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and the potential of anti-CD45RC antibody treatment.

Introduction

Disruption of central tolerance inherently triggers the develop-
ment of autoimmune diseases with severe or life-threatening
symptoms. The autoimmune polyendocrinopathy-candidia-
sis-ectodermal dystrophy (APECED) syndrome, also known as
autoimmune polyglandular syndrome type 1 (APS-1), is one of
these diseases (1). This rare inherited disease (more common
among certain populations, such as Finns [1:25,000] and Sardin-
ians [1:14,000]) is caused by a partially defective thymic func-
tion due to the loss of autoimmune regulator (AIRE), a critical
gene for the negative selection and development of thymocytes.
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Targeted monoclonal antibody (mAb) therapies show great promise for the treatment of transplant rejection and autoimmune
diseases by inducing more specific immunomodulatory effects than broadly immunosuppressive drugs routinely used. We
recently described the therapeutic advantage of targeting CD45RC, expressed at high levels by conventional T (Tconv) cells
(CD45RC"), their precursors, and terminally differentiated T (TEMRA) cells, but not by regulatory T cells (Tregs; CD45RC"").
We demonstrated efficacy of anti-CD45RC mAb treatment in transplantation, but its potential has not been examined in
autoimmune diseases. Autoimmune polyendocrinopathy-candidiasis-ectodermal dystrophy (APECED) is a rare genetic
syndrome caused by loss-of-function mutations of autoimmune regulator (AIRE), a key central tolerance mediator, leading

to abnormal autoreactive T cell responses and autoantibody production. Herein, we show that, in a rat model of APECED
syndrome, anti-CD45RC mAb was effective for both prevention and treatment of autoimmune manifestations and inhibited
autoantibody development. Anti-CD45RC mAb intervention depleted CD45RC" T cells, inhibited CD45RC" B cells, and
restored the Treg/Tconv cell ratio and the altered Treg transcriptomic profile. In APECED patients, CD45RC was significantly
increased in peripheral blood T cells, and lesioned organs from APECED patients were infiltrated by CD45RC" cells. Our
observations highlight the potential role for CD45RC" cells in the pathogenesis of experimental and human APECED syndrome

In physiological conditions, AIRE allows the expression of thou-
sands of tissue-restricted antigens, i.e., self-antigens, in the thy-
mus. These are presented to developing thymocytes, and those
that recognize self-antigens undergo clonal deletion or deviation
into the regulatory T cell (Treg) lineage (2). In APECED patients,
AIRE function is impaired, the T cell repertoire is skewed, and
autoreactive conventional T (Tconv) cells escape deletion while
Tregs’ function is altered (3), inducing several life-threatening
autoimmune manifestations (2, 4, 5).

APECED patients harbor an average of 5 to 20 manifestations,
including chronic mucocutaneous candidiasis, hypoparathyroid-
ism, adrenal insufficiency (Addison disease), alopecia, vitiligo,
exocrine pancreatic failure, and autoimmune hepatitis (5-8). Most
of the affected organs display strong lymphocytic infiltration and
organ lesions that associate with the presence of tissue-specific
autoantibodies (9). Indeed, the production of a wide autoantibody
repertoire, and especially anti-cytokine autoantibodies, is charac-
teristic of this syndrome (10).

APECED patients currently receive purely symptomatic treat-
ment to control their clinical disease and symptoms: hormone
replacement therapy, antifungal drugs, and immunosuppressive
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medications (6, 11, 12). Rituximab or any other conventional
immunosuppressive drug has not proven efficient in prevent-
ing APECED-associated organ destruction, although a combi-
nation of azathioprine or mycophenolate mofetil and rituximab
was recently reported to be beneficial in APECED pneumonitis
patients (13). The long-term use of immunosuppressive drugs
increases the risk of developing complications, such as cancer
and/or infection (2, 14), a serious concern for APECED patients,
who are already prone to chronic mucosal Candida infection (15).
The life expectancy of APECED patients is reduced and has not
increased in recent decades (16). Thus, identification of targeted
therapeutic interventions is needed to improve the morbidity and
mortality associated with this syndrome.

Despite the insights gained from these mouse models into
the etiology and pathology of APECED, substantial phenotypic
and clinical differences exist between AIRE-deficient mice and
human APECED patients (17). Several years ago, we developed a
model of Aire" rats that ultimately exhibit manifestations resem-
bling the ones seen in APECED patients, including nephritis,
pneumonitis, and pancreatic failure (17-19). They also harbor
visible manifestations, such as alopecia, vitiligo, and nail dystro-
phy, which could be very useful for facile clinical follow-up during
preclinical studies. In addition, and in agreement, Aire”" rats
produce many autoantibodies, including against cytokines, simi-
larly to APECED patients (18).

CD45RCis the onlyisoform of the CD45 molecule to be high-
ly expressed by CD4* and CD8"* T cells exhibiting a Th1 proin-
flammatory profile, as well as naive precursors of Thl cells and
terminally differentiated T (TEMRA) cells, and at the same time,
not expressed or very weakly expressed by Th2 cells and Tregs
(20-22). We recently showed that monoclonal antibody (mAb)
against CD45RC can induce tolerance in heart transplantation in
rats and immune-humanized immunodeficient NSG mice with
transplanted human skin (23); in graft-versus-host disease in
mice, rats, and NSG mice (24); and in a rat model of Duchenne’s
muscular dystrophy, another rare genetic disease with inflam-
matory components (25). We have previously shown that anti-rat
CD45RC mAb acts by depleting CD45RC" Tconv cells in vitro
and in vivo while preserving and potentiating CD45RC"" Tregs
in vivo, thus rebalancing the Treg/Tconv balance (23, 24). Since
both Tconv cells and Tregs occupy a central position in APECED,
we reasoned that anti-CD45RC mAb administration would be
able to improve signs of autoimmunity in APECED syndrome by
restoring the functional balance between Tconv cells and Tregs
and the immune equilibrium.

We thus assessed the potential of anti-CD45RC mAb admin-
istration to prevent and/or treat APECED using the Aire”" rat
model. We show that anti-CD45RC mAb administration mark-
edly decreased the number and severity of APECED lesions both
when used as prevention and as treatment. We demonstrate that
this effect was mediated by the specific depletion of CD45RCH
Tconv cells with preservation/restoration of CD45RC"/~ Tregs
and inhibition of CD45RC" B cells. We also show that, in vivo,
anti-CD45RC mAb administration reduced the production of tis-
sue-specific and anti-cytokine autoantibodies. Finally, we show
that CD45RC expression was dysregulated and significantly
enhanced in CD4* and CD8* Tconv cells among peripheral blood
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T cells from APECED patients and that CD45RC cells infiltrat-
ed autoimmunity-affected tissues from APECED patients. Alto-
gether, these results support a pathogenic role for CD45RC! cells
in APECED and demonstrate that anti-CD45RC mAb immuno-
therapy may offer an effective therapeutic approach for use in
patients with APECED syndrome.

Results

Preventive administration of anti-CD45RC mAb in juvenile Aire””
vats inhibits the development of visible autoimmune pathology. We
first established a protocol of treatment to assess the in vivo
effects of preventive anti-CD45RC immunotherapy. We began
treatment of Aire”" rats just after weaning at 3 weeks of age, prior
to any visible pathology (weight loss, skin discoloration, and fur
loss), and continued treatment for 4 months with 2 injections per
week of either the anti-CD45RC or the isotype control mAb (Fig-
ure 1A). None of the animals had been sacrificed before the end of
the experimental setup. At the end of the 4 months of treatment,
all rats from the isotype control group (n = 13, 6 independent
experiments) showed visible manifestations of APECED, i.e., alo-
pecia and vitiligo, which manifests as patchy hair loss throughout
the body, and skin depigmentation visible at the base of the tail in
particular (Figure 1B, top, and Table 1). By contrast, in the group
of Aire”" rats treated with the anti-CD45RC mAb (n =13, 6 inde-
pendent experiments), none of the animals showed any of the
aforementioned visible signs of APECED (Figure 1B, bottom, and
Table 1). Analysis of the percentage of weight gained during the
treatment further revealed that Aire”" rats treated with the iso-
type control abruptly stopped gaining weight after only 2 months
of treatment, whereas anti-CD45RC-treated Aire”" rats slowly
reached a plateau but continued their growth until the end of the
experiment, and at the end of the treatment period the differ-
ence in weight between the 2 groups was 32% (Figure 1C). These
visible observations were consistent with the histological analy-
sis of the organs (Figure 1D, left). At 5 months of age, all Aire”~
rats treated with the isotype control mAb showed autoimmune
organ lesions consistent with what was previously described
(Table 1 and ref. 18). Briefly, we observed lesions of the pancreas
with small zones of lymphocytic infiltration, with 25% of the ani-
mals developing very severe pancreatitis with large lymphocytic
infiltrates, fibrosis, and acinar metaplasia. Skin tissues showed
reduced numbers of hair follicles and fragmented hairs. The mar-
ginal zone of the spleen follicles was abnormally large, indicat-
ing an exaggerated immune stimulation. Kidneys and lungs pre-
sented lymphocytic infiltrations, as previously demonstrated in
untreated Aire”" rats (18). Thymi from Aire”" rats treated with the
isotype control mAb could not be detected. In contrast, after anti-
CD45RC mAb immunotherapy, all Aire”~ rat thymi were present
with preserved architecture, and the cortex and medulla were
easily distinguishable on H&E staining. In addition, after anti-
CD45RC mAb immunotherapy, histological analysis of pancreas,
skin, kidneys, and lungs showed no lymphocytic infiltration, and
the marginal zone of splenic follicles was normalized (Figure 1D,
right). Taken together, these findings demonstrated that preven-
tive anti-CD45RC immunotherapy given as sole agent protects
from the appearance of autoimmune organ lesions in the setting
of AIRE deficiency in juvenile rats.

J Clin Invest. 2022;132(7):e156507 https://doi.org/10.1172/JC1156507
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Figure 1. Anti-CD45RC mAb treatment controls the development of autoimmune lesions in Aire” rats. (A) Schematic of the protocol of administration

of isotype control or anti-CD45RC mAbs as prevention in 3-week-old Aire”" rats. (B) Representative photographs of Aire”~ rats after 4 months of treatment
with either isotype control (n = 13) or anti-CD45RC mAbs (n = 13). Arrows indicate the alopecia- and vitiligo-like manifestations. Scale bars: 5 cm. (C) Evolu-
tion of weight gain in Aire”- male rats during treatment with isotype control (n = 6) or anti-CD45RC mAbs (n = 6) until sacrifice. ANOVA comparing curves:
***P < 0.001. (D) Representative pictures of H&E histological analysis of organs from Aire”- rats at the end of the 4-month treatment with isotype control
(n =7) or anti-CD45RC mAbs (n = 7). Black arrows indicate lesions and mononuclear cell infiltrates. Black bars indicate the marginal zone. Scale bars: 250 nm
(thymus and spleen), 500 pum (skin and kidney), and 1 mm (pancreas and lung).

Preventive administration of anti-CD45RC mAb decreases  supplemental material available online with this article; https://
autoantibody production. Autoantibodies are a major feature of  doi.org/10.1172/JCI156507DS1). None of the different immuno-
APECED syndrome. Thus, we first measured the level of circulat-  globulin subclasses had levels significantly changed in the serum
ing antibodies in the sera of Aire”~ animals treated with the anti-  of Aire” rats treated with the anti-CD45RC or the isotype con-
CD45RC or the isotype control mAb (Supplemental Figure 14;  trol mAb compared with WT animals. To detect tissue-specific
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Table 1. Anti-CD45RC treatment decreases the histological autoimmune manifestations

of AIRE deficiency in preventive and curative settings

as previously shown (18). We observed
a trend toward decreased anti-IFN-all,
anti-IFN-04, anti-IL-17A, and anti-rP-

Preventive treatment Curative treatment dia2 autoantibody levels in rats treated

Organ Isotype control Anti-CD45RC Isotype control Anti-CD45RC _with anti-CD45RC mAb_s compared Wifh
mAb-treated group mAb-treated group mAb-treated group  mAb-treated group isotype control mAbs (Figure 2C). We did

Thymus not observe differences in other anti-

Not observable 8/8 (100%) 1/8 (12.5%) 4/4 (100%) 3/5 (60%) cytokine autoantibodies analyzed such
Pancreas L as anti-IL-22 and anti-IFN-02, -al, and

Lymphocytic infiltrate 4/8 (50%) 1/8 (12.5%) 3/4 (75%) 2/5 (40%)

Lymphocytic infilrate, 2/8 (25%) 0/8 (0%) 1/4 (25%) 0/5 (0%) -07 (data not shown). o

fibrosis, metaplastic acini Taken together, these data indicate
Liver that anti-CD45RC mAb administration

Microsteatosis 1/8 (12.5%) 0/8 (0%) 0/4 (0%) 0/5 (0%) results in abrogated development of auto-
Spleen antibodies.

Marginal zone hypertrophy 7/8 (87.5%) 0/8 (0%) 4/4 (100%) 0/5 (0%) Anti-CD45RC mAb leads to a specif-
Kidney . . . . . ic depletion of CD45RC" Tconv cells with
I-unlgter'stltlal nephritis 2/8 (25%) 0/8 (0%) 2/4 (50%) 0/5 (0%) enrichment of CD45RCY- Tregs in the

Lymphocytic infiltrate 2/8 (25%) 1/8 (12.5%) 1/4 (25%) 0/5 (0%) preventive setting. To gain further mech-
Skin anistic insight into how anti-CD45RC

Decrease of hair follicle 4/8 (50%) 0/8 (0%) 3/4 (75%) 0/5 (0%) mAb ameliorates autoimmune lesions

Table recapitulates the autoimmune manifestations presented by different organs from Aire”- animals
after 4 months of treatment in preventive or curative setting with either isotype control or anti-

CD45RC mAbs.

in Aire” rats, we analyzed the efficacy of
CD45RCH T cell depletion in this model.
To detect CD45RC* cells by flow cytome-

autoantibodies directed against tissues, we analyzed the binding
of serum IgG from isotype or anti-CD45RC mAb-treated rats
to different tissues from B cell/immunoglobulin-deficient rats,
which were used to avoid nonspecific staining. We previous-
ly showed that no reactivity could be observed with Aire”* sera
(18). Microscopy analysis of immunostaining of sera from isotype
control mAb-treated Aire”~ animals on several tissues showed
high reactivity (Figure 2A, left), consistent with the presence of
autoantibodies in sera from untreated Aire”~ animals, as shown
before (18). In contrast, we observed very low staining or no stain-
ing with sera from anti-CD45RC-treated Aire”~ animals, indica-
tive of a decrease of circulating organ-specific autoantibodies in
the preventive setting (Figure 2A, right). To further evaluate the
levels of autoantibodies toward a larger panel of organs, we ana-
lyzed a spectrum of organs by Western blotting using sera from
anti-CD45RC or isotype control mAb-treated Aire”~ animals on
protein extracts from IgM~~ animals (Figure 2B). We observed
numerous autoantibodies against multiple organ targets with
the sera from isotype control mAb-treated Aire”~ animals (Figure
2B, top), and less reactivity with sera from anti-CD45RC mAb-
treated Aire”~ animals (Figure 2B, bottom). These autoantibodies
did not necessarily correlate with immune infiltrate in organs as
previously described (18). Finally, we used the luciferase immu-
noprecipitation system (LIPS) assay to measure anti-cytokine
autoantibodies, as well as antibodies specific to tissue-restricted
antigens, i.e., protein disulfide isomerase-associated 2 (Pdia2),
a pancreas-specific antigen expressed by medullary thymic epi-
thelial cells in an AIRE-dependent manner (Figure 2C). These
autoantibodies are present in Aire”~ animals, in particular against
IFN-all, IFN-04, and IL-17A, and are undetectable in WT animals,

try, we used an anti-CD45RC mAb (clone
3H1437) that recognizes a different epi-
tope from the OX22 clone used in vivo
for the treatment, as previously described
(23, 24). Analysis at day 14 after treatment initiation showed a sig-
nificant decrease in both CD45RC" CD4* and CD45RC" CD8* T
cells in anti-CD45RC mAb-treated Aire”~ animals compared with
Aire”- animals treated with the isotype control mAb or Aire** ani-
mals (Figure 3A). The effect of the anti-CD45RC mAb in decreas-
ing CD45RC expression was greater in the blood on CD4" T cells
compared with CD8" T cells, as we observed a stronger reduction
of CD45RCP cells in this subset. Aire deficiency itself did not influ-
ence the expression of CD45RC (Figure 3A).

We confirmed the efficacy of the depletion at the time of
animal sacrifice following 4 months of treatment in the spleen
of anti-CD45RC mAb-treated Aire”~ animals for both CD4* and
CD8" T cells, with an increase of regulatory CD45RC"" T cells
and a decrease of the pathogenic CD45RC" T subset (Figure 3B).
We did not observe significant differences in the percentage of
the CD45RCP subset, similarly to our previous observations in
the transplantation and graft-versus-host disease models (23, 24).
Analysis of the expression of CD45RC in the thymus demonstrat-
ed that while CD4* and CD8* T cells in the thymus of Aire*/* and
Aire”” rats were mainly CD45RC", the proportion of CD45RC"
cells was slightly increased following the injection of the anti-
CD45RC antibody (Figure 3C).

To further characterize the effects of the anti-CD45RC deplet-
ing mAb in vivo on immune cell subsets, we analyzed the propor-
tion (Figure 3D) and absolute numbers (Supplemental Figure 1,
B-E, and Supplemental Figure 2) of different immune cell popula-
tions based on their immunophenotype. We demonstrated previ-
ously that the CD45RC isoform is expressed by not only a fraction
of T cells, but also other immune cells, such as B cells, NK cells,
plasmacytoid dendritic cells (pDCs), and a fraction of NKT cells

J Clin Invest. 2022;132(7):e156507 https://doi.org/10.1172/JC1156507
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Figure 2. Preventive anti-CD45RC mAb immunotherapy decreases the production of autoantibodies in Aire”- rats. (A) Tissue sections of organs from
IgM~- rats were incubated with sera of Aire”- animals at 4 months of treatment with anti-CD45RC or isotype control mAb. Autoantibodies are depicted
in yellow and DAPI in blue. Original magnification, x20. Images are representative of 3 different experiments. (B) Sera from anti-CD45RC or isotype
control mAb-treated Aire”- rats at 4 months of treatment were incubated on Western blot membranes after migration and transfer of tissue-specific
self-antigens from IgM~- rats. Binding of autoantibodies was revealed using an anti-rat IgG biotin-coupled antibody and avidin peroxidase. B-Actin
was used as a loading control. Data are representative of 5 different experiments. MLN, mesenteric lymph nodes. (C) Anti-cytokine and tissue-specif-
ic autoantibodies were quantified by LIPS assay using sera from anti-CD45RC or isotype control mAb-treated Aire”~ rats at 4 months of treatment.
Normalization was achieved by division of the obtained value by the mean values obtained from WT animals. Mann-Whitney analysis showed no
significant difference between the 2 groups.

(23). We did not observe any differences in the percentage and
absolute numbers of CD4 and CD4* DCs, y3 T cells, NK cells, mac-
rophages, or granulocytes following anti-CD45RC mAb therapy in
Aire”~ animals. We observed a significant reduction of pDCs and

NKT cells in the spleens of Aire”” versus Aire”* WT animals, but
this decrease was not significantly affected by the anti-CD45RC
mAD treatment. In contrast, NKT cells were less affected by AIRE
deficiency when animals were treated with the anti-CD45RC mAb.

J Clin Invest. 2022;132(7):e156507 https://doi.org/10.1172/JCI156507
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Figure 3. Anti-CD45RC mAb specifically depletes CD45RC" Tconv cells and increases CD45RC"/~ Tregs. (A-C) Blood at 2 weeks of treatment (A)

and spleen (B) and thymus (C) at 4 months of treatment of Aire” rats with isotype control or anti-CD45RC mAbs were stained for the expression of
CD45RC on CD8* and CD4* T cells by flow cytometry and compared with those from Aire*’ rats. (A) Shown is a representative staining of 4-7 animals.
The gates indicate the high, low, and negative subsets of CD45RC. Mean + SEM of CD45RC expression on CD4* and CD8* T cells after 2 weeks of treat-
ment is summarized in the graphs on the right. ANOVA: *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. (B and C) Results are shown as mean +
SEM of CD45RC subsets among CD4* T cells (left) or CD8* T cells (right). ANOVA: *P < 0.05, **P < 0.01, ***P < 0.001. (D) Cell subset distribution was
analyzed by flow cytometry among immune cells from spleen, mesenteric lymph nodes (MLN), and thymus of untreated Aire*’* and isotype control or
anti-CD45RC mAb-treated Aire”- rats at the time of sacrifice. Results are shown as mean + SEM. ANOVA: ***P < 0.001, ****P < 0.0001.
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Taken together, these results indicate that anti-CD45RC mAb
monotherapy reduces pathogenic Tconv cells throughout the dura-
tion of the mAb administration.

Anti-CD45RC mAb acts directly on B cells by inhibiting their
activation and secretion of immunoglobulins in vitro. To further
decipher how anti-CD45RC mAb administration led to decreased
autoantibodies, we analyzed B cell subpopulations in the spleen
from Aire”- animals at the end of the 4 months of treatment. We
observed no significant difference in the percentage (Figure 4A)
and absolute numbers (Supplemental Figure 1D) of each B cell
subpopulation between Aire”* and Aire”~ animals treated with
either the isotype control or the anti-CD45RC mAb; these data
are in agreement with previous findings that showed that the anti-
CD45RC mAb has no depleting effects on B cells (23, 24). To gain
more insights into the potential effects of the anti-CD45RC mAb
on B cells, we stimulated B cells in vitro for 48 hours with TLR9
ligand (CpG ODN 1668) and anti-CD40 and anti-IgM antibodies
in the presence of anti-CD45RC mAb. Flow cytometry analysis
of surface immunoglobulin expression demonstrated that B cell
stimulation in the presence of anti-CD45RC mAb significant-
ly decreased the proportion of IgMPIgD" B cells in comparison
with isotype control mAb (Figure 4B), suggestive of an inhibitory
effect on the maturation of naive B cells. The viability of B cells
and the proportion of CD45RC! cells remained stable when cul-
tured in the presence of anti-CD45RC or isotype control mAbs
(Figure 4C), in accordance with our in vivo observations. More-
over, we found a dose-dependent decrease in the expression of
the B cell activation markers MHC class II, CD40, and CD80
when cells were cultured in the presence of the anti-CD45RC
mAb compared with the isotype control mAb. To elucidate wheth-
er the anti-CD45RC mAb affected isotype switching of B cells,
we quantified the concentrations of IgM and IgG in the culture
supernatant. We first demonstrated that after nonspecific stim-
ulation in the absence of isotype control mAb or anti-CD45RC
mAb, B cells from Aire”" rats produced more IgM (6-fold) and IgG
(3-fold) compared with B cells from Aire”* rats. Interestingly, we
observed that both IgM and IgG concentrations decreased to the
level of Aire”* B cells in the presence of anti-CD45RC mAb, at 25
pg/mL for IgG and 100 pg/mL for IgM (Figure 4D). Analysis of
the IgM/IgG ratio demonstrated no significant differences in the
presence of anti-CD45RC mAb (Figure 4E), suggesting that the
anti-CD45RC mAb induces a global antibody reduction rather
than inhibiting isotype switching. Collectively, these results sug-
gest that anti-CD45RC mAbs can act directly on B cells by inhibit-
ing their activation and blocking their immunoglobulin-secreting
capacity. These mechanisms may be operational in vivo, via dis-
ruption of the B-T cell crosstalk, leading to the observed decrease
of autoantibody production in Aire”- treated rats.

Anti-CD45RC mAb switches the Treg/Tconv balance and
restores the altered transcriptomic profile of CD45RC"" Tregs in Aire-
deficient rats. APECED patients and Aire”~ mice exhibit a defect
in Tregs’ suppressive activity (26, 27). In a rat model of alloge-
neic solid organ transplantation, we previously demonstrated
that short-term treatment with anti-CD45RC mAb increased
the number and improved the function of CD4* and CD8* Tregs
(23). We first assessed the CD4* and CD8" Treg/Tconv cell
ratio and observed a significant change in the ratio in favor of
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CD4'CD25*CD127" and CD8*CD45RC"" Tregs in anti-CD45RC
mAb-treated Aire”~ animals (Figure 5A). Then, to characterize
the in vivo effects of anti-CD45RC mAb on Tregs in the context
of AIRE deficiency and further define the biological consequenc-
es of its administration, we analyzed differential gene expres-
sion upon RNA sequencing of FACS-isolated CD45RC~ CD8*
Tregs and CD25"CD127"~ CD4" Tregs from Aire”* animals and
Aire”- animals treated with either the isotype control or the anti-
CD45RC mAD (Figure 5, B-D). We found that the transcriptomic
signatures of both CD4* and CD8"* Tregs of anti-CD45RC-treated
Aire”” rats were more similar to the transcriptomic signatures of
Aire/* rats than to those of Aire”" rats treated with isotype control
mAb (Figure 5B), showing that the anti-CD45RC mAb adminis-
tration induced a reversal toward a normal expression of some of
the genes downregulated or upregulated in Aire”” Tregs. This gene
signature reversal trend was especially striking in the CD8* Tregs,
with 206 genes being differentially expressed between Aire”* and
Aire” isotype control-treated rats against only 94 genes differen-
tially expressed between Aire”* and Aire”~ anti-CD45RC-treat-
ed rats (Figure 5C). Significantly upregulated genes after anti-
CD45RC treatment belonged to pathways involved in translation
and ribosome machinery (e.g., Rpl6, Rpl5, Rpl7, Eeflal), while
genes significantly downregulated belonged to pathways involved
in apoptosis (Fas, Ccnb2, Rrm2), cell adhesion (Itgal), and inflam-
matory conditions (Il1b, Ccll, Ccr6, Cxcl10, Pdcdl, Faslg, Tnfsf13,
Tnf) (Figure 5D). Taken together, these results demonstrate thatin
vivo administration of anti-CD45RC mAb reverses the Treg tran-
scriptomic gene signature of Aire”~ animals toward that of Aire”*
animals, consistent with the effect on Tconv cell depletion and the
ensuing decrease in the inflammatory microenvironment.
Anti-CD45RC mAb immunotherapy in Aire”~ rats more than
3 months old inhibits the development of autoimmune symptoms.
Since the majority of APECED patients are only diagnosed and
treated after the first symptoms, we investigated the efficacy of
the anti-CD45RC mADb in a treatment rather than a preventive
setting. To that end, anti-CD45RC (n = 11) or isotype control
(n = 8) mAbs were given twice weekly in 3-month-old Aire”~ ani-
mals just before appearance of the first visible disease sign, cor-
responding to the time when the weight curve starts to plateau.
Treatment was continued for 4 months until animal sacrifice
(Figure 6A). None of the animals had been sacrificed before the
end of the experimental setup. Using this approach, we observed
that the anti-CD45RC mAbD inhibited the development of visible
manifestations in Aire”~ animals compared with isotype con-
trol mAb-treated Aire”~ animals as evidenced by the absence of
alopecia- and vitiligo-like symptoms (Figure 6B). However, we
did not observe any impact of the immunotherapy on weight
growth (Figure 6C), probably because the growth of the animals
had reached a plateau at that age range in contrast to Figure 1C.
In contrast, we observed a marked improvement in the histolog-
ical appearance of organs in anti-CD45RC mAb-treated com-
pared with isotype control mAb-treated Aire”~ animals (Figure
6D and Table 1), as shown by the preserved exocrine pancreas
structure, the slight reduction of spleen follicle marginal zone,
and the decreased cell infiltration in the kidney and lung. These
observations were associated with decreased autoantibody pro-
duction as shown by immunofluorescence staining (Figure 7A),
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Figure 4. Anti-CD45RC mADb acts on B cells to decrease their activation and inhibit production of immunoglobulins in vitre. (A) Proportion of B cell sub-
types in the spleen of Aire”- rats after 4 months of treatment with the anti-CD45RC or isotype control mAb or WT untreated rats. (B) B cells from Aire*/*
rats were stimulated in vitro for 48 hours with CpG ODN 1668, anti-CD40, and anti-lgM mAbs in the presence of anti-CD45RC or isotype control mAbs.
Maturation of B cells was analyzed by flow cytometry quantification of each B cell subpopulation. ANOVA: *P < 0.05. (C) After 48 hours of in vitro stimu-
lation, B cells from Aire*/* and Aire”" rats were stained for flow cytometry to study their viability and expression of CD45RC and activation markers such as
(D80, CD40, and MHC class Il (RT1-B). Data from each experiment were normalized to the mean value from all the experiments. Results of multiple t test
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IgG production in culture supernatant of B cells stimulated for 48 hours.
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Figure 5. Anti-CD45RC treatment switches the Treg/Tconv balance and restores the altered transcriptomic profile of Tregs in Aire”- rats. (A) Ratio of
CD4+*CD25*CD127"- or CD8*CD45RC'/- Tregs versus CD45RC" Tconv cells in Aire”~ rats treated with isotype control (n = 7) versus anti-CD45RC mAb (n =
7). ANOVA: *P < 0.05. (B) Matrix showing the number of genes differentially expressed between CD4* (left panel) and CD8* (right panel) Tregs from the
following groups: WT rats (n = 8) and Aire”" rats treated with the isotype control (n = 5) or the anti-CD45RC mAb (n = 5). (C) DGE RNA sequencing heat-
map analysis of CD8*CD45RC" Tregs showing the relative expression of genes. Columns correspond to samples, and rows correspond to differentially
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expressed genes. (D) Normalized enrichment score of biological pathways upregulated or downregulated in Aire”" rats treated with the anti-CD45RC
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Western blotting (Figure 7B), and anti-IL-22 and anti-rPdia2
assessed by LIPS assay (Figure 7C).

CD45RC expression is increased in peripheral blood T cells from
APECED patients and reflects the immune system imbalance induced
by AIRE deficiency. We performed a preliminary evaluation for
the potential of targeting CD45RC in APECED patients, by look-
ing for the expression of CD45RC in blood and tissue specimens
of APECED patients. Flow cytometry analysis of PBMCs from
11 APECED patients revealed that CD45RC was significantly
upregulated on CD4* and CD8" T cells compared with healthy
individuals (Figure 8A), with a significantly greater proportion
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of CD45RC" and CD45RCP cells and a significantly lower pro-
portion of CD45RC" cells. This decrease in CD45RC" cells cor-
related with a decrease in the percentage of CD8'FOXP3* T cells,
since FOXP3" cells are included mostly within the CD45RC!/-
populations (Figure 8B and ref. 23), and a significant imbalance
of the ratio of FOXP3* Tregs versus CD45RC" CD4* and CD8*
Tconv cells (Figure 8C). On the functional side, we observed that
T cells from APECED patients produced less IL-10 (both CD4*
and CD8"), PD-1 (CD8"), CD40L (CD4"), and CD103 (CD4* and
CD8*) and expressed more IL-34 (CD4* and CD8"), Tbet (CD4"
and CD8"), and CD127 (CD8") (Figure 8D).
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Figure 6. Anti-CD45RC mAb administration initiated as treatment controls the development of autoimmune lesions in Aire”/- rats. (A) Schematic of
the protocol of treatment in the curative setting of 3-month-old Aire”- rats with isotype control or anti-CD45RC mAbs. (B) Representative photographs
of Aire”~ rats after 4 months of treatment with either isotype control (n = 8) or anti-CD45RC mAbs (n = 11). Arrows depict alopecia. Scale bars: 5 cm.

(C) Evolution of weight gain in male Aire”~ rats treated with isotype control (n = 4) or anti-CD45RC mAbs (n = 5) until sacrifice. ANOVA analysis showed
no significant difference between the 2 groups. (D) Representative pictures of H&E histological analysis of organs from Aire”- rats at the end of the
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To investigate whether lymphocytic infiltrates in organs
affected by autoimmunity in APECED patients were composed
of CD45RC" cells, we performed immunostaining of CD45RC on
tissue biopsies from 6 patients. We first confirmed that CD45RC*
cells could be detected by immunostaining on paraffin biopsies
in non-APECED human tonsil tissue (Figure 8E). Interestingly,

numerous CD45RC* cells were present in the stomach (n = 3)
and small intestine (n = 1) of APECED patients with gastritis or
enteropathy, respectively, whereas no CD45RC staining was
observed in patients without autoimmune gastritis (1 = 2).

Finally, we validated the efficacy in vitro of an anti-human
CD45RC mAb (clone ABIS-45RC, human IgGl) to induce cell
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death of target CD45RC" T cells in PBMCs from APECED patients
(n = 6) similarly to PBMCs from healthy individuals (Figure 8F,
left). Analysis of the effect of the anti-human CD45RC mAb on
CD45RC! B cells revealed a similar depleting effect in PBMCs
from APECED patients (n =11) compared with healthy individuals
(n=16) (Figure 8F, right), suggesting that the human IgG1 isotype
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used induced potent effector functions resulting in not only inhibi-
tion but elimination of peripheral CD45RC" B cells.

Taken together, these results indicate that dysregulated and
inflammatory CD45RC" cells circulate in blood and infiltrate
organs affected by autoimmunity and could be targeted by thera-
peutic intervention with a specific mAb against CD45RC.
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Figure 8. CD45RC expression is increased in peripheral blood T cells
and autoimmune tissue lesions of APECED patients. (A) PBMCs of
APECED patients (n = 11) and healthy donors (n = 16) were stained for
flow cytometry analysis showing the expression of CD45RC on CD4*
(left) and CD8* (right) T cells; t test: *P < 0.05, **P < 0.01, ***P < 0.001.
(B) Expression of FOXP3 and CD45RC on CD4* (top line) and CD8* T cells
(bottom line) from APECED patients and healthy donors. (C) Ratio of
FOXP3* Tregs versus CD45RC" Tconv cells in healthy donors (n = 16) ver-
sus APECED patients (n = 11); t test: *P < 0.05. (D) Expression of IL-10,
IL-34, CD40L, Tbet, CD103, CD127, and PD-1 by CD4* and CD8* T cells
from healthy donors and APECED patients; t test: *P < 0.05, **P < 0.01,
***p < 0.001. (E) Representative immunohistochemical staining of
CD45RC with an anti-human CD45RC mAb in stomach and small intes-
tine paraffin-embedded tissue from 2 APECED patients with autoim-
mune gastritis and enteropathy (arrows) compared with stomach tissue
of an APECED patient without autoimmune gastritis. Non-APECED
human tonsil biopsy tissue was used as positive control. (F) Proportion
of apoptotic CD45RAM T cells induced after a 3-hour in vitro incubation
of PBMCs, from healthy donors (n = 6) or APECED patients (n = 6) with
the anti-CD45RC or isotype control mAbs. One-way ANOVA repeated
measures, Bonferroni's post hoc test: ***P < 0.001, ****P < 0.0001.

Discussion

In this article we report the potential of an immunotherapeutic
approach using anti-CD45RC mAb to treat the autoimmune syn-
drome APECED. Targeted immunotherapies have opened a new
era of opportunities to treat rare and multiorgan autoimmune dis-
eases that are more challenging to treat than more frequent auto-
immune diseases affecting wider patient populations. Typically,
the study of rare diseases can be difficult because of the lack of ani-
mal models, the paucity of patients, and the difficulty of executing
powered clinical trials (17). Although APECED is a rare disease,
its prevalence can reach higher proportions in some populations,
such as 1:25,000 in Finns and 1:9000 in Iranian Jews (28, 29), and
the recent description of dominant monoallelic mutations associ-
ated with a later onset of the disease and a milder phenotype sug-
gests that disease-causing AIRE mutation is underestimated (30).
The clinical therapeutic options for APECED patients are limited
to a combination of symptomatic nonspecific treatments adapted
to each patient that are not only inefficient in the long term, but
even deleterious in many ways (6, 31-33). In this study we took
advantage of a previously generated rat model of AIRE deficiency
mimicking some of the key features of APECED syndrome, which
are not found in mouse Aire”” models, to evaluate the effects of
targeted therapy (18). The only reported biological used in immu-
notherapy of APECED is the anti-CD20 mAb rituximab, used
with relative success to treat pneumonitis in APECED patients in
combination with T cell-targeted immunomodulators (19, 34). T
cell-targeted immunotherapy alone or even nonablative hema-
topoietic stem cell transplantation, which has proven to be effi-
cient in immune dysregulation polyendocrinopathy enteropathy
X-linked (IPEX) syndrome, another primary immune deficiency
disorder (35), has never been tested in APECED to the best of our
knowledge. Besides having fewer side effects, targeted immuno-
therapies have the advantage that their target and their efficacy on
target-expressing cells can additionally be validated ex vivo before
administration to patients, as we have shown here on the blood
cells and tissues of APECED patients for the anti-CD45RC mAb.
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CD45RC could even serve as a biomarker for precision medicine
of patient stratification and follow-up.

We compared effectiveness using 2 different intervention-
al strategies, i.e., as prevention and treatment, applicable to
APECED patients, who are often diagnosed clinically when they
present atleast 2 symptoms from the Whitaker triad before the age
of 20 years. Using these 2 interventional strategies, we demon-
strate in both cases that 4 months of exposure to anti-CD45RC
mAb immunotherapy efficiently controls disease onset and halts
progression in the long term in our animal model of APECED.
The anti-CD45RC mAb treatment was more efficient in the pre-
ventive than in the curative setting, in which anti-CD45RC mAb
could only halt progression, and in which, although visual mani-
festations are not visible yet, organ lesions may already be present
and, in some organs, irreversible. One example is the involution
of the thymic structure that occurs earlier in AIRE-KO rats and is
probably due to the dysregulation of the thymopoiesis and auto-
immune responses toward the thymus (18). Although the anti-
CD45RC mAb treatment does not resurrect the thymus, it might
prevent immune responses toward the thymus and those involved
in thymic destruction. It would be interesting to compare thymus
involution over time in anti-CD45RC mAb-treated AIRE-KO rats
versus WT. Although APECED is a genetic disease due to the loss
of AIRE, a central tolerance regulator, the disease’s components
involve T and B cells responsible for tissue damage (3, 36-38).
This allowed us to speculate that specific targeting of CD45RC,
a splicing variant of the CD45 molecule, which is expressed by,
e.g., naive precursors of Tconv cells , Tconv cells, and effector
memory T cells, but also by B cells, is a reasonable approach in
the treatment of APECED patients before too much tissue dam-
age has taken place (22, 23, 39). This protein is a transmembrane
tyrosine phosphatase that acts as an essential regulator of T and
B cell antigen receptor signaling in the immunological synapse
by tuning the activity of Lck in T cells or Lyn, Fyn, and Lck in B
cells (40-42). We previously demonstrated that short-term target-
ing of CD45RC using an mAb that induces T cell death is an effi-
cient strategy to ameliorate solid organ transplant rejection (23)
and graft-versus-host disease (24), and that long-term treatment
was efficient in preventing muscle strength loss in Duchenne’s
muscular dystrophy, a monogenic disease with CD45RC* T cell
inflammatory infiltration in muscle (25). In the APECED model,
by directly targeting the autoreactive T cells expressing CD45RC,
the anti-CD45RC mAbD controlled the T cell-dependent tissue
cytotoxicity, but also, by controlling T-B cell crosstalk and direct-
ly inhibiting B cells, anti-CD45RC mAb can additionally prevent
the production of autoantibodies (3), a feature that was not pre-
viously evidenced with this antibody (23-25). Indeed, although
B cells are mostly CD45RC", we previously demonstrated that
the anti-rat CD45RC mAb induced apoptosis of T cells, but not
B cells, through signaling and activation of the intrinsic apopto-
sis pathway involving mitochondria (23). We also showed that the
mechanism of action of the anti-CD45RC mAb did not rely on
antibody-dependent cell-mediated cytotoxicity through recruit-
ment of effector cells or complement-dependent cytotoxicity. To
further discriminate a potential impact of the anti-CD45RC mAb
on B cells through modulation of isotype switching or maturation,
we further analyzed the impact of the antibody on B cells in vitro.
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We first demonstrated that after nonspecific stimulation, B cells
from Aire” rats produce more immunoglobulins compared with
B cells from Aire”" rats, something that was not demonstrated
with our model yet and that suggests that AIRE deficiency results
in the modification of B cell function. In addition, for the first
time to our knowledge, we showed that although B cells are not
depleted, the anti-CD45RC mAb controls immunoglobulin secre-
tion and prevents, to some extent, B cell activation. B cells seem
to contribute to APECED disease, as demonstrated by B cell-
deficient Aire”~ mice that had ameliorated multiorgan infiltration
(36), by B cell depletion in NOD Aire”~ mice that led to diabetes
onset delay (43), and by NOD Aire”/"Ighm”~ mice that had partial
amelioration of autoimmune lung disease (19). Interestingly,
Aire”~ rats display splenic abnormalities with a hypertrophic
marginal zone, already described in Aire”” mice (44), suggesting
chronic antigen exposure and enhanced immune responses. The
marginal zone is mainly composed of B cells that mostly recognize
antigens in a T cell-independent manner (45). While these obser-
vations do not resolve the link between AIRE and B cell autoimmu-
nity, the fact that Aire”" rats that received anti-CD45RC mAb have
anormal marginal zone is consistent with our in vitro observations,
since it suggests that this effect could be mediated by the direct
binding of the anti-CD45RC mAb on B cells and their consecutive
inhibition. In addition, the presence of anti-CD45RC mAb bound
to CD45RC" B cells could also directly interfere with the MHC-
TCRinteraction. Finally, by restoring the transcriptomic profile of
Tregs and increasing Treg numbers, thus rebalancing the ratio of
Tregs to Tconv cells involved in the peripheral selection of B cells
(46-48), anti-CD45RC mAb restores central checkpoints for B
cell selection. Thus, the anti-CD45RC mAb mechanism of action
involves B cell inhibition in addition to CD45RC" T cell depletion
and Treg activation. Still, the role of B cells and autoantibodies
in the context of APECED syndrome needs to be investigated
further, and the Aire”- rat model, which develops anti-cytokine
autoantibodies at levels comparable to those in APECED
patients, will be useful in future studies, including those involving
the generation of double AIRE- and immunoglobulin-deficient
rats, which is under way.

Importantly, our results support the potential of anti-CD45RC
mAb in a preventive setting that is applicable to familial aggrega-
tions of APECED syndrome. Although our strategy does not correct
the Aire gene deficiency, it efficiently prevents the autoimmune
process. Inaddition, current gene editing technologies donot allow
for effective corrective gene therapyin the context of APECED syn-
drome. A recent study with Aire”~ mice demonstrated an adeno-
associated virus (AAV) approach to correct AIRE deficiency, which
was able to significantly reduce the development of autoimmune
symptoms; however, this therapeutic effect was limited by tech-
nical issues linked to medullary thymic epithelial cells (nTECs)
and AAV biology (49). First, the lack of mTEC-specific AAV sero-
type leads to the need of a direct injection inside the thymus and
results only in a proportion of AIRE* mTECs. Second, mTECs are
a rare cell population with a rapid turnover, and thus the use of
a non-integrative transgene, although safer, might not allow for
stable expression and long-lasting therapeutic effects. Therefore,
before an efficient Aire editing strategy is reached, immunothera-
py seems the best asset to prevent multiorgan tissue damage and
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to treat patients affected by APECED. Interestingly, we observed
that CD45RC" cells were not only present but also increased in
APECED patients despite their ongoing treatments (most patients
receive endocrine hormone replacement therapy, including phys-
iological levels of fludrocortisone and hydrocortisone); thus we
can speculate that the steroids received will not interrupt anti-
CD45RC mAb treatment.

Finally, the APECED animal model could serve as a disease
model for many serious autoimmune diseases involving T and B cell
dysregulation, such as rheumatoid arthritis or systemic lupus ery-
thematosus, and it is reasonable to speculate that our observations
of effectiveness of anti-CD45RC mAb in APECED could be extend-
ed to other autoimmune diseases with similar imbalance.

In summary, we show that anti-CD45RC mAb can eliminate
autoreactive T cells and control/restore B cell and Treg tolerance
in the AIRE-deficient rat model of APECED disease. The anti-
CD45RC mAb immunotherapy was effective both as prevention
and as treatment, the latter being particularly relevant to the
human disease. We also show that AIRE deficiency in APECED
patients disrupts the immune balance toward an autoimmune and
inflammatory state with increased levels of CD45RC" in periph-
eral blood T cells and in autoimmune lesion lymphocytic infil-
trates, highlighting the potential translational implications of anti-
CD45RC immunotherapy in this disease.

Methods

Animals. Aire”- Sprague-Dawley (SPD) rats were obtained by backcrossing
of the Aire”~ Brown Norway strain, generated using zinc finger nuclease
technology as previously described (18), in the SPD background for more
than 8 generations. The SPD animals used for this project were male and
female and were all bred in our facility; WT animals were littermates of
the Aire”" rats. IgM-deficient rats used for Western blot and immunoflu-
orescent staining were previously described (50). All studies were per-
formed according to protocols approved by the Ethics Committee of the
Ministeére de 'Enseignement Supérieur et de la Recherche (Paris, France).

Genotyping. Small ear biopsies were taken from 10-day-old rats to
perform genotyping as previously described (51). Briefly, samples were
digested overnight at 56°C in 350 pL of lysis buffer, then diluted at 1:20
in ultrapure water and added to 24 uL of PCR mix reaction prepared
according to the manufacturer protocol (Herculase II Fusion DNA Poly-
merase, Agilent Technologies). The following primers were used to car-
ry out the PCR amplification: forward primer 5'-TCAAGAGTGCCCT-
GTTCTAG-3, reverse primer 5-CTGGGGTGGTGTCAGTAAG-3'. The
amplification program was run on a Veriti Thermal Cycler (Applied Bio-
systems) and consisted of 1 cycle at 95°C for 5 minutes, 35 cycles at 98°C
for 10 seconds, 60°C for 10 seconds, and 72°C for 30 seconds, followed by
1 cycle at 72°C for 4 minutes. Finally, to determine the presence of muta-
tions in the Aire gene, the PCR product’s length was estimated using a
heteroduplex mobility assay with a microfluidic capillary electrophoresis
system (Caliper LabChip GX, PerkinElmer).

In vivo antibody treatments. Three-week-old (prevention) or
3-month-old (treatment) Aire”" rats or WT littermates received 1.5 mg/
kg purified mAbs, either isotype control or anti-CD45RC (respective-
ly, clone 3G8, a mouse IgG1 against human CD16, or clone 0X22, a
mouse IgG1 against rat CD45RC; both produced in our laboratory from
hybridoma culture), twice a week by 1.p. injection. Treatments lasted 4
months; animals were daily surveyed and scored for the occurrence of
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APECED-like signs such as alopecia, vitiligo, nail dystrophy, and weight
loss. At the end of the treatment, rats were sacrificed.

Histological analysis. Organs from Aire”" treated rats were collected
in 4% paraformaldehyde. After 1 week of fixation at 4°C, samples were
embedded in paraffin, cut in sections of 0.2 um, and stained with hema-
toxylin-eosin-saffron by the MicroPicell platform (SFR Bonamy). Images
were captured using the Nanozoomer slide scanner (Hamamatsu). Lym-
phocyte infiltration and pathological changes in the tissues were assessed
by a pathologist in a blinded manner.

Cell isolation. Spleens were perfused with collagenase D and dissoci-
ated before incubation at 37°C for 30 minutes; 350 pL of EDTA 0.01 mM
was added to stop the reaction. Pieces of tissue were digested to generate
single-cell suspensions before red blood cell lysis was performed using a
hypertonic buffer (8.29 g NH,Cl, 1 g KHCO,, 37.2 mg EDTA per liter of
sterilized water). Cells from thymus and mesenteric lymph nodes were
mechanically dissociated.

Antibodies and flow cytometry. Before cell surface staining, 500,000
cells per sample were stained with 50 pL of diluted viability dye (Fix-
able Viability Dye eFluor 506, eBioscience) for 30 minutes at 4°C in
the dark. After a washing step, extracellular staining was performed
by incubation of the cells with 50 pL of diluted fluorescent antibodies
(Supplemental Tables 1 and 2) for 30 minutes at 4°C in the dark. If intra-
cellular staining was also performed, cells were next permeabilized and
fixed for 30 minutes according to the protocol of the kit’s manufacturer
(Foxp3/Transcription Factor Staining Buffer Set, eBioscience). Fluores-
cent antibodies targeting intracellular markers were diluted in the per-
meabilization buffer and incubated with the fixed cells for 1 hour. For
cell phenotyping, fluorescence was measured with a BD FACSCanto II
or an LSR II flow cytometer; a BD FACSAria was used for cell sorting
(BD Biosciences). Flow]Jo software was used to analyze data after elimi-
nation of doublets and Viability* dead cells.

Ratimmune cell populations were defined as: CD4*CD25" effector T
cells (Tconv cells), CD4*CD25*CD127°"and CD8*CD45RC" regulatory
T cells (Tregs), TCRap CD45RA" B cells, TCRap CD45RA"CD45R*CD4*
plasmacytoid dendritic cells (pDCs), TCRop CD103*CD4" and TCRaf"
CD103*CD4* conventional DCs, CD11b/c*His48* granulocytes, CD11b/
c"His48  macrophages, TCRyd* y8 T cells, TCRof CD161" natural killer-
low (NK") cells, TCRap CD161" NK" cells, TCRaf*CD161* NKT cells.

In vitro stimulation of B cells. Splenocytes were mechanically dissoci-
ated from the spleen before lysing of red blood cells. After a washing step,
cells were stained for 30 minutes with purified mouse anti-rat antibodies:
anti-T (TCRo clone R7/3), macrophages and DCs (anti-CD11b/c clone
0X42), Tyd (anti-TCRy3 clone V65), and NK cells (anti-CD161 clone
3.2.3). Magnetic anti-mouse beads (Dynabead Goat Anti-Mouse IgG,
Invitrogen) were used to deplete afy and y3 T cells, DCs, and NK cells from
the cell suspension. Fc receptor was then blocked by incubation in 10%
heat-inactivated rat serum for 30 minutes. Cells were then washed and
resuspended in complete RPMI 1640 medium before plating of 200,000
enriched B cells per well. B cells were stimulated in vitro with 5 pg/mL of
coated anti-CD40 antibody (clone HM40-3) and 5 pg/mL of CpG ODN
1668 (InvivoGen); maturation of naive B cells was induced by coating of
10 pg/mL anti-IgM antibody (clone MARM-4). Increasing concentrations
of anti-CD45RC antibody (clone OX22) or isotype control (clone 3G8)
were added to each well. After 12, 24, and 48 hours of culture, viability
and activation markers were analyzed by flow cytometry.

Western blot. Protein extracts from organs (skin, thymus, liver,
pancreas, ovary, duodenum, stomach, salivary glands, spleen, colon,
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kidney, eye, lung, testis, mesenteric lymph nodes, ileum) of IgM-
deficient rats (used to avoid background signals from immunoglob-
ulins normally present in tissues) were obtained using a RIPA buffer
and a gentleMACS dissociator (Miltenyi Biotec). After quantification
with a bicinchoninic acid (BCA) assay (Thermo Fisher Scientific), 50
ug of protein from each organ were denatured by addition of DTT
and heated at 95°C for 5 minutes. Samples were then run in a 10%
Tris-SDS acrylamide gel and transferred onto a Protran premium
0.45 NC (0.45 pm) Western membrane (Amersham). Saturation was
performed by incubation in TBST/5% BSA 5 solution for 2 hours. Next,
membranes were incubated overnight at 4°C under constant agitation
with sera from Aire” treated rats diluted at 1:200 in TBST/1% BSA.
After washing with TBST, membranes were incubated with a sec-
ondary donkey anti-rat IgG antibody (heavy and light chain; Jackson
ImmunoResearch Laboratories). After 2 hours of incubation under
constant agitation at room temperature, autoantibodies were revealed
by addition of SuperSignal West Pico chemiluminescent substrate
(Thermo Fisher Scientific). Pictures were taken with an LAS 4000 gel
imager (Fujifilm Life Science).

Immunofluorescence and confocal microscopy. Slides of organs (pan-
creas, kidney, liver, ileum, colon, and duodenum) from IgM-deficient
rats were generated as mentioned before and frozen at -20°C until use.
Just after thawing, slides were saturated with PBS plus 5% BSA for 30
minutes at room temperature. Serum from treated Aire”" rats was dilut-
ed at 1:50 in PBS/1% BSA and added on the slices. After 30 minutes
of incubation at room temperature, slices were washed 3 times with
filtered PBS. Autoantibodies were revealed using an Alexa Fluor 488-
coupled goat anti-rat IgG antibody (heavy and light chain; Invitrogen).
After 30 minutes of incubation with the secondary antibody and anoth-
er washing step, slices were stained with 2 pg/mL of DAPI for 15 min-
utes and then mounted with ProLong Gold Antifade reagent (Molecular
Probes). Forty-eight hours later, the fluorescence was observed using
the Nanozoomer slide scanner (Hamamatsu).

ELISA quantification of rat immunoglobulins. Plates were coated
overnight at 4°C with 4 pg/mL of goat polyclonal anti-rat IgM or IgG
antibodies (supplied by Jackson ImmunoResearch Laboratories). After
several washing steps, saturation with PBS/5% BSA was performed
for 2 hours at room temperature. Diluted samples and isotype control
(rat IgM, IgG1, IgG2a, and IgG2b supplied by BD Biosciences), used to
determine the standard curves, were incubated for 90 minutes at 37°C.
HRP-conjugated anti-rat IgM, IgG1, IgG2a, or IgG2b (supplied by Beth-
yl Laboratories) was incubated for 90 minutes at 37°C to allow specific
detection of rat immunoglobulin isotypes. Tetramethylbenzidine (TMB;
BD Biosciences) was used as HRP chromogenic substrate before the
reaction was stopped by addition of H,SO,. Optical density at 450 nm
was determined using a Tecan Spark plate reader.

Luciferase immunoprecipitation system. Anti-cytokine autoantibod-
ies were detected using a luciferase immunoprecipitation system (LIPS)
assay on a 96-well MultiScreen filter HTS plate (Millipore) as previous-
ly described (52). Briefly, HEK293 cells were transfected with plasmids
coding for rodent antigens and with the NanoLuc gene to secrete Nano-
Luc-cytokine fusion proteins. Culture supernatants were incubated over-
night at 4°C with diluted rat serum (1:10 or 1:25) and with the antigen-
NanoLuc fusion proteins (containing 1 x 10° luciferase units). Immune
complexes formed were captured onto protein G agarose beads (25 pL
of 4% suspension; Exalpha Biologicals). One hour later, the plate was
washed and the NanoLuc substrate (furimazine, Promega) was added.
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The intensity of luminescence was recorded for 5 minutes by a VICTOR
X5 plate reader (PerkinElmer).

3’ Digital gene expression RNA sequencing. 3' Digital gene expres-
sion (3’ DGE) RNA sequencing was performed as previously described
in detail (23). RNA was extracted from FACS-isolated Tregs using
the RNeasy Micro Kit (QIAGEN) according to the supplier protocol.
Libraries were prepared with 10 ng of total RNA. During template
switching of reverse transcriptase, the poly(A) tail of mRNA was
tagged with universal adapters, barcodes, and unique molecular iden-
tifiers (UMIs). All the cDNAs were then pooled, amplified, and tagged
using the transposon-fragmentation approach. This library of 350~
800 bp was run on an Illumina HiSeq.

The read pairs were used for the analysis only if they reached
quality controls: For read 1, the first 6 bases must correspond exactly
to the barcode sequence and the next 10 bases correspond to UMIs.
Alignment of the second read to the RefSeq rat mRNA sequences
(rn6) was done using Burrows-Wheeler Aligner version 0.7.4 with
non-default parameter -1,24. Reads were excluded from the analysis
if they mapped to multiple positions of the genome. We obtained the
DGE profiles by counting the number of UMIs associated with each
RefSeq gene for each sample.

Differentially expressed genes between conditions were calculated
using the R package DESeq2 (Bioconductor) by first applying a regu-
larized log transformation (rlog). Genes with adjusted P value inferior
to 0.05 were considered as differentially expressed. Heatmaps were
generated by scaling and centering gene expression (gene expression
was transformed so that the mean = O and standard deviation = 1).
For functional enrichment analysis, databases (Kyoto Encyclopedia of
Genes and Genomes [KEGG], Reactome, and Gene Ontology) and the
R package fgsea were used to identify significantly enriched or depleted
groups of genes in each condition. The raw DGE RNA sequencing data
are available in the European Nucleotide Archive (ENA) (https://www.
ebi.ac.uk/ena/browser/home, accession number PRJEB43753).

APECED patient and healthy donor blood samples. APECED
patients were followed at the Inflammation Center, Helsinki Univer-
sity Hospital, or at the National Institute of Allergy and Infectious
Diseases at the NIH, Bethesda, Maryland, USA, and gave written
informed consent to PBMC donation.

All patients were under endocrine hormone replacement therapy,
including physiological levels of fludrocortisone and hydrocortisone
for adrenal insufficiency. One patient was on continuous cyclosporine
therapy due to kidney transplantation.

Blood from healthy donors was collected at the Etablissement
Frangais du Sang. PBMCs were purified from blood by Ficoll-Paque den-
sity gradient centrifugation (Eurobio, Courtaboeuf) before freezing in
FCS/10% DMSO. Samples were preserved at -150°C before use.

APECED patient biopsies and immunohistochemistry. Stomach
(n = 5) and small intestine (n = 1) biopsies obtained from 6 APECED
patients followed at the National Institute of Allergy and Infectious
Diseases at the NIH, Bethesda, Maryland, USA, were analyzed in
this study. The patients were enrolled on an NIH IRB-approved pro-
tocol and signed written informed consent for study participation in
accordance with the Declaration of Helsinki. Immunohistochemical
stains were performed on formalin-fixed, paraffin-embedded tissue.
Slides were deparaffinized in xylene (3 times for 5 minutes) and rehy-
drated in graded alcohol (4 times for 2 minutes) and distilled water.
Heat-induced antigen retrieval was performed using high-pH buffer in
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a steamer for 30 minutes. The slides were immersed in 3% Tris-goat
serum solution to block nonspecific binding, and then 1:200 CD45RC
(clone MT2, catalog AM39022PU-N, Origene) antibody was applied at
room temperature and incubated for 1 hour. Detection was performed
on a Benchmark Ultra automated immunostainer (Roche) with an
ultraView Universal DAB Detection Kit (catalog 760-500). The slides
were then dehydrated in graded alcohols followed by xylene treatment
(twice for 5 minutes) and coverslipped.

Anti-CD45RC mAb-induced apoptosis on APECED patients’ PBMCs.
At day -1, PBMCs from APECED patients (1 = 6) and healthy donors
(n = 6) were thawed and incubated at 37°C, 5% CO,, in complete RPMI
1640 medium to allow recovery. After overnight incubation, cells were
harvested and centrifuged to discard dead cells. Fifty thousand cells
were then seeded in duplicate in a 96-well round-bottom plate before
addition of increasing concentrations of either the anti-CD45RC
mAD (clone ABIS-45RC, AbolerIS Pharma) or an isotype control mAb
(human IgG1, anti-B-gal, InvivoGen). After 3 hours of incubation at
37°C, 5% CO,, cells were harvested, washed, and stained for 30 min-
utes at 4°C with fluorescent anti-CD3, anti-CD19, and anti-CD45RA
mAbs. Apoptosis was assessed by annexin V staining. Cells were
washed once with PBS before being incubated for 20 minutes at room
temperature with 25 pL of annexin V-APC (BD Biosciences) diluted in
annexin V binding buffer (BD Pharmingen). Without washing, 75 uL
of DAPI was added to each well, and results were immediately read
in FACSCanto (BD Biosciences). The mean percentage of annexin
V*CD45RA" T or B cells in negative control, consisting of cells incubat-
ed without any antibody, was withdrawn from each condition to only
quantify the antibody-induced apoptosis.

Statistics. We used 2-way ANOVA, 2-tailed ¢ test, and multiple ¢ test
statistical analysis in FACS, and Mann-Whitney test for ELISA and LIPS
experiments. A P value of less than 0.05 was considered significant.

Study approval. Experiments and procedures were performed
in accordance with protocols approved by the Ethics Committee of
the Ministére de 'Enseignement Supérieur et de la Recherche (Paris,
France; APAFIS22646).

The study was approved by the Ethics Committee of Medicine,
Helsinki and Uusimaa Joint Authority (HUS/1127/2016). The patients
were enrolled on an NIH IRB-approved protocol (11-1-0187) and signed
written informed consent for study participation in accordance with the
Declaration of Helsinki.
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