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Abstract: IKZF1/IKAROS is a key transcription factor of lymphocyte development expressed
throughout hematopoiesis. Heterozygous germline IKZFI haplo-insufficient (IKZFI"") and
dominant negative (IKZFI°™) variants in humans cause B-cell immune deficiency and combined
immunodeficiency. Herein, we identified new heterozygous IKZF[ variants (R183C/H) located in
the DNA binding domain in 8 individuals with inflammatory, autoimmune, allergic symptoms and
abnormal plasma-cell (PC) proliferation. Leukocytes of patients exhibited specific defects
including impaired IL-2 production by T cells, T helper (Th) skewing toward Th2, low numbers
of regulatory T cells (Treg), eosinophilia and abnormal PC proliferation. In contrast to IKZF1™
and IKZF 1PN, IKZF1}'®%C proteins showed increased DNA binding associated with increased
gene expression of Th2 and PC differentiation, thus demonstrating that JKZFI*'*"C behave as
gain-of-function (GOF) alleles. In vitro, lenalidomide, known to degrade IKZF1 corrected Th2
and PC abnormalities caused by IKZF1*'®"C These data extend the spectrum of pathological
mechanisms associated with /KZF'I deficiencies and highlight the role of IKZF1 in late lymphoid
differentiation stages.

One Sentence Summary: Immune dysregulation caused by /KZF'] gain-of-function variants



Main Text:
INTRODUCTION

IKAROS encoded by /IKZF1 is a master transcription factor of lymphocyte development
and hematopoiesis and has the role of a tumor suppressor gene (/, 2). IKZF1/IKAROS contains a
DNA-binding domain consisting of 4 Zinc fingers (ZFs). It is mainly involved in repression of
gene expression through binding to DNA at the pericentromeric heterochromatin (PC-HC) regions
and by interacting with the polycomb repressive and the nucleosome remodeling and deacetylase
complexes (2). Studies in mouse have revealed that Ikaros has critical roles at many stages of
hematopoiesis likely through its ability to interact and regulate hundreds of genes having the core
consensus sequence GGGAA in their promoter (3). Several mouse models of Ikaros/Ikzfl
deficiency including mice carrying null (Ikzf1™"), DN (Ikzf1®™) and missense (Ikzf1"""'®)
variants have been reported with different abnormalities and severity affecting the hematopoiesis
of lymphoid, myeloid and/or erythroid lineages including occurrence of malignant
lymphoproliferations (7, 4, 5). In humans, somatic and constitutive LOF or HI genetic alterations
in IKZF'I are associated with a high risk of leukemia (6, 7). Recently, we and others identified
immunodeficient patients carrying heterozygous germline HI or DN variants in /KZF1, hereafter
denoted as IKZFI'"" and IKZF I°N respectively (8—10). Patients with IKZFI™ are characterized by
progressive B-cell deficiency, autoimmune disease (in~20%) and B-cell precursor acute
lymphoblastic leukemia (BCP-ALL) (in ~10%). Patients with IKZF "™ develop more severe and
early-onset manifestations consisting B, T and myeloid cell defects, abnormal erythroid
hematopoiesis and occurrence of T-cell ALL (in ~10%). All patients had severe bacterial and viral
infections including pneumonia with Prneumocytis jirovecii. More recently, variants causing
haploinsufficiency of the dimerization domain (denoted IKZF°") have been reported in patients
with hematocytopenia and malignancies (/7). In the present study, we report new germline
heterozygous genetic variants in /KZFI that behave functionally as gain-of-function (GOF)
causing a novel disease entity mostly characterized by immune dysregulation symptoms. Our
results show that tight regulation of IKZF1 is required for Th, Treg and PC differentiation.

RESULTS
Identification of novel heterozygous variants in /KZF1

Whole-exome sequencing (WES) was performed in four unrelated families presenting with
multiple autoimmune, allergic and lymphoproliferative manifestations and infections, including
two with apparent autosomal dominant inheritance (Fig. 1A and Table 1). Of note, patient A1 was
previously reported in a large cohort of patients with Evans syndrome (/2). Lymphoproliferative
disease was noticed in four patients (from three families) corresponding to polyclonal plasma cell
(PC) proliferation. Histopathological analysis of lymph nodes from B1 and her daughter (B2)
indicated Rosai-Dorfman disease and follicular hyperplasia, respectively, with the remarkable
infiltration of the PCs expressing IgG4 (Fig. 1B). Extensive IgG4+ PC infiltration with elevated
serum IgG4 levels was also confirmed in lymph nodes, intestine and bile duct from C1, meeting
the diagnosis of IgG4-related disease (table S1). Polyclonal PC proliferation was observed in the
bone marrow from D1 (data not shown). WES identified two heterozygous /KZFI missense
variants g.7:50382665C>T (¢.548G>A, p.R183H) and g.7:50382666G>A (¢.547C>T, p.R183C)
in families A, B and C and family D, respectively. In family A and C, the variant was not present
in the parents, suggesting de novo occurrences of the variant in the patients. R183H/C variants are



not reported in the gnomAD, ExAC,1000 Genomes Project databases and the exome data base of
our Institute (17,325 exomes). No other variants were found in genes associated with
immunodeficiency or immune dysregulation (data not shown). The variant was also identified in
the asymptomatic 16 years old individual B3. He remains without symptoms possibly because of
his young age or incomplete penetrance as it was observed in individuals with IKZFI1"" or IKZF1°"
variants (8, 9, 11). Interestingly, clinical phenotypes associated with R183H/C variants appeared
to differ from those associated with previously described IKZF'] Hl IKZF 1PN or IKZF PP variants,
thus suggesting that /IKZF'1 RIBHC Variants behave differently (Fig. 1C). Various autoantibodies
were detectable in several IKZF19°" patients (Table 1). Four out five patients tested exhibited
abnormally elevated IgE levels (table S2). Notably, atopic and allergic diseases as well as PC
proliferation and infiltration have not been reported in patients with IKZF 1" IKZFI° or IKZF1°P
variants (n > 70) (8§—11).

IKZFI" and IKZFIPN variants have been associated with abrogated DNA-binding
activity and/or foci formation (8—10), while IKZFIP® variants impair dimerization, protein
stability and post-translational modifications (/7). IKZFI™ and IKZFI°™ variants are located
within the DNA-binding domain, the ZFs1-4, and affect critical amino acids for interaction with
DNA bases, coordination of zinc atom or maintenance of the finger structure (/3). The residue
R183 located within the ZF3 at position -8 relative to first zinc-coordinating histidine is highly
conserved among species (Fig. 1D and fig. S1A). Residues -1, -4 and -7, lying on the protein-DNA
interface are involved in H-bonds with DNA bases in the major groove (/4). According to known
3D structures of ZF arrays containing an arginine at the -8 position (fig. SI1B), R183 likely interacts
with DNA phosphate through a salt-bridge, rather than directly with DNA bases as residues -1, -4
and -7, especially because -7 is already occupied by an arginine, as in the mouse Znf568 ZF7. In
addition, H-bonds are also likely to occur between the side chain N atoms of R183 and the main
chain oxygen atom of amino acids within the linker joining the ZF3 to the preceding ZF2, as
observed for the ZF10 and ZF12 of PRDM9 (Fig. 1E and fig. S1C) (/5). Hence, R183 seems be
critical to restrict the flexibility of the ZF3 and replacement to C or H (or any other amino acid)
may thus release this constraint and improve the adaptability and the global affinity of the ZF3.
Taken together, therefore, these observations prompted us to examine the possibility that the
R183H/C variants behave differently than previously reported /KZFI variants, causing a novel
immune dysregulation associated with inflammation, autoimmunity, and allergy symptoms and
PC proliferation.

Increased DNA binding and gene regulation of IKZF1*'*"C variants

R183H/C variants (IKZF1*'*"C) were first evaluated in transient expression experiments
in HEK-293T and NIH-3T3 cells (8—70). Both IKZF1?*'"**" and IKZF1*'*“ had similar protein
expression levels in the nuclear fraction to those of the wild-type IKZF1 (IKZF1“") and two
variants IKZF1*'**? and IKZF 1" known as haploinsufficient (IKZF1'") (8, 9) and dominant-
negative (IKZF1°™) (10) variants, respectively (Fig. 2A). Confocal microscopy analysis showed
that IKZF1?'WC Jike IKZF1V" exhibited nuclear punctate staining pattern with foci (Fig. 2B),
whereas IKZF1N"*% and IKZF 1*'*? displayed abnormal diffuse nuclear localization as previously
described (8—10). Similar results were obtained by analyzing T cells from A1 and B2 that were
activated with anti-CD3/CD28-coated beads (fig. S2A). When co-expressed with IKZF1V",
IKZF1¥*%C mutants dimerized and formed multi-protein complexes similarly as IKZF1N**® and
IKZF1?%Q (fig. S2B). These findings indicate that R183H/C variants did neither result in
abnormal IKZF1 protein expression nor nuclear localization. Next, we directly assessed their



DNA-binding capacity by electrophoretic mobility shift assays (EMSA) performed with the IK-
bs4 and y-Sat8 DNA consensus probes for IKZF1 specific of PC-HC (Fig. 2, C and D). Like
IKZF1VT, IKZF1**3%C were able to bind to the probes, whereas IKZF 1Y% and IKZF1?'**? were
not. However, significantly more intense shifts (more than three-fold of magnitude) were obtained
with IKZF1®'®%C than with IKZF1™T suggesting that IKZF1*'"**"'C had enhanced binding to
DNA. Consistent with this increased binding to DNA, IKZF1*'®%C expression resulted in hyper-
repression of the HESI and MCLI promoter activities and the hyper-activation of the MSH?2
promoter activity (when compared to IKZF1""), which are known targets of IKZF1 (Fig. 2E) (16,
17). In contrast, expression of IKZFI1N'**® and IKZF1*'*? had no effect as expected for loss-of-
function variants. These data show that the properties of the R183H/C variants differ from that
previously ascribed to HI and DN variants suggesting that IKZF1*'"YC pehave as GOF variants
(hereafter also denoted IKZF19°).

R183H/C

Abnormal lymphopoiesis and hematopoiesis in patients with IKZF1 variants

In vivo consequences of IKZF19°F were further evaluated by analysis of peripheral blood

subsets in patients and compared to those of IKZF 1™ and IKZF 1PN patients. TkzfI™" mice and both
IKZF 1" and IKZF 1PN patients showed early B-cell developmental arrest leading to significantly
decreased B cells and hypogammaglobunemia (1, 8~10). In contrast, IKZF19°" patients showed
normal or slightly decreased B-cell counts associated with normal or elevated serum
immunoglobulin levels (Fig. 3A and table S2). However, all patients had low proportions of
plasmablasts (fig. S3A). Analysis of T lymphocytes showed a strong increase of CD4/CDS ratio
in two IKZF19°F patients, consistent with the limitation of autocrine IL-2 production by Ikzfl
shown in mouse CD8" T cells (fig. S3B) (/8). Furthermore, T cells were strongly skewed to
terminally differentiated memory phenotypes with increased proportions of CD4" effector
memory, CD8'CD57" senescent and exhausted T cells (CDS" Temra) (Fig. 3A and fig. S3B). NK
cell and eosinophil counts as well as hemoglobin levels were elevated, while NK cells and mDCs
were in the normal ranges. These parameters displayed the opposite pattern in IKZFI™ and
IKZFIN patients (Fig. 3A and fig. S3C). Of note, the asymptomatic individual B3 also showed
immunological and hematological abnormalities. Altogether, these observations are suggestive of
perturbed lymphopoiesis and hematopoiesis in IKZFI1°°" patients, but differently than in patients
with IKZFI°N or IKZF 1™ and consistent with a hyperactivity of the IKZF19°F proteins. They are
also in favor of a role of /KZFI in late T/B-cell differentiation.

Impaired IL-2 production and Th1/Th2 unbalance with IKZFI®"**"'C variants

Functions of T cells from IKZF19%F (IKZFI?'®"C) patients were further analyzed and
compared with T cells of patients with JKZF 1" (IKZF 1} V) (19) and IKZF1°N (IKZF IN'") (10)
variants. First, IKZF1*'®"_expressing T cells showed comparable proliferation in response to CD3
stimulation despite a high frequency of terminally differentiated effector memory T cells in several
patients (fig. S4, A and B), which are known to have a decreased capacity to proliferate (20). In
contrast, IKZF1N"*T-expressing T cells exhibited decreased proliferation as previously reported
(10). We next evaluated whether IKZF19°F could influence IL-2 production and Thl/2
differentiation since murine Ikzf1 was shown to repress //2 and 7bx21/T-bet gene expression (21—
23). CD4" T-cell blasts of IKZF19°F patients exhibited a marked decrease of IL-2 production after
phorbol myristate acetate (PMA) and ionomycin stimulation when compared to control IKZFI™'
T cells (Fig. 3, B and D). In contrast, JKZFI"™ and IKZFI°N patients showed increased IL-2



production, that was even more pronounced in JKZFI°™ T cells. We also analyzed production of
IFN-y and IL-4 by activated CD4" T cells (Fig. 3, C and D). IKZF19°F CD4" T-cell blasts displayed
decreased IFN-y and increased IL-4 expression when compared to IKZFIV', IKZFI" and
IKZF 1PN cells. As previously reported, both IFN-y and IL-4 were less expressed in IKZF 1N CD4"
T cells, likely due to the strong reduction of memory T cells and impaired T-cell memory
differentiation that is associated with IKZFI®" variants (/0). Similar decreased IFN-y and
increased IL-4 production were also observed with fresh IKZF1}'**“-expressing CD4" T cells (fig.
S4C). To better characterize these abnormalities in Th1/Th2 differentiation, we examined the
expression of the master transcription regulators 7BX21/T-bet, and GATA3 and MAF involved in
Th1 and Th2 lineage commitments, respectively (Fig. 3E). mRNA expression levels of 7BX21/T-
bet were found to be increased in purified CD4" T-cell blasts from IKZF 1" and IKZFI°N patients
and decreased from IKZF19°F patients. Conversely, higher GATA3 and MAF mRNA levels were
observed in IKZF19°" CD4 T cells. These results were consistent with the results of cytokine
productions and murine studies.

To further demonstrate the effect of the /KZF'] variants in IL-2 production and Th1/Th2
differentiation, purified CD4" naive T cells from healthy controls were infected with lentiviral
vector-encoding IKZFIM®H  IKZFIM®C IKZFIM? (KzF1'™), IKZFINP* (IKZF1PY),
IKZF1Y" or an empty vector. Cells expressing similar levels of the different variants were then
cultured with anti-CD3 mAb-coated plates for 7 days, and IL-2, IL-4, IFN-y and TBX21/T-bet
expression was measured after stimulation with PMA and ionomycin (Fig. 4A). IKZF1" and
IKZF1PY induced the highest proportion of cells expressing IL-2 and IFN-y (Fig. 4B), and the
highest levels of TBX21/T-bet mRNA (Fig. 4C). On the other hand, IL-4 expression was
significantly increased by IKZF1®'®¢ and IKZF1M®" whereas these variants significantly
reduced IL-2 and [FN-y expression and 7BX21/T-bet levels. As expected, lenalidomide that causes
the degradation of IKZF1, increased the proportion of IL-2 and IFN-y positive cells and decreased
IL-4 positive cells to a similar extent with all IKZF1 variants and wild-type IKZF1. Therefore,
these results indicate that expression of IKZF1*'"*"C results in a strong skewing towards Th2
differentiation in contrast to the other IKZF1'"' and IKZF1°N variants.

Impaired Treg differentiation with IKZFI®"**"'C variants

IL-2 plays an important role in the development, long-term survival and suppressor
function of Treg, while follicular helper T cell (Tfh) differentiation can be negatively regulated by
IL-2 signaling (24, 25). Because IL-2 production was impaired in IKZF19°" expressing T cells,
we evaluated Treg and Tfh in IKZF19°" patients that were compared with JKZFI™ and IKZF 1™
patients. CD4 FOXP3"™ T cells are divided in three subpopulations: CD45RA'FOXP3"",
CD45RAFOXP3"" and CD45RAFOXP3"" corresponding to naive Treg, effector Treg and non-
Treg/follicular regulatory T cells (Tfr), respectively (26) (Fig. 5A). The patient with IKZFI™
(IKZFI?'"*Y) showed normal CD4FOXP3" frequency with comparable fractions, whereas
effector Treg and non-Treg/Tfr frequency was reduced in the IKZF1°N (IKZF 1IN patient, likely
due to reduction of CD45RA™ T cells as previously shown (10). However, in IKZF19°F patients,
the frequency of CD4 FOXP3" cells were markedly decreased, and effector Treg were virtually
absent. Consistent with a central role of defective IL-2 production in the decrease of Treg in
IKZF19°F patients, Treg normally differentiated in presence of IL-2 from CD4 " naive T cells from
patient A1 (Fig. SB). While circulating Tfh frequencies corresponding to CD4 CD45RA CXCR5"
T cells were decreased in IKZFI'™ and IKZFI°N patients, Al and B2 exhibited significantly
increased Tfh (Fig. 5C). However, among them circulating CD45RA'FOXP3" Tfr were



comparable in each patient. Therefore, these results suggest that in IKZF19°F patients Treg
differentiation is compromised as the result of impaired IL-2 production.

Abnormal plasma-cell differentiation with IKZF1?'*"C variants

Lastly, we examined the effect of IKZF19°" on PC differentiation as half of the patients

exhibited abnormal PC proliferation and accumulation in tissues. Although a direct role of IKZF1
on PC differentiation has not been described, lenalidomide was shown to inhibit the generation of
PCs in association with decreased IRF4 expression (27). We analyzed B-cell differentiation into
pre-plasmablasts, plasmablasts and PCs from purified circulating memory B cells of the patients
with IKZF19°. In patients with IKZF 1" or IKZFI™, circulating memory B cells were too scarce
to assess their differentiation. Counts of PCs differentiated from memory B cells of IKZF19°F
patients were significantly higher than those from IKZFI™" memory B cells (Fig. 6, A and B) and
correlated with increased expression of IRF4 (Fig. 6C). Since IRF4 is a known target of IKZF1 in
human and has an important role in PC differentiation (28, 29), these findings suggest that
IKZF19°F enhanced PC differentiation and proliferation through at least IRF4 deregulation.

The fact that patients expressing IKZF1}'®™ developed abnormal PC proliferation might
suggest a role of IKZF1 in multiple myeloma (MM). To explore this possibility, we reviewed
IKZF'I somatic variants in public and published available genetic data banks of BCP-ALL and
MM. Data from several cohorts of a total 2,959 patients with BCP-ALL including Philadelphia-
positive BCP-ALL and several cohorts of a total 1,838 patients with MM were analyzed (30-33)
(Fig. 6D). We observed significantly increased frequencies of /KZF'I variants in BCP-ALL (3.1%,
91/2,959) compared with MM (0.4%, 8/1,838) (P = 4.0 x 10'°) (Fig. 6E and table S3). Among
those, 34 variants found in BCP-ALL were nonsense or frameshift variants, whereas none of these
were identified in MM. Of note, several variants (C150R, N159S, R162W and H167R), described
in patients with IKZF 1" or IKZF1°N (8, 9, 19), were found in BCP-ALL. Importantly, the R183C
variant was only found in MM, highlighting its role in PC proliferation. These findings are
consistent with the fact that IKZF1 acts as a tumor suppressor of BCP-ALL, while IKZF1-IRF4-
c-Myc axis is involved in PC proliferation and MM (34).

DISCUSSION

We herein report 8 individuals harboring heterozygous IKZF I} or IKZFI*'®¢ variants
associated with GOF effects. The clinical phenotypes and pathophysiology associated with
IKZFIMWC differ from those of previously reported patients with IKZFI1" IKZFI°™ and
IKZFIP® and should therefore considered as a novel IKAROS-associated disease entity. This
novel condition is characterized by immune dysregulation manifestations including inflammation,
autoimmunity, atopy and polyclonal PC proliferation.

Our identification of IKZF19°" variants highlight the involvement of IKZF1 at the later
stage of lymphoid development, Th1/2 differentiation and PC differentiation (Fig. S5). We showed
that IKZF19°F are associated with decreased Th1 and increased Th2 differentiation, while IKZF1™
exhibit the opposite pattern and IKZF1PN is associated with overall defective Th differentiation.
Since TkzfI™" mice display reduced numbers of thymocytes and no B cells, prior studies mainly
focused on the role of Ikzfl in early lymphopoiesis and lymphocyte development stages (2).
However, recent studies have also suggested a role of Ikzfl at later stages of lymphocyte
differentiation (21, 22, 35). In particular, one study showed that absence of Ikzfl resulted in
impaired Th2 differentiation associated with defective repression of 7bx2] expression and



activation of Maf and Gata3 expression (21) consistent with our observations in humans with
IKZFI™ and IKZFIPN. In addition to the direct binding of Ikzfl to the Thx2/ promoter (22),
regulation of Ifng or /2 expression by Ikzfl likely participates to the repression of Thl
differentiation, thus contributing to Th2 differentiation (36). In agreement with this study, Th2
polarizing conditions resulted in increased IFN-y expression in a conditional /kzf1 knockout mouse
model (35). Conversely, we showed that IKZF 1" (IKZF19°") (in patients or when ectopically
expressed in normal T cells) led to reduced IL-2, IFN-y and 7BX21 and increased 1L-4, GATA3,
MAF expression. Thus, our observations in human are fully concordant with mice studies.
Together, both support a direct role of IKZF1 in Th differentiation through repression and
activation of Thl and Th2 differentiation programs, respectively. Conjunction of increased Th2
differentiation with increased eosinophils, Tth and/or hyper IgE very likely contributes to the
development of allergic manifestations in the patients.

The observations of PC proliferation in 4/8 (50%) patients with IKZF'] RISIHC suggest that
IKZF1 is directly involved in PC differentiation and/or maintenance, likely through the increased
expression of IRF4, although other genes related to PC differentiation such as Blimp-1/PRDM]1 or
BCL6 might be involved. In ZkzfI™" mice, the severe block of early B-cell development did not
allow the evaluation of Ikzfl in PC differentiation. However, there is some indirect evidence of
IKZF1 involvement in PC proliferation and differentiation in human. IKZF1/IKZF3 (AIOLOS)-
IRF4-c-Myc axis has been found to be essential for MM cells (34), and lenalidomide, which causes
the degradation of IKZF1/IKZF3, is used to treat patients with MM (28, 29). A previous report
showed that long-term lenalidomide treatment did not affect PC counts supporting a role of IKZF1
in PC differentiation rather than the survival or maintenance of PCs (27). Importantly, by
reviewing [KZF] somatic variants in patients with MM, we identified several MM with
heterozygous variants in JKZF 1 including one IKZFI*'®¢, data consistent with its critical role in
PC proliferation and differentiation. However, none of the patients with germline IKZF®'#%¢
have developed MM until now. Additional genetic somatic events may be required to transform
benign PC proliferation to MM. Interestingly, most of PCs obtained by biopsies expressed 1gG4,
clinically consistent with IgG4-related disease. Furthermore, although we could evaluate in only
1 patient, antibodies to Streptococcus pneumoniae, of which IgG2 was the most effective subclass,
were absent that could suggest IgG2 class-switch impairment for the benefit of IgG4.
Immunoglobulin class switching is controlled by specific cytokines, among which the Th2
cytokine, IL-4 has a central role in IgG4 and IgE class switching (37). Thus, Th skewing towards
Th2 by IKZF1°°F likely participates to increased PC IgG4+ and enhanced IgG4 and IgE in
patients.

Interestingly, both IKZFI™, IKZFI°® and IKZFI9°" variants are associated with
autoimmune diseases although they have opposite functional consequences. In patients with
IKZFI", autoimmune diseases include cytopenia, systemic lupus erythematosus (SLE),
antiphospholipid syndrome and myasthenia gravis (9, 38, 39), in those with IKZF ", autoimmune
hemolytic anemia and thrombocytopenia were prevalent. With the exception of cytopenia, patients
with IKZF19°F developed different autoimmune diseases including type 1 diabetes mellitus,
enteritis, autoimmune hepatitis, Hashimoto thyroiditis, leucocytoclastic vasculitis, vitiligo, and
alopecia. Furthermore, in contrast to JKZFI"" patients and IKZF1°" who mostly had a single organ
autoimmune manifestation, JKZF1°°F patients often developed multiple autoimmune diseases.
Given their distinct functional consequences, autoimmunity associated with JKZF 1" and IKZF1°"
vs. IKZF19°F may result from different mechanisms, that are associated with inflammatory
symptoms such as colitis in several patients. In autoimmunity associated with IKZF1'"', the



following evidences suggest a central role of B cells : i) IKZFI'"' and IKZFI°® patients are mostly
characterized by B-cell defects, while T cells are not or minimally affected ii) although IKZFI™
and IKZFI°® patients developed progressive hypogammaglobulinemia with B-cell deficiency,
most of them did not yet exhibit severe hypogammaglobulinemia at the onset of the autoimmune
manifestations (9, 38, 39) iil) autoimmune symptoms are ameliorated after development of
hypogammaglobulinemia in several IKZFI"" and IKZFI patients (9, 10) and are successfully
treated by the depletion of B cells with rituximab (40). Finally, in mouse lkzfl prevents
autoimmunity by controlling anergy and Toll-like receptor signaling in B cells (47). In contrast,
autoimmune diseases in IKZF1°F patients may rather involve T lymphocytes as patients exhibited
a profound defect in Treg, while Treg are normal in patients with JKZFI"™. In support to this
hypothesis, autoimmune diseases associated with ZKZF19°" share similar clinical features with
those found in inborn errors of immunity associated impaired Treg such as IPEX syndrome and
CTLA4 haploinsufficiency (42). IKZF19°F caused hyper-repression of IL-2, which may contribute
to the decreased numbers of Treg and thereby autoimmunity in patients. Decreased Treg associated
with various autoimmune diseases are indeed also observed in patients with impaired IL-2
signaling, such as IL-2Rf} deficiency, CD25 deficiency and STATSb deficiency (42).

Interestingly, IKZF1-degrading immunomodulatory drugs such as lenalidomide that is
currently used in the treatment of MM (28, 29) may be a suitable therapeutic option to treat PC
proliferations, autoimmune and allergic symptoms in patients with IKZF19°F, as we showed that
addition of lenalidomide in vitro blocked abnormal functions of JKZF19°" variants.

MATERIALS AND METHODS

Study design

The objective of this study was to characterize molecularly and functionally new genetic variants
in /IKZF1 found by whole exome sequencing in 8 patients and to provide evidence that these
variants are causal of their disease. The effect of these new IKZF1 mutants was compared to
previous reported variants, including comparison with samples of patients carrying these
previously reported variants. Blood aged samples from healthy individuals were used as controls.
All clinical data have reviewed independently at least by two physicians including one involved
in the follow-up of the patient. Recombinant IKZF1 proteins produced in HEK-293T were used to
determine the consequences of the mutations on protein expression, nuclear localization, binding
to DNA by EMSA and promoter activity using luciferase reporter gene assays. Functional assays
in cells include analysis of gene expression by qPCR, cytokines production, proliferation and
membrane markers analyzed by flow cytometry. Assays were performed with cells of patients. and
some findings were confirmed in normal cells in which IKZF1 mutants were ectopically expressed
using lentiviral vectors. Our study also includes the review of whole exome sequencing public data
bases for [KZF Ivariants. All data presented are representative of data collected during this study.
Experimental replication and identification of patients tested are indicated in the figures and
legends.

Study approval and human samples

This study was conducted in accordance with the Helsinki Declaration and local legislation and
ethical guidelines and has been approved by the France II Comité de Protection des Personnes de
I’'Ile de the French advisory committee. Informed consent was obtained from patients or their
parents. Blood from health donors was obtained under approved protocols. Patients with JKZF 1™
(R162Q, R162W, C147R) and IKZFI°N (N159S, N159T) variants for which blood samples have



been used in this study have been described elsewhere'®'’

IKZF 1Y that was identified in our hospital.

, excepted for the patient carrier of

Genetic analysis and bioinformatics

WES and data analysis were performed in the probands and their parents from genomic DNA from
whole blood. Exome capture was carried out with an exome enrichment kit (TruSeq; Illumina),
and massively parallel sequencing was performed with a HiSeq2500 sequencing syatem (Illumina)
with 100-bp paired-end reads. Data were processed with an in house-constructed analysis pipeline,
which aligned the reads by using the BWA31, counted variant allele numbers by using SAMtools,
and annotated genes by using ANNOVAR33. Sanger sequencing was performed to validate the
results. Other family members were tested by Sanger sequencing.

Cell culture and expansion of T-cell blasts

Ficoll-isolated PBMCs were cultured in RPMI 1640 supplemented with 10% fetal bovine serum
(FBS) and penicillin/streptomycin. HEK-293T and NIH-3T3 cells (American Type Culture
Collection) were cultured in DMEM supplemented with 10% FBS and penicillin/streptomycin.
Expansion of T-cell blasts were obtained by incubating PBMCs for 72 hours with PHA (2.5
pg/mL; Sigma-Aldrich) in Panserin 401 supplemented with 5% human male AB serum, and then
with IL-2 (100 IU/mL, R&D Systems).

Plasmid constructs and lentiviral gene transfer

Human wild-type IKZF1 cDNA was synthesized and subcloned into mammalian expression vector
pcDNA3.1 (Invitrogen), pCMV3-HA or pFLAG-CMV2 (Origene). The plasmids containing
different mutants of /KZFI were generated by mutagenesis using the QS5 Site-Directed
Mutagenesis Kit (New England BioLabs) and verified by sequencing. cDNAs were inserted into
a bicistronic lentiviral expression vector, pLVX-eF1a-IRES-mCherry (Clontech). HEK-293T cells
were co-transfected with the lentiviral vector containing /KZF1 with third-generation lentiviral
plasmids containing Gag-Pol, Rev, and the G protein of the vesicular stomatitis virus. Supernatants
containing virus particles were collected 72 h after transfection, and were concentrated by
centrifugation. T cells were infected at day 1 of anti-CD3/CD28 beads stimulation with viral
particles.

Immunoblotting

The plasmids containing WT or mutant /KZF 1 genes were transfected into HEK-293T cells with
Lipofectamine 2000 (Thermo Fisher Scientific) according to the manufacturer’s instructions. Cells
were harvested 48 h post-transfection. The cytosolic proteins were extracted with cell membrane
lysis buffer (10 mM HEPES, pH 7.9, 1.5 mM MgCl,, 10 mM KClI, 0.1% NP40, protease inhibitor
cocktail). Then, nuclei were pelleted and resuspended in nuclear lysis buffer (20 mM HEPES, pH
7.9, 25% glycerol, 420 mM NaCl, 1.5 mM MgCl,, 0.2 mM EDTA, protease inhibitor cocktail) to
obtain the nuclear protein extracts. Total cell lysates were obtained with TNE buffer (10 mM Tris,
pH 7.8, 150 mM NaCl, 1 mM EDTA, 1% NP-40, protease inhibitor cocktail). Proteins were
analyzed by standard SDS-PAGE and western blotting with the following antibodies: anti-IKZF1
(ab191394, Abcam), anti-ACTIN (A2066, Sigma), anti-PCNA (2586, Cell Signaling Technology)
and anti-KUS80 antibody (2753, Cell Signaling Technology).

Electrophoresis mobility shift assay



2-6 g nuclear protein extracts were incubated for 30 min at room temperature in HGDE buffer
(20 mM HEPES, pH 7.9, 0.2 mM EDTA, 20% glycerol, 100 mM KCIl, 1 mM DTT) with 1 pg
poly(dl:dC), 1 ug bovine serum albumin, and 10 uM ZnCl,, and then DY 682 Infra-red dye-labeled
double-strand probes were added. Samples were incubated for 25 min at room temperature. DNA-
protein complexes were separated on 6% acrylamide gels with 0.5X TBE buffer. Gels were
analyzed using an Odyssey CLx infrared scanner (Li-Cor). Anti- IKZF1 antibody (ab191394,
Abcam) was used for the EMSA supershift assay. The sequence for probes were as follows:y-Sat8

(forward: 5’-GCGAGACCGCAGGGAATGCTGGGAGCCTCCC-37; reverse: 5°-
GGGAGGCTCCCAGCATTCCCTGCGGTCTCGC-3%); IK-bs4 (forward: 5’-
TGACAGGGAATACACATTCCCAAAAGC-3’; reverse: 5’-

GCTTTTGGGAATGTGTATTCCCTGTCA-3’).

Immunoprecipitation

HEK-293T cells were co-transfected with pFLAG-CMV2-IKZF1 (WT) and pCMV3-HA-IKZF1
(WT or mutants) using Lipofectamine 2000. Cells were lysed in TNE buffer 24 h after transfection.
Proteins were immunoprecipitated with Protein G-Sepharose 4 Fast Flow (GE Healthcare) and
mouse anti-FLAG antibody (F3165, Sigma). Proteins were eluted by elusion buffer (50 mM
glycine, pH 2.8) and separated by standard SDS-PAGE. Then western blot analysis was performed
using the rabbit anti-HA antibody (H6908, Sigma).

Confocal microscopic analysis

Immunofluorescence staining was performed using NIH-3T3 cells or T cells. The plasmids
containing /KZF' I cDNAs were transfected into NIH-3T3 cells on coverslips using Lipofectamine
2000, 48h prior to staining. T cells were stimulated with anti-CD3/CD28 activating Dynabeads
(LifeTechnologies) for 24 h. Cells were fixed in 4% paraformaldehyde for 10 min, permeabilized
with 0.1% Triton X-100 for 15 min, and incubated with anti-IKZF1 antibody (ab191394, Abcam).
Alexa Flour 488-conjugated goat anti-rabbit IgG antibody (Invitrogen) were used as secondary
antibodies. Cell nuclei were stained with 49-6-Diamidino-2-phenylindole. Images were acquired
with a Leica SP8 STED confocal microscope (Leica Microsystems).

Luciferase reporter assay

HEK-293T cells were co-transfected with pcDNA3.1-IKZF1 (WT or mutants), pGL3 firefly
luciferase reporter vector driven by the HES1(-872 to +299 bp), MCL1(-732 to +236 bp) or MSH?2
(-86 to +502 bp) promoters, and pRL-TK (Promega) using Lipofectamine 2000 24h before
measurement of luciferase activity that was measured in triplicate using a Dual-Luciferase
Reporter Assay System (Promega) and a multilabel reader (VICTO X4; PerkinElmer) according
to the manufacturer’s instructions.

Flow cytometry

For lymphocyte phenotyping, the following mAbs were used to stain the cell surface: anti-CD3
(SK7), anti-CD4 (RPA-T4), anti-CD8 (RPA-TS), anti-CD19 (SJ25C1), anti-CD20 (L27), anti-
CD27 (LG.3A10), anti-CD38 (HIT2), anti-CD138 (MI15), anti-CD197/CCR7 (3D12), HLA-DR
(G46-6) (BD Biosciences); anti-CD21 (BL13), anti-CD45RA (ALBI11), anti-IgD (IA6-2)
(Beckman Coulter); anti-CD11c (clone 3.9), anti-CD25 (BC96), anti-CD31 (WMS59), anti-CD56
(HCD56) (Sony Biotechnology); anti-CD45RO (UCHLI1) (Dako); anti-CD14 (HCD14), anti-
CD16 (3G8), anti-CD57 (NK.1), anti-CD185/CCRS (J252D4) (BioLegend); anti-CD20 (LT20),



anti-CD38 (IB6), anti-CD45 (5B1), anti-CD123 (AC145) (Miltenyi Biotec). For intracellular
staining, cells were fixed and permeabilized with a FOXP3 staining kit (eBioscience) after surface
staining, and stained with the following mAbs: anti-FOXP3 (259D/C7) (BD Pharmingen); anti-
IRF4 (3E4) (eBioscience). Stained cells were analyzed with the BD LSRII-Fortessa (BD
Biosciences), and data were processed with FlowJo software (Tree Star).

Proliferation assays

PBMCs were labeled with cell trace violet dye (1 pM; Invitrogen) for 20 minutes at 37°C, and
stimulated for 3 days with anti-CD3 mAb-coated plates (clone OKT3; eBioscience). IL-2 (100
IU/mL) or lenalidomide (10 uM; Sigma) were added. Then cells were stained for CD4, CD8 and
CD25 and analyzed by means of flow cytometry.

Cytokine expression

CD4+ naive T cells (CD4 ' CD45RA") were isolated from PBMCs by cell sorting using an SH800
cell sorter (SONY). Cells were transfected with lentiviral particles carrying IKZF1 (WT or
mutant)-IRES-mCherry plasmid, and mCherry" cells were sorted by 3 days after infection. The
purity of CD4"CD45RA™ T cells and mCherry’ T cells were >98% and >96%, respectively, as
assessed by flow cytometry. Cells were cultured with anti-CD3 mAb-coated plates for total 7 days.
Those cells or day-7 T-cell blasts were used for cytokine expression. T cells were re-stimulated
with PMA (100 ng/mL; Sigma-Aldrich) and ionomycin (1 pg/mL; Sigma-Aldrich) for 6 h or
overnight at 37°Cin the presence of brefeldin A. Cells were fixed and permeabilized with the BD
Cytofix/Cytoperm Plus kit (BD Pharmingen) after surface staining, and stained with the following
mAbs: anti-IL-2  (MQI-17H12), anti-IFN-y (4S.B3) (BioLegend); anti-IL-4 (8D4-8)
(eBioscience).

Gene expression analysis

Total RNA was extracted using a Pure Link RNA Mini kit (Thermo Fisher Scientific) and cDNA
was generated by a first-strand synthesis system (SuperScript II; Thermo Fisher Scientific). Real-
time quantitative PCR was performed using a real-time PCR system (ViiA 7; Thermo Fisher
Scientific) and an assay-on-demand Tagman probe and primers (Hs00894392 for TBX21,
Hs00231122 for GATA3, Hs00193519 for MAF and Hs99999905 for GAPDH; Applied
Biosystems), according to the manufacturer’s instructions. Relative expression levels were
normalized to GAPDH and analyzed by the AAC; method.

Treg and PC differentiation assays

CD4" Naive T cells (CD4 CD45RA'CCR7°CD25") or memory B cells (CD19'CD27") were
isolated by cell sorting from PBMCs. The purities of CD4 CD45RA'CCR7'CD25 T cells or
CD19'CD27" B cells were >97% and >98% respectively. CD4 CD45RA'CCR7 CD25 cells were
cultured with anti-CD3 mAb-coated plates (10 pg/mL), anti-CD28 mAb (1 u g/mL; BD
Pharmingen) and TGF- 8 1 (5 ng/mL; peprotech) in the presence or absence of IL-2 (100 IU/mL).
At day 6, cells were stained for FOXP3 and analyzed by means of flow cytometry. As previously
described (27), CD19°CD27" cells were cultured with CpG (10 pg/mL; Sigma-Aldrich), CD40
ligand (50 ng/mL; R&D Systems), IL-2 (20 IU/mL), IL-10 (50 ng/mL; R&D Systems) and IL-15
(10 ng/mL; R&D Systems) for 4 days, IL-2 (20 IU/mL), IL-6 (50 ng/mL; R&D Systems), IL-10
(50 ng/mL) and IL-15 (10 ng/mL) for 3 days, and IL-6 (50 ng/mL), IL-15 (10 ng/mL) and IFN-a
(500 IU/mL; R&D Systems) for 3 days in the presence or absence of lenalidomide (10 uM). At



day 10, cells were stained for CD20, CD38, CD138 and IRF4 and analyzed by means of flow
cytometry.

Immunochemistry

Pathological analysis was performed on cervical lymph node tissue using conventional
hematoxylin and eosin staining. For immunohistochemical analysis, antibodies against 1gG4
(1:200; clone MRQ-44; Cell Marque, Rocklin, CA, USA) and MUMI1 (1:100; clone MUM1p;
Agilent Dako, Santa Clara, CA, USA) were used.

Statistics

All values were presented as mean = SD. Comparison between groups were analyzed with one-
way ANOVA with Dunnett’s post hoc multiple-comparisons test or Holm-Sidak multiple-
comparisons test, Mann-Whitney U test, or chi-square test using GraphPad Prism 8 software
(GraphPad). When P was less than 0.05, the differences were considered significant.
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Fig.1 Identification of heterozygous IKZFI1*'*" and IKZF1*'® variants
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(A) Pedigrees of 4 families with heterozygous IKZF I} or IKZFI®'*C variants. Non-affected,
affected and asymptomatic individuals in white, black and gray respectively. WT, wild-type allele
; Mut (in red), mutated allele. (B) Immunohistochemistry of lymph nodes from B1 (i-iv) and B2
(v,vi) showing lymphoid tissues without visible follicles and massive dilatation of sinuses (i) that
are densely packed with monohistiocytic cells and lymphocytic cells (i) with accumulation of
plasma cells stained with MUM1/IRF4 (ii1,v) and IgG4 (iv,vi). Scale bars for 500um in (i) and
100pm in (ii-vi). (C) Clinical manifestations in patients with IKZFI*'®WC [KkZF1™ IKZF 1PN or
IKZFIPP. Positive manifestations are shown in red. (D) IKZF1 protein structure and predicted
combined annotation dependent depletion (CADD) scores with R183H and R183C variants (red),
known missense IKZF 1" (blue), IKZF1° (yellow) and IKZF1°® (green) variants, and missense
variants reported in the gnomAD (gray). Circles correspond to minor allele frequencies (MAF).
(E) Model of the 3D structure of human IKZF1 ZF3, using as a template the 3D structure of Zfp568
ZF7 complexed with DNA (pdb 5V3J). Additional bonds may occur with main carbonyl atoms of
the chain linking ZF2 to ZF3, depending on the position of the R183 side chain.



Fig. 2. IKZF1*'®%C variants behave as gain-of-function
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(A) Immunoblots of IKZF1 nuclear and cytoplasm expression in HEK-293T cells transiently
expressing IKZF1V", IKZFI?'®H IKZF1M®C IKZFINP?S (IKZF1PY), IKZF1R'? (IKZF 1), or
empty vector. Anti-Actin and anti-PCNA as cytoplasm and nucleus loading control respectively.
(B) IKZF1 localization in NIH-3T3 cells transiently expressing IKZF1"" or same mutants as in
(A). Staining with anti-IKZF1 (red) and DAPI (blue) (left panel). IKZF1 foci counts from 100
cells for each condition (right panel). (C) EMSA with nuclear extracts from HEK-293T cells as in
(A). Immunoblot of IKZF1 expression (upper panel) and EMSA with IK-bs4 (middle panel) or y-
Sat8 (lower panel) probes. Anti-IKZF1 induced a supershift as control (WT+Ab). (D) Graphs of
EMSA quantifications. Relative intensities with IKZF1™" (6 pg) defined as 1. (E) Relative
luciferase activities of HES1, MCL1 or MSH?2 promoter constructs when co-transfected in HEK-
293T with IKZF1™" and same mutants as in (A) and compared to those with the empty vector.
Diagrams of cloned promoters with IKZF1 binding sites (left panel). In (D) and (E), data presented
as mean + SD of 3 independent experiments. Comparison between groups in (B), (D) and (E)
analyzed with one-way ANOVA with Dunnett’s post hoc multiple-comparisons test. *P < 0.05,
**P <0.01, ***P < 0.001.



Fig. 3. IKZF1°°F variants result in aberrant cytokine productions and Th differentiation
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(A) Graph bars showing frequencies of B cells ; effector memory T cells/Tgy ; terminally
differentiated effector memory T cells/Trmra, ; senescence T cells ; eosinophils and hemoglobin
levels in controls, IKZFI'™ (C147R, R162Q and R162W), IKZFI°N (N159S/T) and IKZF1°%F
(R183H/C) patients. (B) Histograms of IL-2 intracellular production by T-cell blasts stimulated
with PMA+ionomycin for 6 h gated on CD4" T cells of controls, IKZFI™ (R143W), IKZFI™™
(N159T) and IKZF19°F (A1, D1 and D2) patients. (C) Same as in (B) excepted that cells were
analyzed for IFN-y (left panel) or IL-4 (right panel) intracellular production after overnight
stimulation. (D) Graphs of frequencies of IL-2-positive cells and ratios of IFN-y/IL-4-positive cells
from (B, C). (E) Same as in (C) excepted that the mRNA expression of TBX21, GATA3 and MAF
was analyzed by qPCR. Data normalized on GAPDH mRNA expression. (A-D) Data from FACS
analyses. (B, C) Two independent experiments shown and numbers indicate the percentage of IL-
2, IFN-y- or IL-4-positive cells. In (A), (D) and (E), data presented as mean £ SD. Comparison
between groups analyzed with one-way ANOVA with Holm-Sidak multiple-comparisons test in
(A) and Mann-Whitney U test in (D) and (E). *P < 0.05, **P <0.01,***P < 0.001.



Fig. 4. Expression of IKZF1°°F inhibits IL-2 and induces Th2 skewing in T cells
(A-C) CD4" naive T cells from healthy controls were infected with lentiviral vector-encoding
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days in the presence or absence of lenalidomide (10 pM). (A) Expression of IKZF1 by western-
blot from lysates of mCherry " cells. KU80 was used as loading control. (B) Graphs of frequencies
of IL-2 (left panel), IFN-y (middle panel) or IL-4 (right panel) positive cells that were re-stimulated
with PMA plus ionomycin for 6 h (IL-2) or overnight (IFN-y or IL-4) and analyzed by intracellular
staining. Data from FACS analyses. (C) Same as in (B) excepted that the mRNA expression of
TBX21 was analyzed by qPCR. Data normalized on GAPDH mRNA expression. In (B) and (C),
bars are presented as mean £ SD from four independent experiments with one in which addition
of lenalidomide was not tested. Comparison between groups were analyzed with one-way ANOVA
with Holm-Sidak multiple-comparisons test. *P < 0.05, **P < 0.01,***P < 0.001.



Fig. 5. Reduced Treg and increased Tfh in IKZF1¢° patients
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(A) FACS analyses of %ated CD4" T cells showing naive Treg (CD45RA FOXP3'"), effector
Treg (CD45RAFOXP3"®") and non-Treg/Tfr (CD45RAFOXP3"") from PBMCs of controls
(Ctrl), one IKZFI™ (R143W) patient, one IKZFI°N (N159T) patient and IKZF19°F (A1, B1, B2,
B3, C1, D1 and D2) patients. Dot plots (upper panels) and graphs of the frequencies in CD4" T
cells (lower panel) from FACS analyses. (B) Analysis of in vitro Treg differentiation of
CD4"CD45RA"CCR7'CD25 T cells from controls and one IKZF19°F (A1) patient cultured with
anti-CD3 mAb-coated plate, anti-CD28 mAb and TGF-B1 in the presence or absence of IL-2 for
6 days. Graphs from FACS analyses showing frequencies of FOXP3" cells. (C) Graphs of
frequencies of CD45RA'CXCRS" Tth gated on CD4" T cells (left panel) and CD45RA FOXP3"
Tfr gated on Tth cells (right panel) from FACS analyses of PBMCs of patients. In (B) data from
two independent experiments including one in which the patient was tested with three controls. In
(A) to (C), bars are presented as mean + SD. Comparison between groups were analyzed with
Mann-Whitney U test in (A) and one-way ANOVA with Holm-Sidak multiple-comparisons test
in (C). *P <0.05, ***P < 0.001.



Fig. 6. Increased generation of plasma cells (PCs) and multiple myeloma associated with
IKZF1¢°F
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(A) PC differentiation of CD19°CD27" memory B cells from controls (Ctrl) or IKZF 1 GOF patients
(A1, D2 and D3) in the presence or absence of lenalidomide. FACS analyses of gated CD20 cells
showing CD38 CD138" plasma cells. Numbers correspond to percentage of CD38'CD138" cells
in the gates. (B) Relative counts of pre-plasmablasts (CD20"CD38 CD138"), plasmablasts (CD20
CD38°CD138") or PCs (CD20°CD38"CD138") from controls, IKZF1°° patients or controls with
lenalidomide at day 10. Relative counts of memory B cells at day 0 defined as 1. (C) Histograms
from FACS analyses of intracellular IRF4 expression in PCs at day 10. Isotype control in gray and
graphs showing MFI of IRF4 (right panel). (D) IKZF1 structure showing the somatic variants
found in BCP-ALL (top) and MM (bottom). Variants corresponding to IKZF 1™, IKZFI°N or
IKZF1°F are in blue, yellow and red, respectively. (E) Frequencies of somatic /KZF'] variants in
B-cell precursor acute lymphoblastic leukemia (BCP-ALL) and multiple myeloma (MM). Bars as
mean £ SD. In (C) and (B), data from two independent experiments. Comparison between groups
analyzed with one-way ANOVA with Dunnett’s post hoc multiple-comparisons test in (B) and
(C), or chi-square test in (E). **P < 0.01, ***P < 0.001.



Table 1. Clinical manifestations of patients with IKZF1*'**" variants

Patient Age at first Origin Autoimmunity/inflammation Atopy/allergy Plasma cell Other Treatment
(variant) presentation/ (autoantibodies) proliferation manifestations
evaluation
(years)

Al 2/17 Caucasian ES, celiac disease asthma, rhinitis no no rituximab, gluten
(R183H) (North Africa) (ANA, ASMA, tTG-IgA) free diet

B1 47/49 Caucasian non-typed DM no lymphadenopathy pseudotumor rituximab,
(R183H) (Turkey) (ANA, ASMA) cerebri sirolimus, steroids

B2 16/18 Caucasian ES, type 1 DM, autoimmune hepatitis, no lymphadenopathy no rituximab
(R183H) (Turkey) Hashimoto thyroiditis, leucoclastic vasculitis sirolimus

(direct Coombs, ANA, ASMA, P-ANCA, anti-
TPO, anti-TG, tTG-IgA, anti-gliadin IgG)

B3 asymptomatic/16 Caucasian no no no no ND
(R183H) (Turkey) (no)
C1 22/26 Caucasian ES, colitis, bowel perforation no lymphadenopathy,  aortic regurgitation, steroids
(R183H) (US) (ND) infiltration in otitis media, plantar
intestine and bile warts, acne
duct
D1 1/39 Caucasian alopecia, vitiligo, colitis dermatitis, asthma, polyclonal sinopulmonary colectomy,
(R183C) (US) (no) rhinitis, eosinophilic proliferation in bacterial infections tofacitinib, steroid,
esophagitis, drug allergy BM HSCT
D2 2/41 Caucasian no dermatitis, asthma, no sinus and ear IVIG
(R183C) (US) (no) rhinitis, food allergy infections
D3 0.5/11 Caucasian alopecia dermatitis, asthma, no otitis media IVIG
(R183C) us) (no) rhinitis, food allergy

ANA, antinuclear antibody; anti-TG, anti-thyroglobulin antibody; anti-TPO, anti-thyroperoxidase antibody; ASMA, anti-smooth muscle antibody; BM, bone marrow; DM, diabetes mellitus; ES, Evans syndrome; ND, not determined; HSCT,

hematopoietic stem cell transplantation; IVIG, intravenous immunoglobulin; P-ANCA, perinuclear anti-neutrophil cytoplasmic antibody; tTG-IgA, anti-tissue transglutaminase IgA antibody.
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Supplementary Figure S1. In silico analysis
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(A) WebLogo showing the conservation of the ZF3 of IKZF1 in 100 vertebrate species.
R183 position highlighted in red. (B) Alignment of ZF1-4 DNA-binding domains of
IKZF1 and ZF of known 3D structures and containing an arginine at position -8 (ZF4, 7
from mouse Z{p568 (pdb 5V3J) and ZF9, 10, 12 and 13 from mouse PRMD9 (pdb
5V3G)). Two cysteines and 2 histidines (C2H2) in each finger involved in zinc binding

are shaded yellow, except for ZF4, in which the last histidine is replaced by a cysteine

(strictly conserved in the Ikaros-like family). Amino acids at positions —1, —4, —7, and —8

relative to the first histidine (i.e., 0) are known to be involved in DNA binding. The

positions of the two beta-strands and helix are shaded green and blue, respectively.

Arginine (ZF9) interacting with guanine is shown green, whereas arginine involved in

bonds with DNA phosphate groups and/or ZF linker are shown red. (C) 3D structures of
ZF4 and ZF7 from mouse Z{p568 (pdb 5V3J) and ZF9, 10, 12 and 13 from mouse
PRMD9 (pdb 5V3G)) in complex with DNA. Amino acid at position -8 is shown in green
when interacting with guanine or red when involved in bonds with DNA phosphate
groups and/or ZF linker (E772 in ZF10 and E828 in ZF12).
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Supplementary Figure S2. Subcellular localization and dimerization
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(A) The localization of IKZF1 in T cells from patients Al, B2 and controls that were
stimulated with anti-CD3/CD28-coated beads for 24 h. Cells were incubated with anti-
IKZF1 rabbit antibody followed by Alexa Fluor 488-conjugated anti-rabbit antibody (red)
and DAPI (blue) (left panel). Graph shows mean fluorescence intensity (MFI) of Alexa
Fluor 488 (right panel.) (B) Co-immunoprecipitation (IP) of FLAG-tagged WT IKZF1
and HA-tagged WT IKZ1 or HA-tagged IKZF1mutants (R183C, R183H, N159S and
R162Q) with anti-FLAG mouse antibody from lysates of HEK-293T cells that were
transiently co-transfected with the corresponding vectors. Mouse IgG isotype matched
(IgG) was used as a negative control. IP samples were immunoblotted with anti-HA
antibody in non-reducing condition (upper panel). Whole cell lysates (WCL) were
immunoblotted with anti-FLAG (middle panel) or anti-HA (lower panel) antibodies in

reducing conditions.
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38
39  Supplementary Figure S3. Immune phenotyping of PBMCs.
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41 (A) Graph bars showing relative proportions of B-cell phenotype; naive (IgD'CD27),
42 non-switched memory (IgD'CD27"), switched memory (IgD'CD27"), transitional
43 (IgM'CD38") B cells, plasmablasts (IgM CD38"), and exhausted (CD21°CD38") B cells.
44 (B) CD4/CDS ratio and T-cell phenotype; naive (CD45RA'CCR7"), central memory
45 (Tem; CD4SRA'CCR7Y), effector memory (Tey; CD45RA'CCR7) and terminally
46  differentiated effector memory (Tewmra; CD45RA'CCR7) T cells. (C) Relative
47  proportions of NK cells and myeloid/plasmacytoid DCs in PBMCs. In (A-C), IKZF 1"
48 (C147R, R162Q and R162W), IKZFI°N (N159S/T) and IKZF19°" (R183H/C) patients
49  were tested several times. Data from FACS analyses. Data are presented as mean + SD.
50  Comparison between groups were analyzed with one-way ANOVA with Holm-Sidak
51  multiple-comparisons test. *P < 0.05, **P <0.01, ***P <0.001.

52

28



53
54
55

56
57

58
59
60
61
62
63
64
65
66
67
68
69

Supplementary Figure S4. Proliferation, differentiation and cytokine productions of

T cells.
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(A) Proliferation of CD4" (left panels) and CD8" (right panels) T cells of controls,
IKZFI™ (R143W), IKZFI°N (N159T) and IKZF19°F (A1) patients determined by
dilution of cell trace violet (CTV) dye analyzed by flow cytometry at day 3 after
stimulation with anti-CD3 mAb-coated plates. (B) PBMCs of controls, IKZFI"
(R143W), IKZFI°™ (N159T) and IKZF1°°F (A1, B1, D1, D2 and D3) patients were
cultured with PHA for 3 days and then with IL-2. Frequencies of naive
(CD45RA'CCR7"), central memory (Tcw; CD45RA'CCR7Y), effector memory (Tey;
CD45RA'CCR7) and terminally differentiated effector memory (Temra;
CD45RA'CCR7 ") CD4" T cells were obtained from FACS analyses at day 0, 5, 7 and
10. (C) FACS analyses of IL-2, IL-10, IFN-y and IL-4 intracellular production gated on
CD4" T cells from PBMCs of one control (Ctrl) and IKZF19°F (D2, D1 and D3) patients
stimulated with PMA plus ionomycin for 6 h.
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Supplementary Figure S5. Schematic diagram of IKZF1 roles in T/B-cell
development.
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(A) Role of mouse Ikzfl based on studies of the different mice models deficient for ikzf1
(references 2-5). The steps impaired in these different deficient models are shown by blue
arrows (B) Role human IKZF1 based on studies of different variants. Bone marrow cells
were previously examined in 5 IKZFI™ patients (C147R, R162Q, R167R and
S46Afs*14) (references 8, 9, 38) and 2 IKZF I°N patients (N159S) (10). Partial block from
pro-B to pre-B cells was observed in one patient with JKZFI15***"'* but not in two
patients with IKZF1'*"® or IKZF I?'%*? In patients with IKZF 1" and IKZF 1'%, pro-
B (CD34'CD19") and early B-cell precursors (CD34'cTdT'CD19"") were markedly
decreased. The steps impaired by loss-of-function variants (IKZFI'"" and IKZFI°N) are
shown by blue arrows, while those increased by gain-of-function variants (R183C/H)
reported here are shown in red arrows. Solid arrows indicate positive regulations, while
dotted arrows indicate negative regulations (by wild-type ikzfl or IKZF1).

1 In CD4" specific conditional null mice, increased IFN-y expression was observed in
Th2 polarizing conditions but not in Th1 polarizing conditions.

null

I Although involvement was suggested by ZkzfI™" mice, CD4" specific conditional null
mice did not display a defect in Gata3 or IL-4 expression.

A ZF4, deletion of ZF4; hypomorph, LacZ insertion into exon 2; HSC, hematopoietic
stem cell; MPP, multipotent progenitor; LMPP, lymphoid-primed multi-potent
progenitors; CLP common lymphoid progenitor; DN, CD4'CD8" double negative; DP,

CD4'CDS8" double positive.
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Supplementary Table S1.

Total and specific immunoglobulin levels and post vaccination serologies

Patient Cl Normal values
Immunoglobulin levels

IgG1 (mg/dL) 1,315 351-962

IgG2 (mg/dL) 440 239-838

IgG3 (mg/dL) >220 8.5-140

IgG4 (mg/dL) 555.9 4.5-117

Specific IgG antibodies
Streptococcus pneumoniae
Haemophilus influenzae type b
Tetanus
Diphtheria
Mumps
Rubella
Measles

Positive 1/23*
Negative
Positive
Positive
Negative
Positive
Positive

* Positive for serotype 20. Negative for serotypes 1, 2, 3,4, 5, 6B, 7F, 8, 9N, 9V, 10A, 11A, 12F, 14,

15B, 17F, 18C, 19A, 19F, 22F, 23F and 33F.
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100  Supplementary Table S2. Immunological features of peripheral blood from

101 patients with IKZF1*'**"C variants

Patient Al Bl B2 B3 Cl D1 D2 D3
Gender M F F M M F M M
Age at evaluation 17 49 18 16 26 41 42 13 Normal values
Leukocytes (cells/mm’) 7,200 8,800 9,500 6,400 5,820 12,440 5520 2630  3,980-10,040
Neutrophils (%) 40 71 56 47 82.1 78 50 72 34.0-71.1
Lymphocytes (%) 44 11 26 33 5.8 14 30.8 15.5 19.3-51.7
Monocytes (%) 9 11 5 9 8.4 5.5 8.2 7 4.7-12.5
Eosinophils (%) 7 6 13 11 2.7 1.6 10.3 3 0.7-5.8
Basophils (%) <1 <1 <1 <1 0.3 0.3 0.5 0.5 0.1-1.2
Erythrocytes (x 10* cells/ mm®) 518 472 542 529 520 367 477 441 393-522
Hemoglobin (g/dL) 152 13.7 155 163 14.1 12.5 15.1 13.0  11.2-15.7
Hematocrit (%) 42.4 472 45.8 45.6 45.6 38.5 45.8 40.6 34.1-44.9
Platelets (x 10* cells/mm®) 6.8 239 25.6 18.4 21.0 48.0 22.1 40.1 17.3-36.9
T-cell lineages (%)
T cells (CD3"/Lymphocytes) 75.0 73.3 70.2 62.4 89.9 95.0 87.8 83.4 62.4-87.2
Helper T cells (CD4"/CD3") 64.0 55.7 45.8 59.7 26.7 86.4 83.7 56.5 50.0-69.8
Helper T, naive (CD45RA™ CCR7°/CD3°CD4") 42.6 0.6 32.1 40.6 1.9 63.5 65.7 57.5 16.2-80.2
Helper T, Tew (CD45RA° CCR77/CD3°CD4"%) 15.8 6.3 28.4 22.2 53.9 30.2 29.7 359  22.1-653
Helper T, Tem (CD45RA” CCR7/CD3°CD4") 28.5 83.0 18.9 322 41.2 6.1 4.6 6.6 4.9-33.2
Helper T, Temra (CD45RA™ CCR7/CD3°CD4") 13.1 8.4 14.5 2.5 3.0 0.1 0.0 0.0 0.0-3.2
Cytotoxic T cells (CD8"/CD3") 32.0 27.6 31.3 30.0 31.7 12.3 12.2 37.1 24.4-42.8
Cytotoxic T, naive (CD45RA™ CCR7°/CD3°CD8") 22.1 0.9 14.3 26.7 15.8 57.3 63.0 80.1 24.8-85.5
Cytotoxic T, Tem (CD45RA° CCR77/CD3°CD8") 1.1 3.0 1.1 2.3 4.1 17.9 19.4 7.8 6.5-44.8
Cytotoxic T, Tem (CD45RA” CCR7/CD3°CD8") 16.6 21.1 2.2 13.5 23.0 17.1 14.8 6.5 4.8-40.0
Cytotoxic T, Temra (CD45RA" CCR7/CD3°CD8") 60.2 73.6 79.5 54.0 57.1 7.7 2.8 49 3.0-33.9
Recent thymic emigrants 423 29 24.9 19.3 1.9 ND ND ND 29.5-63.4
(CD31"CD45RA"/CD3°CD4")
25.7 9.1 26.6 14.0 1.9 4.1 5.8 ND 1.7-10.5
Follicular helper T cells
(CD45RO'CXCR5°/CD3°CD4")
B-cell lineages (%)
B cells (CD19"/Lymphocytes) 21.0 3.2 5.1 12.3 59 0.5 4.5 6.4 6.1-18.7
Naive B cells (CD27-/CD19+) 75.3 43.9 74.5 64.6 94.9 68.4 60.2 85.6 433915
Non-switched memory B cells (CD27 1gD"/CD19") 18.1 3.8 3.2 8.3 1.7 3.6 22.6 6.1 2.7-20.2
Switched memory B cells (CD27 IgD/CD19") 2.2 27.9 11.2 15.0 1.7 9.1 35 4.1 3.3-30.1
NK-cell lineage (%)
NK cells (CD16" CD56'/Lymphocytes) 6.0 17.8 18.6 22.4 4.5 43 8.0 9.9 1.3-17.5
Dendritic-cell lineages (%)
Myeloid DCs (HLA-DR'CD11¢"CD1237/CD45") 0.12 0.35 0.13 0.42 0.01 ND ND ND 0.13-0.93
Plasmacytoid DCs (HLA-DR'CD11¢’'CD1237/CD45")  0.02 0.16 0.08 0.53 0.01 ND ND ND 0.03-0.70
Immunoglobulin levels
IgG (mg/dL) 1,273 2484 2200 ND 2,466 1,041 820 613 700-1,600
IgA (mg/dL) 263 936 346 ND 288 1,543 252 226 70-400
IgM (mg/dL) 128 125 186 ND 227 24 80 30 40-230
IgE (IU/mL) 746.0 ND ND ND 2,459 36.9 2135.0  695.0 <173
102 Red and blue numbers blue indicate values above and below the normal range respectively compared to age-matched controls.
103
104
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Supplementary Table S3. IKZF1 somatic variants in BCP-ALL or MM

Disease Cohort Patient ID IKZF] variant
BCP-ALL AYA CALGB SIBALL021878 V571fs, G158S
BCP-ALL AYA CALGB SIBALL021835 F486fs
BCP-ALL AYA ECOG SIBALL020139 E76fs
BCP-ALL AYA ECOG SIBALL020163 N159Y
BCP-ALL AYA ECOG SIBALL020134 N159fs
BCP-ALL AYA ECOG SIBALL020096 D186G
BCP-ALL AYA ECOG SIBALL020161 V239fs
BCP-ALL AYA ECOG SIBALL020121 C464W
BCP-ALL AYA ECOG SIBALL020071 R502W
BCP-ALL AYA MDACC SIBALL021702 P113fs
BCP-ALL AYA MDACC SIBALL021743 D186A
BCP-ALL AYA MDACC SIBALL021718 K307*
BCP-ALL AYA MDACC SIBALL021719 G496S
BCP-ALL COG SIBALL021479 M31V
BCP-ALL COG SIBALL020555 R51Gfs
BCP-ALL COG SIBALL020366 DSIN
BCP-ALL COG SIBALL021541 G108V
BCP-ALL COG SIBALL020738 R111*
BCP-ALL COG SIBALL021344 L117fs
BCP-ALL COG SIBALL020385 RI137Efs
BCP-ALL COG SIBALL020473 QI56H
BCP-ALL COG SIBALL020568 G158S
BCP-ALL COG SIBALL021312 G158S
BCP-ALL COG SIBALL020602 N159Y
BCP-ALL COG SIBALL020623 N159Y
BCP-ALL COG SIBALL020655 N159Y
BCP-ALL COG SIBALL020607 D186A
BCP-ALL COG SIBALL020899 D186Y
BCP-ALL COG SIBALL021317 H224fs
BCP-ALL COG SIBALL020667 G337S
BCP-ALL COG SIBALL020779 V340Pfs
BCP-ALL COG SIBALL020453 Y348C
BCP-ALL COG SIBALL020673 Y348C
BCP-ALL COG SIBALL020676 Y348C
BCP-ALL COG SIBALL021352 S402fs
BCP-ALL COG SIBALL020367 M476T
BCP-ALL COG SIBALL020811 M476delinsPR
BCP-ALL COG_AYA Dedicated  SIBALL020952 V571s
BCP-ALL COG_AYA Dedicated  SIBALLO021125 V571s
BCP-ALL COG_AYA Dedicated  SIBALLO021118 Q62fs
BCP-ALL COG_AYA Dedicated  SJBALL021076 R143Q
BCP-ALL COG_AYA Dedicated  SIBALL021094 H167R
BCP-ALL COG_AYA Dedicated  SIBALL020984 D252N
BCP-ALL COG_AYA Dedicated  SIBALL021004 P342L
BCP-ALL COG_AYA Dedicated  SIBALL020991 A365V
BCP-ALL COG_AYA Dedicated  SIBALL020963 F471delinsLRA
BCP-ALL COG_AYA Dedicated  SJBALL021089 R487C
BCP-ALL COG_AYA Dedicated  SIBALL021067 C492W
BCP-ALL COG_AYA Dedicated  SJBALL021058 R502W
BCP-ALL COG _AYA Leg SIBALL262 L85 G94fs, Y180N
BCP-ALL COG_AYA Leg SIBALL021371 R111*
BCP-ALL COG_AYA Leg SIBALL021346 V239 Eé6splice region
BCP-ALL COG _AYA Leg SIBALL020563 D252N
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BCP-ALL
BCP-ALL
BCP-ALL
BCP-ALL
BCP-ALL
BCP-ALL
BCP-ALL
BCP-ALL
BCP-ALL
BCP-ALL
BCP-ALL
BCP-ALL
BCP-ALL
BCP-ALL
BCP-ALL
BCP-ALL
BCP-ALL
BCP-ALL
BCP-ALL
BCP-ALL
BCP-ALL
BCP-ALL
BCP-ALL
BCP-ALL
BCP-ALL
BCP-ALL
BCP-ALL
BCP-ALL
BCP-ALL
BCP-ALL
BCP-ALL
BCP-ALL
BCP-ALL
BCP-ALL
BCP-ALL
BCP-ALL
BCP-ALL
MM

MM

MM

MM

MM

MM

MM

MM

COG_AYA Leg
COG AYA Leg
St Jude

St Jude

St Jude
Lietal.
Lietal.
Lietal.
Lietal.
Lietal.
Lietal.
Lietal.
Lietal.
Lietal.
Lietal.
Lietal.
Lietal.
Lietal.
Lietal.
Lietal.
Lietal.
Lietal.
Lietal.
Lietal.
Lietal.
Lana et al.
Lana et al.
Lana et al.
Lana et al.
Lana et al.
Lana et al.
Lana et al.
Lana et al.
Lana et al.
Lana et al.
Lana et al.
Lana et al.
M3P

M3P

M3P

M3P

M3P
MMRF
MMRF
Lohr et al.

SIBALL268
SIBALL021443
SJBALLOS8S
SJBALLO11
SJBALLO095

ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND

DCOG-6
AIEOP-28
EORTC-9
MRC-UK-12
BFM-G-13
MRC-UK-4
MRC-UK-13
BFM-G-22
BFM-G-1
EORTC-1
BFM-G-20
AIEOP-24

122
540
119
534
526

MMRF 1725 1 BM
MMRF2787

ND

C495Y
E504fs
E80fs
R162P
S277fs

D2Y

S17fs

L117 K118insNQ
R137 S138insAL
R143Q
R143Q
R143Q
G158S
N159Y
N159Y
N159Y
E170K
DI186A
D186G
L216X
T244A
D285N
M4591s
Y503X
R511X
G142Pfs, p.R144Q
C150R
N159S
N159S
N159S
L160V, R274*
R162W
D186Tfs
H421Pfs
E465Dfs
C483Pfs
F490Yfs
Al152T
Al152T
E170D
Y413C
R439H
S364L
c.421+2T>A
R183C

See References 40-43
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