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SUMMARY 38 

In response to antigens, B cells undergo affinity maturation and class switching mediated by 39 

activation-induced cytidine deaminase (AID) in germinal centers (GCs) of secondary lymphoid 40 

organs, but uncontrolled AID activity can precipitate autoimmunity and cancer. The regulation of 41 

GC antibody diversification is of fundamental importance but not well understood. We found 42 

that autoimmune regulator (AIRE), the molecule essential for T cell tolerance, is expressed in 43 

GC B cells in a CD40-dependent manner, interacts with AID and negatively regulates antibody 44 

affinity maturation and class switching by inhibiting AID function. AIRE deficiency in B cells 45 

caused altered antibody repertoire, increased somatic hypermutations, elevated autoantibodies to 46 

T helper 17 effector cytokines and defective control of skin Candida albicans. These results 47 

define a GC B cell checkpoint of humoral immunity and illuminate new approaches of 48 

generating high-affinity neutralizing antibodies for immunotherapy. 49 

 50 
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 54 

INTRODUCTION 55 

A properly diversified and selected repertoire of antibodies is essential for effective immune 56 

defense against diverse pathogens as well as the prevention of autoimmune diseases. After V(D)J 57 

recombination in the bone marrow (BM) that generates a primary antibody repertoire, B 58 

lymphocytes enter GCs of secondary lymphoid organs, such as the lymph nodes, spleen, tonsils 59 

and mucosa-associated lymphoid tissues, to further diversify their antibody repertoire in response 60 
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to antigens by undergoing class switch recombination (CSR) and somatic hypermutation (SHM), 61 

both of which are mediated by the DNA-cytosine deaminase AID (Muramatsu et al., 2000; Revy 62 

et al., 2000). SHM introduces point mutations in immunoglobulin (Ig) variable region exons for 63 

selection of higher-affinity antibody clones by antigens, whereas CSR replaces Ig constant 64 

region exons encoding IgM and IgD with those encoding IgG, IgA, or IgE to provide antibodies 65 

with new effector functions (Murphy and Weaver, 2016b). However, aberrant AID activity in B 66 

cells can cause mutations in non-Ig loci to precipitate cancer (Casellas et al., 2016), and AID-67 

mediated GC reaction can generate autoreactive antibodies to drive many autoimmune diseases 68 

(Vinuesa et al., 2009). The absence of B cell lymphomas and overt autoimmune diseases in 69 

healthy individuals amidst ongoing humoral immune responses reflect the existence of 70 

physiological mechanisms that restrain AID-mediated antibody diversification in GC B cells. 71 

The details of these mechanisms are of fundamental importance but not fully understood. 72 

Humoral immunity is regulated by cell-mediated immunity, in which the molecule AIRE 73 

induces the expression of peripheral tissue-specific antigens (TSAs) in medullary epithelial cells 74 

(mTECs) and B cells in the thymus to promote the negative selection of self-reactive T cells or 75 

their conversion into regulatory T (Treg) cells (Anderson et al., 2002; Malchow et al., 2013; 76 

Yamano et al., 2015). AIRE is also expressed in specialized extrathymic cells (eTACs) that can 77 

inactivate self-reactive T cells in the periphery (Gardner et al., 2008; Gardner et al., 2013). Loss-78 

of-function mutations in the AIRE gene cause autoimmune polyglandular syndrome type 1 (APS-79 

1) (Finnish-German, 1997; Nagamine et al., 1997) associated with organ-specific autoimmunity, 80 

aberrant production of autoantibodies and increased susceptibility to mucocutaneous infection by 81 

Candida albicans, an otherwise innocuous commensal microbe in humans. Mysteriously, APS-1 82 

patients can produce high-affinity neutralizing antibodies against T helper 17 (TH17) effector 83 
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cytokines, which has been suggested to negatively impact anti-fungal immune defense (Kisand et 84 

al., 2010; Meyer et al., 2016; Puel et al., 2010). In light of these findings, we sought to determine 85 

whether AIRE has a B cell-intrinsic role in regulating peripheral antibody diversification. 86 

Here we show that AIRE is expressed in GC B cells in a CD40-dependent manner, interacts 87 

with AID, and negatively regulates AID-mediated peripheral antibody diversification. AIRE-88 

deficient mouse B cells undergo elevated class switching and affinity maturation after antigenic 89 

stimulation, which correlates with enhanced generation of genomic uracil, elevated Ig SHM, 90 

augmented AID targeting to Ig switch (S) regions and increased interaction of AID with 91 

transcriptionally stalled RNA polymerase II (Pol II). In addition, naive B cells of APS-1 patients 92 

undergo increased CSR upon stimulation. Mice with AIRE deficiency in B cells have elevated 93 

levels of autoantibodies against T helper 17 (TH17) effector cytokines and heightened skin C. 94 

albicans burden after infection, which recapitulates the symptoms of APS-1 patients. Our results 95 

define a previously unknown but crucial B cell-intrinsic AIRE-mediated GC checkpoint of 96 

peripheral antibody diversification that limits autoimmunity. 97 

 98 

RESULTS 99 

GC B Cells Express AIRE 100 

Secondary lymphoid organs are the major sites for peripheral antibody diversification (Murphy 101 

and Weaver, 2016a). To determine any roles of AIRE in peripheral antibody diversification, we 102 

first examined AIRE expression in B cells of human secondary lymphoid organs using an 103 

antibody that detects AIRE in the nuclei of mTECs (Figure S1A). We found many IgD–CD19+ 104 

or IgD–Pax5+ B cells inside tonsillar and splenic follicles that harbored nuclear AIRE (Figure 105 

1A–D, Figure S1B and C). Follicular AIRE+ B cells expressed the GC B cell-associated 106 
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molecule Bcl-6 (Figure S1C). In contrast, tonsillar and splenic IgD+ B cells in the mantle zone 107 

and IgD+ plasmablasts in GCs and extrafollicular areas (Chen et al., 2009) expressed little or no 108 

AIRE (Figure S1B and Figure 1D). Peripheral blood IgD+CD27– or CD24+CD38lo naive, 109 

IgD+CD27+ circulating marginal zone, IgD–CD27+ or CD24hiCD38– memory, IgD–CD27– 110 

atypical memory and CD24hiCD38hi transitional B cells as well as CD24–CD38hi plasma cells 111 

(PCs) did not express AIRE either (Figure S1D). Consistent with their follicular localization, 112 

tonsillar AIRE+ B cells were mostly IgD–CD38+ GC B cells, with a small fraction being 113 

IgD+CD38+ founder GC (FGC) or IgD–CD38– memory B cells (Figure 1E). 114 

Similar to human B cells, AIRE was found in B cells in the splenic follicles of immunized 115 

mice (Figure S1E and F). Consistently, in the AireAdig reporter mice (Gardner et al., 2008) after 116 

intraperitoneal immunizations, B cell AIRE expression was detected in FAS+GL7+ GC B cells in 117 

the spleen, inguinal lymph nodes (ILNs), mesenteric lymph nodes (MLNs) and Peyer’s patches 118 

(PPs) and in thymic B cells, but not in FAS–GL7– non-GC B cells or CD138+ PCs in these 119 

tissues, or in peripheral blood or peritoneal B cells (Figure 1F and G, Figure S1G–J). 120 

Consistently, Aire transcript level was markedly higher in splenic GFP+ GC B cells than non-GC 121 

B cells (Figure 1H). Furthermore, AIRE was detected in both CXCR4+CD83– dark zone (DZ) 122 

and CXCR4loCD83+ light zone (LZ) B cells in mouse spleens (Figure 1I) and DZ and LZ B cells 123 

in human tonsils (Figure 1J and K). Altogether, these data indicate that AIRE expression in GC 124 

B cells is a specific and conserved characteristic of human and mouse secondary lymphoid 125 

organs. 126 

Follicular B Cell AIRE Expression Requires CD40 Signaling 127 

The induction of T cell-dependent GC B cell responses in secondary lymphoid organs involves B 128 

cell antigen presentation to primed cognate T helper (TH) cells and clonal proliferation upon 129 
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receiving TH cell signals, such as CD40-ligand (CD40L) and interleukin (IL)-4 (Liu et al., 1989; 130 

Yusuf et al., 2010). CD40 signaling was previously reported to promote AIRE expression by 131 

mTECs and thymic B cells (Akiyama et al., 2008; Yamano et al., 2015). To determine the 132 

regulation of AIRE expression in follicular B cells, we examined the tonsillar tissue of a patient 133 

with the rare primary immunodeficiency (PID) Hyper-IgM Syndrome type 3 (HIGM3), which is 134 

caused by loss-of-function mutations in the CD40 gene (Durandy et al., 2005). In contrast to the 135 

prominent AIRE expression in tonsillar follicular B cells of healthy subjects (Figure 1A and B, 136 

Figure S1B and C), the tonsil of the HIGM3 patient harbored enlarged follicles containing B 137 

cells that had no expression of AIRE and failed to downregulate cell surface IgD (Figure 2A and 138 

B). Of note, tonsillar IgD plasmablasts were absent from the follicles but still present in the 139 

extrafollicular area, which is consistent with the existence of T cell-independent pathways for 140 

their generation as we reported previously (Chen et al., 2009), and indicates a specific shutdown 141 

of the T cell-dependent GC antibody diversification machinery. These results demonstrate a 142 

requirement for CD40 signaling in follicular B cell AIRE expression in vivo. 143 

To further ascertain a role of CD40 signaling in promoting B cell AIRE expression, we 144 

treated mouse splenic naive resting B cells and human peripheral blood IgD+ mature naive B 145 

cells in vitro with CD40L alone or in combination with IL-4. Consistent with the above in vivo 146 

data, these B cells expressed AIRE protein and transcript upon CD40L stimulation (Figure 2C–147 

E). AIRE induction was abrogated by caffeic acid phenethyl ester (CAPE), a selective inhibitor 148 

of nuclear factor-kappa B (NF-κB) (Natarajan et al., 1996), a transcription factor activated by 149 

CD40 (Figure 2C–E). Furthermore, AIRE transcript and protein were also induced in the mouse 150 

B cell line CH12 (Nakamura et al., 1996) upon anti-CD40 stimulation (Figure 2F and G). 151 
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Collectively, these results show that CD40 signaling promotes AIRE expression in GC B cells in 152 

vivo and in B cells and cell lines in vitro. 153 

AIRE in B Cells Inhibits CSR and SHM 154 

As GC is the site of antibody diversification, including CSR and SHM (Murphy and Weaver, 155 

2016b), we sought to determine the B cell-intrinsic function of AIRE in CSR and SHM. We 156 

employed several alternative and independent experimental approaches to achieve this goal. 157 

Firstly, we engrafted lethally irradiated B cell-deficient μMT mice with the BM of CD45.1+ 158 

Aire+/+ and CD45.2+ Aire–/– mice depleted of B220+ cells at a ratio of 1:1 (Figure S2A), allowing 159 

the donor B cell compartment to develop in the same environment in which the thymic 160 

epithelium is Aire+/+ so that the autoimmune manifestations of AIRE deficiency do not develop. 161 

Twenty-eight days later, naive resting splenic unswitched Aire+/+ and Aire–/– B cells from these 162 

BM chimeras were adoptively transferred to secondary μMT recipients at a ratio of 1:1 (Figure 163 

S2B). These secondary μMT recipients were subsequently immunized with the T cell-dependent 164 

antigen (4-hydroxy-3-nitrophenylacetyl)32-Keyhole Limpet Hemocyanin (NP32-KLH) and 165 

analyzed the affinity maturation and class switching of NP-specific donor B cells by flow 166 

cytometry (Figure 3A). After the immunizations, the splenic GC B cell compartment contained 167 

more Aire–/–B cells than Aire+/+ B cells (Figure 3B), and the GC Aire–/– B cells had a higher NP8-168 

to-NP36 binding ratio and a higher percentage of NP8-binding cells in total NP-specific cells than 169 

their Aire+/+ counterpart (Figure 3C and D), indicating increased affinity maturation. These data 170 

suggest that AIRE inhibits SHM in a B cell-intrinsic manner. 171 

Secondly, we adoptively transferred an equal number of naive resting unswitched B cells 172 

from CD45.2+ Aire+/+ or CD45.2+ Aire–/– donor mice into μMT recipients and assessed the CSR 173 

and SHM of NP-specific donor B cells after the immunizations by flow cytometry, enzyme-174 
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linked immunosorbent assay (ELISA) and Ig heavy (IgH) chain variable (V) region mutation 175 

profiling with next-generation sequencing (Figure 3E). The Aire+/+ and Aire–/– donor B cells 176 

exhibited a similar phenotype and had a comparable NP8-to-NP36 binding ratio before the 177 

transfer (Figure S2C–E). Following the immunizations, Aire+/+ and Aire–/– donor B cells entered 178 

the GC similarly in their respective recipients (Figure S2F), and GC Aire+/+ and Aire–/– donor B 179 

cells exhibited similar expression of major co-stimulatory and co-inhibitory molecules (Figure 180 

S2G). µMT recipients of Aire+/+ or Aire–/– B cells had a similar proportion of CXCR5+PD-1+ 181 

follicular helper T (TFH) cells (Figure S2H) and Foxp3+CD25+ follicular regulatory T (TFR) cells 182 

in the spleen (Figure S2I). However, NP-specific Aire–/– donor B cells exhibited elevated class 183 

switching by harboring a much higher fraction of IgM−IgD− cells than NP-specific Aire+/+ donor 184 

B cells (Figure 3F), and underwent increased affinity maturation by producing IgG1, IgG2b and 185 

IgG3 of higher NP4-to-NP29 binding ratios (Figure 3G). In contrast, a higher NP4-to-NP29 186 

binding ratio was not observed in the IgM compartment (Figure 3G). Increased CSR and SHM 187 

of donor Aire–/– B cells were not a secondary effect of differential AIRE expression by donor B 188 

cells in the thymus, because we found a negligible number of B cells in the thymus of the μMT 189 

recipient mice and the adoptive transfer did not lead to an increase in B cell numbers in the 190 

thymic stroma of the recipients at the end of the experiment, indicating that the donor B cells did 191 

not enter the thymus of the recipients during the course of our experiment (Figure S2J and K). 192 

Analysis of the IgH variable region (IgHV) SHM landscape of NP-specific Aire+/+ and Aire−/− 193 

donor B cells sorted from the recipient mice (Figure S2L) showed that Aire−/− NP-specific class-194 

switched IgG and IgE B cells had higher rates of IgHV SHMs in complementarity-determining 195 

region 2 (CDR2) and framework region 3 (FR3) than Aire+/+ NP-specific B cells (Figure 3H). 196 

Importantly, such an increased SHM profile was not seen in the NP-specific IgM and IgD 197 
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compartments (Figure 3H). In addition, there was an increased frequency of C-to-T transitions 198 

among the SHMs in the IgH V region coding sequences in Aire−/− NP-specific B cells compared 199 

to Aire+/+ NP-specific B cells (Figure 3I), which is a molecular signature associated with the 200 

action of AID in the IgH V region (Maul et al., 2011). Aire+/+ and Aire–/–splenic B cells exhibited 201 

comparable proliferation and apoptosis upon stimulation ex vivo (Figure S3A–D). These data 202 

suggest that AIRE suppresses CSR and SHM in AID-experienced B cells. 203 

Thirdly, we sorted IgD+CD27– mature naive B cells from the peripheral blood of healthy 204 

subjects and APS-1 patients and compared their CSR in vitro upon stimulation with T cell-205 

dependent stimuli. Naive B cells of APS-1 patients underwent increased CSR compared to those 206 

of healthy subjects by expressing higher levels of the post-switch transcript Iμ-Cγ1 or Iμ-Cγ3 207 

following stimulation with CD40L and IL-4 or CD40L and interferon (IFN)-γ, respectively 208 

(Figure 3J). 209 

Fourthly, using CRISPR-Cas9-mediated gene editing, we disrupted the Aire gene in the 210 

murine B cell line CH12 that class-switches from IgM to IgA upon stimulation with anti-CD40, 211 

TGF-β and IL-4 (Nakamura et al., 1996), and identified 3 Aire−/− CH12 clones which were 212 

frame-shifted in both Aire alleles (Table S1, and Figure S4A and B), devoid of AIRE protein 213 

expression (Figure S4C) and free from detectable CRISPR off-target effects (data not shown). 214 

Upon stimulation, these Aire−/− CH12 clones underwent elevated IgA CSR (Figure 4A and B) 215 

with concomitantly increased levels of the Iα-Cµ circle transcript compared to their parental 216 

Aire+/+ CH12 cells (Figure 4C). The increased CSR was specific to IgA, as Iγ1-Cµ, the circle 217 

transcript of IgG1, an isotype that CH12 cells do not switch to, was not affected by Aire 218 

deficiency (Figure 4D). Exaggerated IgA CSR in Aire−/− CH12 cells was not a result of 219 

increased induction of AID (Figure 4E and F) or germline transcription (Figure 4G), nor a 220 
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result of increased survival (Figure S4D and E). Remarkably, WT AIRE suppressed cytokine-221 

induced CSR when re-introduced into Aire–/– CH12 cells (Figure 4H). Collectively, the results 222 

obtained from these various experimental systems demonstrate the B-cell intrinsic function of 223 

AIRE in inhibiting CSR and SHM. 224 

AIRE Interacts with AID in GC B Cells 225 

We next investigated the mechanism by which AIRE inhibits peripheral antibody diversification. 226 

Given AID as the obligatory enzyme that mediates CSR and SHM (Muramatsu et al., 2000), we 227 

asked whether AIRE inhibits AID function in B cells. To this end, we first examined whether 228 

AIRE and AID interact in GC B cells. AIRE and AID co-localized in the nuclei of tonsillar IgD–229 

CD38+ GC B cells (Figure 5A and B, and Figure S5A) but not in IgD+CD38– naive B cells 230 

(Figure S5B), IgD–CD38– switched memory B cells (Figure S5C) or IgD–CD38hi switched PCs 231 

(Figure S5D), albeit a low level of nuclear AIRE and AID were detected in a small fraction of 232 

IgD+CD38+ FGC B cells (Figure S5E). Using an AID antibody validated for 233 

immunoprecipitation (IP) and Chromatin IP (ChIP) (Vuong et al., 2009), we found that AIRE 234 

interacted with AID in human tonsillar CD19+ and CD19+IgD– cell fractions (Figure 5C). AID 235 

and AIRE did not interact via DNA in GC B cells as they still co-immunoprecipitated after 236 

DNAse I treatment (Figure S6A). AIRE also co-immunoprecipitated with AID in splenic B cells 237 

of immunized WT but not Aire–/– or Aicda–/– mice (Figure 5D and Figure S6B). Based on these 238 

data, we conclude that AIRE interacts with AID in GC B cells in vivo. 239 

Interaction of AIRE with AID Requires the CARD and NLS domains of AIRE 240 

We subsequently generated a series of deletion mutants of AIRE with C-terminal Myc and His 241 

tags to characterize AIRE’s interaction with AID (Figure 5E and Table S2A). AIRE mutants 242 

missing the N-terminal caspase activation and recruitment domain (CARD) and/or nuclear 243 
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localization signal (NLS) lost the ability to interact with AID (Figure 5F), suggesting the 244 

requirement for the CARD domain and nuclear localization of AIRE for interaction with AID. 245 

Furthermore, using a series of deletion, domain replacement or point mutants of AID with an N-246 

terminal FLAG tag (Figure 5G and Table S2B), we found that the interaction between AID and 247 

AIRE required both the catalytic and APOBEC-like domains of AID, although the catalytic 248 

activity of AID was not necessary, as the catalytically inactive AIDE58A mutant (Patenaude et al., 249 

2009) still interacted with AIRE (Figure 5H). The AID point mutation G23S, which 250 

substantially abrogates the SHM but not much CSR activity of AID (Wei et al., 2011), did not 251 

affect the interaction with AIRE (Figure 5H). Echoing the CARD-dependent interaction of 252 

AIRE with AID, a CARD domain deletion mutant of AIRE had impaired ability to suppress CSR 253 

when introduced into Aire–/– CH12 cells (Figure 5I). 254 

AIRE Inhibits the Function of AID during Antibody Diversification 255 

Since AID enzymatically generates uracils in DNA (Bransteitter et al., 2003; Chaudhuri et al., 256 

2003; Sohail et al., 2003), we employed a genomic uracil dot blot assay to directly test the effect 257 

of AIRE on the activity of AID (Figure 6A and B). In CH12 cells, increased uracils were 258 

detected in the genome upon stimulation with anti-CD40, TGF-β and IL-4 to undergo IgA CSR, 259 

which peaked on day 3 (Shalhout et al., 2014), whereas Acida–/– CH12 cells failed to accumulate 260 

genomic uracils after stimulation (Figure 6C), indicating that the emergence of genomic uracils 261 

was mediated by AID. Upon stimulation, Aire−/− CH12 cells harbored higher levels of genomic 262 

uracil than Aire+/+ CH12 cells (Figure 6C and D). This result reflects the inhibition of AID’s 263 

enzymatic function by AIRE at a step upstream of the deamination reaction. 264 

We further investigated how AIRE may inhibit AID’s enzymatic activity. Upstream of DNA 265 

deamination by AID is the proper targeting of AID to the IgH S regions at sites of Pol II stalling 266 
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(Chaudhuri et al., 2003; Pavri et al., 2010). We hypothesized that AIRE may interfere with the 267 

targeting of AID to IgH S regions during CSR. Using ChIP and IP assays, we found increased 268 

AID binding to the Sµ, but not Iµ or Sγ1, region (Figure 6E) and increased interaction of AID 269 

with serine-5 phosphorylated Pol II and its associated factor Spt5 at a promoter-proximal pause 270 

site (Peterlin and Price, 2006) in stimulated Aire–/– CH12 cells compared to stimulated Aire+/+ 271 

CH12 cells (Figure 6F and Figure S6C). These data suggest that AIRE inhibits AID function in 272 

B cells by interfering with the interaction of AID with transcriptionally paused Pol II and the 273 

targeting of AID to its IgH DNA substrate. 274 

AIRE Deficiency in B Cells Engenders Humoral Autoimmunity and Compromises 275 

Skin Candida Immune Defense 276 

Given that the vast majority of APS-1 patients mysteriously develop chronic mucocutaneous 277 

candidiasis (CMC) as an early clinical symptom (Kisand and Peterson, 2015), we sought to 278 

determine the functional impact of B cell-intrinsic AIRE in humoral immunity and anti-Candida 279 

immune defense, and asked whether AIRE deficiency in peripheral B cells could promote APS-280 

1-like CMC. We employed a mouse dermal candidiasis model which allows skin C. albicans 281 

infection to be established without the use of immunosuppressive agents (Conti et al., 2014). 282 

μMT recipient mice reconstituted with either Aire+/+ or Aire−/− B cells were first exposed to heat-283 

killed C. albicans pseudohyphae and subsequently infected cutaneously with live C. albicans 284 

pseudohyphae (Figure 7A). Four days after infection, μMT recipient mice of Aire−/− B cells had 285 

heightened fungal burden in the skin (Figure 7B and C) and concomitant elevation of circulating 286 

autoantibodies to IL-17A, IL-17F and IL-22 as compared to μMT recipients of Aire+/+ B cells 287 

(Figure 7D and Figure S7A). The sera of μMT recipients of Aire−/− B cells contained enhanced 288 

blocking activity of the binding of IL-17A, IL-17F and IL-22 to their receptors (Figure 7E). In 289 
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addition, the dermal infection site of μMT recipients of Aire−/− B cells harbored reduced IL-17A- 290 

and IL-22-producing T cells (Figure 7F and G), which was accompanied by diminished 291 

neutrophils infiltration into the infected skin tissue (Figure 7H). These results are reminiscent of 292 

the aberrant production of class-switched neutralizing autoantibodies against TH17 cytokines in 293 

APS-1 patients that may impair anti-C. albicans immunity (Kisand et al., 2010; Meyer et al., 294 

2016; Puel et al., 2010), and collectively show that AIRE deficiency in peripheral B cells 295 

compromises cutaneous anti-Candida immune defense and promotes APS-1-like CMC by 296 

engendering humoral autoimmunity. 297 

 298 

DISCUSSION 299 

AIRE as A Paradigm of B Cell-Intrinsic Intracellular Immune Checkpoint 300 

The concept and importance of immune checkpoint are now widely appreciated by scientists and 301 

clinicians. Immune checkpoints refer to molecules that mediate negative regulation of immune 302 

responses and therefore have a crucial role in maintaining immunological self-tolerance and 303 

avoiding autoimmunity. Many of the checkpoint molecules can be hijacked by tumors or 304 

pathogens for immune evasion and have therefore emerged as therapeutic targets for cancer and 305 

infectious diseases. To date, the majority of immune checkpoints under research investigation or 306 

clinical development encompass cell surface ligands and receptors that are involved in antigen-307 

presenting cell (APC)–T cell interactions in immune-inductive sites (i.e., secondary lymphoid 308 

organs) or immune-effector sites (Sharma and Allison, 2015). Here, we demonstrate AIRE 309 

expression in the GC stage of B cell differentiation and its negative regulation on AID-mediated 310 

peripheral antibody diversification. Consequently, AIRE deficiency in B cells results in 311 

exaggerated antibody diversification and autoimmunity. Importantly, increased SHM of Aire–/– 312 
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donor B cells was only seen in class-switched isotypes but not the IgM or IgD compartment, 313 

indicating an effect of AIRE only in AID-experienced B cells. This is not only consistent with 314 

the GC-specific AIRE expression in peripheral B cells, but also suggests that the function of 315 

AIRE described here is not a secondary effect of thymic B cells. The result from Aire+/+ and 316 

Aire–/– B cell chimeras further corroborates this conclusion and confirms the B cell-intrinsic role 317 

of AIRE in limiting antibody diversification. Therefore, AIRE represents a paradigmatic B cell-318 

intrinsic intracellular immune checkpoint of humoral immunity (Figure 7I). 319 

Functionally Important Levels of AIRE May Have a Broader Expression Pattern 320 

Besides mTECs (Anderson et al., 2002), AIRE protein expression has been previously reported 321 

in thymic B cells as well as several normal or malignant cell types of the hematopoietic or non-322 

hematopoietic lineage in the periphery in humans and/or mice (Bianchi et al., 2016; Gardner et 323 

al., 2008; Gardner et al., 2013; Hobbs et al., 2015; Lindh et al., 2008; Poliani et al., 2010; 324 

Yamano et al., 2015). Intriguingly, little or no AIRE protein was seen in mouse GC B cells in a 325 

previous study, which was thought to result from B cell receptor (BCR)-mediated inhibition of 326 

AIRE induction; however, mouse B cells still expressed markedly elevated levels (~20 fold) of 327 

AIRE transcript when they were stimulated with anti-CD40 in the presence of anti-IgM (Yamano 328 

et al., 2015). In contrast, we present evidences obtained using multiple approaches to 329 

demonstrate AIRE protein expression in human and mouse GC B cells in vivo, and have also 330 

found much higher levels of AIRE transcript in mouse GC B cells than in non-GC B cells (data 331 

not shown). Therefore, BCR triggering does not completely abolish AIRE induction in GCs 332 

under physiological conditions. Consistent with our finding, BCR signaling in the GCs is 333 

reduced due to high phosphatase activity (Khalil et al., 2012) and, in some cases, BCR 334 

specificity may not be required for entry into GCs (Silver et al., 2018). Nonetheless, the role of 335 
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AIRE in inhibiting AID shown here is in line with BCR engagement in facilitating CSR and 336 

SHM of antigen-specific B cell clones and their affinity maturation by downregulating AIRE.  337 

We currently do not know if AIRE in GC B cells has a significant impact on TSA 338 

expression and Treg induction by these cells as seen in mTECs and B cells in the thymus 339 

(Anderson et al., 2002; Malchow et al., 2013; Yamano et al., 2015), or an impact on CD4+ T cell 340 

inactivation as seen in eTACs in secondary lymphoid organs (Gardner et al., 2008; Gardner et 341 

al., 2013). However, the comparable response of splenic TFR cells in immunized μMT recipients 342 

and the similar expression of co-stimulatory and co-inhibitory molecules on donor Aire–/– and 343 

Aire–/– B cells would argue against these possibilities. In agreement with others (Gardner et al., 344 

2013; Yamano et al., 2015), we found that the highest level of AIRE expression in mice 345 

appeared to be in mTECs and thymic B cells (data now shown). Hence, a lower level of AIRE 346 

expression in GC B cells as compared to thymic mTECs and thymic B cells would allow AIRE 347 

to perform unique and different functions, and our demonstration of the function of AIRE in 348 

regulating antibody diversification suggests that functionally important levels of AIRE have a 349 

broader expression pattern than previously appreciated. Lending further credence to this notion is 350 

the example of AID, where a much lower expression level in BM B cell precursors compared to 351 

that in GC B cells has a profound effect on B cell repertoire as well as both central and 352 

peripheral B cell tolerance in humans and mice (Cantaert et al., 2015; Meyers et al., 2011). 353 

AIRE as a Unique Negative Regulator of AID 354 

Many proteins have been reported to interact with and/or regulate AID in B cells, and they are 355 

thought to function at various steps of the molecular cascade of antibody diversification ranging 356 

from chromatin remodeling, AID targeting, transcriptional regulation, RNA processing, DNA 357 

repair and post-translational protein modification (Casellas et al., 2016; Vaidyanathan et al., 358 
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2014; Xu et al., 2012). To our knowledge, among the AID-interacting partners identified to date, 359 

AIRE is the only one which, when deficient, enhances AID function, whereas all others impair 360 

AID function when they are missing. This provides a unique way to up-regulate the activity of 361 

AID in B cells. Whether AIRE interacts with AID directly or indirectly via other factors remains 362 

to be elucidated. Our results suggest the requirement for the CARD and NLS domains of AIRE 363 

in the interaction with AID. CARD is critical for AIRE’s interaction with bromodomain-364 

containing protein 4 (Brd4) which binds acetylated lysines in CARD and bridges AIRE with the 365 

positive transcription elongation factor b (P-TEFb) complex to induce ectopic gene expression in 366 

mTECs by promoting Pol II elongation (Giraud et al., 2014; Giraud et al., 2012; Oven et al., 367 

2007; Yoshida et al., 2015). The increased interaction of AID with IgH S region and 368 

transcriptionally paused Pol II in Aire–/– CH12 cells undergoing CSR is therefore consistent with 369 

this body of literature, considering AID is targeted to DNA sites of Pol II pausing (Pavri et al., 370 

2010). The genomic uracil dot blot assay we employed directly detects the product of AID’s 371 

enzymatic activity, in contrast to conventional methods such as flow cytometry, ELISA and 372 

antibody sequencing that measure the final outcome of CSR and SHM as an indirect readout of 373 

AID’s function. Increased generation of genomic uracils in Aire–/– CH12 cells undergoing CSR 374 

points to the regulation of AID by AIRE at steps upstream of the deamination reaction, which 375 

further agrees with the role of AIRE in restraining AID targeting to its DNA substrate. However, 376 

the involvement of other mechanisms upstream or downstream of the deamination reaction, such 377 

as the regulation of chromatin availability or DNA repair by AIRE (Abramson et al., 2010; Koh 378 

et al., 2018), cannot be discounted. 379 

B Cell-Extrinsic and -Intrinsic AIRE Deficiency May Differentially Contribute to 380 

Autoimmunity and Immunodeficiency in APS-1 381 
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APS-1 is caused by mutations in a single gene but has emerged as a disease with complex 382 

pathogenesis. In fact, it has been classified as a type IV PID, a disease of immune dysregulation 383 

(Al-Herz et al., 2011). APS-1-associated CMC amidst the multi-organ autoimmune 384 

manifestations indicates the co-occurrence of immunodeficiency and autoimmunity, which are 385 

two conditions that are thought to occur usually at the opposite ends of the clinical immune 386 

spectrum. Such a seemingly paradoxical feature is now being found in an increasing number of 387 

primary and acquired immunodeficiencies and autoimmune diseases, such as selective IgA 388 

deficiency (SIgAD), immune dysregulation-polyendocrinopathy-enteropathy-X-linked syndrome 389 

(IPEX), severe combined variable immunodeficiency (CVID), acquired immunodeficiency 390 

syndrome (AIDS), systemic lupus erythematosus (SLE) and diabetes mellitus (DM) (Bacchetta 391 

and Notarangelo, 2013; Grammatikos and Tsokos, 2012; Zandman-Goddard and Shoenfeld, 392 

2002). Our work revealed that, besides the central and peripheral abnormalities in T cell 393 

tolerance extrinsic to B cells, APS-1 involves previously unknown B cell-intrinsic dysregulation 394 

in peripheral antibody diversification, and this can engender humoral autoimmunity, such as the 395 

production of autoreactive antibodies against TH17 effector cytokines. Our findings offer a 396 

plausible mechanistic explanation to the clinical observation of the presence of high affinity 397 

autoreactive neutralizing antibodies in these patients (Kisand et al., 2010; Meyer et al., 2016; 398 

Puel et al., 2010) and the causes of defective anti-Candida immune defense, thereby arguing for 399 

the concept that the seemingly contradictory autoimmunity and immunodeficiency can go hand-400 

in-hand if there is an overproduction of autoreactive antibodies that impair protective immunity 401 

against pathogens. Of note, B cells were required to cause the multi-organ inflammation in Aire–402 

/– mice not by producing autoantibodies, but by mediating early T cell priming and expansion 403 

(Gavanescu et al., 2008). This suggests that the multi-organ autoimmunity and CMC-associated 404 
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immunodeficiency in APS-1 are differentially contributed by the B cell-extrinsic and -intrinsic 405 

consequences of AIRE deficiency. We think that this scenario, if proven to be true, could be a 406 

paradigm applicable to understanding many other immunodeficiencies co-presenting with 407 

autoimmunity that involve humoral immune dysfunction. Indeed, an interesting example that 408 

mirrors this scenario is seen in AID-deficient individuals and mice that suffer from 409 

immunodeficiency due to the lack of CSR and SHM in the periphery (Muramatsu et al., 2000; 410 

Revy et al., 2000) but also have B cell autoimmunity likely due to missing AID’s potential 411 

function in purging autoreactive immature B cells in the BM (Cantaert et al., 2015; Meyers et al., 412 

2011). The insights gained from this study, therefore, could potentially offer a new direction for 413 

developing therapies that specifically and actively target the various aspects of pathogenesis of 414 

APS-1 and these other diseases. 415 

AIRE Ablation as a Potentially New and Effective Approach of Antibody 416 

Generation for Immunotherapy 417 

Besides offering new mechanistic insights into the regulation of the GC antibody diversification 418 

machinery and the unique production of high-affinity neutralizing autoantibodies in APS-1, our 419 

study underscores the important and emerging idea that immune tolerance mechanisms can be 420 

barriers to the generation of effective immunity (Khan et al., 2014; Schroeder et al., 2017), and 421 

controlled breaching of peripheral tolerance can permit neutralizing antibody responses that can 422 

be therapeutically beneficial. Remarkably, we found increased Ig framework region SHMs in 423 

class-switched antigen-specific Aire−/− B cells. Such an observation is reminiscent of the 424 

hallmarks of broadly and potently neutralizing antibodies against certain pathogens such as HIV-425 

1 (Klein et al., 2013), the generation of which remains one of the most important mysteries as 426 

well as challenges in immunology. Our findings therefore point to a new effective strategy for 427 
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producing such antibodies by removing a critical B cell-intrinsic brake of AID, which is AIRE. 428 

We envisage that further mechanistic elucidation of how B cell-intrinsic AIRE regulates AID 429 

function could assist in cracking the elusive molecular underpinning of the generation of broadly 430 

neutralizing antibodies and lead to substantial advances in antibody-based immunotherapies 431 

against devastating diseases, such as AIDS and cancer. 432 

 433 

STAR★METHODS 434 

Detailed methods are provided in the online version of this paper and include the following: 435 

⚫ KEY RESOURCES TABLE 436 

⚫ CONTACT FOR REAGENTS AND RESOURCE SHARING 437 
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FIGURE LEGENDS 730 

Figure 1. GC B Cells Express AIRE. 731 

(A and B) Immunofluorescence analysis of the tonsillar tissue of a healthy donor for IgD, CD19, 732 

AIRE and DAPI-stained DNA. The dotted line outlines the follicles. Bars: 100 μm (A) or 25 μm 733 

(B). 734 

(C and D) Immunofluorescence analysis of tissues of a healthy donor for IgD, AIRE, CD19 and 735 

DNA. Arrow heads indicate follicular IgD+ plasmablasts. Dotted lines mark the boundary 736 

between follicular mantle zone and the follicle. Bars: 40 μm (C) and 15 μm (D). 737 

(E) Flow cytometric analysis of AIRE expression in tonsillar total CD19+ B cells, IgD+CD38– 738 

naive B cells, IgD+CD38+ founder GC (FGC) B cells, IgD–CD38+ GC B cells and IgD–CD38– 739 

memory B cells. The data represent 5 donors. 740 

(F and G) Flow cytometric and statistical analyses of Aire (GFP) expression in splenic and ILN 741 

viable CD19+B220+FAS+GL7+ GC B cells, CD19+B220+FAS–GL7– non-GC B cells and 742 

CD19loB220loCD138+ PCs of B6 mice (shaded histograms, n = 5 for spleen and n = 4 for ILN) or 743 

B6.AireAdig mice (colored histograms, n = 5 for spleen and n = 4 for ILN) after 4 i.p. 744 

immunizations with NP32-KLH with CFA and subsequently with IFA. Data are represented as 745 

mean ± SEM. **P < 0.01, ***P < 0.001, by 1-way ANOVA with Tukey’s post hoc test. 746 

(H) qPCR analysis of Aire transcript levels in CD19+B220+FAS–GL7– non-GC B cells (n = 5) 747 

and CD19+B220+FAS+GL7+GFP+ Aire-expressing GC B cells (n = 4) of AireAdig mice after 1 i.p. 748 

immunization with SRBC and CFA. Data are represented as mean ± SEM. ***P < 0.001, by 2-749 

tailed unpaired t-test. 750 
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(I) Flow cytometric and statistical analyses of CD83+CXCR4lo LZ and CD83–CXCR4hi DZ B 751 

cells in splenic total GC and GFP+ GC B cells of immunized B6.AireAdig mice, by 2-tailed paired 752 

t-test. 753 

(J and K) Immunofluorescence analysis of the tonsillar tissue of a healthy donor for IgD, CD23, 754 

Pax5 and AIRE. The dotted line outlines the follicles and delineates the border between LZ and 755 

DZ. Bars: 200 μm (J) or 30 μm (K). 756 

 757 

Figure 2. Follicular B Cell AIRE Expression Requires CD40 Signaling. 758 

(A and B) Immunofluorescence analysis of tonsillar tissues of a HIGM3 patient for IgD, AIRE, 759 

CD19 and DNA. The area outlined in A is shown with a higher magnification in B. The dotted 760 

line outlines the follicles. Bars: 100 μm (A) or 25 μm (B). 761 

(C) Flow cytometric analysis of Aire (GFP) expression in splenic B cells of a B6 or B6.AireAdig 762 

mouse treated for 3 d with medium or CD40L with or without IL-4 in the absence (vehicle) or 763 

presence of CAPE. The data represent the results from 3 B6 and 3 B6.AireAdig  mice. 764 

(D and E) qRT-PCR and Western Blot analyses of AIRE transcript and protein levels, the protein 765 

levels of total and Ser536-phosphorylated NF-κB p65, as well as total and Thr202/Tyr204-766 

phosphorylated Erk1/2 in human peripheral blood IgD+ B cells treated with medium or CD40L, 767 

or CD40L and IL-4, in the presence of vehicle or CAPE for 3 d. Data are represented as mean ± 768 

SEM. ***P < 0.001, by 2-tailed unpaired t-test. 769 

(F and G) qRT-PCR and Western Blot analyses of Aire transcript and Aire protein levels in 770 

mouse CH12 cells treated with anti-CD40, TGF-β and 100 ng/ml IL-4 for 3 d. Data are 771 

represented as mean ± SEM. P < 0.001, by 2-tailed unpaired t-test. 772 

 773 
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Figure 3. AIRE Inhibits CSR and SHM in B cells. 774 

(A) The generation and immunization of Aire+/+ and Aire–/– BM and B cell chimeric mice. 775 

(B) The percentage of CD45.1+ Aire+/+ and CD45.2+ Aire–/– B cells in the splenic GC B cells of 776 

the secondary μMT recipient mice (n = 6) after the immunizations. ***P < 0.001, by 2-tailed 777 

paired t-test.  778 

(C and D) Flow cytometric and statistical analyses of the ratio of NP8- to NP36-binding (C) and 779 

NP8- to total NP-binding (D) GC B cells after immunizations of the secondary μMT recipient 780 

mice (n = 6). **P < 0.05, **P < 0.01, by 2-tailed paired t-test. 781 

(E) The generation and immunization of Aire+/+ and Aire–/– B cell chimeric mice. 782 

(F) Flow cytometric analysis of surface IgD and IgM on NP36-binding B cells in μMT recipients 783 

of Aire+/+ or Aire–/– B cells immunized with NP32-KLH. The result represents 3 age- and sex-784 

matched μMT recipients each of B cells from 3–5 age- and sex-matched littermate donor Aire+/+ 785 

or Aire–/– mice. 786 

(G) The ratios of the titers of circulating NP4-binding to NP29-binding IgM, IgG1, IgG2b and 787 

IgG3 in immunized μMT recipient mice of Aire+/+ or Aire–/– B cells. The results represent 4 788 

experiments, each consisting of B cells from 3–5 age- and sex-matched littermate donor mice 789 

and 6–8 age- and sex-matched littermate μMT recipient mice. *P < 0.05, **P < 0.01, by 2-tailed 790 

unpaired t-test. 791 

(H) The SHM landscape across IgHV, including FR2, CDR2, FR3, CDR3 and FR4, of NP36-binding 792 

IgM‒IgD‒ or IgM+IgD+ Aire+/+ and Aire‒/‒ donor B cells in μMT recipients after immunizations with 793 

NP32-KLH. The result represents 3 μMT recipients of Aire+/+ donor B cells and 3 μMT recipients of 794 

Aire‒/‒ donor B cells.  795 
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(I) Frequencies of C-to-T transitions in SHMs in IgHV of NP-specific IgG+, IgA+ or IgE+ splenic 796 

B cells from μMT recipient mice of Aire+/+ or Aire‒/‒ B cells after immunizations with NP32-797 

KLH. Data are represented as median ± upper/lower quartile. *P < 0.05, **P < 0.01, by 1-tailed 798 

unpaired t-test. 799 

(J) qRT-PCR analysis of the fold induction of Iμ-Cγ1 and Iμ-Cγ3 post-switch transcript levels in 800 

peripheral blood IgD+CD27‒ naïve B cells from healthy subjects (n = 5) or APS-1 patients (n = 801 

5) stimulated for 3 d with CD40L and IL-4 or IFN-γ over the respective unstimulated control B 802 

cells. *P < 0.05, by 1-tailed unpaired t-test (upper panel) or 1-tailed Mann-Whitney U test (lower 803 

panel). 804 

 805 

Figure 4. Aire–/– CH12 Cells Undergo Elevated CSR. 806 

(A and B) Flow cytometric and statistical analyses of IgA CSR in WT and Aire–/– CH12 cells treated 807 

with medium (Control) or anti-CD40, TGF-β and IL-4 for 3 d. Data in F was determined as the 808 

difference between the percentages of IgA+IgM– cells in stimulated samples to unstimulated samples. 809 

The results (mean ± SEM) represent or compare 16 experiments involving WT CH12 cells, 8 810 

experiments involving clones 43, 6 experiments involving clone 53, and 13 experiments involving 811 

clone 69. **P < 0.01, ***P < 0.001, by 2-tailed unpaired t-test. 812 

(C) qRT-PCR analysis of the Iα-Cμ circle transcript levels (mean ± SEM) in WT and Aire–/– CH12 813 

cells treated with medium (Control) or anti-CD40, TGF-β and IL-4 for 3 d. The results compare 3 814 

experiments. *P < 0.05, **P < 0.01, by 1-tailed unpaired t-test. 815 

(D) qRT-PCR analysis of the Iγ1-Cμ circle transcript level in Aire+/+ CH12 cells and Aire–/– 816 

CH12 cell clones 43, 53 and 69 that were either unstimulated or stimulated with anti-CD40, 817 
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TGF-β and IL-4 for 3 d. The result was normalised using the respective Actb transcript level and 818 

expressed as fold of induction (mean ± SEM) relative to unstimulated Aire+/+ CH12 cells. 819 

(E and F) Western Blot analysis of AID in WT and Aire‒/‒ CH12 cells that were either 820 

unstimulated or stimulated with anti-CD40, TGF-β and IL-4 for 3 d. Lamin B1 and GAPDH 821 

were used as the control for nuclear and cytoplasmic proteins, respectively. The data are 822 

presented as mean ± SEM and represent 3 experiments. 823 

(G) qRT-PCR analysis of Aicda and the Iμ-Cμ and Iα-Cα germline transcript levels (mean ± 824 

SEM) in Aire+/+ CH12 cells and Aire–/– CH12 cell clones 43, 53 and 69 that were either 825 

unstimulated or stimulated with anti-CD40, TGF-β and IL-4 for 3 d. 826 

(H) Flow cytometric analysis of IgA CSR in Aire–/– CH12 cells (clone 69) transfected with a plasmid 827 

expressing WT (AIREWT-GFP) AIRE-GFP and treated with medium (Control) or anti-CD40, TGF-β 828 

and IL-4 for 3 d. The results represent 3 experiments. 829 

 830 

Figure 5. AIRE Interacts with AID in GC B Cells. 831 

(A and B) Imaging flow cytometric analysis of AIRE and AID in tonsillar IgD–CD38+ GC B 832 

cells of a healthy donor. Bars: 7 μm (A). The results represent 3 donors. 833 

(C and D) Co-IP of AIRE and AID in tonsillar CD19+ total, IgD+ naive and FGC and CD19+IgD‒ 834 

GC and memory B cells of a healthy donor, and in splenic CD19+ B cells of a B6 mouse after 3 835 

doses of immunization with SRBCs. The results are representative of tonsils of 4 donors and 836 

spleens of 3 mice.  837 

(E) The domain structures of recombinant WT and mutant human AIRE and AID molecules. 838 

Dotted lines indicated the deleted regions in the mutant proteins.  839 
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(F) Co-IP of WT AID and WT or mutant AIRE in HKB-11 cells 24 h after transfection of 840 

plasmid(s) encoding WT AID and WT or mutant AIRE proteins.  841 

(G) The domain structures of recombinant WT and mutant human AID proteins.  842 

(H) Co-IP of WT AIRE and WT or mutant AID in HKB-11 cells 24 h after transfection of 843 

plasmid(s) encoding WT AIRE and WT or mutant AID proteins. The results in E and G are 844 

representative of 3 experiments. 845 

(I) Flow cytometric analysis of IgA CSR in Aire–/– CH12 cells (clone 69) transfected with a plasmid 846 

expressing either WT (AireWT-GFP) or CARD-deficient (AireΔCARD-GFP) AIRE-GFP and treated 847 

with medium (Control) or anti-CD40, TGF-β and IL-4 for 3 d. The results represent 3 experiments. 848 

 849 

Figure 6. AIRE Inhibits AID Function by Interfering with AID Targeting to Its IgH 850 

DNA Substrate.  851 

(A and B) The principle, chemistry and calibration of the dot blot assay for the quantitation of 852 

genomic uracil content. 853 

(C) The genomic uracil levels in WT, Aire‒/‒, Aicda‒/‒, or Ung‒/‒ CH12 cells after 72 h of 854 

treatment without or with anti-CD40, TGF-β and IL-4. The results are presented as mean ± SEM 855 

and represent 3 experiments. ***P < 0.001, by 2-tailed unpaired t-test. Bisulfite-treated E. coli DNA 856 

was included as a positive control. 857 

(D) The genomic uracil content in WT and Aire‒/‒ CH12 cells after 48 or 72 h of treatment 858 

without or with anti-CD40, TGF-β and IL-4. The results are presented as mean ± SEM and 859 

represent 3 experiments. **P < 0.01, ***P < 0.001, by 2-tailed unpaired t-test. 860 
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(E) ChIP-qPCR analysis for the interaction of AID with Sμ, Iμ and Sγ1 regions in WT and Aire‒/‒ 861 

CH12 cells after 72 h of treatment without or with anti-CD40, TGF-β and IL-4. The results are 862 

presented as mean ± SEM and represent 3 experiments. *P < 0.05, by 2-tailed unpaired t-test. 863 

(F) Co-IP of AID with pSer5-Pol II, total Pol II, Spt5 and Aire in WT and Aire‒/‒ CH12 cells after 864 

72 h of treatment without or with anti-CD40, TGF-β and IL-4. The results represent 3 experiments.  865 

 866 

Figure 7. Aire Deficiency in B Cells Promotes Humoral Autoimmunity and 867 

Compromises Cutaneous Anti-Candida Defense. 868 

(A) The cutaneous candidiasis infection model. 869 

(B and C) GMS stain of cutaneous C. albicans and skin fungal burden (CFU per mg of tissue) 870 

(mean ± SEM) in μMT recipient mice of Aire+/+ or Aire‒/‒ donor B cells 4 d after infection. Bars: 871 

1 mm (B, upper panels) or 100 μm (B, lower panels). **P < 0.01, by 1-tailed unpaired t-test. 872 

(D) ELISA of the levels (mean ± SEM) of autoantibodies binding to IL-17A, IL-17F and IL-22 873 

in the sera of μMT recipient mice of Aire+/+ or Aire‒/‒ donor B cells 4 d after infection. *P < 874 

0.05, **P < 0.01, by 1-tailed unpaired t-test. 875 

(E) ELISA of the levels (mean ± SEM) of blocking activity of IL-17A, IL-17F and IL-22 to their 876 

receptors in the sera of μMT recipient mice of Aire+/+ or Aire‒/‒ donor B cells 4 d after infection. 877 

*P < 0.05, **P < 0.01, ***P < 0.001, by 1-way ANOVA with Tukey’s post hoc test. 878 

(F and G) Flow cytometric and statistical analyses of IL-17A and IL-22 expression in cutaneous 879 

T cells of μMT recipient mice of Aire+/+ or Aire‒/‒ donor B cells (n = 4 in each group) 4 d after 880 

infection and after ex vivo re-stimulation. The data are represented as mean ± SEM. *P < 0.05, 881 

by 1-tailed unpaired t-test. 882 
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(H) Immunofluorescence analysis of Ly-6G (red) and DNA (blue) in cutaneous tissues 883 

surrounding the C. albicans infection site in μMT recipient mice of Aire+/+ or Aire‒/‒ donor B 884 

cells 4 d after infection. The results in B–H represent 2 experiments, with 4 mice per group in 885 

each experiment. Bars: 160 μm (upper panels) or 40 μm (lower panels). 886 

(I) A simplified schematic of AIRE-mediated GC checkpoint of antibody diversification in B 887 

cells. At the T–B cell border of secondary lymphoid organs, B cells present antigens to and 888 

receive co-stimulation from DC-activated T cells, which also induce AIRE expression in B cells 889 

via CD40. The activated B cells enter the GC DZ and undergo SHM, proliferation and 890 

subsequent affinity selection by interacting with antigens on the surface of follicular dendritic 891 

cells (FDCs) in LZ. Low-affinity B cells will undergo apoptosis, whereas high-affinity B cells 892 

receive help from T follicular helper (TFH) cells to undergo CSR, and subsequently either re-893 

enter the SHM‒proliferation cycle in the DZ or exit the GC as plasma cells or memory B cells. 894 

AIRE in B cells limits autoantibody generation by restraining excessive AID activity in the GC.  895 
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SUPPLEMENTAL INFORMATION 896 

 897 

SUPPLEMENTAL TABLES  898 
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Table S1. Aire–/– CH12 Cell Clones, Related to Figure 4 and Figure 5. 899 

Clone  Mutation(s) and alleles Sequencing histogram 

43 Allele 1 

 

 

 

Allele 2 
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53 Allele 1 

 

 

 

Allele 2 

 

 

 

 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted January 12, 2024. ; https://doi.org/10.1101/2024.01.10.574926doi: bioRxiv preprint 

https://doi.org/10.1101/2024.01.10.574926
http://creativecommons.org/licenses/by-nc-nd/4.0/


45 

 

69 Both alleles 

 

 

 

  900 
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Table S2. Human AIRE and AID Constructs, Related to Figure 4 and Figure 5. 901 

(A) Human AIRE constructs in pcDNA3.1(–)/Myc-His 902 

Name Description Remaining region MW with tag (kDa) 

WT Full length 1-545 60.7 

M1 ΔPHD2 1-430 48.8 

M2 ΔPHD1, PHD2 1-298 35 

M3 ΔSAND, PHD1, PHD2 1-181 23 

M4 ΔCARD 101-545 49 

M5 ΔCARD, ΔNLS 181-545 41 

M6 ΔNLS 1-100, 181-545 52.5 

M7 NLS only 101-181 12 

 903 

(B) Human AID constructs in pFLAG-CMV2 904 

Name Description Remaining region MW with tag (kDa) 

WT Full length 1-198 26.3 

M1 E58A 1-198 26.3 

M2 
NLS of AID replaced with 

NLS of nucleoplasmin 
1-198 26.3 

M3 ΔCatalytic domain 1-54, 95-198 21.4 

M4 
ΔAPOBEC-like and ΔNES 

domains 
1-94 13.8 

M5 ΔNLS 1-8, 27-198 24 

M6 G23S 1-198 26.3 

  905 
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Table S3. Cloning Primers Used to Generate Aire–/– CH12 Clones and AIRE and 906 

AID Mutant Molecules, Related to Figure 4 and Figure 5. 907 

(A) Primers for cloning human AIRE constructs into pcDNA3.1(–)/Myc-His 908 

Name Description Primer name and sequence (5’-3’) 

WT Full length – 

M1 ΔPHD2 
D430_R AGGAGCCAGGTTCTGCTGACC 

Hind-Myc_F GAAAGCTTTCTAGAACAAAAACTCATCTCA 

M2 ΔPHD1, PHD2 
D298_R CTCGTCCTCATTCTTCTGGTGGAG 

Hind-Myc_F GAAAGCTTTCTAGAACAAAAACTCATCTCA 

M3 
ΔSAND, PHD1, 

PHD2 

D181_R AATCCCGTTCCCGAGTGGAAG 

Hind-Myc_F GAAAGCTTTCTAGAACAAAAACTCATCTCA 

M4 ΔCARD 
EcoRV-ATG_R CATGGTGAATTCTGCAGATATCCAGC 

D101_F CCCAAAGATGTGGACCTCAGCC 

M5 ΔCARD, ΔNLS 
EcoRV-ATG_R CATGGTGAATTCTGCAGATATCCAGC 

D181_F ATTCAGACCATGTCAGCTTCAGTCCA 

M6 ΔNLS 
D100_R GAAGCTGTCCAGGATGGGCTG 

D181_F ATTCAGACCATGTCAGCTTCAGTCCA 

M7 NLS only 
D181_R AATCCCGTTCCCGAGTGGAAG 

Hind-Myc_F GAAAGCTTTCTAGAACAAAAACTCATCTCA 

 909 

(B) Primers for cloning human AID constructs into pFLAG-CMV2 910 

Name Description Primer name and sequence (5’-3’) 

M1 E58A 
AID_F ATGGACAGCCTCTTGATGAACCG 

AID_R AAGTCCCAAAGTACGAAATGCGTC 

M2 

NLS of AID 

replaced with NLS 

of nucleoplasmin 

npNLS_top 

AAAAGGCCGGCGGCCACGAAAAAGGCCGGCCAGGCAAAAAAGAAAAAG 

npNLS_bottom 

CTTTTTCTTTTTTGCCTGGCCGGCCTTTTTCGTGGCCGCCGGCCTTTT 

(npNLS_top and npNLS_bottom were annealed together before 

ligation with the PCR product of the primer pair AID8_R and AID27_F.) 

M3 ΔCatalytic domain 
AID54_R GCCGTTCTTATTGCGAAGATAACCA 

AID95_F GCCGACTTTCTGCGAGGGA 

M4 
ΔAPOBEC-like and 

ΔNES domains 

AID94_R CACATGTCGGGCACAGTCGTAG 

TAG_F TAGACTGAAACTTTTTTGGGGGAGGG 
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M5 ΔNLS 
AID8_R CCGGTTCATCAAGAGGCTGTCC 

AID27_F ACCTACCTGTGCTACGTAGTGAAGAGGC 

M6 G23S 
AID22_R CTTAGCCCAGCGGACATTTTTGA 

AIDS23_F AGTCGGCGTGAGACCTACCTGTG 

 911 

(C) Cloning primers for generating pCMV-Tag1-mAire-GFP plasmids 912 

Description Primer name and sequence (5’-3’) 

Full length Aire – 

AireΔNLS 
D106_R GTCCACATCTTTTGGGAAGCCG 

D182_F ATTCAGACCATGGCAGCTTCTGTC 

Full length eGFP 
GFP_F ATGGTGAGCAAGGGCGAGGAG 

GFP_R CTTGTACAGCTCGTCCATGCCG 

Aire of AireΔNLS in 

pCMV-Tag1 vector 

TGA-SalI_F TGATGACAGGTCGACCTCGAGC 

AIRE_R GGAAGAGAAGGGTGGTGTCTCGG 

 913 

(D) Oligos used to clone sgRNA into targeting vectors 914 

Description Oligo name and sequence (5’-3’) 

Aire–/– CH12 clone 69 

_Top CACCGGCACCGCACCGAGATCGCGG 

_Bottom AAACCCGCGATCTCGGTGCGGTGCC 

Aire–/– CH12 clones 43 and 53 

_Top CACCGACCTAAACCAGTCCCGGAAA 

_Bottom AAACTTTCCGGGACTGGTTTAGGTC 

  915 
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SUPPLEMENTAL FIGURE LEGENDS 916 

Figure S1. AIRE Is Expressed Specifically in GC B Cells of Human and Mouse 917 

Secondary Lymphoid Organs, Related to Figure 1.  918 

(A) Immunofluorescence analysis of the thymus of a healthy donor for EpCAM, AIRE and 919 

DNA. Bars: 20 μm. 920 

(B and C) Immunofluorescence analysis of tonsillar tissues of healthy donors for IgD, AIRE, 921 

CD19, Pax5, Bcl-6 and DNA. The dotted lines mark the boundary between tonsil follicular 922 

mantle zone and the follicle. Arrow heads point to follicular IgD+ plasmablasts (B) and 923 

Pax5+Bcl-6+AIRE+ GC B cells (C). Bars: 15 μm (B) and 30 μm (C). 924 

(D) Flow cytometric analysis of AIRE expression in human peripheral blood naive (IgD+CD27–), 925 

MZ (IgD+CD27+), switched memory (IgD–CD27+), double-negative (IgD–CD27–) B cells, and 926 

transitional (CD24hiCD38hi), mature (CD24intCD38int), memory (CD24hiCD38–) B cells and 927 

plasma cells (CD24–CD38hi). 928 

(E) Immunofluorescence analysis of the thymic tissue of a B6 mouse for UEA-1, AIRE and 929 

DNA, and the splenic tissue of a B6 mouse immunized with 3 doses of sheep red blood cells 930 

(SRBCs) for IgD, Aire, CD19 and DNA, and Bar: 20 μm. 931 

(G) Flow cytometric gating strategy for identifying mouse splenic non-GC (CD19+B220+GL7–932 

FAS–), GC (CD19+B220+GL7+FAS+) B cells and plasma cells (CD19loB220loCD138+). 933 

(H) Genotypes and Aire expression in ILN, splenic, peripheral blood and peritoneal B cells of a 934 

litter of AireAdig mice after 1 dose of i.p. SRBC immunization with or without CFA.  935 

(I) Percentage of GFP+ B cells (mean ± SEM) in splenic GC B cells of AireAdig transgene-936 

positive mice (n = 5) after 1 dose of i.p. SRBC immunization with CFA. The dotted line 937 

indicates of mean value of GFP+ B cells in splenic non-GC B cells of these mice. 938 
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(J) AIRE expression in mouse peripheral blood, splenic, MLN, PP, peritoneum and thymic B 939 

cells of B6.AireAdig mice after 1 dose of i.p. SRBC immunization without CFA. The data are 940 

representative of 6 B6.AireAdig and 6 B6 mice that were age- and sex-matched and housed in the 941 

same SPF room. 942 

 943 

Figure S2. Aire+/+ and Aire–/– Donor BM and B Cells Had a Similar Phenotype 944 

Before Transfer, Related to Figure 3. 945 

(A) Flow cytometric analysis of CD45.1+ Aire+/+ and CD45.2+ Aire–/– donor BM before and after 946 

B220 cell depletion. 947 

(B) Flow cytometry analysis of splenic naive resting B cells that were purified from the spleens 948 

of primary μMT chimeras of CD45.1+ Aire+/+ and CD45.2+ Aire–/– BM and used as donor B cells 949 

for the secondary μMT chimeric hosts. The ratio of CD45.2+ Aire+/+ and CD45.2+ Aire–/– splenic 950 

B cells were adjusted to be 1:1 prior to the secondary transfer. 951 

(C) Representative purity of CD45.2+ Aire+/+ and CD45.2+ Aire–/– littermate donor B cells before 952 

adoptive transfer into μMT hosts. 953 

(D) Cell surface expression of CD21, CD23, CD38, CD40, CD62L, CD80, CD86, CD93, I-Ab, 954 

BAFF-R and IgM and IgD on purified CD45.2+ Aire+/+ and CD45.2+ Aire–/– littermate donor B 955 

cells before adoptive transfer, as determined by flow cytometry. 956 

(E) NP8-to-NP36 binding ratios (mean ± SEM) of pre-immune splenic naive resting donor B cells 957 

of CD45.2+ Aire–/–, CD45.2+ Aire+/+ and CD45.1+ Aire+/+ mice, by 1-way ANOVA with Tukey’s 958 

post hoc test. 959 
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(F) Percentage of GL7+FAS+ GC B cells in the spleens of μMT recipients of either Aire+/+ or 960 

Aire–/–  B cells that were immunized i.p. with NP32-KLH. Flow cytometry was performed 4 d 961 

after the last immunization. 962 

(G) Cell surface expression of the co-stimulatory or co-inhibitory molecules CD80, CD86, PD-963 

L1, PD-L2 and ICOSL on GL7+FAS+ GC B cells in the spleens of μMT recipients after 964 

immunizations. Shaded histograms indicate the staining using isotype-matched control 965 

antibodies. 966 

(H and I) Percentage of splenic PD-1+CXCR5+ TFH cells and PD-1+CXCR5+Foxp3+CD25+ TFR 967 

cells in the spleens of immunized μMT recipients. The results shown represent 4 experiments, 968 

each consisting of B cells from 3–5 age- and sex-matched littermate donor mice and 6–8 age- 969 

and sex-matched littermate μMT recipient mice. 970 

(J and K) Flow cytometric and statistical analyses of the percentages of total and intravascular B 971 

cells in thymic cells of μMT mice that received donor B cells after all the immunizations with 972 

NP32-KLH. Age and sex-matched unimmunized μMT mice were included as controls. The data are 973 

represented as mean ± SEM. 974 

(L) The sorting and sequencing strategies for Aire+/+ and Aire‒/‒ donor B cells in μMT recipients after 975 

immunizations with NP32-KLH. NP-specific B cells were sorted based on NP36 binding. 976 

 977 

Figure S3. Aire+/+ and Aire–/–B Cells Showed Similar Proliferation and Apoptosis in 978 

vitro, Related to Figure 3. 979 

(A and B) CFSE dilution in purified splenic B cells from age- and sex-matched littermate donor 980 

Aire+/+ and Aire–/– mice treated with medium (Control) or 5 μg/ml anti-CD40 and 100 ng/ml IL-4 981 

for 4 or 6 d. Non-viable cells were excluded from the analysis. 982 
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(C) Statistical comparison of the percentage (mean ± SEM) of CFSElo Aire+/+ vs. Aire–/– splenic 983 

B cells (n = 3) after 4 or 6 days of stimulation with 5 μg/ml anti-CD40 and 100 ng/ml IL-4, by 2-984 

tailed unpaired t-test. The results represent 3 independent experiments. 985 

(D) Apoptosis of Aire+/+ or Aire–/– B cells treated with medium (Control) or 500 ng/ml CD40L 986 

and 100 ng/ml IL-4 for 3 or 7 d, as determined by Annexin V and 7-AAD staining by flow 987 

cytometry. All results shown are representative of 3 experiments, each consisting of cells from 988 

2–3 age- and sex-matched littermate Aire+/+ and Aire–/– mice. 989 

 990 

Fig. S4. Validation of Aire–/– CH12 Cell Clones, Related to Figure 4. 991 

(A) Verification of Aire mutations in CH12 clones by PCR using primers that only anneal to the 992 

WT sequence, giving no amplification in clones 43, 47 and 53. Clone 47 has a 3-bp deletion in 993 

both Aire alleles causing a single amino acid deletion, and hence was not used in experiments. 994 

(B) Verification of Aire mutations in both alleles of CH12 clone 69 by PCR showing no 995 

amplification using primer pair #2 which anneals to the WT but not the mutated sequence. 996 

Primer pair #1 amplifies a sequence immediately downstream of the mutation site, and primer pair 997 

#3 is specific for the single-stranded repair template used in CRISPR. 998 

(C) Western Blot analysis of AIRE protein expression in WT and Aire–/– CH12 cells. 999 

(D) Flow cytometric analysis of apoptosis by Annexin V and 7-AAD staining of WT and Aire–/– 1000 

CH12 cells treated with medium (Control) or anti-CD40, TGF-β1 and IL-4 for 3 d. 1001 

(E) Percentages of late (Annexin V+7-AAD+) and early (Annexin V+7-AAD–) apoptotic cells 1002 

(mean ± SEM) in WT and Aire–/– CH12 cells treated with medium (Control) or anti-CD40, TGF-1003 

β1 and IL-4 for 3 d. *P < 0.05, by 2-tailed t-test. The data in D and E represent 4 experiments. 1004 

 1005 
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Fig. S5. AIRE and AID Co-localize in the Nuclei of GC B Cells, Related to Figure 5. 1006 

(A–E) Imaging flow cytometry of AIRE and AID in tonsillar IgD–CD38+ GC, IgD+CD38– naive, 1007 

IgD–CD38– switched memory B cells, IgD–CD38hi switched PCs and IgD+CD38+ founder GC 1008 

(FGC) B cells of a healthy donor. DNA was counter stained with DAPI. Samples stained with 1009 

isotype-matched control antibodies were used to define the fluorescence baseline for AIRE and 1010 

AID. Four representative cells in each population stained with AIRE and AID or with isotype 1011 

control antibodies were shown. Bars: 7 μm. 1012 

 1013 

Figure S6. AID Interacts with AIRE in B Cells, Related to Figure 5 and Figure 6. 1014 

(A) Co-IP of AIRE and AID in tonsillar CD19+ total, IgD+ naive, and FGC and CD19+IgD‒ GC 1015 

and memory B cells of a healthy donor after treatment of the cell lysates with DNAse I. PCR 1016 

amplification of β-Actin gDNA in DNAse I-treated or untreated cells was also performed.  1017 

(B) Co-IP of AIRE and AID in splenic B cells of immunized WT or Aicda–/– mice. The data 1018 

represent 2 experiments. 1019 

(C) Co-IP of AID with pSer5-Pol II, total Pol II, Spt5 and Aire in WT and Aire‒/‒ CH12 cells after 1020 

72 h of treatment without or with anti-CD40, TGF-β and IL-4. The results represent 3 experiments.  1021 

 1022 

Figure S7. AIRE Deficiency in B Dells Impairs Skin TH17 Immunity against C. 1023 

albicans, Related to Figure 7. 1024 

(A) Levels of autoantibodies (mean ± SEM) binding to IL-17A, IL-17F and IL-22 in the sera of 1025 

μMT recipient mice of Aire+/+ or Aire‒/‒ donor B cells 4 d after infection. *P < 0.05, **P < 0.01, 1026 

by 1-tailed unpaired t-test. 1027 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted January 12, 2024. ; https://doi.org/10.1101/2024.01.10.574926doi: bioRxiv preprint 

https://doi.org/10.1101/2024.01.10.574926
http://creativecommons.org/licenses/by-nc-nd/4.0/


 

 

54 

 

(B) Flow cytometric gating strategy for identifying mouse skin viable T cells after ex vivo re-1028 

stimulation. T cells downregulation CD3 or TCR after ex vivo stimulation with PMA and 1029 

ionomycin; thus CD3+ or TCRβ+ events were gated for analysis. This gate also included TCRγδ+ 1030 

T cells, which were CD3+.  1031 
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STAR★METHODS 1032 

KEY RESOURCES TABLE 1033 

REAGENT or RESOURCE SOURCE IDENTIFIER 

Antibodies against human antigens 

Rat monoclonal anti-AID, unconjugated (mAID-2) eBioscience Cat#14-5959 

Rabbit polyclonal anti-AID, unconjugated Jayanta Chaudhuri (Vuong et al., 2009) 

Rat monoclonal anti-AID, AF647 (EK2-5G9) BD Cat#565785 

Mouse monoclonal anti-AIRE, unconjugated (C-2) Santa Cruz Cat#sc-373703 

Human recombinant anti-AIRE, APC (REA352) Miltenyi Biotec Cat#130-105-401 

Rat monoclonal anti-AIRE, eF570 (TM-724) eBioscience Cat#41-9534 

Human recombinant anti-AIRE, APC (REA352) Miltenyi Biotec Cat#130-105-359 

Mouse monoclonal anti-Bcl6, unconjugated (GI191E/A8) Ventana Cat# 227M 

Mouse monoclonal anti-CD19, Biotin (HIB19) Biolegend Cat#302204 

Mouse monoclonal anti-CD19, eF450 (HIB19) Tonbo Cat#75-0199-T100 

Mouse monoclonal anti-CD19, PE (4G7) BD Cat#349209 

Mouse monoclonal anti-CD19, PE (HIB19) BD Cat#555413 

Mouse monoclonal anti-CD19, PE-CF594 (HIB19) BD Cat#562321 

Mouse monoclonal anti-CD23, FITC (9P25) Beckman Cat#IM0529 

Mouse monoclonal anti-CD19, PE-Cy7 (HIB19) eBioscience Cat#25-0199 

Mouse monoclonal anti-CD19, QDot655 (SJ25C1) Thermo Fisher Cat#Q10179 

Mouse monoclonal anti-CD19, BV786 (SJ25C1) BD Cat#563326 

Mouse monoclonal anti-CD24, APC-eF780 (eBioSN3) eBioscience Cat#47-0247 

Mouse monoclonal anti-CD27, AF647 (O323) Biolegend Cat#302812 

Mouse monoclonal anti-CD38, APC (HIT2) Biolegend Cat#303510 

Mouse monoclonal anti-CD38, PE-Cy7 (HIT2) Biolegend Cat#303516 

Mouse monoclonal anti-CD45, eF450 (2D1) eBioscience Cat#48-9459 

Mouse monoclonal anti-CD45, PE-Cy7 (HI30) Tonbo Cat#60-0459 

Mouse monoclonal anti-EpCAM, AF488 (9C4) Biolegend Cat#324210 

Rabbit monoclonal anti-Hsp90, unconjugated (C45G5) Cell Signaling Cat#4877 

Goat polyclonal F(ab)2 anti-IgD, Biotin Southern Biotech Cat#2032-08 

Goat polyclonal F(ab)2 anti-IgD, FITC Southern Biotech Cat#2032-02 

Mouse monoclonal anti-IgD, FITC (IA6-2) BD Cat#555778 

Rabbit polyclonal anti-Lamin B1, unconjugated (H-90) Santa Cruz Cat#sc-20682 

Rat monoclonal anti-Pax5, AF594 (1H9) BioLegend Cat#649711 

Mouse monoclonal anti-β-Actin, unconjugated (AC-15) Sigma-Aldrich Cat#A5441 

Antibodies against mouse antigens 

Rat monoclonal anti-AID, unconjugated (mAID-2) eBioscience Cat#14-5959 

Rabbit polyclonal anti-AID, unconjugated Jayanta Chaudhuri (Vuong et al., 2009) 

Rabbit polyclonal anti-AIRE, unconjugated (H-300) Santa Cruz Cat#sc-33188 

Goat polyclonal anti-AIRE, unconjugated (D-17) Santa Cruz Cat#sc-17986 

Rat monoclonal anti-AIRE, unconjugated (5H12) eBioscience Cat#14-5934 

Rat monoclonal anti-AIRE, eF660 (5H12) eBioscience Cat#50-5934 

Human recombinant anti-AIRE, APC (REA352) Miltenyi Biotec Cat#130-105-359 

Rat monoclonal anti-B220, APC-Cy7 (RA3-6B2) Biolegend Cat#103224 

Rat monoclonal anti-B220, Biotin (RA3-6B2) Biolegend Cat#103204 
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Rat monoclonal anti-BAFF-R, APC (eBio7H22-E16) eBioscience Cat#17-5943 

Rat monoclonal anti-CD138, Biotin (281-2) Biolegend Cat#142514 

Rat monoclonal anti-CD138, PE-Cy7 (281-2) Biolegend Cat#142511 

Rat monoclonal anti-CD16/CD32, unconjugated (2.4G2) Tonbo Cat#70-0161 

Rat monoclonal anti-CD16/CD32, unconjugated (2.4G2) BD Cat#553141 

Rat monoclonal anti-CD19, Biotin (1D3) BD Cat#553784 

Rat monoclonal anti-CD19, BV650 (6D5) Biolegend Cat#115541 

Rat monoclonal anti-CD19, FITC (1D3) Tonbo Cat#35-0193 

Rat monoclonal anti-CD19, Pacific Blue (6D5) Biolegend Cat#115523 

Rat monoclonal anti-CD19, PE-CF594 (1D3) BD Cat#562291 

Rat monoclonal anti-CD21, APC (7G6) BD Cat#558658 

Rat monoclonal anti-CD23, PE (B3B4) BD Cat#553139 

Rat monoclonal anti-CD25, APC (PC61.5) Tonbo Cat#20-0251 

Rat monoclonal anti-CD3, APC-Cy7 (17A2) Tonbo Cat#25-0032 

Rat monoclonal anti-CD38, PE-Cy7 (90) Biolegend Cat#102717 

Rat monoclonal anti-CD4, unconjugated (GK1.5) Biolegend Cat#100401 

Rat monoclonal anti-CD4, FITC (GK1.5) Biolegend Cat#100406 

Rat monoclonal anti-CD4, FITC (GK1.5) BD Cat#553729 

Rat monoclonal anti-CD4, PE (GK1.5) Biolegend Cat#100408 

Rat monoclonal anti-CD4, PerCP-Cy5.5 (GK1.5) Biolegend Cat#100434 

Hamster monoclonal anti-CD40, unconjugated (HM40-3) eBioscience Cat#16-0402 

Hamster monoclonal anti-CD40, FITC (H40-3) BD Cat#553723 

Rat monoclonal anti-CD45, violetFluor450 (30-F11) Tonbo Cat#75-0451 

Rat monoclonal anti-CD45, biotin (30-F11) eBioscience Cat#13-0451-85 

Rat monoclonal anti-CD62L, PE-Cy7 (MEL-14) BD Cat#560516 

Hamster monoclonal anti-CD80, PerCP-Cy5.5 (16-10A1) BD Cat#560526 

Rat monoclonal anti-CD83, BV650 (Michel-19) Biolegend Cat#121515 

Rat monoclonal anti-CD86, APC (GL-1) BD Cat#558703 

Rat monoclonal anti-CD93, PE (AA4.1) Biolegend Cat#136503 

Rat monoclonal anti-CXCR4, Biotin (2B11) eBioscience Cat#13-9991 

Rat monoclonal anti-CXCR5, PE (L138D7) Biolegend Cat#145504 

Hamster monoclonal anti-FAS, PE (Jo2) BD Cat#554258 

Rat monoclonal anti-Foxp3, V450 (MF23) BD Cat#561293 

Rabbit monoclonal anti-GAPDH, unconjugated (14C10) Cell Signaling Cat#2188 

Rat monoclonal anti-GL7, AF647 (GL7) BD Cat#561529 

Rabbit monoclonal anti-Hsp90, unconjugated (C45G5) Cell Signaling Cat#4877 

Rat monoclonal anti-I-Ab, PerCP-Cy5.5 (AF6-120.1) Biolegend Cat#116416 

Rat monoclonal anti-ICOSL, PE (HK5.3) Biolegend Cat#107405 

Rat monoclonal anti-IgA, FITC (C10-3) BD Cat#559354 

Goat polyclonal anti-IgA, HRP Bethyl Cat#A90-103P 

Rat monoclonal anti-IgD, PE-Cy7 (11-26c.2a) Biolegend Cat#405727 

Rat monoclonal anti-IgD, PE-Cy7 (11-26c) eBioscience Cat#25-5993 

Horse polyclonal anti-IgG, ALP Vector Laboratories Cat#AP-2000 
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Goat polyclonal anti-IgG1, HRP Jackson Immuno Cat#115-035-205 

Rat monoclonal anti-IgG1, PE-CF594 (A85-1) BD Cat#562559 

Goat polyclonal anti-IgG2b, HRP Jackson Immuno Cat#115-035-207 

Goat polyclonal anti-IgG3, HRP Jackson Immuno Cat#115-035-209 

Goat polyclonal F(ab)2 anti-IgM, unconjugated Southern Biotech Cat#1022-01 

Rat monoclonal anti-IgM, APC (RMM-1) Biolegend Cat#406509 

Goat polyclonal anti-IgM, HRP Bethyl Cat#A90-101P 

Rat monoclonal anti-IL-17A, BV650 (TC11-18H10) Biolegend Cat#506929 

Goat polyclonal anti-IL-22, AF647 (Poly5164) Biolegend Cat#516406 

Rat monoclonal anti-Ly6G, AF647 (1A8) Biolegend Cat#127610 

Hamster monoclonal anti-PD-1, FITC (J43) eBioscience Cat#11-9985 

Hamster monoclonal anti-PD-1, PE-Cy7 (J43) eBioscience Cat#25-9985 

Rat monoclonal anti-PD-L1, PE-Cy7 (10F.9G2) Biolegend Cat#124314 

Rat monoclonal anti-PD-L2, PE (TY25) BD Cat#557796 

Goat polyclonal anti-Pol II, unconjugated Bethyl Cat#A303-835A 

Rabbit polyclonal anti-Pol II Ser5, unconjugated Bethyl Cat#A304-408A 

Rabbit polyclonal anti-Spt5, unconjugated Santa Cruz Cat#sc-28678 

Hamster monoclonal anti-TCRβ, PerCP-Cy5.5 (H57-597) Biolegend Cat#109227 

Hamster monoclonal anti-TCRγδ, BV421 (GL3) Biolegend Cat#118119 

Mouse monoclonal anti-β-Actin, unconjugated (AC-15) Sigma-Aldrich Cat#A5441 

Mouse monoclonal anti-IL17A, unconjugated 

(eBioMM17F3) 
eBioscience Cat#16-7173-81 

Mouse monoclonal anti-IL17F, unconjugated (RN17) eBioscience Cat#16-7473-82 

Mouse monoclonal anti-IL22, unconjugated (IL22JOP) eBioscience Cat#16-7222-82 

Antibodies against protein tags 

Mouse monoclonal anti-6хHis, unconjugated (J099B12) Biolegend Cat#652502 

Mouse monoclonal anti-c-Myc, unconjugated (9E10) Biolegend Cat#626802 

Rabbit polyclonal anti-FLAG, unconjugated Cell Signaling Cat#2368 

Mouse monoclonal anti-FLAG, magnetic beads (M2) Sigma-Aldrich Cat#F3165 

Isotype control antibodies 

Goat polyclonal IgG, unconjugated Santa Cruz Cat#sc-2028 

Goat polyclonal IgG, AF647 (Poly24030) Biolegend Cat#403006 

Goat polyclonal F(ab)2 IgG, Biotin Southern Biotech Cat#0110-08 

Goat polyclonal F(ab)2 IgG, FITC Southern Biotech Cat#0110-02 

Hamster monoclonal IgG2, PE (B81-3) BD Cat#550085 

Hamster monoclonal IgG2, PerCP-Cy5.5 (B81-3) BD Cat#560562 

Hamster monoclonal IgM, FITC (G235-1) BD Cat#553960 

Mouse monoclonal IgG1, AF647 (MOPC-21) Biolegend Cat#400155 

Mouse monoclonal IgG1, APC (MOPC-21) BD Cat#555751 

Mouse monoclonal IgG1, APC (MOPC-21) Biolegend Cat#400120 

Mouse monoclonal IgG1, Biotin (MOPC-21) Biolegend Cat#400103 

Mouse monoclonal IgG1, PE (MOPC-21) BD Cat#555749 

Mouse monoclonal IgG1, PE-Cy7 (MOPC-21) BD Cat#555872 
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Mouse monoclonal IgG1, PE-Cy7 (MOPC-21) Biolegend Cat#400126 

Mouse monoclonal IgG2a, FITC (X39) BD Cat#349051 

Rabbit polyclonal IgG, unconjugated Santa Cruz Cat#sc-2027 

Rabbit polyclonal IgG, unconjugated R&D Cat#AF-008 

Rat monoclonal IgG1, BV650 (RTK2071) Biolegend Cat#400437 

Rat monoclonal IgG2a, unconjugated (RTK2758) Biolegend Cat#400501 

Rat monoclonal IgG2a, APC (RTK2758) Biolegend Cat#400511 

Rat monoclonal IgG2a, Biotin (eBR2a) eBioscience Cat#13-4321 

Rat monoclonal IgG2a, eF570 (eBR2a) eBioscience Cat#41-4321 

Rat monoclonal IgG2a, PE (eBR2a) eBioscience Cat#12-4321 

Rat monoclonal IgG2a, PerCP-Cy5.5 (RTK2758) Biolegend Cat#400531 

Rat monoclonal IgG2a, PE-Cy7 (RTK2758) Biolegend Cat#400521 

Rat monoclonal IgG2b, unconjugated (eB149/10H5) eBioscience  Cat#14-4031 

Rat monoclonal IgG2b, AF647 (A95-1) BD  Cat#557691 

Rat monoclonal IgG2b, Biotin (RTK4530) Biolegend  Cat#400603 

Rat monoclonal IgG2b, eF660 (eB149/10H5) eBioscience  Cat#50-4031 

Rat monoclonal IgG2b, PE (A95-1) BD  Cat#553989 

Rat monoclonal IgG2b, PE-Cy7 (RTK4530) Biolegend  Cat#400617 

Human recombinant IgG, APC (REA293) Miltenyi Biotec  Cat#130-104-615 

Human recombinant IgG, PE (REA293) Miltenyi Biotec  Cat#130-104-613 

Secondary antibodies 

Mouse monoclonal anti-Biotin, magnetic microbeads Miltenyi Biotec  Cat#130-090-485 

Donkey polyclonal anti-goat IgG, HRP Santa Cruz  Cat#sc-2020 

Donkey polyclonal anti-mouse IgG, AF546 Thermo Fisher Cat#A10036 

Donkey polyclonal anti-mouse IgG, CF647 Sigma-Aldrich  Cat#SAB4600176 

Donkey polyclonal anti-mouse IgG, HRP Santa Cruz  Cat#sc-2318 

Donkey polyclonal F(ab’)2 anti-rat IgG, HRP Jackson Immuno Cat#712-036-153 

Goat polyclonal F(ab’)2 anti-mouse IgG, Cy3 Jackson Immuno  Cat#115-166-006 

Goat polyclonal F(ab’)2 anti-mouse IgG, FITC Southern Biotech  Cat#1032-02 

Goat polyclonal F(ab’)2 anti-rabbit IgG, Cy3 Jackson Immuno  Cat#111-166-047 

Goat polyclonal anti-rabbit IgG, HRP Santa Cruz  Cat#sc-2004 

Bacterial, Fungal and Viral Strains  

Candida albicans ATCC Cat#MYA-2876 

Heat Inactivated C. albicans pseudohyphae Made in house This paper 

Live C. albicans pseudohyphae Made in house This paper 

Biological Samples   

Human blood American Red Cross This paper 

Human spleen 
Children’s Hospital 

of Michigan 
This paper 

Human thymus 
Children’s Hospital 

of Michigan 
This paper 

Human tonsil, healthy 
Children’s Hospital 

of Michigan 
This paper 
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Human tonsil, HIGM3 Mount Sinai 

Medical Center 
This paper 

Sheep red blood cell Innovative Cat#IC100-0210 

Chemicals, Peptides, and Recombinant Proteins 

NP8, FITC BioSearch Cat#N-5050F 

NP36, PE BioSearch Cat#N-5070-1 

NP32, KLH BioSearch Cat#N-5060 

NP4, BSA BioSearch Cat#N-5050L-10 

NP29, BSA BioSearch Cat#N-5050H-10 

UEA-1, Biotin Vector Laboratories Cat#B-1065 

Streptavidin, AF488 Thermo Fisher  Cat#S11223 

Streptavidin, AF546 Thermo Fisher Cat#S11225 

Streptavidin, PerCP-Cy5.5 BD  Cat#551419 

Streptavidin, BV605 Biolegend  Cat#405229 

Streptavidin, BV785 Biolegend  Cat#405249 
Streptavidin, Qdot605 Thermo Fisher Cat#Q10101MP 

Aldehyde Reactive Probe Cayman Chemical Cat#10009350 

RNase A Sigma Cat# R6513 

Proteinase K Qiagen Cat# 9133 

HaeIII New England Biolabs Cat# R0108S 

O-Allylhydroxylamine hydrochloride (AA7) Sigma Cat# 05983 

Methoxyamine hydrochloride  Sigma Cat# 226904 

Alkoxyamine-6 (AA6) Ashok Bhagwat (Wei et al., 2017) 

Alkoxyamine-3 (AA3) Ashok Bhagwat (Wei et al., 2015) 

DBCO -Cy5 Click Chemistry Tools Cat# A130-1 

Cy5 Azide Lumiprobe Cat# A3330 

Copper bromide Sigma Cat# 254185 

TBTA Tris[(1-benzyl-1H-1,2,3-triazol-4-yl)methyl]amine  Sigma Cat# 678937 

DNA Clean and Concentrator kit Zymo research Cat# D4014 

SYBR Gold nucleic acid gel stain Invitrogen Cat# S11494 

Zeta probe membrane Bio-Rad Cat# 1620165 

Complete Freund’s Adjuvant Thermo Fisher Cat#77140 

Incomplete Freund’s Adjuvant Thermo Fisher Cat#77145 

Histopaque-1077 Sigma-Aldrich Cat#10771 

Ammonium-Chloride-Potassium (ACK) Lysis Buffer Thermo Fisher Cat#A1049201 

Collagenase II Worthington Cat#LS004177 

Collagenase V Sigma-Aldrich Cat#C9263-1G 

DNase I Roche Cat#11284932001 

CD40L (Human) Peprotech Cat#310-02 

IL-4 (Human) Peprotech Cat#200-21 

IFN-γ (Human) Peprotech Cat#300-02 

CD40L (Mouse) Peprotech Cat#315-15 

IL-4 (Mouse) Peprotech Cat#214-14 

IL-4 (Mouse) R&D Cat#404-ML 

IL-17A (Mouse) Peprotech Cat#210-17 

IL-17F (Mouse) Peprotech Cat#210-17F 

IL-17RA homodimer (Mouse) R&D Cat# 4481-MR-100 
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IL-21 (Mouse) Peprotech Cat#210-21 

IL-22 (Mouse) Peprotech Cat#210-22 

IL-22Rα1 (Mouse) R&D Cat# 4294-MR-050 

TGF-β1 (Mouse) R&D Cat#7666-MB/CF 

AIRE and AID WT and mutant proteins, Table S2 Kang Chen This paper 

Caffeic Acid Phenethyl Ester (CAPE) Cayman Cat#70750 

Carboxyfluorescein Succinimidyl Ester (CFSE) Biolegend Cat#422701 

Lipofectamine 3000 Thermo Fisher Cat#L3000015 

Protease Inhibitor Cocktail Sigma-Aldrich Cat#P8340 

TRIzol Thermo Fisher Cat#15596026 

RNALater Thermo Fisher Cat#AM7020 

RNAProtect QIAGEN Cat#76526 

NP-40 Sigma-Aldrich Cat#I8896 

4-20% Bis-Tris Gel GeneScript Cat#M42012 

10% Tris-Glycine Gel Bio-Rad Cat#4561034 

Polyvinylidene fluoride (PVDF) Membrane Bio-Rad Cat#1620177 

Nitrocellulose Membrane Bio-Rad Cat#1620115 

ECL Substrate Bio-Rad Cat#170-5061 

Western Blotting Chemiluminescence Luminol Reagent Santa Cruz Cat#sc-2048 

Fc Blocking Reagent Miltenyi Biotec Cat#130-059-901 

Fc Blocking Reagent Tonbo Biosciences Cat#70-0161 

CytoFix/CytoPerm BD Cat#554722 

Transcription Factor Buffer BD Cat#562725 

7-aminoactinomycin D (7AAD) Tonbo Biosciences Cat#13-6993-T500 

7-aminoactinomycin D (7AAD) BD Cat#559925 

Ghost Dye Violet 510 (GV510) Tonbo Biosciences Cat#13-0870-T500 

Anti-Biotin Magnetic Microbeads Miltenyi Biotec Cat#130-090-485 

4’,6-diamidine-2’-phenylindole dihydrochloride (DAPI) Sigma-Aldrich Cat#D9542 

BluePhos Phosphate Substrate KPL Cat#50-88-02 

BbsI restriction enzyme Thermo Fisher Cat#ER1011 

Ficoll-Paque GE Healthcare Cat#17-1440-03 

Golgi Plug BD Cat#55029 

PMA Sigma-Aldrich Cat#P1585-1MG 

Ionomycin Thermo Fisher Cat#I24222 

Quick T4 Ligase New Engl. Biolabs Cat#M2200L 

Opti-MEM Thermo Fisher Cat#31985070 

Protein G Beads Cell Signaling Cat#8740 

Protein G Beads Thermo Fisher Cat#88847 

CelLytic M Buffer Sigma-Aldrich Cat#C2978 

Halt Phosphatase Inhibitor Thermo Fisher Cat#78426 

FluorSave mounting medium EMD Millipore Cat#345789 

HRP conjugation kit Abcam Cat#Ab102890 

Image-iT FX Signal Enhancer Thermo Fisher Cat#I36933 

Critical Commercial Assays 

Mouse B Cell Isolation kit Miltenyi Biotec Cat#130-090-862 

Click-iT EdU Flow Cytometry Assay kit Thermo Fisher Cat#C10418 

Phusion Site-Directed Mutagenesis kit Thermo Fisher Cat#F541 
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Amaxa Cell Line Nucleofector Kit V Lonza Cat#VCA-1003 

BCA Protein Assay kit Thermo Fisher Cat#23225 

iTaq Universal SYBR Green One-Step kit Bio-Rad Cat#172-5150 

Cells-to-CT 1-step SYBR Green kit Thermo Fisher Cat#A25601 

ChIP Assay kit EMD Millipore Cat#17-295 

Mouse IgA ELISA Bethyl Cat#E90-103 

Superscript III First Strand Synthesis Thermo Fisher Cat#18808051 

PowerSYBR Green Master Mix Thermo Fisher Cat#4367660 

Experimental Models: Cell Lines 

CH12F3, WT Tasuku Honjo 
(Nakamura et al., 

1996) 

CH12F3, Aire–/– (clones 43, 53 and 69) Kang Chen This Paper 

CH12F3, Acida–/– Kefei Yu This Paper 

CH12F3, Ung–/– Ashok Bhagwat This Paper 

HKB-11 ATCC Cat#12568 

Experimental Models: Organisms/Strains 

C57BL/6J Jackson Cat#000664 

Aire+/− (B6.129S2-Airetm1.1Doi/J) Jackson Cat#004743 

MT (B6.129S2-Ighmtm1Cgn/J) Jackson Cat#002288 

B6.AireAdig reporter Mark Anderson 
(Gardner et al., 

2008) 

Aicda−/− Tasuku Honjo 
(Muramatsu et al., 

2000) 

CD45.1 (B6.SJL-Ptprca Pepcb/BoyJ) Jackson Cat#002014 

Oligonucleotides 

A) qRT-PCR Primers 

Human Primers: 

ACTB: 

_F: AGAGCTACGAGCTGCCTGAC 

_R: AGCACTGTGTTGGCGTACAG 

Sigma-Aldrich (Wang et al., 2013) 

Iμ_F: GTGATTAAGGAGAAACACTTTGAT Sigma-Aldrich (Chen et al., 2009) 

Cγ1_R: CCAGGGCTGCTGTGCCCCCA Sigma-Aldrich This Paper 

Cγ3_R: CCAGGGCCGCTGTGCCCCCA Sigma-Aldrich This Paper 

AIRE: 

_F: CCAGGCTCTCAACTGAAGGC 

_R: GAATCCCGTTCCCGAGTGG 

Sigma-Aldrich 
(Dudakovic et al., 

2015) 

Mouse Primers: 

Actb 

_F: TGCGTGACATCAAAGAGAAG 

_R: CGGATGTCAACGTCACACTT 

Sigma-Aldrich 
(Steuerwald et al., 

2000) 

Aicda 

_F: GAAAGTCACGCTGGAG 

_R: TCTCATGCCGTCCCTT 

Sigma-Aldrich (Xu et al., 2015) 

Aire (B6.129S2-Airetm1.1Doi/J): 

_F: GACAAGTTCCAGGAGACGCT 

_R: AAGCCGTCCAGGATGCTATG 

Sigma-Aldrich This Paper 
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Iα-Cμ circle transcript: 

Iα_F: CCAGGCATGGTTGAGATAGAGATAG 

Cμ_R: AATGGTGCTGGGCAGGAAGT 

Sigma-Aldrich (Cao et al., 2015) 

Iγ1-Cμ circle transcript: 

Iγ1_F: GGCCCTTCCAGATCTTTGAG 

Cμ_R: AATGGTGCTGGGCAGGAAGT 

Sigma-Aldrich (Doi et al., 2008) 

Iμ-Cμ germline transcript: 

Iμ_F: CTCTGGCCCTGCTTATTGTTG 

Cμ’_R: GAAGACATTTGGGAAGGACTG 

Sigma-Aldrich 
(Muramatsu et al., 

2000) 

Iα-Cα germline transcript: 

Iα_F: CCTGGCTGTTCCCCTATGAA 

Cα_R: GAGCTCGTGGGAGTGTCAGTG 

Sigma-Aldrich 
(Boersma et al., 

2015) 

Sμ (after ChIP): 

Sμ_F: TAGTAAGCGAGGCTCTAAAAAGCAT 

Sμ_R: AGAACAGTCCAGTGTAGGCAGTAGA 

Sigma-Aldrich (Nowak et al., 2011) 

Iμ (after ChIP): 

Iμ_F: GCTCAGCCTGGACTTTCGGTTTGGT 

Iμ_R: GGAGTCAAGATGGCCGATCAGAACC 

Sigma-Aldrich (Nowak et al., 2011) 

Sγ1 (after ChIP): 

Sγ1_F: TATGATGGAAAGAGGGTAGCATTCACC 

Sγ1_R: CTCCTTCCCAATCTCCCGTG 

Sigma-Aldrich (Nowak et al., 2011) 

sgRNA (CH12 mutant 69): 

GCACCGCACCGAGATCGCGG (PAM:TGG) 
Feng Zhang http://crispr.mit.edu 

sgRNA (CH12 mutants 43 and 53): 

ACCTAAACCAGTCCCGGAAA (PAM:GGG) 
Feng Zhang http://crispr.mit.edu 

B) Primers for screening CRISPR mutants 

CH12 Mutant 69: 

_F: CTTTCCCGCTTCCTCTATCC 

_R: ACTGTCTATGGCCACCGC 

Sigma-Aldrich This paper 

CH12 Mutant 43: 

_F1: ACCTAAACCAGTCCCGGAAA 

_F2 (Second Mutation): CCATTGTTCCTGCCCCTG 

_R: ACCGTTTCCAAGAGGAAGGT 

Sigma-Aldrich This paper 

CH12 Mutant 53: 

_F: ACCTAAACCAGTCCCGGAAA 

_R: ACCGTTTCCAAGAGGAAGGT 

Sigma-Aldrich This paper 

C) Primers used to generate AIRE and AICDA 

mutants, Table S3 
Sigma-Aldrich This paper 

D) Oligos used to clone sgRNA for CH12 CRISPR 

mutants, Table S3 
Sigma-Aldrich This paper 

E) Primers to amplify β-Actin gDNA after DNAse I treatment 
ACTB_gDNA: 

_F: CAAGGCCAACCGCGAGAAGA 

_R: TGTGCTGGGGTCTTGGGATG 
Sigma-Aldrich This paper 

Recombinant DNA 

pSpCas9(BB)-2A-Puro Addgene Cat#48139 

pFLAG-CMV2 Sigma-Aldrich Cat#E7033 

pcDNA3.1(–) Thermo Fisher Cat#V38520 

pcDNA3-eGFP Thilo Hagen N/A 
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pCMV-Tag1 
Agilent 

Technologies 
Cat#211170 

Software and Algorithms 

FlowJo 7 and 10 Tree Star N/A 

Adobe Photoshop CS6 Adobe N/A 

Prism 6 GraphPad N/A 

StepOne RT-PCR software Applied Biosystems N/A 

IDEAS 6.1 Amnis N/A 

VectorNTI 10 Thermo Fisher N/A 

ImageQuant TL 8.1 GE Healthcare N/A 

IMonitor 1.1.0 Wei Zhang (Zhang et al., 2015) 

 1034 

CONTACT FOR REAGENT AND RESOURCE SHARING 1035 

Further information and requests for resources and reagents should be directed to and will be 1036 

fulfilled by the Lead Contact, Kang Chen (kang@wayne.edu). 1037 

 1038 

EXPERIMENTAL MODEL AND SUBJECT DETAILS 1039 

Human subjects 1040 

Autoimmune polyglandular syndrome type 1 (APS-1) patients with loss-of-function mutations in 1041 

the AIRE gene were enrolled in the study with an approved protocol of the Ethics Committee of 1042 

Medicine of the Hospital District of Helsinki and Uusimaa (HUS), Finland. Hyper-IgM 1043 

syndrome type 3 (HIGM3) patients with loss-of-function mutations in the CD40 gene were 1044 

enrolled in the study with an approved Institutional Review Board (IRB) protocol of the Icahn 1045 

School of Medicine at Mount Sinai. Peripheral blood leukocytes of anonymous healthy donors 1046 

were obtained from the American Red Cross with a protocol approved by the IRB of Wayne 1047 

State University (WSU) and the Detroit Medical Centre (DMC). Tonsil, thymus and spleen 1048 

tissues were obtained after pediatric tonsillectomy, cardiac surgery and splenectomy, 1049 

respectively, from the Children’s Hospital of Michigan with an IRB protocol approved by WSU 1050 

and DMC. 1051 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted January 12, 2024. ; https://doi.org/10.1101/2024.01.10.574926doi: bioRxiv preprint 

mailto:kang@wayne.edu
https://doi.org/10.1101/2024.01.10.574926
http://creativecommons.org/licenses/by-nc-nd/4.0/


 

 

64 

 

Mice 1052 

C57BL/6J mice, Aire+/−  and MT were purchased from the Jackson Laboratory. AireAdig mice in 1053 

C57BL/6 background were previously reported (Gardner et al., 2008). Aicda−/− mice (Muramatsu 1054 

et al., 2000) were generously provided by Dr. Tasuku Honjo (Kyoto University, Japan). These 1055 

mice were maintained in the same room at the specific pathogen-free (SPF) facility of the 1056 

Division of Laboratory Animal Resources (DLAR) at Wayne State University. Aire−/− mice were 1057 

generated by mating Aire+/− mice. Age- and sex-matched Aire+/+ littermates were randomly 1058 

assigned to experimental groups or used as controls for ex vivo and in vivo experiments. Prior to 1059 

any experiment, all Aire and AireAdig mice were genotyped by PCR to ensure the correctness of 1060 

the genotype. All breeding and experimental protocols were approved by Wayne State 1061 

University Institutional Animal Care and Use Committee (IACUC). 1062 

Primary cell cultures 1063 

Peripheral blood IgD+CD27‒ naive B cells of healthy subjects or APS-1 patients were sorted and 1064 

stored in RNALater. Primary blood, spleen and tonsil IgD+ B cells were purified by MACS and 1065 

cultured in RPMI-1640 medium. Mouse cells purified from spleen and lymph nodes were 1066 

extracted via B cell isolation kit and cultured in RPMI-1640 medium further supplemented with 1067 

5% (v/v) NCTC-109 and 50 μM β-mercaptoethanol. 1068 

Cell lines 1069 

The human embryonic kidney cell/Burkitt’s lymphoma fusion cell line HKB-11 was cultured in 1070 

DMEM/F12 supplemented with 2 mM L-glutamine, 100 U/ml penicillin, 100 μg/ml 1071 

streptomycin, 0.25 μg/ml amphotericin B and 10% FBS. WT, Aire−/−, Acida−/− and Ung−/− CH12 1072 

cells (generated in house) were cultured in RPMI-1640 medium further supplemented with 5% 1073 

(v/v) NCTC-109 and 50 μM β-mercaptoethanol. 1074 
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Microbe strain 1075 

The C. albicans strain SC5314 was purchased from the ATCC, streak plates were made on YPD 1076 

agar and incubated at 30°C overnight. Plates were then stored at 4°C. For experiments, single 1077 

colonies were cultured in YPD broth at 30°C for 16 h with shaking at 220 rpm prior to induction 1078 

of virulent pseudohyphae formation. 1079 

 1080 

METHOD DETAILS 1081 

Human blood and tissue sample processing and cell isolation 1082 

Peripheral blood mononuclear cells (PBMCs) of APS-1 patients and healthy controls were 1083 

purified using Ficoll-Paque Plus. Live (7AAD– or Ghost Violet 510–) naive B cells 1084 

(CD19+IgD+CD27–) and class-switched memory B cells (CD19+IgD–CD27+) were sorted from 1085 

the PBMCs to a purity of ≥ 99% on a FACSAria II sorter (BD). PBMCs of anonymous healthy 1086 

donors were isolated using a Histopaque-1077 gradient following the manufacturer’s instruction. 1087 

Red blood cells (RBCs) were lysed using an ammonium-chloride-potassium (ACK) lysing 1088 

buffer. Human tonsil and spleen tissues were minced into small pieces, meshed through 100 μm 1089 

cell strainers, and pelleted at 600 g for 5 min at 4oC. Spleen cells were treated with an ACK 1090 

buffer to remove erythrocytes and filtered through 40 μm cell strainers. Tonsil and spleen cells 1091 

were then washed with phosphate-buffered saline (PBS). IgD+ B cells were purified from tonsil 1092 

cells by magnetic-activated cell sorting (MACS) with a biotinylated goat F(ab’)2 anti-human IgD 1093 

antibody and anti-biotin magnetic microbeads as previously reported (Chen et al., 2009). CD19+ 1094 

B cells were similarly obtained using a biotinylated mouse anti-human CD19 (clone HIB19) 1095 

antibody. The CD19+IgD‒ fraction was obtained by selecting for CD19+ cells from the IgD‒ 1096 

fraction by MACS. Thymic cell suspensions were obtained by mincing human thymus tissues 1097 
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into small pieces and mechanically removing thymocytes followed by 2 rounds of digestion with 1098 

0.2% (w/v) Collagenase V and 0.1 mg/ml DNase I in Hank’s Balanced Salt Solution (HBSS) for 1099 

45 min at 37oC with shaking. The digested samples were filtered through 70 μm cell strainers 1100 

and washed with PBS. 1101 

Mouse blood and tissue cell isolation 1102 

Blood was collected from mice before euthanasia. spleen, inguinal lymph nodes, mesenteric 1103 

lymph node and Peyer’s patches were collected after euthanasia. Adjacent fat and other tissues 1104 

were removed before single cells suspensions were prepared, filtered through 100 μm cell 1105 

strainer. RBCs from blood were removed by centrifugation on Histopaque 1077, and those in 1106 

spleens were lysed using an ACK buffer. The cells were washed in PBS and counted before cell 1107 

sorting, flow cytometry or purification by MACS. Resting B cells were isolated from the spleens 1108 

of age- and sex-matched Aire+/+ or Aire−/− littermates by MACS using a B Cell Isolate Kit. The 1109 

purity of the isolated B cells ranged from 97‒99.6% as determined by flow cytometry based on 1110 

CD19 and B220 staining.   1111 

Mouse immunization 1112 

2.5×107 purified Aire+/+ or Aire−/− B cells were introduced via the tail vein into each recipient 1113 

µMT littermate mouse. One day after the adoptive transfer, each recipient was intraperitoneally 1114 

(i.p.) immunized with 1 dose of 100 μg NP32-KLH in Complete Freund's Adjuvant and 3 doses 1115 

of 100 μg NP32-KLH in Incomplete Freund’s Adjuvant once every week. Four days after the last 1116 

immunization, mice were sacrificed, and blood and spleens were collected for ELISA, flow 1117 

cytometry or cell sorting. In some experiments, mice were immunized 3 times, each with 200 μl 1118 

of 2% sheep red blood cells in CFA for the initial immunization and IFA for the following 1119 
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immunizations. For Figure S1H, mice were immunized i.p. with 4×108 SRBCs in PBS in a final 1120 

volume of 200 μl/mouse with or without CFA. 1121 

BM chimeras and B cell chimeras 1122 

BM cells were isolated from the tibias and femurs of age- and sex-matched CD45.1 Aire+/+ and 1123 

CD45.2 Aire−/− mice by flushing the BM cells with serum-free RPMI-1640 using 27G needles. 1124 

Following RBC lysis, B220+ BM cells were depleted by MACS after labeling the BM cells with 1125 

a biotinylated anti-mouse B220 antibody and anti-biotin microbeads. The B220– cells from 1126 

CD45.1 Aire+/+ and CD45.2 Aire−/− BMs were mixed at the ratio of 1:1 and adoptively 1127 

transferred via the tail vein into sex-matched primary μMT littermate recipients 1 d after these 1128 

recipients received 10 Gy total body irradiation, with each recipient receiving a total of 1.5×107 1129 

cells. BM reconstitution was allowed to proceed for 28 days. Splenic resting naive B cells were 1130 

isolated from these primary μMT recipients by MACS using a B Cell Isolation Kit similarly as 1131 

described above. Purified splenic B cells were counted, adjusted to a ratio of 1:1 and adoptively 1132 

transferred via the tail vein into sex-matched secondary μMT littermate recipients, with each 1133 

recipient receiving a total of 1.5×107 cells. Mice were then immunized with NP32-KLH and 1134 

adjuvants as described above. 1135 

Discrimination of intravascular and tissue leukocytes 1136 

A published method was used to distinguish intravascular and tissue leukocytes in mice 1137 

(Anderson et al., 2014). In this method, mice were intravenously administered with 6 μg 1138 

biotinylated anti-CD45 antibody 2–3 minutes prior to anesthesia and cardiac perfusion with PBS, 1139 

followed by immediate tissue harvest and digestion. Intravascular cells were subsequently 1140 

stained with fluorochrome-conjugated streptavidin in combination with other cell surface 1141 

markers before analysis by flow cytometry. 1142 
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Culture and stimulation or primary B cells 1143 

Peripheral blood IgD+CD27‒ naive B cells of healthy subjects or APS-1 patients were stimulated 1144 

with 500 ng/ml soluble CD40L (sCD40L) and 100 ng/ml IL-4 or 100 ng/ml IFN-γ. Purified 1145 

mouse splenic B cells were stimulated with 500 ng/ml sCD40L with or without 100 ng/ml IL-4, 1146 

100 ng/ml IL-21 or 25 μM CAPE. In some experiments, sCD40L was replaced with 5 µg/ml anti-1147 

CD40. To determine cell proliferation, the cells were labelled with carboxyfluorescein 1148 

succinimidyl ester (CFSE) according to the manufacture’s protocol prior to culture. 1149 

Alternatively, 10 μM 5-ethynyl-2'-deoxyuridine (EdU) was added to the culture medium for 6 1150 

hours before EdU incorporation was determined by flow cytometry using a Click-iT EdU Flow 1151 

Cytometry Assay Kit according to the manufacturer’s protocol.  1152 

Generation and validation of Aire−/− CH12 cells 1153 

Several clones of Aire−/− CH12 cells were generated by targeting the Aire gene using the 1154 

CRISPR/Cas9 system as described previously (Ran et al., 2013). Single guide RNAs (sgRNA) 1155 

targeting exon 1 or exon 3 of mouse Aire gene (GenBank AJ007715.1) were designed using the 1156 

online tool at http://crispr.mit.edu. Sequences with the highest score for the respective region 1157 

were selected. To express sgRNAs, pairs of oligonucleotides were synthesized and cloned into 1158 

pSpCas9(BB)-2A-Puro plasmid as reported (Ran et al., 2013). The sgRNA expression plasmid 1159 

was then transfected into CH12 cells using electroporation (square wave pulse at 200 V for 30 1160 

ms) in serum-free RPMI-1640 with 5 mM glutathione in a 4-mm cuvette. 24 hours after 1161 

transfection, cells were resuspended in 125 ng/ml puromycin for 48 hours. After a brief 1162 

expansion in puromycin-free media, single cell clones from transfected cells were screened for 1163 

loss of the sgRNA targeting site using PCR. Clones with deletions in both alleles were identified 1164 

by PCR. To determine the exact genomic modifications in each clone, the sgRNA-targeting sites 1165 
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were amplified with primer pairs spanning the targeting sites, and PCR products were sequenced 1166 

directly using the respective forward primer. In addition, PCR products from clones 43 and 53 1167 

were cloned into the pGEM-T Easy vector and sequenced with T7 primer. All three mutant 1168 

clones used were confirmed to harbor frameshift mutations on both alleles, resulting in 1169 

termination shortly after the frameshift site. The potential off-target sites in the mouse genome 1170 

for each guide were identified by the same online tool (http://crispr.mit.edu). Cas9 generally does 1171 

not tolerate more than 3 mismatches (Hsu et al., 2013). All off-target sites in a potential gene-1172 

coding region with non-zero scores (up to 4 mismatches) were verified by sequencing to be 1173 

intact. The lack of AIRE protein expression in these clones was finally confirmed by Western 1174 

Blot. 1175 

Plasmids  1176 

Full-length human AIRE cDNA sequence was cloned into pcDNA3.1(–) with tandem C-terminal 1177 

Myc and 6-Histidine tag. Sequences coding various domains of AIRE were deleted using a 1178 

Phusion Site-Directed Mutagenesis Kit using appropriate primers. Briefly, to delete a specific 1179 

section of AIRE in the vector, a pair of outward primers was designed to amplify the remaining 1180 

region together with the plasmid backbone. PCR product was then phosphorylated at 5’ end and 1181 

ligated with Quick T4 ligase to recircularize it. Human AID was obtained by cloning full-length 1182 

AICDA into pFLAG-CMV2 vector with an N-terminal FLAG tag. Domain-specific deletion 1183 

mutants and G23S and E58A point mutants of AID were generated using the Phusion Site-1184 

Directed Mutagenesis kit using appropriate primers. The full-length Egfp sequence from 1185 

pcDNA3-eGFP (from Dr. Thilo Hagen, National University of Singapore) was then cloned in 1186 

frame to the C-terminus of mouse Aire, AireNLS, or AireCARD using blunt end ligation of 1187 

PCR-amplified fragments. 1188 
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Transfection 1189 

106 seeded HKB-11 cells were cultured to 70‒90% confluence and transfected with 4 μg plasmid 1190 

DNA using Lipofectamine 3000 in Opti-MEM by following the manufacturer’s instruction. 1191 

CH12 cells were transfected using the Amaxa cell line nucleofector kit V (Lonza). Cells were 1192 

pelleted at 100 g for 10 min and resuspended in the electroporation buffer according to the 1193 

manual. 106 cells in 100 μl were mixed with 2 μg of target plasmids. The mixture was transferred 1194 

to cuvettes for electroporation with Nucleofactor 2b (Lonza) using the program D-023. After 1195 

electroporation, complete medium was immediately added to promote recovery. The 1196 

electroporated cells were subsequently divided equally into 2 wells, with one well left 1197 

unstimulated and the other stimulated with 1 μg/ml anti-CD40, 1 ng/ml TGF-β1 and 12.5 ng/ml 1198 

IL-4 for 3 d. 1199 

C. albicans culture 1200 

A single colony of C. albicans was cultured in YPD broth at 30 ºC for 16 h with shaking at 220 1201 

rpm. C. albicans existed in the blastospore form after the 16 h culture. The concentration of the 1202 

culture was quantitated using a hemocytometer. The culture was then diluted 1:10 with fresh 1203 

YPD broth containing 10% (v/v) heat-inactivated FBS and grown at 37 ºC for 3 h with shaking at 1204 

220 rpm. An aliquot of the culture was removed and examined under the microscope to ensure 1205 

that 95% of blastospores switched to the virulent pseudohyphal form. The culture was pelleted 1206 

by centrifugation at 4,000 rpm for 10 minutes, washed with PBS twice and resuspended in PBS 1207 

at the concentration of 5×106 CFU per 50 μl based on the quantitation of the culture 3 h ago. The 1208 

pseudohyphae samples were used for either intradermal infection of mice or the preparation of 1209 

heat-killed samples by treatment at 95 ºC for 2 h followed by 3 rounds of sonication on ice at 1210 

30% maximum power for 5 seconds per round using a sonifier.  1211 
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Cutaneous C. albicans infection 1212 

5×107 purified Aire+/+ or Aire−/− B cells were introduced via the tail vein into each recipient µMT 1213 

mouse littermate. Starting from the day of adoptive transfer, 5 doses each of 106 CFU heat-killed 1214 

C. albicans pseudohyphae were given intraperitoneally to each recipient mouse every 4 d. Four 1215 

days after the last injection, mice were infected with 5×106 CFU live C. albicans pseudohyphae 1216 

in 50 μl PBS per spot at the deep dermis of the shaved dorsal region (Conti et al., 2014). The 1217 

actual dose of infection was determined by immediately plating serial dilutions of the inoculum 1218 

on YPD agar in triplicate, incubating the plates at 28 ºC for 24 h and colony enumeration. The 1219 

inoculum size per spot ranged between 3.8–12.3×106 CFU in various experiments. Four days 1220 

after the infection, blood was obtained prior to sacrificing the mice. The entire dermal injection 1221 

site was excised for histological evaluation of fungal burden by Grocott’s methenamine silver 1222 

(GMS) stain or by plating, or for determination of effector T cell response by flow cytometry. 1223 

For GMS stain, the tissues were immediately fixed in 10% formalin overnight and embedded in 1224 

paraffin before sectioning. For plating, each tissue was weighed, minced, grounded thoroughly 1225 

and resuspended in sterile PBS. Serial dilutions of the suspensions were plated on YPD agar in 1226 

triplicate and incubated at 28 ºC for 24 h before colony enumeration. The fungal load was 1227 

calculated as CFU per mg of tissue. For flow cytometry, the tissues were washed in FBS-free 1228 

RPMI-1640 twice, minced and digested in FBS-free RPMI-1640 containing 0.7 mg/ml 1229 

collagenase II, 2 mM EDTA and 25 mM HEPES at 37 ºC for 1 h. The digested samples were 1230 

passed through a 70 μm cell strainer, washed twice with RPMI-1640 containing 10% FBS, 2 1231 

mg/ml glutamine, 100 U/ml penicillin, 100 μg/ml streptomycin and 25 μg/ml amphotericin B. 1232 

The samples were then cultured in this medium further supplemented with 500 ng/ml PMA, 500 1233 
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ng/ml ionomycin and 1 μg/ml GolgiPlug at 37 ºC for 5 h before being harvested for flow 1234 

cytometric analysis. 1235 

Immunoprecipitation 1236 

Cultured cells were harvested, washed with cold PBS twice and lysed with a CelLytic M buffer 1237 

containing 1× protease inhibitor cocktail and 1× Halt phosphatase Inhibitor for 60 minutes on 1238 

ice. The lysates were centrifuged at 18,000 g for 15 minutes at 4 ºC. Protein concentration in the 1239 

supernatants was determined by a BCA Protein Assay Kit. Equal amounts of lysate supernatants 1240 

were used for immunoprecipitation with specific or isotype control antibodies using protein G 1241 

magnetic beads (Cell Signaling 8740 or Thermo Fisher Scientific 88847) according to the 1242 

manufacturers’ instructions. 1243 

RNA extraction and quantitative real-time polymerase chain reaction 1244 

RNA was extracted from cells or tissues other than those from the APS-1 patients using TRIzol. 1245 

cDNA synthesis was performed using the Superscript III first strand synthesis system in a 1246 

thermocycler (Bio-Rad T100). qRT-PCR was performed with PowerSYBR Green Master Mix on 1247 

a StepOnePlus instrument (Applied Biosystems) using pairs of sense and anti-sense primers 1248 

targeting the genes of interest. For APS-1 patients’ peripheral blood IgD+CD27‒ B cells, 1249 

following stimulation, the cells were washed and stored in RNAlater. Prior to RNA isolation, 1250 

cells were pelleted at 5,000 g for 5 min and the RNAlater was removed. The cells were washed 1251 

once with ice-cold PBS. RNA was isolated using the lysis and stop solutions in a Cells-to-CT 1-1252 

step SYBR Green kit (Thermo Fisher Scientific A25601) and amplified using an iTaq Universal 1253 

SYBR Green One-Step kit (Bio-Rad 172-5150) on a StepOnePlus instrument using pairs of 1254 

sense and anti-sense primers targeting the genes of interest. The ACTB (Actb) gene was used as 1255 

an internal control for normalization. 1256 
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Chromatin immunoprecipitation and quantitative real-time PCR 1257 

ChIP was performed using a ChIP assay kit based on the manufacturer’s instructions with slight 1258 

modifications. Following 3 d of stimulation of 106 CH12 cells as described above, formaldehyde 1259 

was added to the culture to the final concentration of 1% and incubated for 10 minutes at 37 ºC 1260 

to crosslink chromatin. The cells were pelleted, washed twice in PBS, resuspended in an SDS 1261 

lysis buffer (1% SDS, 10 mM EDTA, 50 mM Tris, pH 8.1) for 10 minutes on ice. DNA was 1262 

sheared by 3 rounds of sonication on ice at 30% maximum power for 3 seconds per round using 1263 

a sonifier (Thermo Fisher Scientific Q500). After centrifugation at 13,000rpm for 10 minutes, the 1264 

supernatants were harvested, diluted 10-fold in a ChIP dilution buffer (0.01% SDS, 1.1% Triton 1265 

X-100, 1.2 mM EDTA, 16.7 mM Tris-HCl, 167 mM NaCl, pH 8.1) containing protease 1266 

inhibitors, and precleared with 50% protein A agarose/salmon sperm DNA slurry for 30 minutes 1267 

at 4 ºC with rotation. After setting aside an aliquot as input, An AID or control antibody was then 1268 

added and incubated overnight at 4 ºC with rotation, followed by the addition of 50% protein A 1269 

agarose/salmon sperm DNA slurry for 1 h at 4 ºC with rotation. The agarose was then pelleted 1270 

and sequentially washed once with the low salt wash buffer, once with the high salt wash buffer, 1271 

once with the LiCl wash buffer and twice with TE buffer, all of which were components of the 1272 

kit. DNA in the bound chromatin was eluted from the beads using an elution buffer (1% SDS, 1273 

0.1 M NaHCO3, pH 8.0), reverse-crosslinked from proteins by incubation at 65 ºC for 4 h in the 1274 

presence of 200 mM NaCl, cleaned by 20 μg/ml RNase A treatment for 30 minutes at 37 ºC 1275 

followed by 40 μg/ml proteinase K treatment for 1 h at 45 ºC, purified using phenol/chloroform 1276 

extraction followed by ethanol precipitation with carrier glycogen according to the kit’s manual 1277 

and resuspended in TE buffer for quantitative real-time PCR analysis using PowerSYBR Green 1278 

Master Mix on a StepOnePlus instrument (Applied Biosystems). The fold enrichment of DNA 1279 
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was calculated using the ∆∆CT method with control antibody-precipitated samples as an internal 1280 

reference, and further compared among different CH12 cells and treatments. 1281 

Protein extraction and Western Blot 1282 

Cells were pelleted and washed twice with ice-cold PBS, lysed with a pH 8.0 protein extraction 1283 

buffer containing 20 mM Tris-HCl, 150 mM NaCl, 1% IGEPAL CA-630 (NP-40, Sigma-Aldrich 1284 

I8896), 0.1% sodium dodecyl sulfate (SDS), 1 mM EDTA and protease and phosphatase 1285 

inhibitor cocktail for 30 minutes on ice. Supernatants were collected after centrifugation, heated 1286 

at 98 ºC in SDS sample buffer with 4% β-mercaptoethanol for 5 minutes to denature proteins. 1287 

Proteins were resolved in 4–20% Bis-Tris gels or 10% Tris-Glycine gels and transferred to 0.2 1288 

µm polyvinylidene fluoride (PVDF) membranes. The membranes were blocked with 5% (w/v) 1289 

non-fat milk in Tris-buffered saline with Tween-20 for 30 minutes to 1 h, incubated with primary 1290 

antibodies overnight at 4 ºC and subsequently with secondary antibodies conjugated to HRP. 1291 

Signals were visualized with clarity western-blot ECL substrate and exposed on autoradiograph 1292 

films. 1293 

Genomic uracil quantitation 1294 

The uracils in genomic DNA were quantified using AA6 as described previously (Wei et al., 1295 

2017; Wei et al., 2015). CH12 cells were harvested by centrifugation and lysed by incubating for 1296 

1 h at 37°C in Tris-EDTA buffer (TE) containing 2 μg/ml RNase A (Sigma-Aldrich R6513) and 1297 

0.5% SDS, followed by incubation with 100 μg/ml Proteinase K (Qiagen 19131) at 56°C for 3 h. 1298 

DNA was isolated by phenol:chloroform (1:1) extraction and ethanol precipitation and dissolved 1299 

in TE. The DNA was then digested with HaeIII (New England BioLabs R0108) and purified as 1300 

described above. Digested genomic DNA was incubated with 10 mM O-Allylhydroxylamine 1301 

hydrochloride (Sigma-Aldrich 05983) for 1 h at 37°C to block the pre-existing aldehydic lesions 1302 
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and the DNA was ethanol precipitated. The DNA was then treated with E. coli uracil DNA-1303 

glycosylase for 30 min at 37°C to excise uracils and create new abasic sites. The resulting abasic 1304 

sites were labeled with 2 mM AA6 for 1 hour at 37°C and DNA was re-purified and dissolved in 1305 

ddH2O. AA6-tagged DNA was labeled with 1.7 µM DBCO-Cy5 (Click Chemistry Tools A130) 1306 

under Cu-free conditions by shaking the reaction mixture for 2 h at 37°C. Labeled DNA was 1307 

purified using the DNA Clean and Concentrator kit (Zymo research D4014). Genomic DNA 1308 

from E. coli CJ236 strain served as the uracil standard. WT and bisulfite-treated E. coli DNA 1309 

served respectively as the negative and the positive controls. DBCO-Cy5-labeled DNA was 1310 

spotted onto a positively charged zeta probe membrane (Bio-Rad 1620153) using a vacuum 1311 

filtration apparatus and the membrane was scanned using a Typhoon 9210 phosphor imager (GE 1312 

Healthcare). Cy5 fluorescence was analyzed using the ImageQuant software. 1313 

Conventional flow cytometry 1314 

Cells were incubated with an Fc blocking reagent (Miltenyi Biotec 130-059-901 or Tonbo 1315 

Biosciences 70-0161) and stained in PBS at 4°C with antibodies to various cell surface antigens. 1316 

In the experiments that used NP8-FITC and NP36-PE to measure B cell affinity maturation, NP8-1317 

FITC was added to the cells and incubated for 15 min before NP36-PE was added. For the 1318 

staining of intracellular molecules, cells were subsequently fixed and permeabilized using a 1319 

CytoFix/CytoPerm kit or a Transcription Factor Buffer set. Isotype-matched control antibodies 1320 

were used to define the baseline staining for the molecules of interest. Cells or beads stained with 1321 

each fluorochrome were used to establish fluorescent compensation. 7-aminoactinomycin D (7-1322 

AAD, Tonbo Biosciences 13-6993-T500 or BD 559925) or Ghost Dye Violet 510 (GV510) was 1323 

used to identify and exclude non-viable cells from the analysis. Events were acquired on an LSR 1324 

II or LSR Fortessa flow cytometer (BD) and analyzed using FlowJo version 7 or 10 (Tree Star).  1325 
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Imaging flow cytometry 1326 

CD19+ B cells were purified from tonsillar cell suspensions by MACS with a biotinylated anti-1327 

CD19 antibody and anti-biotin microbeads. The cells were then incubated with an Fc blocking 1328 

reagent and stained at 4°C with antibodies to surface IgD and CD38, fixed and permeabilized, 1329 

and stained for AID and AIRE or with isotype control antibodies. Nuclei were counter stained 1330 

with 4’,6-diamidine-2’-phenylindole dihydrochloride (DAPI). Tonsillar cells stained with each 1331 

fluorochrome were used to establish fluorescent compensation. Cells were imaged on an 1332 

ImageStream X Mark II imaging flow cytometer (Amnis) and data were analyzed using IDEAS 1333 

6.1 (Amnis). 1334 

Immunofluorescence analysis 1335 

Frozen human tissues were stored at −80°C before 6-7 μm tissue sections were made using a 1336 

cryostat (Leica CM1950). Sections were fixed with 4% paraformaldehyde, permeabilized in PBS 1337 

containing 0.2% Triton X-100, incubated with Image-iT FX signal enhancer solution, blocked 1338 

with PBS containing 1% BSA, 0.1% Triton X-100, 100 μg/ml human IgG (for human tissues 1339 

only) and 10% serum from the source of the fluorochrome-conjugated antibodies, and stained 1340 

with various combinations of primary antibodies against the molecules of interest, followed by 1341 

appropriate fluorochrome-conjugated secondary antibodies. For Bcl-6 staining, the antibody used 1342 

was not diluted and, instead, a large enough volume was used to cover the tissue section. For 1343 

AIRE staining, a 1:25 dilution of the Miltenyi Biotec anti-AIRE-APC conjugated antibody was 1344 

used. Nuclei were visualized with DAPI. Following washing, slides were mounted using a 1345 

FluoroSave reagent and imaged on a confocal microscope (Zeiss LSM 780 or Leica TCS SP5). 1346 

Pseudocolor images were processed using Photoshop CS6 (Adobe). 1347 

ELISA 1348 
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ELISA to determine NP-specific antibody affinity maturation was performed as previously 1349 

described (Ballon et al., 2011) with minor modifications in the reagents. Briefly, each serum 1350 

sample was titrated on both NP29-BSA- and NP4-BSA-coated microtiter plates. The ratio of 1351 

binding to NP4-BSA and NP29-BSA is an indicator of relative Ig affinity maturation. Bound 1352 

antibodies were detected using horseradish peroxidase (HRP)-conjugated goat-anti-mouse IgG1, 1353 

IgG2b or IgG. The colorimetric reaction was terminated with the addition of an equal volume of 1354 

1 M H2SO4 and quantitated on a microplate reader (BioTek Epoch) at 450 nm. ELISA to 1355 

determine IgG1 and IgA secretion by ex vivo stimulated mouse B cells was performed using a 1356 

mouse IgG1 or IgA quantitation set. Anti-IL-17A, IL-17F and IL-22 autoantibodies in the mouse 1357 

sera were measured using microtiters plates coated with 1 μg/ml recombinant murine IL-17A, 1358 

IL-17F or IL-22. The plates were blocked with 10% BSA in PBS, washed, incubated with mouse 1359 

serum samples, washed and then incubated with an alkaline phosphatase (ALP)-conjugated 1360 

horse-anti-mouse IgG antibody (1:500). Following washing, the colorimetric reaction was 1361 

developed using the BluePhos phosphatase substrate system and quantitated on a microplate 1362 

reader (BioTek Epoch) at 620 nm. For the measurement of autoantibodies that block the binding 1363 

of IL-17A, IL-17F and IL-22 to their receptors, mouse sera were incubated at 4C overnight with 1364 

HRP-conjugated IL-17A, IL-17F or IL-22 of the optimized concentrations, and the mixtures 1365 

were added to microtiter plates coated with IL-17RA homodimer or IL-22Rα1 after the plates 1366 

were blocked with 10% BSA in PBS. The plates were then incubated at room temperature for 1 1367 

hour and washed. The colorimetric reaction was developed and terminated with the addition of 1368 

an equal volume of 1 M H2SO4 and quantitated on a microplate reader at 450 nm. 1369 

IgHV repertoire and mutation analysis 1370 
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Live (7-AAD–) unswitched (IgM+IgD+) or switched (IgM–IgD–) NP-specific B cells 1371 

(CD19+B220+NP36
+) in the spleens of immunized μMT recipients were sorted using a SONY 1372 

SH800 cell sorter (SONY Biotechnology) and resuspended in RNAProtect solution. High-1373 

throughput IgHV repertoire profiling by RNA-Seq was performed iRepertoire, Inc. (Huntsville, 1374 

AL, USA). The raw sequences were processed and analyzed using the IMonitor 1.1.0 pipeline 1375 

(Zhang et al., 2015). With this pipeline tool, each sequence was mapped to the Mus musculus 1376 

germline V-D-J sequences (IMGT, http://www.imgt.org/vquest/refseqh.html) to identify the V, 1377 

D and J gene segments and the CDRs, which were also used for clonal clustering. The sequences 1378 

observed only once in a sample were filtered off to reduce the sequencing error. Subsequently, 1379 

the sequences were normalized according to the number of cells in each sample. By comparing 1380 

the sequence of each clone with the germline sequence, the mismatches of nucleotides were 1381 

regarded as potential mutations. To eliminate PCR noise and sequencing errors, the first 25 bp of 1382 

the sequences corresponding to the primer-binding site were excluded from the analysis, and the 1383 

sequences were filtered if 3 successive mismatches were observed in them. Finally, the mutation 1384 

rate for each IMGT position in the IgHV was calculated if the sequencing depth for that position 1385 

was ≥10, and the frequency of each type of nucleotide substitution at these mutated positions 1386 

were computed for each Ig isotype. 1387 

 1388 

QUANTIFICATION AND STATISTICAL ANALYSIS 1389 

Statistical Analyses 1390 

All statistical analyses were performed using Excel or Prism. Graphs represent data from at least 1391 

2 independent experiments, each consisting of at least 3 biological replicates. The exact number 1392 

of the biological replicates (n) in the presented data set are indicated in the figure legends. 1393 
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Results are expressed as mean  SEM. Pair-wise statistical difference was assessed by the 1394 

parametric t-test or the non-parametric Mann-Whitney U test depending on the distribution of the 1395 

data, which is stated in the figure legends. Multiple group comparisons were performed using 1-1396 

way ANOVA with Tukey’s post hoc test. Differences were considered significant when P values 1397 

were < 0.05. P values > 0.05 are either not shown, marked with NS (not significant), or indicated 1398 

in the figure if they are close to 0.05. *P < 0.05, **P < 0.01, ***P < 0.001. 1399 

 1400 

DATA AND SOFTWARE AVAILABILITY 1401 

Software Availability 1402 

All software used for the data analysis in this study is commercially or freely available. The 1403 

IMonitor software used for immune repertoire analysis has been published (Zhang et al., 2015) 1404 

and can be downloaded at https://github.com/zhangwei2015/IMonitor. 1405 
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