. (A, | and J) représeone experimentB to H)
representative data of 2 experiments. Untreatedralomice (n=from 3 to 9) and
untreatedDclreld®™¥ mice (n=from 3 to 9), CTLA4-Ig treated control mi¢n=from

5 to 12) and CTLA4-Ig treateclrelc®™™ mice (n=from 5 to 11).
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SUPPLEMENTARY FIGURE LEGENDS

Supplementary Figure 1. T cell developmental defects in Dclrelcd® mice. Thymus from
8-10 months old wildtype anBclrelc® mice (A-C) or 10 weeks old (D-F) were analyzed
for cell numbers and T cells subsets by flow cytomngA) Representative flow cytometry
plot from thymus, including two mice within thBclrelcd® phenotype spectrum(B)
Thymocyte subset absolute cell number for doubtgatiee (DN), double positive (DP) and
(C) the CD4 and CDS single positive (SP) and Treg subs€f3) Representative flow
cytometry plot for mature (CD3+CD69-) and immat(e®3+CD69+) cells within CD4+ and
CD8+ SP subsetgE) Representative flow cytometry plot for the presenteecirculating
cells (CD24-Qa2+) within CD3+CD69- or CD3+CD69+llgein CD4+ and CD8+ SP
subsets(F) Percentage of recirculating T cells in the matQER3+CD69- subsets of CD4+
and CD8+ SP compartement. Median and individuah gaints shown(B-C) Pooled data
from up to 11 experiments, wildtype mice (n=14) &urelc®™ mice (n=from 24 to 26).

(D-F) Represent a single experiment, wildtype mice (re)Dclrelc ™ mice (n=4).

Supplementary Figure 2. Dclrelc®™ mice have a leaky-SCID phenotype in periphery.
Lymph nodes from wildtype anblclrelc'® mice were evaluated at 8 weeks old and between
8 to 10 months old. T cell subsets were analyzefiiowy cytometry (A-E).(A) Representative
flow cytometry plot from the lymph nodes, includingo mice within theDclrelc'®
phenotype spectrunfB) Percentage of total CDSI cells, (C) CD4" T cells. (D) Absolute
numbers of CD8and CD4 T cells in the spleen at 8 weeks offf) Percentage of Tregs
(CD4Foxp3 cells) in the lymph node¢F) NKG2D geometric mean fluorescence expression
(gMFI) in splenic NK cells in 10 weeks old mi¢€&) CD69 and Ly49D percentage in splenic

NK cells in 10 weeks old mice.



Median and individual data points showB-E) Pooled data from up to 11 experiments,
wildtype 8 weeks old mice (n=3Dclrelc® 8 weeks old mice (n=8), wildtype 8-10 months
old mice (n=14) andclrelc®™ 8-10 months old mice (n=from 26 to 2{-G) Represent a

single experiment, wildtype mice (n=4) abdirelc'®™ mice (n=4).

Supplementary Figure 3. Dclreld®™ have increased T cell activation and pro-
inflammatory cytokines in serum. Lymph nodes from wildtype anbclrelc® mice were
evaluated at 8 weeks old and between 8 to 10 maithéA-C, E, F). T cell subsets were
analyzed by flow cytometryA) Percentage of CD4and CD8 T cells expressing Ki67(B-
C) CD4" and CDS8 T cell subpopulations were characterized as CD62144 naive cells,
CD62L'CD44 central memory T cells (TCM) and CD62ID44" effector memory T cells
(TEM) by flow cytometry.(B) Percentage of CD4naive, TCM and TEM cells(C)
Percentage of CO8naive, TCM and TEM cell{D) Percentage of CD122ells within the
CD8" TCM cell subsets in 10 weeks old mi¢g) Percentage of CD4and CD8 T cells
expressing CD69(F) Cells from lymph nodes were stimulated vitro for 4 hours with
PMA/lonomycin and CD4T cells evaluated for cytokine secretion includiRdyly, IL-4 and
IL-17. Median and individual data points showA-C, E,F) Pooled data from up to 11
experiments, wildtype 8 weeks old mice (n=B¥/relc®™ 8 weeks old mice (n=8), wildtype
8-10 months old mice (n=14) amtlrelc®¥ 8-10 months old mice (n=from 26 to 27)

Represents a single experiment, wildtype mice (iDclrelc ™ mice (n=4).

Supplementary Figure 4. Increased short-lived effector cellsin young Dclrelc® mice,
CD8+ T cells were analyzed in cohort of 10 weekkralce by flow cytometry in spleen and
lymph nodes and compared to older mice (8-10 morald). (A) Percentage of

CD127+KLRG1- memory precursor effector cells (MPEDQY CD127-KLRG1+ short lived



effector cells (SLEC) within CD44+CD8+ subsets pleen and(B) lymph nodes.(C)
Percentage of Eomes+ and T-bet+ cells within CD84CECD62L- subsets, effector
memory T cells (TEM), in spleen aii®) lymph nodes of 10 week old migg&) Percentage
of LAG3+ and TIM3+ cells within CD8+CD44+CD62L- ssits, effector memory T cells
(TEM), in spleen andF) lymph nodes of 10 week old mice. Median and irdiral data
points shown(A-F) Represent a single experiment, wildtype mice (nad)l Dclre1t2<

mice (n=4).

Supplementary Figure 5. Dclrelc®™ are affected by inflammatory diseases and are
higher risk for lymphoma. Mice from 8 to 10 months old were evaluated at tihree of
sacrifice for disease incidencéA) Representative picture of a wildtype mougB)
Representative picture &fclrelc® mouse, including hunched posture and dermatittb@f
ear (arrow),(C) and tail (arrow).(D) Representative picture of Dclré®®® mouse with a

thymic tumor (arrow).

Supplementary Figure 6. IL-5 is elevated in Dclrelc®™ mouse serum. Serum from mice
from 8 to 10 months was evaluated for the presefdk-5 using MSD assay. Median and
individual data points shown. Pooled data from Zoezdnents, wildtype (n=4) and

Dclrelc®™ mice (n=6).

Supplementary Figure 7. CTLA4-Ig treatment prevents immune pathology in
Dclreld® mice. Dclrelc®™ mice and littermate controls (Ctrl) were followeg for a
longitudinal study with or without CTLA4-Ig treatme(25mg/kg) every two weeks starting

at 8 weeks old. Mice were evaluated at 40 weeks REpresentative picture of gA)



untreated control mousgB) control mouse after CTLA4-lIg treatmen{C) untreated

Dclrelc® mouse, andD) Dclrelcd®™ mouse after CTLA4-Ig treatment.

Supplementary Figure 8. CTLA4-Ig treatment decreased total CD4" T cels in
Dclreld® mice and the overall inflammatory cytokine environment. Dclrelc'® mice
and littermate controls (Ctrl) received CTLA4-Ig5(8g/kg) every two weeks starting at 8
weeks old. Mice were evaluated at 40 weeks oldtierimmune cell compartment in the
lymph nodes(A) Percentage of total CDA cells.(B) Percentage of Treg from total CD%
cells. (C) Ki67" cells and(D) CD69" cells from total CD4 T cells. Median and individual
data points shown(A to D) representative data of 2 experiments, untreatedralomice
(n=from 5 to 10) and untreatedclreld®™¥ mice (n=9), CTLA4-Ig treated control mice

(n=11) and CTLA4-Ig treateBclrelc ™ mice (n=from 7 to 11).
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