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Abstract

Patients with rheumatoid arthritis (RA) may display atypical CD21−/lo B cells in their blood but 

the implications of this observation remains unclear. We report here that the group of patients with 

RA and elevated frequencies of CD21−/lo B cells shows decreased ataxia-telangiectasia mutated 

(ATM) expression and activation in B cells compared with other patients with RA and healthy 

donor controls. In agreement with ATM involvement in the regulation of V(D)J recombination, 

patients with RA who show defective ATM function displayed a skewed B cell receptor (BCR) 

Igκ repertoire, which resembled that of patients with ataxia-telangiectasia (AT). This repertoire 

was characterized by increased Jκ1 and decreased upstream Vκ gene segment usage, suggesting 

improper secondary recombination processes and selection. In addition, altered ATM function in B 

cells was associated with decreased osteoprotegerin (OPG) and increased RANKL production. 

These changes favor bone loss and correlated with a higher prevalence of erosive disease in 

patients with RA who show impaired ATM function. Using a humanized mouse model, we also 

show that ATM inhibition in vivo induces an altered Igκ repertoire and RANKL production by 

immature B cells in the bone marrow, leading to decreased bone density. We conclude that 

dysregulated ATM function in B cells promotes bone erosion and the emergence of circulating 

CD21−/lo B cells, thereby contributing to RA pathophysiology.
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One Sentence Summary:

Defective ATM activation skews the B cell repertoire and increases RANKL production, 

promoting joint erosion in patients with rheumatoid arthritis.

Introduction

Rheumatoid arthritis (RA) is a debilitating autoimmune condition that causes irreversible 

bone erosions and affects millions of individuals worldwide (1). B cell-depleting therapy has 

shown efficacy in the treatment of RA, thereby demonstrating an important role for B cells 

in RA physiopathology (2). Autoantibodies including rheumatoid factor (RF) and anti-cyclic 

citrullinated peptide (CCP) in patients with RA are associated with bone erosion and may 

arise from the activation of autoreactive naïve B cells that accumulate in the blood of 

patients with RA due to defective early B cell tolerance checkpoints that fail to counterselect 

developing autoreactive clones (3, 4). However, the clinical efficacy of anti-B cell therapy in 

RA does not correlate with a decrease in serum autoantibodies, suggesting that B cells may 

contribute to RA via additional mechanisms. Accordingly, it is becoming more appreciated 

that B cells have other pathological functions in RA besides generating autoantibodies, and 

osteoimmune interactions position B cells as key players in bone homeostasis (5–7). B cells 

are found near erosions in inflamed joints and produce pro-inflammatory cytokines such as 

TNFα, IL-6, and receptor activator of NFκB ligand (RANKL), which stimulate 

differentiation of bone-resorbing osteoclasts responsible for the clinical complications of 

osteoporosis and erosive joint disease (7–11). However, the potential mechanisms leading to 

increased osteoclastogenic cytokine production by B cells in RA remain unclear.

Premature immune system senescence is associated with many autoimmune diseases, 

including RA (12). Additionally, an increased frequency of circulating atypical CD21−/lo B 

cells accumulates prematurely in these autoimmune settings (13–17). An important 

mechanism implicated in cellular senescence is failure to repair damaged DNA (18). The 

ataxia-telangiectasia mutated (ATM) kinase is a key regulator of the DNA double-strand 

break (DSB) damage response (19, 20). Patients with biallelic mutations resulting in non-

functional ATM suffer from ataxia-telangiectasia (AT), which is a neurodegenerative 

syndrome that is also marked by immune dysregulation and premature aging (20). In B cells, 

ATM plays a key role in regulating BCR gene rearrangements by recognizing, stabilizing, 

and mediating non-homologous end joining repair of DSB between newly cleaved Vκ and 

Jκ DNA segments (21, 22). In addition, ATM also enforces allelic exclusion at the Igκ locus 

(23, 24). Whereas ATM function was reported to be decreased in T cells from patients with 

RA compared to counterparts in healthy donor controls (HD) (25), dysregulated ATM 

expression in B cells and its putative impact in inflammatory joint disease and patients with 

RA have not been evaluated.

Here we identify a subgroup of patients with RA who display erosive disease and decreased 

ATM function in B cells, which was associated with reduced Igκ gene repertoire breadth. In 

addition, we found that ATM inhibition favors pro-osteoclastogenic cytokine production by 

B cells and decreased bone density in vivo, which further characterizes the important role 

played by B cells in RA.
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Results

Decreased ATM expression in B cells identifies a subgroup of patients with RA

Since lower expression of DNA damage repair regulator ATM and associated factors was 

found in T cells from patients with RA (25, 26), we sought to determine if the expression of 

these DSB repair molecules was also altered in their B cells. To avoid potential differences 

related to different stages of B cell development, gene expression profiling was performed 

on naïve B cells isolated from PBMCs of consecutively enrolled patients with RA meeting 

American College of Rheumatology (ACR) diagnostic criteria (27). Transcripts for ATM 
and genes encoding key sensors and signaling adaptors in the ATM-related DNA DSB repair 

cascade, such as MRE11A and NBS1, were downregulated in a subgroup of patients with 

RA, referred henceforth as group I, relative to other patients (group II) (Fig. 1A). Decreased 

expression of genes encoding key mediators of the DNA DSB repair cascade regulated by 

ATM in group I patient B cells was further demonstrated by gene set comparison with the 

Molecular Signatures Database (Broad Institute), which revealed a highly significant overlap 

(P = 2.02 × 10−69, FDR = 1.94 × 10−66) in several hundred genes whose expression is 

directly correlated with that of ATM (Fig. 1B). In support of dysregulation of ATM and its 

related pathways in B cells from group I patients, we also found highly significant overlap 

with gene signatures in the database both up-regulated (P = 1.05 × 10−46, FDR = 1.72 × 

10−43) and down-regulated (P = 8.85 × 10−96, FDR = 1.51 × 10−92) from experiments in 

which cells were incubated with doxorubicin, a DNA DSB-inducing chemotherapeutic agent 

that is used experimentally to activate ATM and ATM-dependent pathways (Fig. 1B) (28). 

Dysregulation of the DNA damage signaling and response cascade was further evidenced by 

the significant overlap in genes upregulated in B cells from group I patients with > 100 

genes upregulated by p53 (P = 1 × 10−40), genes whose expression correlate directly with 

BRCA1 expression (P = 1 × 10−74), and genes involved in the response to DNA damage 

from UV radiation (P = 1 × 10−60) (Fig. 1B). Pathway analysis also revealed that the most 

significantly differentially expressed genes in B cells from group I versus group II patients 

with RA were involved in cell cycle checkpoint control, cellular senescence, cell stress, 

apoptosis, and the DNA DSB damage response, which are all pathways regulated by ATM 

(Fig. 1C) (P < 0.05 for all pathways in Fig. 1C) (19, 20). Thus, a subgroup of patients with 

RA can be identified by decreased expression of ATM and ATM-related genes in naïve B 

cells.

Altered Igκ gene segment usage in patients with RA and decreased ATM activation

ATM regulates V(D)J recombination processes that generate BCRs by recognizing 

stabilizing, and mediating repair of DSB between Vκ and Jκ DNA segments, and also by 

preventing simultaneous V-J recombination on both Igκ alleles (21–24). Since we found 

decreased ATM expression in a subgroup of patients with RA, we analyzed the Igκ 
repertoires of CD19+CD10+CD27‒CD21loIgMhi new emigrant/transitional B cells isolated 

from the blood of patients with RA and HD controls. These B cells display antibody 

repertoire and reactivity similar to immature B cells in the bone marrow (29). V(D)J 

rearrangements among the more than 40 Vκ and 5 Jκ gene segments on the Igκ locus can 

occur by deletion in which an 5’ upstream Vκ segment rearranges with a 3’ downstream Jκ 
segment thereby removing intervening Vκ and Jκ segments. Initial V(D)J rearrangements 
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are biased toward the Jκ1 gene segment, allowing other Jκ genes to remain available for 

subsequent secondary rearrangements (30, 31). We found that the proportion of upstream 

Vκ gene segments in new emigrant/transitional B cells varied between the groups. The 

frequency in the four group I patients ranged between 3%−21% (average = 11%) compared 

to 19%−27% (average = 23.5%) in group II patients, similar to HDs in which Vκ gene 

segment usage averaged 22.3% (fig. S1A and table S1). This dearth in upstream Vκ gene 

segments in group I patients was associated with an increased usage of Jκ1, the most 

upstream of all human Jκs, and decreased downstream Jκ3/4/5 gene segment usage, which 

indicates that new emigrant/transitional B cells from group I patients express antibodies less 

likely encoded by secondary recombination events (fig. S1B and table S1). A similar bias in 

Vκ and Jκ gene segment usage was observed in new emigrant/transitional B cells from AT 

patients, suggesting that impaired ATM expression or function is responsible for this skewed 

Igκ repertoire (fig. S1 and table S1). The analysis of unfractionated patients with RA 

enrolled in the study cohort confirmed these findings in that their new emigrant/transitional 

B cells showed significantly increased Jκ1 gene segment usage relative to HDs, although 

this bias was driven by group I patients, whereas group II patients with RA displayed Jκ1 

frequencies similar to HDs (Fig. 2A). In agreement with initial data from a smaller cohort of 

9 patients with RA (4), the correlated analysis of the frequencies of upstream Vκ and 

downstream Jκ gene segment usage in new emigrant/transitional B cells revealed that both 

group I and AT patients exhibited a restricted utilization of Vκ and Jκ gene segments as 

demonstrated by decreased usage of upstream Vκ and downstream Jκ3/4/5 gene segments 

and segregated away from group II patients with RA who showed broader Vκ-Jκ gene 

segment usage as seen in HDs (Fig. 2B). Differences in Igκ repertoire between group I and 

group II patients did not appear to correlate with any biometrics including age and disease 

duration (average within 2–3 years of disease onset) or differences in disease-modifying 

anti-rheumatic drugs (DMARDs) since the types of RA therapy were similar between 

groups I and II patients (Table 1, table S2, and fig. S2, A–C). In addition, many patients with 

RA were enrolled before being medicated, suggesting that Igκ repertoire differences and 

ATM defects in group I patients were not induced by therapeutic regimen (Table 1, table S2, 

and fig. S2C). Moreover, group I and group II patients with RA displayed similar serum RF 

and anti-CCP autoantibody titers (Table 1, table S2, and fig. S2, D–G).

We then tested ATM activation in total CD20+ B cells from patients with RA and HDs by 

inducing DSB with X-ray irradiation. Irradiation-induced DSB results in ATM activation by 

auto-phosphorylation at serine 1981, thereby generating phospho-ATM (pATM) when ATM 

is recruited to DSB sites, which are marked by γH2AX (32). We performed flow cytometry 

analysis on irradiated and non-irradiated cells to detect pATM and γH2AX as a readout of 

functional ATM activation and DSB formation, respectively. Whereas X-ray irradiation 

resulted in the generation of γH2AX in irradiated B cells from all patients with RA and HD, 

confirming the induction of DSB, there was a lower average induction of pATM in B cells 

from patients with RA, and pATM was not induced in AT patients (Fig. 2, C and D). Indeed, 

irradiated B cells from HD controls showed an average 2.7-fold induction of pATM relative 

to non-irradiated HD B cells compared with only 1.9 fold in B cells from patients with RA 

(Fig. 2D). In addition, B cells from group I patients with RA displayed the lowest fold-

change in pATM following irradiation compared to B cells from group II patients (1.7 vs 
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2.6-fold induction, respectively, P<0.01, Fig. 2D). In agreement with a previous report (25), 

defects in pATM induction were also observed in T cells and in non-B and non-T cells from 

these patients, suggesting a global defect in ATM function affecting the hematopoietic 

lineage in RA (fig. S3 and S4). We conclude that decreased and impaired ATM activation in 

group I patients with RA and AT patients, respectively, alters the diversity of the BCR 

repertoire by affecting regulation of secondary V-J recombination events at the Igκ locus.

Elevated CD21−/lo B cell frequency and prevalence of joint erosions in group I patients with 
RA

Since decreased ATM and related DNA DSB repair factors are associated with premature 

cellular senescence, we analyzed the frequencies of atypical CD19+CD10−CD27−CD21−/lo 

(henceforth CD21−/lo) B cells, which often express T-bet and CD11c and accumulate in 

patients with autoimmune diseases including RA (13–17). We previously reported an 

increase in the frequency of CD21−/lo B cells in patients with RA (13) and the current larger 

cohort of patients not only confirmed this observation but also revealed that these B cells 

were specifically enriched in group I patients. Indeed, CD21−/lo B cells represented on 

average 8.9% of total circulating CD19+CD10−CD27− B cells in group I patients compared 

to only 1.8% and 0.8% in group II patients with RA and HDs, respectively (Fig. 3, A and B). 

In agreement with other reports, we found that the frequency of CD21−/lo B cells was also 

increased in AT patients, which suggests that impaired ATM function favors the emergence 

of these B cells (Fig. 3A and B) (33–35). CD21−/lo B cells expressed transcripts encoding 

CXCR3, important for homing to RA joints, and receptors for TNFα and IL-6, which 

promote B cell expression of the osteoclast differentiating factor RANKL (Fig. 3C), and 

may contribute to bone loss in both patients with RA and AT patients (9, 10, 36, 37). We 

therefore assessed the presence or absence of joint erosions in group I vs group II patients, 

and we found a significantly increased prevalence of erosive joint disease among group I 

patients with RA who show decreased pATM compared to group II patients (76.9% vs 

31.6%, P<0.01) (Fig. 3D). As a corollary, the chance of finding a group I patient among 

patients without erosive disease was significantly lower, as 81% of the patients with RA 

without joint erosions were in group II (Fig. 3E). We conclude that decreased pATM 

induction is associated with the increased production of CD21−/lo B cells and high 

prevalence of bone erosion in group I patients with RA.

ATM inhibition induces a pro-osteoclastogenic B cell phenotype

Bone resorption is mediated by osteoclasts, which play an important role in osteopenia and 

joint erosions in inflammatory arthritis (38, 39). Osteoclastogenesis is regulated by the 

balance of RANKL and its natural antagonist osteoprotegerin (OPG), with a high 

RANKL:OPG ratio being pro-osteoclastogenic (38). Although B cells are a major source of 

OPG in the bone marrow, recent data suggests that activated B cells can also support 

osteoclastogenesis and bone erosion in RA via RANKL production (9–11). To investigate 

the effect of ATM inhibition on B cell production of RANKL and other pro-osteoclastogenic 

cytokines independent of potentially confounding influences of RA disease factors, we 

cultured peripheral CD20+ B cells from healthy donors with or without ATM inhibitor 

KU55933 (ATMi) (40). ATMi abrogated the induction of pATM after B cells were 

irradiated, despite induction of DSB, which validated the efficacy of ATM inhibition in this 
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in vitro system (mean fold change pATM = 1.2 vs 2.8 in controls, P<0.001; fig. S5A). 

Quantitative PCR revealed that ATM inhibition in B cells isolated from the blood of healthy 

donors significantly enhanced the transcription of IL6 and RANKL (P<0.05; Fig. 4A), both 

of which encode pro-inflammatory cytokines favoring osteoclastogenesis (5, 41). TNF 
expression and IL10 transcription were unaffected by ATMi (Fig. 4A). Transcription 

differences induced by ATMi were then validated at the protein level by measuring cytokines 

in supernatants of the B cells incubated with ATMi. We found that ATM inhibition 

significantly increased IL-6 and RANKL secretion by B cells (P<0.05; Fig. 4B). Secretion 

of OPG by B cells was also elevated by ATMi, but to a lesser degree than RANKL (Fig. 4B). 

When B cells were cultivated with ATMi in the presence of CD40L + anti-IgM for 2 days, 

there was still induction of RANKL but now decreased induction of OPG (Fig. 4C, fig. 

S5B). To better assess the relative contribution of B cell RANKL and OPG, we examined 

the RANKL:OPG ratio, which increased in favor of RANKL following ATM inhibition (Fig. 

4D). The increase in RANKL:OPG ratio with ATMi was similar to the increased 

RANKL:OPG ratio following B cell activation with CD40L + anti-IgM, which are known to 

induce RANKL and OPG production (Fig. 4D). In addition, ATM inhibition in combination 

with BCR and CD40 triggering resulted in a further enhanced RANKL:OPG ratio compared 

to either ATMi or CD40L + anti-IgM stimulation alone (Fig. 4D). Thus, defects in ATM 

activation render human B cells pro-osteoclastogenic through increased RANKL and IL-6 

secretion.

In vivo ATM inhibition results in a skewed Igκ repertoire

We sought to determine whether defective activation of ATM in vivo is sufficient to induce a 

restricted human Igκ repertoire as well as the resorptive bone changes seen to be more 

prevalent in group I patients with RA and the premature osteoporosis reported in AT patients 

(42). Since V(D)J recombination occurs during early B cell development in the bone 

marrow, we used NOD-scid-common gamma chain (γc) knockout (NSG) humanized mice 

engrafted with CD34+ hematopoietic stem cells (HSCs) isolated from human fetal livers as a 

dynamic model for human B cell development (43, 44). Reconstitution of human B and T 

cells was assessed by flow cytometry of mouse peripheral blood around weeks 8–12 after 

transplant. Absence of T cell activation reflecting potential ongoing graft-versus-host 

responses was confirmed by low expression of PD-1 activation marker as previously 

described (fig. S6A–C) (44). To examine the effect of functional ATM inhibition on 

engrafted human B cells, we injected NSG mice with 10 mg/kg of ATMi intraperitoneally 

for 10 days as previously reported (45). We compared bone marrow and splenic B cells to 

those from non-injected littermate controls transplanted with HSCs from the same fetal 

donors and treated with DMSO (vehicle). X-ray irradiation resulted in DSB as evidenced by 

the detection of γH2AX in CD45+CD19+ human B cells isolated from the spleen of NSG 

humanized mice both with and without ATMi treatment, but pATM failed to be induced in B 

cells from ATMi-injected animals, thereby validating our in vivo model for ATM inhibition 

(Fig. 5, A and B). Indeed, B cells from NSG humanized mice injected with ATMi showed a 

significantly lower mean fold induction of pATM after irradiation (fold change = 1.2) 

compared to a mean of 2.8-fold induction in human B cells isolated from DMSO-injected 

humanized littermate controls (P<0.001, Fig. 5B). In agreement with ATM inhibition, 

transcriptome analyses revealed that the gene expression signature of B cells from NSG 
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humanized mice injected with ATMi displayed highly significant overlap with gene 

expression signatures that directly correlate with ATM and BRCA1 expression (fig. S6D). In 

contrast, the top three overlapping gene signatures for control NSG mice did not contain 

gene sets involving ATM or related DNA damage response genes (fig. S6D). Inhibition of 

pATM following irradiation was also observed in T cells from NSG humanized mice 

injected with ATMi (fig. S6E). Of note, ATM inhibition did not alter the proportion of new 

emigrant/transitional CD19+CD27−CD21loCD10+IgMhi that recently exited the bone 

marrow or mature naïve CD19+CD27−CD21+CD10−IgM+ B cells in the spleen of 

humanized mice and (fig. S6F). In addition, ATM inhibition did not alter the high proportion 

of human CD19+ B cell precursors relative to CD3+ T cell precursors in the bone marrow of 

humanized mice (fig. S7A–C). Altogether, these data show that ATMi injections in NSG 

humanized mice result in impaired ATM function in T cells and developing B cells.

We then examined the Igκ repertoire of human new emigrant/transitional B cells isolated 

from the spleen of ATMi-injected and control NSG humanized mice (table S3). Upstream 

Vκ gene segment frequency accounted for 38% of total Vκs in control NSG humanized 

mice compared to 22% in NSG humanized mice injected with ATMi (Fig. 5, C and D). In 
vivo ATM inhibition also led to an overrepresentation of Jκ1 usage in new emigrant/

transitional human B cells, which resembled patient counterparts in group I RA and AT 

patients (Fig. 5, C and D). In addition, upstream Vκ and downstream Jκ3/4/5 gene segment 

usage were both decreased in NSG humanized mice injected with ATMi, suggesting that 

ATM inhibition prevented the production of new emigrant/transitional B cells expressing 

BCRs resulting from secondary Vκ-Jκ recombination events that favor the utilization of 

these Igκ gene segments (Fig. 5E). The restricted BCR repertoire induced by ATMi is 

similar to those of group I patients with RA and AT patients who are both characterized by 

defective ATM function and differ from those of group II patients and HD in which ATM 

regulation appears normal (Fig. 1, 2 and 5). Thus, defective ATM activation decreases the 

diversity of the BCR repertoire characterized by a dearth of secondary recombination events 

on the Igκ loci.

ATM inhibition does not alter Igκ secondary recombination but affects immature B cell 
survival

We then tested whether secondary recombination events fail to occur when ATM regulation 

is compromised or, alternatively, if secondary rearrangements still proceed, but may be 

detrimental to B cell precursor survival. To distinguish between these two potential 

scenarios, we first assessed the Igκ: Igλ light chain ratio in newly emigrated transitional B 

cells from NSG humanized mice with or without ATMi injections. Since the Igκ loci 

rearrange before the Igλ loci, human B cells display a preferred Igκ usage and Igλ+ B cells 

have often inactivated their Igκ loci via recombination with the downstream κ deleting 

element (κDE) (31, 46). We found that ATM inhibition resulted in a significantly decreased 

percentage of Igκ+ relative to Igλ+ new emigrant/transitional B cells in ATMi-treated NSG 

humanized mice compared to DMSO-injected controls (κ:λ ratio 0.688 in NSG + ATMi vs 

1.024 in NSG controls, P<0.001; Fig. 6A). Of note, ATM inhibition did not appear to alter 

light chain allelic exclusion since B cells only expressed either surface Igκ or Igλ but not 

both (Fig. 6A). We then tested if Igλ+ B cells produced when ATM was inhibited were 
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generated in the absence of Igκ recombination by amplifying κDEs and kappa-deleting 

recombination excision circles (KRECs) by qPCR from sorted surface Igλ+ transitional B 

cells from control and ATMi-injected NSG humanized mice (Fig. 6B) (47). PCR products 

for κDEs and KRECs were amplified from Igλ+ clones of both NSG humanized mice 

injected or not with ATMi, thereby revealing that ATM inhibition did not prevent 

recombination on the Igκ loci and that Igλ+ transitional B cells developed after inactivating 

their Igκ loci (Fig. 6B).

Secondary rearrangements that mediate receptor editing and silence autoreactive BCRs 

occur at the immature B cell stage. As a consequence, immature B cell undergoing 

secondary rearrangements have delayed egress from the bone marrow, which requires CD69 

and CXCR4 downregulation (46, 48, 49). We detected an increased frequency of CD69+ 

immature B cells in NSG humanized mice injected with ATMi compared to un-injected 

controls, suggesting that immature B cells remain longer in the bone marrow after ATM 

inhibition (Fig. 6C). Although CXCR4 expression was high in pre-B cells regardless of 

ATMi injection, its surface detection declined as B cells developed into IgM+ immature B 

cells in the absence of ATMi injection (Fig. 6D). In contrast, CXCR4 expression on IgM+ 

immature B cells was retained at pre-B cell intensity in mice receiving ATMi, thereby 

promoting immature B cell retention in the bone marrow (immature B cell CXCR4 MFI = 

258 in NSG + ATMi compared to 166 in control NSG, P<0.05; Fig. 6D). Hence, ATM 

inhibition may allow immature B cells to remain in the bone marrow and undergo secondary 

recombination events by increasing both their CD69 and CXCR4 expression, leading to the 

production of many Igλ+ B cells. Moreover, ATM inhibition also increased the proportion of 

annexin V+ apoptotic immature B cells compared to controls and resulted in significantly 

decreased numbers of CD19+ B cell precursors in the bone marrow of ATMi-treated NSG 

humanized mice (Fig. 6, E and F). Immature B cells retained in the bone marrow after ATM 

inhibition may therefore be prone to cell death by apoptosis, which likely results from the 

genomic instability of unrepaired DNA DSB induced by ongoing secondary V(D)J 

recombination in the absence of proper ATM function (19).

In vivo ATM inhibition decreases bone density in NSG humanized mice

Since ATMi injections induced an altered Igκ repertoire in developing human B cells in 

NSG humanized mice that was similar to that of B cells from group I patients with RA, we 

next sought to determine if defective ATM activation could also promote bone loss in our 

humanized mouse model. We therefore assessed using X-ray micro-computed tomography 

(μCT) analysis the bone tissue density of tibiae from aged-matched and sex-matched NSG 

non-humanized and humanized mice with and without ATMi injections. We found that ATM 

inhibition did not alter either cortical (1098 mmHA/cm3 vs 1084 mmHA/cm3, control vs 

ATMi-injected) or trabecular (959 mmHA/cm3 vs 949 mmHA/cm3, control vs ATMi-

injected) bone tissue density in NSG mice that were not engrafted with human HSCs (Fig. 

7A). In contrast, interfering with ATM function induced a statistically significant decrease in 

cortical bone tissue density when human lymphocytes were present in NSG humanized mice 

(1103 mmHA/cm3 vs 1047 mmHA/cm3, P=0.014, Fig. 7A). Similarly, density of trabecular 

bone tissue from NSG humanized mice was significantly decreased by ATMi injections (944 

mmHA/cm3 vs 904 mmHA/cm3, control vs ATMi-injected, respectively, P=0.001; Fig. 7B). 
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In addition, whereas there was no difference in cortical thickness between ATMi-injected or 

control NSG untransplanted mice, ATM inhibition also led to a significant decrease in 

cortical thickness in NSG humanized mice (0.215 mm vs 0.197 mm, control vs ATMi-

injected, respectively, P=0.016; Fig. 7C). In terms of the ratio of bone volume to tissue 

volume (BV/TV) in cortical bone, we also observed a significant decrease induced by ATM 

inhibition in engrafted NSG humanized mice (0.931 vs 0.926, control vs ATMi-injected, 

respectively, P=0.008; Fig. 7D). The differences in trabecular thickness in the NSG 

humanized mice did not reach statistical significance (fig. S8A). There was also no 

difference in trabecular BV/TV in control or ATMi-injected humanized or non-humanized 

mice (fig. S8B). We conclude that ATM inhibition leads to decreased bone tissue density, 

thickness, and volume, especially at the cortex, by impacting human cells engrafted in NSG 

humanized mice.

In vivo ATM inhibition induces RANKL expression in B cell precursors of NSG humanized 
mice

We investigated the mechanisms by which in vivo ATM inhibition induced decreased bone 

density and cortical thickness in engrafted NSG humanized mice (Fig. 8). The analysis of 

human CD45+ cells in NSG humanized mice revealed that CD19+ B cell precursors 

represented the majority of human cells in the bone marrow and were 10–20 times more 

abundant than CD3+ T cells (fig. S7A–C). Since impaired or decreased CD40 expression in 

CD40−/− mice and AT patients, respectively, is associated with decreased bone density (6, 

35, 50), we tested CD40 expression on B cells from NSG humanized mice. We found that 

ATM inhibition decreased CD40 expression on IgM+ immature B cells in the bone marrow 

of NSG humanized mice injected with ATMi compared to control NSG humanized mice 

(Fig. 8A). In addition, ATMi injections also induced higher frequencies of RANKL+ B cell 

precursors in the bone marrow (Fig. 8B). The analysis of OPG secretion by bone marrow B 

cells in vitro revealed no appreciable difference between ATMi-injected and control NSG 

humanized mice (Fig. 8C). However, RANKL secretion by bone marrow CD19+ cells in 
vitro was significantly enhanced by ATM inhibition as illustrated by a greater increase in 

RANKL relative to OPG produced by B cell precursors of NSG humanized mice that 

received ATMi compared to uninjected controls (Fig. 8D and E). Hence, bone loss induced 

by in vivo ATM inhibition correlates with decreased CD40 and increased RANKL 

expression by B cell precursors in the bone marrow of NSG humanized mice injected with 

ATMi.

Discussion

We reported herein that decreased ATM function in B cells identified in some patients with 

RA is associated with a restricted BCR repertoire, increased frequency of circulating 

atypical CD21−/lo B cells, and the secretion of pro-osteoclastogenic cytokines that likely 

contribute to the increased prevalence of erosive disease that we observed in this subgroup of 

patients with RA. Decreased ATM expression and function was previously reported in T 

cells from patients with RA and associated with increased RANKL production, but neither 

presence of erosive joint disease nor ATM defects were reported as more prevalent in a 

specific patient subgroup in those studies (25, 51). The proportion of anti-CCP+ individuals 
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and serum anti-CCP autoantibody titers were not different between group I and group II 

patients with RA and did not appear to correlate with erosive disease in our cohort. Our data 

suggest that the increased prevalence of erosive disease reported in anti-CCP+ compared to 

anti-CCP– patients may also be influenced by group I patients with ATM defects and 

elevated proportions of CD21−/lo B cells rather than the presence of anti-CCP autoantibodies 

alone, which are found at a similar frequency in group II patients with RA who rarely show 

bone erosion (3, 52). Although the limitation of our study may lie on our current cohort size, 

we did not identify a potential correlation between age, disease duration, DMARD use, or 

autoantibody titers and ATM insufficiency in group I patients with RA. A genetic or 

environmental origin of the impaired ATM expression in B and T cells from group I patients 

is currently unknown. The decreased ATM function in group I patients with RA does not 

result in the neurodegenerative or cutaneous features of AT patients in which ATM function 

is abrogated, revealing that loss of ATM function in RA is less severe than in AT. Support for 

a genetically-driven ATM insufficiency in some patients with RA may be suggested by both 

sparse case reports of inflammatory arthritis in AT (53) and the identification of a SNP 

tagged to the ATM locus in an RA genome-wide association study (54). However, none of 

the patients with RA in our study were positive for this SNP but our microarray data also 

showed decreased expression of other DSB repair factors and suggest a global defect in DSB 

repair in group I patients. Thus, other SNPs or epigenetic modifications are possible 

alternative origins of pathogenic ATM defects in RA.

Our in vivo NSG humanized mouse model demonstrated that ATM inhibition results in 

decreased bone tissue density and thereby reproduces the osteopenic phenotype seen in Atm
−/− mice and in both AT patients and patients with RA (42, 55). Bone loss in humanized 

mice injected with ATMi depended on the presence of human cells, which demonstrates that 

ATM inhibition did not directly and significantly impact mouse osteoclasts or other mouse 

cells such as those from the myeloid compartment present in NSG mice. Since ATM 

inhibition in B cells in the absence of RA disease factors leads to increased production of 

RANKL, IL-6, and TNFα, which are known to induce osteoclastogenesis (39), we postulate 

that defective ATM function in B cells may induce bone loss. Indeed, B cells and their 

precursors expressed RANKL in vivo when ATMi was injected in humanized mice and were 

10–20 times more abundant in the bone marrow than T cells, which can also produce pro-

osteoclastogenic cytokines when ATM and its associated DNA DSB repair factor MRE11A 

are inhibited (26, 51). Regardless, OPG production by B cells normally antagonizes 

RANKL-mediated bone resorption but OPGi production is blunted following CD40 

activation in the presence of ATMi (6). Indeed, CD40 plays an important role in the 

induction of OPG secretion by B cells and our data show that in vivo ATM inhibition 

decreases CD40 expression on B cells (6, 56). An important role for CD40 expression and 

proper bone metabolism is also supported by the report of decreased bone density when 

CD40/CD40L interactions are disrupted in Cd40−/− and Cd40l−/− mice (6). In addition, 

CD40 expression was also reported to be decreased on B cells from AT patients who also 

show low bone density (35). Moreover, we also previously showed decreased CD40 
expression in CD21−/lo B cells, which we now show are more frequent in group I patients 

with defective ATM activation and correlate with high prevalence of erosive joint disease in 

these patients (13). Although circulating peripheral CD21−/lo B cells do not express high 
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amounts of RANKL, these cells may be the precursors of the RANKL-expressing CD21−/lo 

B cells that are enriched in the synovial fluid from patients with RA (14, 57). In agreement 

with this hypothesis, peripheral CD21−/lo B cells have higher expression of CXCR3 

important for lymphocyte trafficking to the joint in RA and enhanced expression of receptors 

for the RANKL-inducing cytokines IL-6 and TNFα. The mechanisms responsible for the 

generation of these B cells are currently not well understood and may involve dysregulated 

IL-21/IL-4/IFNγ production during B cell responses in germinal centers (16, 58, 59). 

Regardless, elevated circulating frequencies of CD21−/lo B cells in newly diagnosed patients 

with RA may represent an indicator for ATM insufficiency and identify early on in disease a 

subpopulation of patients with high risk for developing erosive joint damage. The presence 

of CD21−/lo B cells was also recently reported to be associated with more severe 

autoimmune disease in patients with SLE (16). Altogether, these data suggest that the 

efficacy of rituximab in RA may rely on the elimination of CD20-expressing CD21−/lo and 

other B cells that produce osteoclastogenic cytokines and favor local and generalized bone 

resorption in this disease (2).

Decreased or impaired ATM function also impacted the development of B cells by altering 

the BCR repertoire. The lack of breadth of Vκ-Jκ rearrangements in transitional B cells 

from group I RA and AT patients and in ATMi-injected NSG humanized mice may originate 

from the multiple important roles that ATM plays in V(D)J recombination. Since ATM 

controls the repression of Rag1 and Rag2 via down-regulation of Gadd45α, ATMi inhibition 

results in increased Rag activity that would favor secondary recombination on Ig light chain 

loci (24). In agreement with these observations, we found that ATM inhibition favored Igλ 
usage that occurred after the Igκ alleles were inactivated by rearrangements using the 

recombining κDE deleting element. Alternatively, ATM inhibition can result in loss of large 

regions of the Igκ locus by increased hybrid joint formation during Vκ to Jκ rearrangements 

by inversion, thereby potentially favoring the initiation of rearrangements on the Igλ locus 

(30, 31, 60). In addition, increased frequencies of CD69+CXCR4hi immature B cells that are 

retained in the bone marrow of NSG humanized mice injected with ATMi suggest ongoing 

secondary recombination when ATM is inhibited (48). Surprisingly, the Igκ repertoire of 

new emigrant/transitional B cells from group I RA and AT patients and ATMi-injected NSG 

humanized mice was characterized by a dearth of secondary Vκ-Jκ recombination events as 

illustrated by decreased upstream Vκ and downstream Jκ3/4/5 gene segment usage. 

However, this apparently paradoxical observation may be explained by ATM involvement in 

repairing RAG-mediated DNA DSB and regulating cell-cycle checkpoints. Indeed, 

secondary recombination will produce novel RAG-mediated DSBs in immature B cells that 

may fail to properly repair these DNA lesions when ATM function is defective, leading to 

genomic instability and cell loss (21). This scenario is supported by the increased frequency 

of annexin V+ immature B cells that are likely undergoing apoptosis in the bone marrow of 

NSG humanized mice injected with ATMi. Furthermore, delayed bone marrow and thymus 

egress combined to increased susceptibility to apoptosis of developing B and T lymphocytes 

provides a mechanism accounting for decreased numbers of new emigrant/transitional B 

cells and decreased thymic T cell output observed in AT patients (34, 61). It remains to be 

determined if the altered B cell repertoire induced by decreased ATM function in RA may 
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contribute to disease pathogenesis or is solely a byproduct of improper ATM expression in 

developing B cells.

In conclusion, defective ATM function in human B cells induces pro-osteoclastogenic 

RANKL and IL-6 secretion, is associated with decreased bone density in humanized mice 

and a high prevalence of joint erosions in patients with RA, thereby providing additional 

support for the pathogenic role of B cells in RA bone processes. Thus, identifying patients 

with RA and decreased ATM function using their elevated frequencies of circulating atypical 

CD21−/lo B cells, which correlate with high prevalence of erosive disease, may have 

implications for improving our understanding, diagnosis, and treatment of RA with the 

growing arsenal of biologic monoclonal antibody and small molecule inhibitor therapies.

Materials and Methods

Study Design

This study explored the presence and implications of decreased ATM function in B cells on 

the Igκ repertoire and the potential for pathogenic bone resorption in a subset of patients 

with RA. We obtained peripheral blood from consecutively enrolled, RF and/or anti-CCP 

autoantibody positive, mostly female, American, patients with RA of diverse ethno-racial 

backgrounds, on no or minimal DMARD treatment at the time of blood draw. Patients were 

enrolled from 2003-present as part of an ongoing multi-center recruitment for the study of B 

cell tolerance in RA. None of the patients had been treated with the B cell-depleting 

monoclonal antibody rituximab. All patients met ACR diagnostic criteria for RA as 

determined by their treating rheumatologist (27). Presence of erosive disease was assessed as 

a binary value (present or absent) by the treating rheumatologist. Characteristics of patients 

with RA are summarized in Table 1 and table S2. In addition, we obtained peripheral blood 

from six AT patients who have naturally occurring biallelic loss-of-function mutations in 

ATM. Peripheral blood was also obtained from 25 healthy donor volunteers (HD) without 
RA or AT as controls. The study protocol was approved by the Institutional Review Board 

(HIC#0906005336), and informed consent was obtained from all patients or their legal 

surrogates before participation. With the help of the Yale Center for Analytical Sciences, we 

used the Power Analysis and Sample Size software (version 2008) to determine patient with 

RA (18–23 patients per group) and NSG mouse (5 per group) sample sizes for a power = 

90% and α = 0.05 needed to detect a difference in erosive disease and human B cell Igκ 
gene segment usage. Primary data are reported in data file S1.

Mice

Two-day old NOD.Cg-PrkdcscidIl2rγtm1Wjl/SzJ (NSG) mice were engrafted after irradiation 

with 105 CD34+ human hematopoietic stem cells (HSCs) isolated from fetal tissues obtained 

from the Birth Defects Research Laboratory of the University of Washington, Seattle, as 

previously described (44). ATM function was inhibited in vivo by daily intraperitoneal 

injection of 10 mg/kg of KU55933 for 10 days. At 10–12 weeks of age, humanized mice 

displayed at least 20% of human CD45+ cells in their blood and bone marrow cells, 

splenocytes, and tibia bones were harvested. NSG littermates engrafted with HSCs from the 

same, non-RA, human fetal donor but only injected with DMSO served as controls for each 
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biological replicate. All animals were treated, and experiments were conducted in 

accordance with the Yale institutional reviewed guidelines on treatment of experimental 

animals.

Flow Cytometry

Peripheral B cells were purified from the blood of patients and HD by Ficoll density 

gradient purification followed by positive selection using CD20 magnetic beads (Miltenyi 

Biotec). Bone marrow and splenic B cells from humanized mice were enriched using anti-

human CD19 magnetic beads (Miltenyi Biotec). Purified B cells were then stained with the 

following antibodies: anti-CD10 (clone: HI10A), anti-CD19 (clone: HIB19), anti-CD21 

(clone: B-LY4), anti-CD27 (clone: O323), anti-CD34 (clone: 581), anti-CD45 (clone: HI30), 

anti-CD69 (clone: FN50), anti-CD86 (clone: IT2.2), anti-CXCR4 (clone: 12G5), anti-IgM 

(clone: MHM88), anti-IgD (clone: IA6–2), anti-PD-1 (clone: EH12.2H7), anti-RANKL 

(clone: MIH24) (all from Biolegend), anti-CD3 (clone: OKT3) and 7AAD (eBioscience), 

and annexin V (AF488 conjugated) (ThermoFisher Scientific). Intracellular staining was 

performed with anti-p-ATM (clone: 10H11.E12) and anti-γ-H2AX (clone: 2F3) (Biolegend) 

after staining for surface markers using a fixation-permeabilization solution kit 

(eBioscience). Flow cytometry was performed using a BD LSRII, and the data were 

analyzed using Flow Jo software (Treestar).

Immunoglobulin Light Chain Gene Usage Sequencing

RNA from single CD19+CD10+CD27‒CD21−/loIgMhi new emigrant/transitional B cells was 

reverse transcribed in the original 96-well PCR plate into which single cells were sorted by 

FACS. Reverse transcription and PCR were performed as previously described (29). 

Immunoglobulin sequences were obtained by sequencing of the Igκ PCR products and 

analyzed by comparison with GenBank using the National Center for Biotechnology 

Information IgBlast server (NIH) (http://www.ncbi.nlm.nih.gov/igblast/).

DNA Double-Strand Break (DSB) Induction

PBMCs from human subjects or cells from NSG humanized mice were isolated into pre-

warmed, 37 °C PBS and irradiated in Petri dishes at 4 Gy as previously reported (62). 

Immediately after irradiation, cells were incubated at 37 °C in PBS for 1 hour before surface 

staining for B or T cell phenotyping and intracellular staining to detect pATM and γH2AX.

Cell culture and in vitro ATM inhibition

B cells were plated at 3 × 105 cells per well in 96-well plates and were cultivated with RPMI 

media + 10% FBS and a combination of 2 μg/mL polyclonal F(ab′)2 rabbit anti-human IgM 

(Jackson ImmunoResearch) and 0.05 μg/mL of multimeric soluble recombinant-human 

CD40L (Alexis Biochemicals) for 2 days with or without the ATM inhibitor KU55933 

(Sigma) used at the validated kinase inhibitory concentration of 10 μM (40).

Gene expression analyses

RNA extracted from 1 × 105 to 3 × 105 sorted CD19+CD21+CD27− naïve B cells from 

patients with RA, amplified and labeled to produce cDNA. Labeled cDNA was hybridized 
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on chips containing the whole human genome (Human Genome U133 2.0 from Affymetrix). 

Differential gene expression for genes with at least 2-fold difference in expression between 

group I and group II patients was compared to curated gene sets in the Molecular Signatures 

Database (Broad Institute, http://software.broadinstitute.org/gsea/login.jsp). Pathway 

analysis was done by analyzing differentially up and down regulated genes in group I 

relative to group II with the REACTOME software (http://www.reactome.org). RNA 

Sequencing was performed on RNA extracted from 3 × 105 bone marrow B cells from NSG 

humanized mice injected or not with the ATMi. Fragment per kilobase million (FPKM) 

values were obtained and the top 500 genes were compared to curated gene sets in the 

Molecular Signatures Database. For quantitative PCR (qPCR), total RNA was isolated from 

1.5 × 105 CD20+ B cells from healthy donor volunteers. Gene expression normalized to 

ACTB were determined by a ΔΔCT method. The presence of κ-deletion recombination 

excision circles (KRECs) and κ deletion elements (κDEs) was determined using qPCR as 

previously described from 50 ng of genomic DNA from λ+ sorted transitional splenic B 

cells (47).

ELISA

ELISA was performed on supernatants from healthy donor volunteer B cells cultured in 

either RPMI media alone or with CD40L and anti-human IgM with or without KU55933. 

Soluble IL-6, TNFα, IL-10, and OPG were measured using a multiplex platform 

(Millipore). Soluble RANKL was measured by ELISA (PeproTech).

Skeletal Analysis

Tibiae from the NSG mice engrafted or not with fetal human HSCs and injected or not with 

KU55933 ATMi were harvested for X-ray micro-computed tomography (μCT) analysis 

using a ScanCo MicroCT 35 machine with 3.5 μm resolution.

Statistical Analysis

Data were analyzed using Prism 7.01 software (GraphPad). All data are presented as means 

± SEM except where specifically noted in the figure legend. Analysis of statistical 

differences was performed using tests indicated in the figure legends as appropriate for the 

type of comparison. D’Agostino and Pearson normality testing was done for values from HD 

and patients with RA. Shapiro-Wilk normality testing was done for values relating to NSG 

mice because of the smaller sample size. A P value of < 0.05 was considered significant.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Relative ATM insufficiency identifies a subgroup of patients with RA
(A) Two groups of patients with RA: group I and group II identified based on differential 

expression of ATM and ATM-related genes amplified from 1 × 105 to 3 × 105 bulk-sorted 

CD19+CD21+CD27− naïve B cells. Gene array of genes in the ATM-regulated response to 

DNA DSB with at least 2-fold difference in expression between group I and group II 

patients. Lower expression (green); higher expression (orange). IDs of patients with RA are 

indicated. (B) Overlap between genes differentially regulated in group I vs group II patients 

with RA. Curated gene sets (blue dots) from the Molecular Signatures Database whose 

transcripts correlate significantly with ATM expression by Pearson correlation coefficient 

(ATM PCC), BRCA1 expression (BRCA1 PCC), genes induced or repressed by the DNA 

DSB-inducing agent doxorubicin (DOX up, DOX dn), genes induced in response to UV 

DNA damage (UV diff, UV late), and genes induced by overexpression of p53 (P53 up). 

Gray dots represent other gene sets with significant overlaps that do not relate to the ATM 

cascade. (C) Pathway analysis of genes that are differentially regulated in B cells from group 

I relative to group II patients with RA. Senescence pathway (SEN), cell stress pathway 

(STR), cell cycle checkpoint pathway (CCC), death receptors and ligands pathway (DRL), 

and DNA damage sensing and response pathway (DDR).
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Fig. 2. Skewed Igκ repertoire in patients with RA who have decreased ATM function.
(A) Summary of Jκ1 gene usage frequency (HD = open diamond, combined RA = black 

diamonds, same subjects as shown in blue and green, group I RA= blue diamonds, group II 

RA= green diamonds, patients with AT = blue squares). (B) Upstream Vκ gene usage 

frequency was plotted against downstream Jκ 3-4-5 gene usage in transitional B cells from 

25 HD controls, 6 patients with AT, and 43 patients with RA. (C) Flow cytometry performed 

on CD20+ B cells from a representative HD control, group I patient with RA (RA-R01), 

group II patient with RA (RA-R04), and a patient with AT (AT-Y01) for analysis of activated 

pATM and presence of DNA DSB (induction of γH2AX) with (gray histograms) or without 

(open histograms) X-ray irradiation. (D) Summary of pATM fold changes in B cells from 

HD (open diamonds), patients with RA (combined RA = black diamonds, group I = blue 

diamonds, group II = green diamonds), and patients with AT (blue squares). Each diamond/

square represents an individual or patient, and bars represent mean value. Mann-Whitney U 

testing for difference between groups and P values are indicated when significant.
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Fig. 3. Increased frequencies of circulating atypical CD21−/lo B cells correlate with high 
prevalence of joint erosion in group I patients with RA.
(A) Representative flow cytometry histograms on gated CD19+CD10−CD27− B cells from 

peripheral blood of a HD, group I and group II patients with RA, and a patient with AT for 

evaluating CD21−/lo B cell frequency. (B) Summary of frequencies of circulating CD21−/lo 

B cells among CD19+CD10−CD27− B cells in HD (open diamonds), group I (blue 

diamonds), group II (green diamonds), and AT (light blue squares). Each symbol represents 

an individual. Mann-Whitney U testing for difference between groups and P values are 

indicated when significant. (C) Relative fold change in gene expression for chemokine and 

cytokine receptors in CD19+CD10−CD27−CD21−/lo relative to conventional 

CD19+CD10−CD27−CD21+ naïve B cells from group I patients with RA. (D) Prevalence of 

erosive joint disease among group I and group II patients. Erosive disease was assessed by 

the patient’s rheumatologist and indicated present or absent. (E) Frequency of patients 

without joint erosions in group I vs group II. Prevalence of erosive joint disease compared 
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with χ2 testing for difference in proportions between groups. * indicates significance with 

P<0.05.
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Fig. 4. ATM inhibition induces a pro-osteoclastogenic phenotype in human B cells.
Cytokine gene transcripts assessed by qPCR (A) and secreted protein assessed by ELISA 

(B) in CD20+ B cells from HD cultured in the presence or absence of 10 μM KU55933 

(ATMi). Dashed line represents unstimulated baseline. * = significant fold-induction over 

unstimulated baseline at P<0.05 with two-tailed t-testing. (C) Effect of ATM inhibition on 

the ability of CD40L and αIgM stimulation to induce RANKL and OPG protein expression. 

Comparison by two-tailed t-testing relative to culture with CD40L and αIgM alone (dashed 

line), * and ‡ represent significant difference relative to cultures with CD40L and αIgM 

alone. Error bars = SEM for all graphs (D) RANKL:OPG ratio in different culture 

conditions as noted. Bars represent mean ratios of the aggregated expression from 5 

individual HD. Comparisons between conditions tested by ANOVA with multiple 

comparisons and P values are indicated when significant.
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Fig. 5. In vivo ATM inhibition recapitulates skewed Igκ repertoire.
(A) Representative flow cytometry histograms for γH2AX induction on the top panels for 

human transitional B cells from a control (top left) and ATMi-injected NSG humanized mice 

(top right). Representative flow cytometry histograms for activated pATM on the bottom 

panels. (B) Summary of pATM fold changes. Each diamond represents a NSG humanized 

mouse (open = control, filled = injected with ATMi), bars represent mean value. Mann-

Whitney U testing for differences between groups. (C) Summary of upstream Vκ gene 

segment usage in human transitional B cells isolated from NSG humanized mice, bars 

represent mean value. Mann-Whitney U testing for differences between groups. (D) 

Representative graphs of individual Jκ gene segment usage proportions in human 

transitional B cells from control and ATMi-injected NSG humanized mice. (E) Upstream 

Vκ gene usage frequency was plotted against that of downstream Jκ 3-4-5 gene usage in 

human transitional B cells from NSG humanized mice with or without ATMi injections. 
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Data was obtained by analyzing human B cells isolated from 5 control and 5 NSG 

humanized mice injected with ATMi. Each diamond represents a mouse (open = control, 

filled = injected with ATMi). Human HSCs were obtained from 5 different human fetal 

donors and transplanted into 5 different sibling pairs of mice. Each murine sibling pair was 

born at the same time from the same mother and co-housed for life. Data represent 

experiments on 5 separate murine sibling pairs from 5 separate litters from 5 separate murine 

mothers. P values indicated when significant.
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Fig. 6. ATM inhibition does not impair secondary recombination.
(A) Representative flow cytometry plots of κ:λ staining on peripheral transitional B cells 

from control NSG and ATMi injected (NSG + ATMi injection) humanized mice. Summary 

of κ:λ ratio compared between NSG control and NSG + ATMi injection. (B) κ-deletion 

elements (κDEs) and κ recombination excision circles (KRECs) PCRs in Igλ+ transitional 

human B cells from NSG humanized mice without (control) or with ATMi injection. Cycle 

threshold (CT) value to reach threshold is depicted. (C) Representative flow cytometry plots 

of CD69 and CD10 in bone marrow B cells from control NSG and NSG + ATMi injection 

humanized mice. Bar graph depicts fold change in frequency of CD10+CD69+ B cells. (D) 

Comparison of average MFI of CXCR4 in CD69+ pre-B cells and immature B cells in NSG 

control and NSG mice injected with ATMi. (E) Representative flow cytometry plots of 

Annexin V versus 7AAD staining in CD10+CD34−IgM+ B cells. Bar graph represents 

average fold change in frequency of Annexin V+ among CD10+CD34−IgM+ B cells. (F) 

CD19+ B cell precursors in the bone marrow of ATMi-treated (NSG+ATMi) compared to 

matched control NSG humanized mice. All experiments represent n = 4 or 5 mice per group. 

Error bars = SEM. Paired two-tailed t-testing and P values are indicated when significant.
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Fig. 7. Decreased bone density following ATM inhibition in humanized mice.
Average bone tissue density in (A) cortex and (B) trabeculae. (C) Average cortical thickness 

and (D) ratios of cortical bone volume to tissue volume (BV/TV) obtained by μCT 

performed on tibiae from non-humanized control and ATMi-injected NSG mice (open bars) 

and control and ATMi-injected NSG humanized mice (filled bars). Comparisons were made 

via paired t-testing with error bars = SEM and P values are indicated when significant.
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Fig. 8. Increased B cell RANKL relative to OPG in humanized mice with decreased bone density.
(A) Representative flow cytometry plot showing CD40 expression in human 

CD19+CD10+CD34− bone marrow B cells developing in control and ATMi-injected NSG 

humanized mice (left panel). Right panel summarizes fold changes in % CD40+ cells from 

control (open bar) and ATMi-injected (filled bar) mice. (B) Representative flow cytometry 

plot showing RANKL expression on gated bone marrow CD19+CD10+CD34−IgM+ B cells 

in control and ATMi-injected NSG humanized mice (left panel). Right panel shows RANKL 

MFI in RANKL+ B cells from control (open bar) and ATMi-injected (filled bar) NSG 

humanized mice. (C) OPG production measured by ELISA from in vitro cultures of human 

bone marrow B cells isolated from control and ATMi-injected NSG humanized mice. (D) 

Comparison of fold change in RANKL and OPG in bone marrow B cells from ATMi-

injected relative to control NSG humanized mice. * represents significant fold change 
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(P<0.05). Comparisons were made via paired t-testing with error bars = SEM and P values 

are indicated when significant
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Table 1.

Characteristics of group I and group II patients with RA

Group I (n = 18) Group II (n = 25) P value

Age (yrs ± SD) 55 ± 14.7 50 ± 11.7 0.55

Disease Duration (yrs ± SD) 3 ± 7.2 2 ± 6.9 0.45

Prior DMARD use† (number of patients) 9 9 0.36

Rheumatoid factor titer ± SD 387 ± 397.4 268 ± 307.8 0.35

Anti-CCP antibody titer ± SD 142 ± 86.5 178 ± 88.1 0.36

DMARD = disease modifying anti-rheumatic drug

†
includes conventional oral DMARDs and biologics/small molecule inhibitors with the exception of the anti-CD20+ B cell depleting biologic 

rituximab

SD = standard deviation

Mann-Whitney U testing for difference between groups except prior DMARD use which was compared by χ2 for equality in proportions. 
Significance at P<0.05.
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