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Introduction
Donor-specific antibodies (DSAs) are barriers to long-term graft 
acceptance by mediating antibody-mediated rejection through 
direct binding to the allograft (1) or generating opsonins that 
enhance antigen-presenting cell (APC) activation and amplify 
alloreactive T and B cell responses (2). In hematopoietic cell–
mediated tolerance to kidney allografts in the clinic (3), early DSA 
production prevented the induction of tolerance, while late DSA 
production was detrimental to tolerance maintenance. There is 
limited mechanistic understanding of how DSA production is con-
trolled during stable transplantation tolerance. Using 3.83 B cell 
receptor–knockin (BCR-knockin) mice, we previously reported 
clonal deletion as a major mechanism of alloreactive B cell toler-
ance (4). However, 95% or greater of B cells express the 3.83 BCR 
in these recipients (5), thus raising concerns that the abnormally 
large numbers of cells with identical BCRs might have contrib-
uted to the observed deletion (6). We subsequently reported that 
in non–BCR-Tg recipients, depletion of regulatory T cells (Tregs) 
resulted in allograft rejection but failed to restore DSA production 
by endogenous tolerant B cells (7). However, we were not able to 
ascertain if the endogenous donor-specific B cells had been deleted  
or were intrinsically unable to produce DSA. Subsequently, Par-
sons et al. (8) developed a synchimeric mouse model to reduce 
the frequency of 3.83 BCR-Tg B cells, and reported that when 3.83 
cells encountered allogeneic heart grafts, they acquired a devel-

opmentally arrested phenotype (IgMloCD21/35lo) reminiscent of 
autoantigen-driven anergic peripheral B cells.

In this study, we optimized a technique based on the use of 
major histocompatibility complex (MHC) class I tetramers to track 
endogenous donor-MHC-reactive B cells (9). Because recipient B 
cells encounter vastly different amounts of MHC class I versus class 
II antigens that may result in divergent mechanisms of tolerance, we 
incorporated the use of donor MHC class II tetramers (10, 11). We 
used 2 tetramer-binding assays, 2 approaches for inducing allograft 
acceptance, and the adoptive transfer (AdTr) of B cells into 2 differ-
ent hosts (BCR-Tg hosts harboring B cells of irrelevant specificity or 
congenic hosts) to show that in transplantation-tolerant recipients, 
donor-specific B cells develop a state of cell-intrinsic dysfunction 
and are unable to differentiate into germinal center (GC) B cells 
even when donor-specific T follicular helper (Tfh) cells are present. 
Remarkably, these tolerant B cells acquired the ability to suppress 
new naive B cell antibody responses in an antigen-specific manner. 
To avoid assumptions stemming from other previously investigated 
states of B cell dysfunction or regulatory B cells (Bregs) that sup-
press T cells, we refer to these as “tolerant” B cells.

Results
B cell tolerance in BALB/c heart transplant recipients treated with 
anti-CD154 and DSCs is not due to clonal deletion. The absence 
of DSAs is often associated with stable allograft tolerance. In a  
model of full MHC–mismatched and minor antigen–mismatched 
heart transplant (HTx), anti-CD154 antibody plus donor spleen 
cells (costimulation blockade [CoB/DSC]) induced long-term 
BALB/c (B/c) allograft survival in C57BL/6 (B6) recipients, with 
essentially no detectable DSA responses (Figure 1, A–C). The 
inability to generate DSAs in tolerant recipients could be due to 
clonal B cell deletion, continued absence of T cell help, and/or B 
cell–intrinsic dysfunction. To test for clonal deletion, we optimized 
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mice using the double-positive and decoy tetramer approach. Fur-
thermore, the B cells bound to donor-MHC tetramers with similar 
mean fluorescence intensity (MFI) (Figure 1, F–K). We observed 
an approximately 20-fold reduction in the total number of allo
reactive B cells in BCR-Tg MD4 mice compared with wild-type 
(WT) B6 mice, consistent with 95% of B cells in MD4 mice having 
specificity for hen egg lysozyme (HEL) (14).

Comparable numbers of B cells from B6 naive versus tol-
erant mice bound to tetramers with high, medium, and low 
MFI, suggested a lack of deletion of high-affinity alloreactive 
B cells in tolerant recipients (Supplemental Figure 1; supple-
mental material available online with this article; https://doi.
org/10.1172/JCI132814DS1). To further confirm this conclu-
sion, we assessed dose-dependent BCR signaling upon donor 
I-Ed tetramer binding, by quantifying the induced expression 
of CD69 and the transcription factors Nur77 and IRF4 (15–17). 

the approach in which MHC class I tetramers were conjugated to 
2 different fluorochromes, phycoerythrin (PE) and allophycocy-
anin (APhC), and the double-positive cells were considered to 
be enriched for donor-MHC-specific B cells (Figure 1D and ref. 
10). Furthermore, because each tetramer harbors additional non-
MHC epitopes, including human β2-microglobulin, streptavidin, 
biotin, and a 6×HIS-tag, we used a second approach in which B 
cells that were reactive to these components were identified as 
binding to the decoy Kb (recipient MHC) tetramer conjugated to 
both PE and Alexa Fluor 647 (AF647) (Figure 1E and refs. 12, 13). 
The decoy tetramer was incubated at 6-fold higher concentration, 
and before the addition of Kd-PE tetramers, to further optimize 
the identification of Kd-specific B cells (Figure 1D). We also used 
a second donor class I (H-2Ld) tetramer, and donor I-Ed tetramers 
(11) to track donor–MHC class II–specific B cells. We observed 
comparable alloreactive B cells numbers in B6 naive and tolerant 

Figure 1. Alloreactive B cells are not deleted in tolerant recipients. (A) B/c (H-2d) or B/c.2W-OVA heart allografts were transplanted into C57BL/6 (B6, 
H-2b) recipients that were untreated (acutely rejecting, AR) or treated with anti-CD154 (αCD154) on day 0 (D0), D7, and D14 plus DSCs (D0) to induce 
allograft tolerance. (B) Survival of allograft in AR or tolerant (Tol) mice. n = 10–40/group; P < 0.0001 by log-rank test. (C) Donor-specific antibodies–IgG 
(DSA-IgG) from Tol mice on postoperative day (POD) 0, 14, 45, 60, and 90 after heart transplant (HTx) and AR D14. n = 9–12/group. Representative flow 
plots of H-2Kd–binding B cells in naive B6 mice were identified using (D) double-positive (DP) donor MHC class I (Kd) tetramer conjugated to PE or APhC flu-
orochromes, and (E) decoy Kb (recipient MHC) tetramer conjugated to PE and AF647 in combination with Kd-PE tetramers. (F–H) Splenocytes and inguinal, 
axillary, and branchial lymph node cells were pooled and the total number of (F) Kd, (G) Ld, and (H) I-Ed tetramer–binding B cells from naive, Tol, or naive 
MD4 (anti-HEL BCR-Tg) mice were analyzed. n = 4–12/group. mse, mouse. (I–K) Normalized mean fluorescence intensity (MFI) of (I) Kd, (J) Ld, and (K) I-Ed 
tetramer–specific B cells from naive and Tol mice. n = 6–10/group. MFIs were normalized to DP or decoy tetramer–binding B cells of naive B6 mice. Data 
were pooled from 2 or more independent experiments and are presented as the mean ± SEM. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001 by 2-way 
ANOVA with Tukey’s post hoc test for multiple comparisons (F–H) or 1-way ANOVA with Bonferroni’s post hoc test (C).
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B cells from naive, tolerant, and AR mice, consistent with a 
lack of deletion of higher-affinity alloreactive B cells in tolerant 
compared with naive mice (Figure 2, A–C). These observations 
also suggest that tolerant B cells can respond to BCR signaling 
comparably to B cells of naive or AR recipients.

Phenotypic analysis of B cells in tolerant mice. More extensive 
phenotypic analysis was performed on alloreactive B cells from 
naive or tolerant mice. Positive control, AR recipients (days 10–14 
after HTx) had approximately 10-fold more alloreactive B cells 
(specific for Kd, Ld, and I-Ed tetramers) compared with naive or 
tolerant B6 mice (day ≥30 after HTx). Tolerant B cells exhibited 
modest but significantly reduced expression of surface IgM rela-
tive to naive or AR B cells, whereas the levels of IgD were com-
parable between all 3 groups (Figure 2, D–F). The percentages 
of class-switched or IgG+ of tetramer-binding alloreactive B cells 
were comparable between naive and tolerant recipients, but sig-

First, B cells from naive B6 mice were flow sorted into I-Ed 
tetramer–binding B cells of high or low MFI, and then cul-
tured them at 37°C for 6 or 12 hours (Supplemental Figure 2A). 
Data were normalized to fold-increase in percentage of cells 
expressing CD69, Nur77, and IRF4 relative to unstimulated 
non–I-Ed tetramer–binding (Tet-Neg) B cells. A higher percent-
age of I-Ed-Hi B cells compared with I-Ed-Lo B cells was induced 
to express CD69, Nur77, and IRF4, consistent with tetramer 
MFI correlating with BCR signaling intensity (Supplemental 
Figure 2, B and C). We next determined the percentage of I-Ed 
tetramer–binding B cells from naive, acutely rejecting (AR) 
(days 7–10 after HTx), or tolerant B6 mice (≥day 30 after HTx) 
that were induced by I-Ed tetramers to upregulate CD69, Nur77, 
and IRF4. Tet-Neg B cells stimulated with anti–IgM F(ab)2 were 
positive controls (Supplemental Figure 2, D–F). Comparable 
induction of CD69, Nur77, and IRF4 was observed with I-Ed-Hi  

Figure 2. Alloreactive B cells in tolerant recipients express early activation markers but do not differentiate into germinal center B cells. Fold increase 
in the percentage of early activation markers (A) CD69, (B) Nur77, and (C) IRF4, after coculture with immobilized I-Ed tetramer for 6 or 12 hours. B cells that 
bound to I-Ed tetramer with high MFI were sorted from naive (N), tolerant (Tol) (day ≥30 after HTx), and AR (days 10–14 after HTx) mice. n = 4–6/group. Data 
were normalized to unstimulated I-Ed tetramer–negative B cells cultured for 6 or 12 hours. (D) Total number of donor-specific (anti-Kd [αKd], αLd, and αI-Ed) 
B cells/mouse (mse). n = 5–11/group. (E) IgM expression of anti-tetramer (αTet) B cells. n = 5–9/group. (F) IgD of αTet B cells. n = 5–8/group. (G) Percentage 
switched immunoglobulin–positive (swIg+) of αTet B cells. n = 6–8/group. (H) Percentage IgG of swIg+ αTet B cells. n = 5–7/group. (I) Percentage AID+ of αTet 
B cells. n = 8–13/group. (J) Percentage Fas+ of αTet IgDlo B cells. n = 6–8/group. (K) CD80 expression on αTet B cells (n = 6–13/group) in naive, tolerant, and AR 
mice. MFIs were normalized to naive control mice. Each symbol represents an individual mouse, pooled from 2 or more independent experiments. Data are 
presented as the mean ± SEM. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001 by 1-way ANOVA with Bonferroni’s post hoc test.
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(Figure 1, F–H), so AdTr B cells are the main source of alloreactive 
B cells and DSA. Allogeneic hearts were rejected at comparable 
rates by MD4 hosts receiving tolerant or naive B cells (Figure 3B); 
however, significantly reduced B/c-specific IgG was produced in 
hosts receiving tolerant B cells (Figure 3C). These data confirmed 
that donor-specific B cells acquire a cell-intrinsic tolerant state in 
HTx recipients treated transiently with CoB/DSC, which is main-
tained upon AdTr despite acute allograft rejection.

To investigate whether AdTr tolerant B cells were unable to 
produce DSA despite T cell help, 2 × 107 tolerant or naive B cells 
were transferred into MD4 hosts — 2 × 107 was experimentally  
determined to be the minimal number of naive B cells necessary 
to ensure a donor-specific IgG response in all the MD4 hosts 
immunized with B/c spleen cells. B cells from naive and tolerant 
HTx recipients (postoperative day [POD] ≥ 30) were AdTr with 5 
× 106 polyclonal B6 T cells and 1 × 103 TCR75 T cells (Figure 3D). 
TCR75 T cells recognize donor-derived Kd peptide presented on 
recipient I-Ab, and thus are able to engage in cognate interactions 

nificantly reduced relative to B cells from AR mice (Figure 2, G and 
H). Likewise, tolerant B cells expressed comparable levels of cyt-
idine deaminase (AID) and Fas+ GC phenotype to those of naive 
B cells, which were significantly lower than AR B cells. (Figure 2, 
I and J). Finally, tolerant donor-specific B cells modestly upregu-
lated CD80, the glucose transporter Glut-1 (18), and the prolifera-
tion marker Ki-67, but had reduced mitochondrial mass compared 
with naive counterparts (Figure 2K and Supplemental Figure 3). 
The expression of CD40 on tolerant donor-specific B cells was 
comparable to naive and modestly reduced relative to that from 
presensitized mice (Supplemental Figure 3, D and E). These data 
are consistent with tolerant B cells having encountered alloanti-
gen but were arrested in their differentiation into GC B cells.

B cell tolerance is due to B cell–intrinsic dysfunction. To test 
whether the inability of B cells from tolerant mice to produce allo-
antibodies was B cell intrinsic, we transferred tolerant or naive B 
cells into MD4 hosts receiving allogeneic F1(B/c × B6) HTx (Figure 
3A). MD4 hosts have a reduced repertoire of B/c-reactive B cells 

Figure 3. Tolerant B cells exhibit 
cell-intrinsic dysfunction. (A) 
Experimental design. Enriched B 
cells (2 × 107) isolated from naive 
(N-B) or tolerant (Tol-B) mice 
were transferred into MD4 hosts 
and challenged with F1(B/c × B6) 
heart allografts the following 
day. (B) F1 heart-graft survival in 
MD4 mice receiving N-B cells or 
Tol B cells. n = 6/group. (C) DSA-
IgG (MFI) analyzed at the time of 
graft rejection. n = 6/group. (D) 
Experimental design. Purified 2 
× 107 N-B cells or Tol-B cells were 
adoptively transferred (AdTr) 
together with 5 × 106 enriched 
B6 T cells and 1 × 103 TCR75 T 
cells into MD4 mouse (mse) 
hosts, followed by immunization 
with 2 × 107 B/c donor spleen 
cells (DSCs). (E) Total number of 
TCR75 T cells/mouse analyzed on 
day 14. n = 4–8/group. (F) Total 
TCR75-Tfh cells/mouse. n = 4–8/
group. (G) DSA-IgG (MFI) from 
N-B–cell or Tol-B–cell recipients 
immunized with or without 2 × 
107 B/c DSCs with or without CpG 
(100 μg/mouse i.v. given on day 
0, and 50 μg/mouse i.p. on days 
1 and 2) plus anti-CD40 (αCD40; 
100 μg/mouse i.v. on days 0 
and 7) on day 14 after AdTr. n = 
4–11/group. Data were pooled 
from 2 or more independent 
experiments. Data are presented 
as the mean ± SEM. *P < 0.05; 
**P < 0.01; ***P < 0.001; ****P 
< 0.0001 by 1-way ANOVA with 
Bonferroni’s post hoc test.
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ance, retained the ability to functionally interact with cognate T 
cells and drive their clonal expansion and Tfh differentiation, but 
were intrinsically blocked in their differentiation into GC B cells. 
Tolerant B cells also differ from quiescent memory B cells, which 
upon AdTr into congenic B6 mice and immunization with B/c 
DSCs produced more donor-specific IgG, and with faster kinetics, 
compared with naive B cells (20).

Finally, despite comparable levels of CD40 expression by 
AdTr tolerant and naive B cells (Supplemental Figure 4, D and E), 
reduced DSA production by tolerant B cells was observed in MD4 
mice treated with agonistic anti-CD40 antibody plus CpG at doses  
capable of preventing anti-CD154/DSC–induced tolerance (21) 
and of stimulating polyclonal B cell activation (Figure 3G and Sup-
plemental Figure 5). Thus, tolerant B cells transferred into naive 

with Kd-specific B cells (19). In the absence of DSC immuniza-
tion, comparable numbers of total and donor-specific B cells were 
recovered on day 14 after AdTr (Supplemental Figure 4, A and 
B). Following B/c DSC immunization, MD4 mice receiving naive 
or tolerant B cells had significant and comparable accumulation 
of total TCR75 T cells, including those with a CXCR5+PD-1hi Tfh  
phenotype (Figure 3, E and F). Importantly, the numbers of TCR75 
and TCR75-Tfh cells were significantly higher in mice receiving 
AdTr B cells compared with immunized MD4 mice that did not 
receive AdTr B cells, consistent with AdTr B cells driving TCR75 
expansion and differentiation. Notably, MD4 mice receiving tol-
erant B cells produced significantly reduced DSA-IgG compared 
with those receiving naive B cells (Figure 3G). These observations 
suggest that donor-specific B cells are not deleted during toler-

Figure 4. In the presence of cognate T cells, adoptively transferred, tolerant, alloreactive B cells express early activation markers but have reduced 
GC differentiation. Spleens and inguinal, axillary, and branchial lymph nodes (LNs) were harvested from MD4 hosts that received 2 × 107/mouse naive 
B (N-B) cells or tolerant B (Tol-B) cells followed by immunization with 2 × 107 B/c DSCs and analyzed on day 14 after AdTr. (A) Percentage GCs of anti-Kd 
(αKd) B cells. (B) Total number of GCs of αKd B cells/mouse (mse). (C) Percentage GCs of αI-Ed B cells. (D) Total number of GCs of αI-Ed B cells/mouse. n = 
5–8/group. (E–H) Representative histograms and percentage of (E and F) Ki-67+ anti-tetramer (αTet) B cells and (G and H) AID+ αTet B cells. n = 6–7/group. 
(I–N) Representative histograms and MFI of (I and J) CD69, (K and L) Glut-1, and (M and N) mitochondrial mass (MM) of αTet B cells from the spleens and 
LNs harvested from MD4 mice that received N-B and Tol-B cells on day 3 after AdTr, and then immunized with 2 × 107 B/c DSCs plus CpG. n = 5–6/group. 
Data were pooled from 2 independent experiments. Data are presented as the mean ± SEM. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001 by 1-way 
ANOVA with Bonferroni’s post hoc test.

https://www.jci.org
https://www.jci.org
https://www.jci.org/130/7
https://www.jci.org/articles/view/132814#sd
https://www.jci.org/articles/view/132814#sd
https://www.jci.org/articles/view/132814#sd
https://www.jci.org/articles/view/132814#sd


The Journal of Clinical Investigation   R E S E A R C H  A R T I C L E

3 4 5 8 jci.org      Volume 130      Number 7      July 2020

hosts maintain their dysfunctional state in the presence of acute 
rejection, cognate T cell help, and direct activation by agonistic 
agents specific for CD40 and Toll-like receptor 9 (TLR-9).

Phenotypic analysis of AdTr tolerant B cells. We next compared 
the phenotype of the B cells following AdTr into MD4 recipients to 
identify the stage at which tolerant B cells were unable to progress, 
even when T cell help was available. When AdTr naive B cells were 
analyzed on day 14 after AdTr, we observed that in MD4 hosts of 
naive B cells, 16% to 30% of naive Kd– and I-Ed–specific B cells had 
differentiated into GC B cells (Fas+GL7+), whereas this differenti-
ation was significantly inhibited in hosts of tolerant B cells (Figure 
4, A–D). The proliferation of tolerant B cells and their expression 
of AID were also significantly reduced compared with naive B 
cells on day 14 after DSC immunization (Figure 4, E–H). To test 
whether tolerant B cells were able to respond to antigen, we exam-
ined for the upregulation of CD69, Glut-1, and mitochondrial  
mass on day 3 after AdTr (Figure 4, I–N). These early markers of 
activation were comparably expressed in AdTr naive and tolerant 
alloreactive B cells, suggesting that tolerant B cells recognized and 

mounted early responses to alloantigen but were unable to differ-
entiate into GC B cells.

B cell tolerance induced by CoB in B/c HTx recipients is donor 
specific and rapidly induced. We next investigated the specificity 
of B cell tolerance and the conditions for its induction. First, we 
tested whether B cell tolerance was donor specific by performing 
B cell AdTr experiments into MD4 hosts immunized with C3H 
mouse spleen cells. Host mice harboring naive or tolerant B cells 
produced comparable anti-C3H IgG, confirming the donor speci-
ficity of B cell tolerance (Figure 5, A and B). These observations, 
together with the recovery of comparable numbers of total, as well 
as alloreactive, B cells from hosts of naive or tolerant B cells (Sup-
plemental Figure 4, A–C) suggest that AdTr naive and tolerant B 
cells engrafted equally and that tolerant donor-specific B cells dis-
played persistent defects in their ability to accumulate and differ-
entiate into GC B cells despite the availability of cognate Tfh help.

Second, we tested whether agonistic anti-CD40 antibody, 
administered at the time of HTx and CoB/DSC, could prevent the 
induction of B cell tolerance (Figure 5C). Consistent with com-

Figure 5. Donor-specific B cell tolerance is rapidly induced and prevented by agonistic anti-CD40 antibody. (A) Experimental designs for various treat-
ments and AdTr models for B–F. (B) Immunization with third-party antigen C3H DSCs and analysis of anti-C3H IgG on day 14 (D14) (normalized MFI). n = 
5–6/group. (C) Agonistic anti-CD40 (αCD40; 100 μg, i.v.) was administered at the time of HTx and treatment with αCD154 plus DSCs. On D14, enriched B 
cells from naive (N-B) or αCD40-treated tolerant (Tol-B) mice were AdTr into MD4 hosts and challenged with 2 × 107 B/c DSCs. αB/c IgG (MFI) was measured 
on D14 (open symbols) and D28 (filled symbols) after AdTr. (D) B6 mice transplanted with B/c heart graft were treated with CTLA-4Ig (250 μg/mse, i.p.) on 
D0, D2, D4, and D7 after HTx. On D14, B cells were isolated and AdTr into MD4 recipients and immunized with 2 × 107 B/c DSCs. αB/c IgG (MFI) measured 
on D14 (open symbols) and D40 (filled symbols) after AdTr. n = 5–10/group. (E) N-B or Tol-B cells were isolated from D7, D14, D35, and >D60 post-HTx 
recipients receiving αCD154 plus DSCs and AdTr to MD4 hosts. Filled and open symbols indicate αB/c IgG measured on D14 and D28 after AdTr, respectively. 
n = 6–16/group. (F) Purified B cells (2 × 107) from naive B6 mice on D35 posttreated with αCD154 plus DSCs without HTx or tolerant mice D35 after HTx, were 
AdTr into MD4 hosts, followed by immunization with 2 × 107 B/c DSCs. αB/c IgG (MFI) measured on day 28. n = 5/group. MFIs were normalized to MD4 that 
received N-B cells without B/c DSCs. Data were pooled from 2 or more independent experiments. Data are presented as the mean ± SEM. *P < 0.05; ***P < 
0.001; ****P < 0.0001 by 1-way ANOVA with Bonferroni’s post hoc test.
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Figure 6. Donor-specific tolerant B cells suppress naive B cell responses in a donor-specific manner. (A) Experimental design. Enriched naive B (N-B) or 
tolerant B (Tol-B) cells (2 × 107 each), or cotransfer of N-B and Tol-B cells (2 × 107 N-B + 2 × 107 Tol-B cells/mouse) together with 1 × 103 purified TCR75 T cells 
and 5 × 106 purified B6 T cells into MD4 recipients and then immunized with B/c or C3H DSCs the following day. (B and C) Normalized MFI of (B) anti-B/c 
(αB/c) IgG or (C) αC3H IgG, measured on day 21 (D21; filled symbols) and D30 (half-filled symbols). n = 10–13/group. (D) Experimental design. Enriched N-B 
or Tol-B cells (2 × 107 each) from donor CD45.2/IgHb mice were transferred into recipients CD45.1/IgHa and were immunized with 2 × 107 B/c or C3H DSCs. 
(E–G) Normalized MFI of αB/c (E) total IgG, (F) IgG2c produced by AdTr B cells, and (G) IgG1 produced by host B cells. n = 10–14/group. (H–J) Normalized MFI 
of αC3H (H) total IgG, (I) IgG2c from AdTr B cells, and (J) IgG1 produced by host B cells. n = 6–7/group. (K) Experimental design. Enriched N-B or Tol-B cells 
(2 × 107 each) from donor CD45.2/IgHb mice were transferred into recipients CD45.1/IgHa that received F1 heart graft the following day. (L) αF1 IgG2c from 
AdTr B cells or (M) αF1 IgG1 from host B cells. n = 5–7/group. MFIs were normalized to MD4 or congenic mice that received N-B cells without B/c or C3H DSCs 
or F1 HTx. Data are pooled from 2 or more independent experiments. Data are presented as the mean ± SEM. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 
0.0001 by 1-way ANOVA with Bonferroni’s post hoc test.
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into immunized MD4 mice (Figure 6A). In this experiment, serum 
anti-B/c IgG was not restored by the presence of graft-specific 
naive B cells (Figure 6B). In fact, the observation that serum anti-
B/c IgG was not equal to naive B cell transfers alone raised the 
unexpected possibility that tolerant B cells dominantly inhibited 
naive B cell responses to B/c DSCs. This inhibition was donor- 
specific, as MD4 recipients receiving co-AdTr of naive and toler-
ant B cells and immunized with C3H DSCs produced significantly 
more anti-C3H IgG compared with mice receiving only naive or 
tolerant B cells (Figure 6C).

To confirm the suppressive ability of tolerant B cells, we devel-
oped a different AdTr model in which congenic (CD45.1, Igha) 
mice were hosts for AdTr B cells isolated from naive or tolerant 
B6 mice (CD45.2, Ighb). Host alloreactive B cells express an Ig 
allotype distinct from that of transferred tolerant B cells, enabling 
us to separate IgG1 produced by host B cells from IgG2c produced 
by the AdTr B cells (quantification of IgG subclasses is limited to 
available allotype-specific reagents). Following AdTr of B cells (2 
× 107/mouse) into congenic hosts and immunization (Figure 6D), 
anti-B/c was quantified on days 14 and 21 after immunization. In 
this environment of intact alloreactive T and B cell repertoires, 
recipients of tolerant B cells produced significantly less total anti-
B/c IgG compared with recipients of naive B cells (Figure 6E). 
Furthermore, tolerant AdTr B cells did not recover their ability to 
produce anti-B/c IgG2c, but instead inhibited anti-B/c IgG1 pro-
duction by naive host B cells (Figure 6, F and G). Finally, we show 
that the suppression of antibody production was donor specific, as 
recipients of tolerant or naive B cells, when challenged with C3H 
splenocytes, produced comparable anti-C3H IgG (Figure 6, H–J), 
consistent with the MD4 experiments above.

Finally, to test the robustness of B cell suppression, congenic  
mice that received AdTr naive or tolerant B cells received an allo-
geneic F1(B/c × B6) HTx (instead of DSC immunization). In the 
absence of immunosuppression, HTx allografts were rejected in 10 
to 12 days (data not shown), but the AdTr B cells remained unable 
to produce F1-specific IgG2c and suppressed anti-B/c IgG1 pro-
duction by endogenous naive host B cells (Figure 6, K–M). Taken  
together, our data demonstrate that tolerant donor-specific B cells 
were arrested in their ability to differentiate into GC cells, and 
unexpectedly, exhibited a remarkably robust ability to suppress 
alloantibody production by naive donor-specific B cells, but not B 
cells with third-party specificity.

Tolerant B cells inhibit naive donor-specific B cell GC responses 
without inhibiting donor-specific Tfh responses. To assess the mech-
anism of tolerant B cell–mediated suppression of naive donor- 
specific B cells in congenic hosts, we examined their proliferation 
using Ki-67 expression, and their differentiation into Fas+GL7+ GC 
B cells. The percentage and total number of AdTr and host allo
reactive B cells expressing Ki-67 and acquiring the GC phenotype 
were significantly reduced in congenic hosts receiving tolerant B 
cells compared with hosts receiving naive B cells (Figure 7, A–H). 
These observations suggest that tolerant B cells were able to sup-
press the proliferation of naive host B cells and their differentia-
tion into GC B cells.

To test if donor-specific B cell suppression is mediated through 
the inhibition of donor-specific T cell responses and Tfh differen-
tiation, we used pKd:I-Ab tetramers to identify endogenous CD4+ T 

parable expression of CD40 in naive and tolerant mice (Supple-
mental Figure 3, D and E), agonistic anti-CD40 induced allograft 
rejection and DSA production (Supplemental Figure 6), and pre-
vented the development of B cell tolerance. Thus, the absence of 
direct CD40 signaling in APCs and/or alloreactive B cells is criti-
cal for inducing B cell tolerance.

To test if another mode of costimulation blockade could 
induce B cell dysfunction, B6 recipients received CTLA-4Ig (on 
days 0, 2, 4, and 7) to induce HTx tolerance. We chose CTLA-4Ig 
because belatacept, a high-affinity mutant of human CTLA-4Ig, 
is approved for preventing rejection in kidney transplant patients 
(22). At 30 days or more after HTx and CTLA-4Ig, B cells were 
transferred into immunized MD4 hosts. Mice receiving B cells 
from CTLA-4Ig–treated recipients produced significantly less 
DSA-IgG compared with those receiving naive B cells (Figure 5D). 
Thus, CTLA-4Ig also induced alloreactive B cell tolerance.

We next assessed the kinetics of B cell tolerance induction, 
where B cells from tolerant recipients were harvested on days 7, 14, 
35, and >60 after HTx, and then AdTr into immunized MD4 hosts. 
By day 7 after HTx, B cells already exhibited partially dysfunctional  
properties and produced less DSA-IgG compared with naive B 
cells; by day 14 after HTx, B/c-specific B cells were comparably 
dysfunctional as B cells from day 35 and >60 after HTx (Figure 5, 
A and E). Finally, we show that the presence of allograft reinforced 
the tolerance-inducing regimen, as B cells from mice that received 
anti-CD154/DSC without B/c HTx produced significantly more 
anti-B/c IgG in MD4 hosts, compared with B cells from HTx- 
tolerant mice (Figure 5F). These data suggest a rapid induction, 
and a contribution of the allograft, to the induction and/or main-
tenance of B cell tolerance.

Tolerant B cells suppress naive B cell responses in a donor-specific 
manner. In some experimental scenarios, B cells can escape their 
anergic state if they are recruited into established GC responses 
(23). To test this possibility, we AdTr an equal mixture of naive 
and tolerant B cells (2 × 107 naive + 2 × 107 tolerant B cells/mouse) 

Figure 7. Alloreactive tolerant B cells suppress naive B cell proliferation 
and GC responses, but do not suppress donor-specific Tfh responses. 
Spleen and lymph nodes (inguinal, axillary, and branchial) were harvested 
from CD45.1/IgHa recipients receiving donor naive B (N-B) or tolerant B 
(Tol-B) cells from CD45.2/IgHb immunized with B/c DSCs and analyzed on 
days 14 to 21 after AdTr. (A) Percentage Ki-67+ donor anti-tetramer (αTet) 
B cells. (B) Total number of Ki-67+ donor αTet B cells/mouse (mse). (C) Per-
centage GC+ donor αTet B cells. (D) Total number of GC+ donor αTet B cells/
mouse. (E) Percentage Ki-67+ host αTet B cells. (F) Total number of Ki-67+ 
host αTet B cells/mouse. (G) Percentage GC+ host αTet B cells. (H) Total 
number of GC+ host αTet B cells/mouse. n = 9–13/group. Data are pooled 
from more than 2 independent experiments. (I) Percentage pKd:IAb CD4+ T 
cells. (J) Total number of pKd:IAb CD4+ T cells/mouse. (K) Percentage pKd:IAb 
CD4+ Tfh cells. (L) Total pKd:IAb CD4+ Tfh cells/mouse. n = 5–8/group. Data 
are pooled from 2 or more independent experiments. (M) Experimental 
design. Enriched B cells (2 × 107) isolated from naive or Tol mice were trans-
ferred into MD4 hosts, followed by immunization with F1(C3H × B/c) DSCs. 
DSA-IgG was collected on day 14 after AdTr. (N and O) Normalized MFI of 
(N) αB/c IgG and (O) αC3H IgG produced by AdTr N-B or Tol-B cells. n = 5/
group. MFIs were normalized to MD4 mice that received N-B cells without 
F1(C3H × B/c) DSCs. Data are pooled from 2 or more independent experi-
ments and are presented as the mean ± SEM. *P < 0.05; **P < 0.01; ***P < 
0.001; ****P < 0.0001 by 1-way ANOVA with Bonferroni’s post hoc test.
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that potential advantages must outweigh the risk of maintaining 
tolerant alloreactive B cells. First, tolerant B cells may indirectly  
contribute to the stability of tolerance by serving as APCs to elic-
it protective T cell immunity during infections that may other
wise abrogate tolerance and induce allograft rejection (3, 36). 
For example, when an allograft becomes infected with Epstein 
Barr virus (EBV) or polyoma BK virus, tolerant alloreactive B cells 
may capture shed cell membrane fragments bearing donor and 
viral antigens, and process and present virus-derived peptides to 
virus-specific T cells that mediate protective immunity. This abil-
ity of tolerant B cells to stimulate T cells contrasts with Bregs that 
inhibit T cell activation and promote Treg expansion through the 
production of immunosuppressive cytokines such as IL-10 and 
IL-35 (28, 37, 38). As a result, Bregs may suppress antiviral T cell 
immunity or even induce antiviral T cell tolerance, and there-
fore, inadvertently promote allograft loss arising from infection- 
mediated allograft damage.

We additionally reason that the potential risk of maintaining 
tolerant B cells with the ability to stimulate T cells is mitigated if 
multiple mechanisms are constraining alloreactive T cells in trans-
plantation tolerance (39). If donor-specific T cells are cell-intrin-
sically tolerant, cognate interaction with donor-specific B cells 
should not incite their activation. Conversely, if T cell tolerance 
becomes transiently abrogated (36, 40) and donor-reactive T cells 
become capable of providing help to B cells, intrinsically tolerant 
B cells will not be able to differentiate into antibody-secreting cells 
(ASCs). Thus, when the infection is cleared and T cell tolerance is 
restored (36, 40), the recipient will not harbor long-lived plasma 
cells capable of producing pathogenic DSA that can lead to chronic 
injury and the eventual loss of the allograft. Finally, we demon-
strate that tolerant B cells suppress naive donor-specific B cells in 3 
different AdTr models. We hypothesize that donor-specific B cell–
mediated suppression is an important mechanism for controlling 
new alloreactive B cells emerging from the bone marrow, and thus 
provides the most compelling reason for their preservation in toler-
ant recipients. The precise mechanism of suppression, and whether  
this is due to direct B cell–to–B cell suppression or is mediated 
through a third cell type, remains to be clarified in future studies. 
Regardless, this ability of tolerant B cells to mediate donor-specific  
B cell suppression distinguishes tolerant B cells from anergic B 
cells that are also unable to mount normal B cell responses but are 
not known to have suppressive activities (12, 41–43).

Two key features of transplantation tolerance are infectious 
tolerance and linked suppression, where tolerant CD4+ T cells can 
“infect” naive T cells and render them tolerant in a donor-specific 
manner, and spread T cell tolerance to third-party and donor anti-
gens presented by the same APCs (30, 31). Infectious tolerance 
and linked suppression are mediated by FoxP3+ Tregs inhibiting 
FoxP3– conventional T cells, either independently or downstream 
of Bregs (25, 26). Tolerant B cells can suppress naive donor-specific  
B cells, but cannot mediate linked suppression. We reason that 
each B cell presents only the donor antigens taken up by the BCR, 
and as a result can only engage in cognate interaction with T cells 
recognizing peptides derived from the donor antigen and present-
ed on MHC class II. In contrast, dendritic cells can take up and 
present a wide array of donor antigens, and can therefore simulta-
neously engage with T cells with diverse donor-antigen specificity.  

cells with indirect specificity for donor-derived H-2Kd
54–68 peptide 

presented on host I-Ab (24). Importantly these pKd:I-Ab–positive T 
cells can engage in a cognate manner with anti-Kd B cells. On days 
14 to 21 after immunization, the percentages and total numbers of 
pKd:I-Ab CD4+ T cells, including those that were CXCR5+PD-1+, in 
recipients of naive or tolerant B cells were not significantly differ-
ent (Figure 7, I–L). Thus, tolerant B cell–mediated suppression is 
not dependent on the inhibition of donor-specific Tfh cell accu-
mulation; therefore, suppression by tolerant B cells appears to be 
distinct from classical Bregs that regulate T cell responses (25–28). 
Indeed, phenotypic analysis of donor-specific B cells from toler-
ant compared with naive mice revealed no enrichment of mark-
ers associated with transitional B cells (CD93, T1, T2, and T3), 
or Bregs (CD5/CD1d, Tim-1, and IL-10) (Supplemental Figure 7  
and refs. 25, 26, 29).

A feature of transplantation tolerance is linked suppression, 
which is defined as the ability of CD4+ T cells tolerant to donor 
antigens to suppress T cells specific for third-party antigens, if 
they are presented on the same APCs presenting donor antigens 
(30, 31). To test whether B cell tolerance exhibited linked suppres-
sion, MD4 hosts of AdTr tolerant or naive B cells were challenged 
with F1(B/c × C3H) DSCs (Figure 7M). As expected, anti-B/c IgG 
responses by tolerant B cells were significantly inhibited com-
pared with responses by naive B cells; however, the anti-C3H IgG 
responses were comparable (Figure 7, N and O). Therefore, toler-
ant B cells can mediate donor-specific, but not linked, B cell–to–B 
cell suppression.

Discussion
In this study, we show that alloreactive B cells, including those 
with higher affinity, were not deleted during transplantation  
tolerance induced by CoB. Early BCR signaling events were pre-
served (increased CD69, Nur77, IRF4, and Glut-1 expression as 
well as increased cell size), but tolerant B cells were unable to 
undergo GC differentiation and produce DSA. This was evident 
even when the B cells were removed from the tolerogenic envi-
ronment and AdTr into naive hosts with a normal complement of 
alloreactive T and B lymphocytes. Transferred tolerant B cells also 
expressed early activation markers consisting of increased CD69, 
Glut-1, mitochondrial mass, and cell size, and exhibited lower  
proliferation and expression of AID, and were arrested in GC B cell 
differentiation even in the presence of cognate T cell help. Rapid 
B cell proliferation requires increased metabolism that is achieved 
in part by glucose import through Glut-1, and increased oxidative 
TCA metabolism associated with increased mitochondrial mass 
(18). Thus, the phenotype of tolerant B cells is consistent with a 
cell-intrinsic block after metabolic reprogramming and before 
entry into the GC. A more detailed definition of the checkpoint  
at which tolerant B cells are maintained will require molecular 
analysis at steady state in tolerant recipients, and upon adoptive 
transfer and challenge with donor antigen in the presence of cog-
nate T cell help.

Dysfunctional or anergic autoreactive B cells are potentially  
pathogenic, and recent reports suggest the potential value of 
retaining these self-reactive B cells (32–35). In our studies, toler-
ant B cells were unable to differentiate into DSA-producing cells, 
but served as APCs to stimulate alloreactive T cells. We reason 
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Jackson Laboratory or Harlan Laboratories. Act-2W-OVA–Tg mice on a 
B6 background (B6.2W-OVA) mice were a gift from James Moon (Massa-
chusetts General Hospital, Harvard Medical School, Charlestown, Mas-
sachusetts, USA). Donor B/c.2W-OVA–Tg mice were backcrossed from 
B6-2W-OVA mice for more than 10 generations. 2W-OVA–Tg B6 mice 
were bred with B/c mice to obtain 2W-OVA.F1 mice. F1(C3H × B/c) were 
bred from B/c males and C3H females. HEL-specific Ig-Tg MD4 female 
mice were originally purchased from the Jackson Laboratory and were 
backcrossed to B6 for more than 10 generations. AID-Cre [B6; FVB-Tg 
(Aicda-cre)1 Rcas/J], ROSA26-EYFP mice [B6.129 × 1Gt(ROSA)26Sor, 
tm1(EYFP)Cos>/J], C57BL/6-Tg(Nr4a1-EGFP/cre) 820Khog/J (catalog 
016617), C3H/HEN (C3H, H-2k), and IL-10 reporter–knockin tiger mice 
were from the Jackson Laboratory. TCR75 TCR-Tg mice were obtained 
from R. Pat Bucy (University of Alabama-Birmingham) and crossed to 
CD45.1 mice. CD45.1/IgHa congenic mice on a B6 background were 
bred in the animal facilities of the University of Chicago. Foxp3YFP-
Cre+Bcl6fl/fl mice were crossed with Bcl6fl/fl mice to generate Foxp3YFP-
Cre+Bcl6fl/fl mice, as previously described (52, 53).

Heart transplantation. Heterotropic heart transplantations were 
performed as previously described (54), by grafting donors B/c, B/c-
OVA, or 2W-OVA F1 hearts onto the inferior vena cava and aorta in the 
peritoneal cavity of female B6, MD4, or CD45.1/IgHa congenic recip-
ients. Tolerance (CoB/DSC) was induced with anti-CD154 antibody 
(MR1, BioXCell) at a dose of 500 μg on day 0 (i.v.), and 250 μg on days 7 
and 14 (i.p.) after transplantation, in combination with 2 × 107 DSCs on 
day 0. CTLA-4Ig (Abatacept, Bristol-Myers Squibb) was used at a dose 
of 250 μg/mouse (i.p.) on days 0, 2, 4, and 7 after heart transplantation. 
In some experiments, tolerant mice received 100 μg (i.v.) of agonistic 
anti-CD40 antibody (FGK4.5, BioXCell) on days 0 and 7 after trans-
plant. Graft survival was assessed by palpation every other day, and the 
day of rejection was defined as the last day of detectable heartbeat.

HLA tetramers. Biotinylated H-2Kd, I-Ed, H-2Ld, and H-2Kb mono-
mers, and H-2Kd, I-Ed, and H-2Ld tetramers conjugated with PE or 
APhC were obtained from the NIH Tetramer Core Facility. The pep-
tide bound to H-2Kd tetramers was SYIPSAEKI from the malarial 
parasite Plasmodium berghei. IEd tetramers were loaded with pCons-
CDR1 (FIEWNKLRFRQGLEW) peptide, H-2Ld tetramers were loaded  
with MuLV gp70 mimotope synthetic peptide MNTYAYHML, and 
Kb tetramers were loaded with SIINFEKL (OVA257–264). Endogenous 
pKd:I-Ab tetramer+ T cells recognize the Kd

54–68 peptide (QEGPEYWE-
EQTQRAK), which is an immunodominant epitope of the α1-chain 
of the class I molecule Kd (NIH Tetramer Core Facility). The decoy 
tetramer was created in-house in which the core fluorochrome, 
SA-PE (Prozyme), was conjugated to AF647 (Life Technologies) for 
60 minutes at room temperature. Free AF647 was removed by cen-
trifugation in a 100-kDa molecular weight cutoff Amicon Ultra filter 
(Millipore). The SA-PE–AF647 complex concentration was calculated 
and adjusted to 1 μM by measuring the absorbance of PE at 566 nm. 
The SA-PE–AF647 complex was then incubated with 6-fold molar 
excess of biotinylated H-2Kb (SIINFEKL) monomers for 30 minutes 
at room temperature. For tetramer staining, a single-cell suspension 
was prepared and resuspended in PBS containing 2% FBS, Fc block 
anti-CD16/32 (2.4G2), and Fixable Aqua Live/Dead (Thermo Fisher 
Scientific). Decoy tetramer was added at a concentration of 5 to 10 nM 
and incubated at 4°C for 10 minutes before addition of PE-conjugated 
Kd, I-Ed, and/or Ld tetramer and incubated on ice for 30 minutes. For 
all other tetramers, tetramer staining was performed for 30 minutes 

As a consequence, the promiscuous interaction between Tregs 
and conventional T cells of different specificities with the same 
dendritic cells permits linked suppression.

The ability of tolerant donor-specific B cells to suppress naive 
B cells is reminiscent of Bregs that have the ability to suppress T 
cells. However, tolerant donor-specific B cells are not enriched 
for IL-10 production or other phenotypic markers associated with 
Bregs (Supplemental Figure 7). In fact, IL-10 has been reported to 
promote GC B cells, so canonical IL-10–producing Bregs should 
not directly suppress B cell responses (44, 45). Inhibition of the 
cytokine B cell–activating factor (BAFF) can facilitate B cell tol-
erance (reviewed in ref. 46). Consistent with the lack of B cell 
deletion in this CoB/DSC model of tolerance, the levels of cir-
culating BAFF were not reduced in tolerant recipients compared 
with naive mice, or in MD4 hosts receiving tolerant or naive B 
cells (Supplemental Figure 8). Finally, Wallace et al. (47) reported  
that B cells suppress IgG responses via cell surface complexes 
formed between glycoprotein A repetitions predominant (GARP) 
and TGF-β. However, GARP expression is not upregulated in tol-
erant or suppressed B cells (Supplemental Figure 9). At present, 
the mechanism for donor-specific B cell–to–B cell infectious tol-
erance remains unknown. Tolerant B cells may represent a subset 
of Bregs that specializes in controlling B cells, not dissimilar to 
Treg subsets preferentially inhibiting Th1, Th17, or Tfh responses 
(48–50). Testing if tolerant B cells and Bregs are part of a broader  
subset of B cells and plasma cells that regulate select arms of adap-
tive immunity awaits the identification of a lineage-specific tran-
scription factor for Bregs.

T follicular regulatory (Tfr) cells have been reported to reg-
ulate GC B cell responses, raising the possibility that B cell tol-
erance might be dependent on the effects of Tfr cells (reviewed 
in ref. 51). Herein, we demonstrate that mice lacking Tfr cells  
(Bcl6fl/fl Foxp3Cre [Bcl6FC] mice) (52, 53) and treated with CoB/
DSC were able to accept F1 allografts and did not develop DSAs 
(Supplemental Figure 10A). Furthermore, upon AdTr into MD4 
hosts, B cells from tolerant Bcl6FC recipients remained intrinsi-
cally unable to produce DSAs (Supplemental Figure 10, B and C). 
We also did not observe differences in the frequencies of endog-
enous Tfr in MD4 recipients of naive versus tolerant B cells from 
WT mice (Supplemental Figure 10, D and E). These observations 
suggest that Tfrs are not necessary for the induction of B cell toler-
ance induced by CoB and murine heart transplantation.

In summary, our studies revealed that B cell tolerance is rapidly 
induced in the absence of costimulation and in the presence of an 
allogeneic heart. B cell tolerance is characterized by a cell-intrinsic 
inability to differentiate into DSA-producing cells, and a preserved 
ability to function as APCs to stimulate cognate T cell differentia-
tion into Tfh cells. Unexpectedly, tolerant B cells were able to sup-
press naive B cell production of IgG in an antigen-specific manner, 
providing a potential explanation for why these cells are maintained 
in tolerant recipients. Identifying the mechanisms of tolerant B cell 
dysfunction and suppression may lead new ways to control DSA 
production and promote long-term graft survival in the clinic.

Methods
Mice. Eight- to 12-week-old female C57BL/6 (B6, H-2b) mice and 6- to 
8-week-old female BALB/c (B/c, H-2d) mice were purchased from the 

https://www.jci.org
https://www.jci.org
https://www.jci.org/130/7
https://www.jci.org/articles/view/132814#sd
https://www.jci.org/articles/view/132814#sd
https://www.jci.org/articles/view/132814#sd
https://www.jci.org/articles/view/132814#sd
https://www.jci.org/articles/view/132814#sd
https://www.jci.org/articles/view/132814#sd


The Journal of Clinical Investigation   R E S E A R C H  A R T I C L E

3 4 6 4 jci.org      Volume 130      Number 7      July 2020

82, Invitrogen), CD90.2 (53-2.1, catalog 47-0902-82, Invitrogen), 
CD4 (RM4-5, catalog 563106, BD Biosciences), CD45.1 (A20, catalog 
45-0453-82, eBioscience), CD45.2 (104, catalog 47-0454-80, Invitro-
gen), Vβ8.3 (1B3.3, catalog 553664, BD Biosciences), CXCR5 (L138D7, 
catalog 145503, BioLegend), PD-1 (J43, catalog 46-9985-80, eBio-
science), GARP (YG1C86, catalog 46-9891-82, Invitrogen), CD93 
(AA4.1, catalog 136512, BioLegend), TIM-1 (RMT1-4, catalog 119505, 
BioLegend), CD5 (53-7.3, catalog 25-0051-81, eBioscience), CD1d 
(IB1, catalog 17-0011-82, Invitrogen), CD21 (7E9, catalog 123418, Bio-
Legend), CD23 (B3B4, catalog 25-0232-82, eBioscience), and CD40 
(3/23, catalog 561845, BD Pharmingen). For intracellular staining, 
samples were fixed with a Foxp3 Fix/Perm buffer set according to the 
manufacturer’s instruction (eBioscience). Samples were then intra-
cellularly stained with antibodies against Ki-67 (B56, catalog 561283, 
BD Biosciences), Glut-1 (EPR3915, ab195359, Abcam), Nur77 (12.14, 
catalog 46-5965-82, eBioscience), IRF4 (3E4, catalog 25-9858-82, 
eBioscience), and Foxp3 (FJK-165, catalog 53-5773-82, Invitrogen). 
For mitochondrial mass staining, cells were incubated 20 minutes at 
37°C with 200 nM MitoTracker Green (catalog M7514, Invitrogen) to 
measure mitochondrial content. All cell samples were run on a BD LSR 
II flow cytometer or LSRFortessa HTS, both with BD FACSDiva v8.0.2 
software. In certain experiments, cells were sorted on a BD FACSAria 
lllu with BD FACSDiva v6.1.3.

Drug treatment. Mice received 100 μg (i.v.) CpG ODN 1826 (type 
B) (catalog IAX-200-002, Innaxon) on day 0, 50 μg CpG (i.p.) on days 
1 and 2, and 100 μg (i.v.) agonistic anti-CD40 (FGK4.5, BioXCell) on 
days 0 and 7.

In vitro stimulation assay. Single-cell suspensions were prepared 
from spleens and peripheral lymph nodes from naive, AR, or tolerant 
Nur77GFP mice and then incubated with decoy tetramers as described 
above. The cells were then enriched with Anti-PE MicroBeads (cat-
alog 130-048-801, Miltenyi Biotec) before flow sorting. Sorted I-Ed-
Neg, I-Ed-Lo, and I-Ed-Hi B cells were plated for subsequent in vitro 
stimulation assays. Briefly, 96-well tissue culture plates (catalog CLS 
3595, Corning) were coated with 100 μL of purified streptavidin (cata-
log 280302, BioLegend) (5 μg/mL) prepared in 1× PBS and incubated 
overnight at 37°C. For the rest of the procedure, plates were washed 
with 0.05% (vol/vol) Tween 20 (Sigma-Aldrich) in PBS. Biotinylated 
I-Ed monomer (100 μL of 1 μg/mL) was added and incubated at room 
temperature for 2 hours and washed. Sorted B cells were cultured in 
complete RPMI 1640 (catalog 112-024-101, Quality Biological Inc.) in 
tissue culture plates uncoated or coated with streptavidin-bound bioti-
nylated monomer. Anti–IgM F(ab′)2 (catalog 115-006-020, Jackson 
ImmunoResearch Laboratories) was added to the wells loaded with 
Tet-Neg B cells to be used as a positive control. Plates were then incu-
bated at 37°C and harvested after 6 or 12 hours. The cells were then 
stained for CD69, Nur77, and IRF4, as described above.

Flow cytometric analysis of intracellular IL-10 production. Purified 
B cells from WT naive, naive, and tolerant IL-10.GFP reporter mice 
were resuspended (2 × 106 cells/mL) in RPMI 1640 medium contain-
ing 10% FBS, 200 μg/mL penicillin, 200 U/mL streptomycin, 4 mM 
L-glutamine, 5 × 10–5 M 2-ME (all from Life Technologies) with LPS (10 
μg/mL, Escherichia coli serotype 0111:B4, Sigma-Aldrich), ionomycin 
(500 ng/mL, Sigma-Aldrich), PMA (50 ng/mL, Sigma-Aldrich), and 
monensin (2 μM, eBioscience) for 8 to 10 hours in incubator as previ-
ously described (29). IL-10 was detected by EGFP reporter expression. 
Cells from WT littermates were used as negative controls.

at room temperature before the addition of monoclonal antibodies for 
phenotyping. For 5 × 106 cells, saturating concentrations of Kd, I-Ed, or 
Ld tetramer (0.1 μg), and pKd:I-Ab tetramer (0.5 μg) were used.

Cell enrichment and adoptive transfer. Single-cell suspensions from 
spleens and pooled lymph nodes (branchial, inguinal, axillary) of B6, 
tolerant (≥POD 60), or TCR75 TCR–Tg mice were prepared. The fol-
lowing biotinylated antibodies were used for B or T cell enrichment 
by negative selection: anti-CD4 (GK1.5, catalog 100404, BioLeg-
end), anti-CD8a (53-6.7, catalog 100704, BioLegend), anti–γδ TCR 
(eBioGL3, catalog 13-5711-85, Invitrogen), anti-F4/80 (BM8, catalog 
123106, BioLegend), anti-49b (DX5, 108904, BioLegend), anti-NK1.1 
(PK136, catalog 108704, Invitrogen), anti-CD11b (M1/70, catalog 
101204, BioLegend), anti-CD11c (N418, catalog 117304, BioLegend), 
anti–Ly-6G/Ly-6C (RB6-8C5, catalog 108404, BioLegend), anti-
CD19 (6D5, catalog 115504), and anti-IgMb (AF6-78, catalog 406204, 
BioLegend). Cells were incubated for 20 minutes at 4°C followed by 
washing before incubating with streptavidin magnetic beads for 10 
minutes at room temperature (catalog 88817, Thermo Fisher Scientif-
ic). Labeled cells were separated using a magnetic particle concentra-
tor (Dynal, Invitrogen). Purity of both B cells and T cells was greater 
than 95%, as determined by flow cytometry using a BD LSR II. In other 
experiments, murine B cells were enriched using a Pan-B Cell Isola-
tion Kit (Miltenyi Biotec), while CD4+ T cells were isolated by negative 
selection using the CD4 T Cells Isolation Kit (Miltenyi Biotec). For 
AdTr studies, 2 × 107 naive or tolerant B cells, 5 × 106 B6 T cells, and 
1 × 103 CD4+ TCR75 cells were administered i.v. into MD4 recipients 
followed by immunization with or without B/c, C3H, or F1(C3H × B/c) 
DSCs. In other experiments, 2 × 107 naive or tolerant B cells only were 
injected i.v. into CD45.1/IgHa recipients.

DSA quantification. B/c, F1, or C3H DCSs were harvested and 
their red blood cells were lysed with 2 mL ammonium chloride–
potassium (ACK) lysing buffer for 2 minutes (Quality Biological). 
DSCs (1 × 106) were incubated with 3 μL of serum from naive, sen-
sitized, transplanted, or MD4 recipients for 1 hour at 4°C. Then 
the cells were washed and incubated with anti-CD19 (1D3, catalog 
550992, BD Biosciences), goat anti–mouse IgG (H+L) (catalog 1031-
02, Southern Biotech), IgG2c (catalog 1079-02, Southern Biotech), 
or biotinylated mouse anti–mouse IgG1[a] (10.9, catalog 553500, 
BD Pharmingen) for 30 minutes at 4°C, and in certain experiments, 
FITC-conjugated streptavidin (catalog 554060, BD Biosciences) 
was added as secondary antibody for 20 minutes. MFIs of the CD19–

IgG+ cells were measured by flow cytometry using a BD LSR II and 
BD FACSDiva software v8.0.2.

Antibodies and flow cytometry. Samples were prepared with approx-
imately 1 × 107 cells per tube. The following antibodies were used for 
surface staining at 4°C: CD49b (DX5, catalog 485971-82, Invitrogen), 
CD11b (M1/70, catalog 101224, BioLegend), CD11c (N418, catalog 
48-0114-82, eBioscience), NK1.1 (PK136, catalog 48-5941-82, eBio-
science), Ter-119 (Ter-119, catalog 48-5921-82, eBioscience), F4/80 
(BM8, catalog 48-4801-82, Invitrogen), CD19 (eBio1D3, catalog 
48-0193-82, eBioscience), CD3 (17A2, catalog 48-0032-82, eBio-
science), B220 (RA3-6B2, catalog 563103, BD Biosciences), IgD (11-
26c.2a, catalog 405716, BioLegend), Fas (Jo2, catalog 557653, BD 
Biosciences), T and B Cells Activation Antigen (GL7, catalog 553666, 
BD Biosciences), CD80 (16-10A1, catalog 104721, BioLegend), CD69 
(H1.2F3, catalog 104520 and catalog 104541, BioLegend), IgM (II/41, 
catalog 743325, BD Biosciences), IgG (polyclonal, catalog 46-4010-
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