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Abstract

BACKGOUND: B cells contribute to chronic transplant rejection by producing donor-specific 

antibodies and promoting T cell response, but how these processes are regulated at the 

transcriptional level remains unclear. Herein, we investigate the role of transcription factor 

interferon regulatory factor 4 (IRF4) in controlling B cell response during chronic transplant 

rejection.

METHODS: We generated the Irf4gfp reporter mice to determine IRF4 expression in B cell 

lineage. We then used mice with B cell-specific IRF4 deletion to define the role of IRF4 in B 

cell response after NP-KLH immunization or allogeneic heart transplantation. In particular, graft 

survival and histology, as well as B and T cell responses, were evaluated after transplantation.

RESULTS: IRF4 is dynamically expressed at different stages of B cell development and is 

absent in germinal center (GC) B cells. However, IRF4 ablation in the B cell lineage primarily 

eliminates GC B cells in both naïve and NP-KLH immunized mice. In the transplantation setting, 

IRF4 functions intrinsically in B cells and governs allogeneic B cell responses at multiple levels, 
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including GC B cell generation, plasma cell differentiation, donor-specific antibody production, 

and support of T cell response. B cell-specific IRF4 deletion combined with transient CTLA4-Ig 

treatment abrogates acute and chronic cardiac allograft rejection in naïve recipient mice but not in 

donor skin-sensitized recipients.

CONCLUSIONS: B cells require IRF4 to mediate chronic transplant rejection. IRF4 ablation 

in B cells abrogates allogeneic B cell responses and may also inhibit the ability of B cells to 

prime allogenic T cells. Targeting IRF4 in B cells represents a potential therapeutic strategy for 

eliminating chronic transplant rejection.

Introduction

Both B cells and T cells play important roles in the rejection of transplanted organs.1–3 

Inhibition of T cell activation and expansion with immunosuppressive drugs has greatly 

improved transplant outcomes;1 however, T cell-based immunosuppression remains less 

effective to prevent chronic transplant rejection, a process that is mainly characterized 

by arteriosclerosis and interstitial fibrosis in allografts.4, 5 B cells have been shown to 

promote chronic rejection by producing donor-specific antibodies (DSA).6 Binding of DSA 

to donor endothelium activates complement and recruits phagocytic cells, and sequentially 

contributes to vascular injury and chronic graft loss.7–10 To prevent chronic rejection and 

graft loss over time, it is important to define how B cells produce DSA in response to organ 

transplantation.

Germinal centers (GC) are formed when activated B cells enter lymphoid follicles. Activated 

B cells in GC (termed GC B cells) undergo a dynamic process and differentiate into 

either plasma cells that secret high-affinity antibodies or memory B cells.11 Several key 

transcription factors regulate the generation of GC B cells and the differentiation of plasma 

cells. B cell lymphoma 6 (Bcl6) is highly expressed in GC B cells and controls their 

generation. In the absence of Bcl6, GC formation and Ig affinity maturation are significantly 

impaired.12 B lymphocyte-induced maturation protein 1(Blimp-1) is not required for the 

generation of GC B cells but is essential for the differentiation of plasma cells.13 Interferon 

regulatory factor 4 (IRF4) belongs to the IRF family of transcription factors. IRF4 is 

preferentially expressed in immune cells and controls their differentiation and function. In 

B cells, IRF4 is essential for both the generation of GC B cells and the differentiation into 

plasma cells.14, 15 In the setting of transplantation, it is unknown how IRF4 regulates GC B 

and plasma cells, and the subsequent development of DSA and chronic rejection.

Here we generated and characterized the Irf4gfp reporter mice and found that IRF4 was 

dynamically expressed at different stages of B cell development. We then investigated the 

role of IRF4 in regulating B cell response during chronic rejection. We found that in 

the presence of transient CTLA4-Ig treatment, IRF4 deletion in B cells inhibited chronic 

rejection and induced long-term heart allograft survival. Mechanistically, IRF4 deletion in B 

cells abolished Bcl6 expression in GC B cells, eliminated GC B and plasma cells, abrogated 

the production of de novo IgG1 DSA, and impaired Th1 and follicular helper T (Tfh) cell 

response. Hence, IRF4 is required for B cells to mediate chronic allograft rejection.
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Material and Methods

Mice

Balb/c, Irf4fl/fl, and Cd19-Cre mice were purchased from Jackson Laboratory (Bar Harbor, 

ME). Irf4fl/fl mice were crossed to Cd19-Cre mice to generate Irf4fl/flCd19-Cre+/– mice 

(indicated as Irf4fl/flCd19-Cre mice throughout the text). We designed the Irf4gfp reporter 

mice and requested Jackson Laboratory Model Generation Services to generate this mouse 

strain. All animal experiments were approved by the Institutional Animal Care and Use 

Committee at Houston Methodist Research Institute.

Flow cytometric analysis

Flow cytometric analysis of lymphocytes has been previously described.16 Detailed 

information is provided in Supplementary Material.

NP-KLH immunization and ELISA

Irf4fl/fl control and Irf4fl/flCd19-Cre mice were immunized with NP-KLH. Host immune 

response to NP-KLH was determined by ELISA17, 18 and flow cytometry analysis. Detailed 

information is provided in Supplementary Material.

Heart and skin transplantation

Irf4fl/fl and Irf4fl/flCd19-Cre mice were transplanted with Balb/c skins and hearts as 

previously described.16, 19 Detailed information is provided in Supplementary Material.

Tissue histology and morphometric analysis of graft arteries

Hematoxylin & eosin (H&E) staining and Verhoeff-Van Gieson (VVG) staining were 

performed on paraffin sections of heart allografts. For morphometric analysis of coronary 

arteries from the allograft sections, images of arteries were captured digitally with a light 

microscope (Nikon Eclipse 80i, Nikon, Japan). ImageJ software (NIH, Bethesda, MD) 

was used to calculate areas of lumen and intima of each artery in VVG-stained images. 

Neointimal index was used to indicate the degree of lumen occlusion of each artery, which 

was calculated by neointimal volume (intimal area value – luminal area value)/stent volume 

(intimal area value) × 100.20

Detection of DSA in serum

Serum samples from transplant recipients were used for detecting DSA. Detailed 

information is provided in Supplementary Material.

Statistics

Data were represented as mean ± SD and analyzed with Prism version 8 (GraphPad 

Software). The P values of heart graft survival were determined by the log-rank test. Other 

measurements were performed using unpaired Student’s t-test. Differences were considered 

significant when P < 0.05.
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Results

IRF4 is dynamically expressed at different stages of B cell development

To determine the role of IRF4 in allogeneic B cell responses, we first assessed the 

expression levels of IRF4 in the B cell lineage. To this end, we generated the Irf4gfp reporter 

mice, in which a P2A.GFP_P2A.DTR_stop cassette was inserted immediately after the last 

exon of WT B6 mouse Irf4 by using the CRISPR/Cas9 technique (Supplemental Figure 1).

Irf4gfp reporter mice at 8 weeks of age were used to determine IRF4 expression at different 

stages of B cell development. Living CD45+ cells from bone marrows were analyzed by 

flow cytometry according to the Hardy Fraction gating strategy.21, 22 As shown in Figure 

1A, CD43highB220+ cells were segregated into Hardy fractions A (Pre-Pro-B), B (pro-B), 

and C (early Pre-B) based on different expressions of CD24 and BP-1. CD43mid/lowB220+ 

cells were segregated into Hardy fractions D (late Pre-B), E (immature B), and F (mature 

B) based on different expressions of IgD and IgM (Figure 1A). By gating on each Hardy 

fraction, we found that the expression level of IRF4-GFP was low in Pre-Pro-B cells, 

gradually increased in pro-B and early Pre-B cells, peaked in late Pre-B and immature B 

cells, and then declined in mature B cells (Figure 1B,C).

Living CD45+ splenocytes were analyzed by using the gating strategy depicted in Figure 

1D. Immature B (IB) cells in spleens were CD93+B220+, whereas mature B (mB) cells were 

CD93–B220+. Mature B cells were segregated into follicular B (Fol B) and marginal zone 

B (MZ B) cells based on different expressions of CD21 and CD23. Fol B cells contained 

IgD+IgM– naïve B cells (Figure 1D). By gating on each B cell subset, we found that most 

immature B cells highly expressed IRF4-GFP. The expression level of IRF4-GFP was then 

gradually decreased in MZ B, Fol B, and naïve B cells (Figure 1E,F). Moreover, CD45+ 

splenocytes of naïve mice contained low frequencies of B220–CD138+ plasma cells (PCs) 

and B220+GL7+Fas+ germinal center (GC) B cells. We found that GC B cells almost 

completely lost IRF4-GFP expression, whereas PCs highly expressed IRF4-GFP (Figure 

1G,H).

We briefly analyzed B cell subsets in peritoneal cavity. Supplemental Figure 2A shows the 

gating strategy for detecting IRF4-GFP expression in B1a, B1b and B2 cell subsets. The 

expression level of IRF4-GFP in B2 cells was significantly lower than those of B1a and B1b 

cells (Supplemental Figure 2). Taken together, IRF4 is dynamically expressed at different 

stages of B cell development.

Ablation of IRF4 eliminates GC B cells

To determine whether IRF4 controls B cell development, we generated the Irf4fl/flCd19-

Cre mice, in which IRF4 was conditionally deleted only in B cells. Irf4fl/fl control and 

Irf4fl/flCd19-Cre mice at 8 weeks of age were used for flow cytometry analysis. Compared 

with Irf4fl/fl control mice, IRF4 deletion in B cells (Irf4fl/flCd19-Cre mice) did not affect 

the absolute numbers of CD45+ immune cells in spleens and bone marrows (Figure 2A). By 

comparing Hardy fractions A-F in bone marrows between Irf4fl/fl control and Irf4fl/flCd19-

Cre mice, we found that IRF4 deletion in B cells significantly reduced the frequency 
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of the pro-B cell subset (Hardy fraction B), but did not affect the frequencies of other 

developmental B cell subsets (Figure 2B,C).

By comparing B cell subsets in spleens between Irf4fl/fl control and Irf4fl/flCd19-Cre mice, 

we found that IRF4 deletion in B cells significantly reduced the frequencies of mature B and 

Fol B cells, and increased the frequency of MZ B cells (Figure 2D,E). Figure 2F shows the 

representative plots for detecting GC B cells in spleens. Importantly, deletion of IRF4 in B 

cells almost completely eliminated the GC B cell population (Figure 2F,G).

Moreover, IRF4 deletion in B cells significantly reduced B1a cell frequency and increased 

B2 cell frequency in peritoneal cavity (Supplemental Figure 3). Taken together, ablation of 

IRF4 in B cells affects the frequencies of several B cell subsets, and particularly eliminates 

GC B cells.

Ablation of IRF4 in B cells abrogates the production of antigen-specific antibodies in 
response to NP-KLH immunization

To investigate whether deletion of IRF4 impairs B cell function, Irf4fl/fl control and 

Irf4fl/flCd19-Cre mice were immunized with NP-KLH in alum on day 0. Serum samples 

were collected on days −1, 7, and 14 for detecting NP-KLH–specific antibodies using 

ELISA (Figure 3A). Prior to immunization (day −1), NP-specific antibodies were 

undetectable in serum samples of both mouse groups. Post immunization (days 7 and 

14), serum samples from Irf4fl/flCd19-Cre mice contained significantly lower amounts of 

anti-NP-25 IgG1 (total anti-NP-KLH IgG1 antibodies) and anti-NP-5 IgG1 (high-affinity 

anti-NP-KLH IgG1 antibodies) than those of Irf4fl/fl control mice. Indeed, NP-KLH/Alum 

immunization largely failed to induce the production of anti-NP-25 IgG1 and anti-NP-5 

IgG1 in Irf4fl/flCd19-Cre mice. Serum samples from Irf4fl/flCd19-Cre mice also contained 

significantly lower amounts of anti-NP-25 IgM than those of Irf4fl/fl control mice at day 7 

post immunization (Figure 3B).

Splenocytes and bone marrow cells were obtained on day 14 for flow cytometry analysis. 

The gating strategy for detecting NP-specific GC B cells (NP+IgG1+GL7+CD38– cells 

among B220+DUMP– cells) was shown in Figure 3E. We found that the frequencies 

of total GC B cells (Figure 3C,D), NP-specific GC B cells (Figure 3E,F), and plasma 

cells (Figure 3G,H) in Irf4fl/flCd19-Cre mice were significantly lower than those of 

Irf4fl/fl control mice. In addition, Irf4fl/flCd19-Cre mice also contained significantly less 

CD44+CXCR5+Bcl6+PD-1+ follicular helper T (Tfh) cells in spleens than that of Irf4fl/fl 

control mice (Figure 3I,J). Therefore, ablation of IRF4 abrogates B cell response to NP

KLH.

Ablation of IRF4 in B cells alone fails to prevent acute allograft rejection

To determine whether IRF4 expression in B cells regulates DSA production and affects 

transplant outcomes, fully MHC-mismatched Balb/c heart allografts were transplanted into 

either Irf4fl/fl control or Irf4fl/flCd19-Cre mice on day 0. We found that IRF4 deletion in B 

cells (Irf4fl/flCd19-Cre mice) did not prolong cardiac allograft survival (Figure 4A). At day 

7 post-transplant, heart allografts from both groups exhibited massive cellular infiltration 

and severe tissue damage (Figure 4B). Serum samples were collected on days 0 (prior to 
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grafting), 7, and 14 for assessing DSA levels. The basal IgG1 DSA serum level prior to 

grafting was comparable in the two groups. However, IRF4 deletion in B cells significantly 

reduced the production of de novo IgG1 DSA at day 14 post-transplant (Figure 4C).

Splenocytes and bone marrow cells were analyzed on day 14. IRF4 deletion in B cells did 

not alter the number of splenocytes in heart allograft recipients (Supplemental Figure 4). In 

line with the impaired production of de novo IgG1 DSA, Irf4fl/flCd19-Cre recipients had 

significantly lower frequencies of GL7+Fas+ GC B cells (Figure 4D,E) and CD138+B220– 

plasma cells (Figure 4F,G) in spleens than did Irf4fl/fl recipients. IRF4 deletion in B 

cells did not affect the frequencies of CD4+CD62L–CD44+ T cells (Figure 4H,I) and 

CD44+CXCR5+Bcl6+PD1+ Tfh cells (Figure 4J,K) in transplant recipients. Therefore, IRF4 

deletion in B cells alone impairs IgG1 DSA production but fails to prevent acute allograft 

rejection.

Deletion of IRF4 in B cells abrogates DSA production and inhibits chronic allograft 
rejection in CTLA4-Ig treated mice

We investigated whether deletion of IRF4 in B cells would affect transplant outcomes 

when acute cellular rejection is inhibited. Irf4fl/fl control or Irf4fl/flCd19-Cre mice were 

transplanted with Balb/c hearts on day 0, and were treated with 250 μg CTLA4-Ig on 

days 0 and 2 (Figure 5A). All heart allografts were chronically rejected within 50 days in 

CTLA4-Ig–treated Irf4fl/fl recipients (MST = 37.1 ± 8.32 days). By contrast, none of the 

CTLA4-Ig–treated Irf4fl/flCd19-Cre recipients rejected the heart allografts (MST >100 days) 

(Figure 5B). Hence, ablation of IRF4 in B cells induces transplant acceptance in CTLA4-Ig 

treated mice.

Serum samples were collected from recipients on day 0 (prior to transplant) and then weekly 

for 5 weeks post-transplant. The serum IgG1 level remained low in both groups for 3 

weeks, and was increased at weeks 4 and 5 in CTLA4-Ig–treated Irf4fl/fl control but not 

Irf4fl/flCd19-Cre recipients (Figure 5C). Thus, ablation of IRF4 in B cells abrogates the 

production of de novo DSA in CTLA4-Ig treated recipients.

Histologically, heart allografts from CTLA4-Ig–treated Irf4fl/fl recipients at day 35 

post-transplant developed severe chronic rejection, characterized by perivascular cellular 

infiltration and severe neointima formation. By contrast, heart allografts from CTLA4-Ig–

treated Irf4fl/flCd19-Cre recipients displayed minimal vascular injury and near absence of 

neointima formation at day 35 post-transplant, and also displayed significantly less signs of 

chronic rejection even at day 100 post-transplant (Figure 5D,E). Therefore, ablation of IRF4 

in B cells inhibits chronic rejection in CTLA4-Ig treated recipients.

Ablation of IRF4 in B cells inhibits allogeneic B cell and T cell responses in CTLA4-Ig 
treated recipients

To investigate the cellular mechanisms of allograft acceptance in our model, splenocytes 

and bone marrow cells were obtained from the CTLA4-Ig–treated Irf4fl/fl control or 

Irf4fl/flCd19-Cre recipients at day 35 post heart grafting, followed by flow cytometry 

analysis. Irf4fl/flCd19-Cre recipients displayed significant decreases in splenocyte number 

and B cell frequency than did Irf4fl/fl recipients (Figure 6A and Supplemental Figure 
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5). Importantly, compared with Irf4fl/fl recipients, Irf4fl/flCd19-Cre recipients contained 

significantly lower frequency of GC B cells (Figure 6B,C) and their GC B cells barely 

expressed Bcl6 (Figure 6D,E). Irf4fl/flCd19-Cre recipients also contained significantly lower 

frequency of plasma cells than did Irf4fl/fl recipients (Figure 6F,G). Expression levels of 

Bcl6 in plasma cells, as well as Blimp-1 in GC B and plasma cells, were not significantly 

different between the two recipient groups (Supplemental Figure 6).

Compared with Irf4fl/fl control recipients, Irf4fl/flCd19-Cre recipients displayed significantly 

lower frequencies of CD44+CXCR5+Bcl6+PD-1+ Tfh cells (Figure 6H,I), CD4+CD62L–

CD44+ T cells (Figure 6J,K), and IFN-γ producing Th1 cells (Figure 6L,M). IL-17A 

producing Th17 cells were barely detectable in both groups (Figure 6L,M). Taken together, 

ablation of IRF4 in B cells inhibits allogeneic B cell and T cell responses in CTLA4-Ig 

treated recipients.

Ablation of IRF4 in B cells fails to prevent heart allograft rejection in skin-sensitized mice

To determine whether IRF4 deletion in B cells affects heart allograft survival in recipients 

that are pre-sensitized to donor antigens, Irf4fl/flCd19-Cre and Irf4fl/fl control recipients 

were transplanted with Balb/c skin allografts. Thirty days later, recipient mice were 

transplanted again with Balb/c heart allografts and treated with four doses of 250 μg 

CTLA4-Ig on days 0, 2, 4, and 6 post-heart transplantation (Supplemental Figure 7A). 

All those Balb/c heart allografts were acutely rejected in both Irf4fl/flCd19-Cre and control 

recipients (Supplemental Figure 7B). Compared with Irf4fl/fl recipients, Irf4fl/flCd19-Cre 
recipients contained significantly lower frequencies of GC B cells (Supplemental Figure 

7C,D) and plasma cells (Supplemental Figure 7E,F). Nevertheless, both recipient groups 

have more than 30% CD62L–CD44+ effector memory-like cells within splenic CD4+ T cells 

(Supplemental Figure 7G,H). These findings suggest that pre-sensitization with Balb/c skin 

allografts generates potent memory T cell response to acutely reject the later transplanted 

Balb/c heart allografts, which could not be effectively inhibited by IRF4 deletion in B cells 

plus CTLA4-Ig.

Discussion

We found that IRF4 was most highly expressed in immature B cells and was barely 

expressed in GC B cells. However, deletion of IRF4 largely spared immature B cells but 

most significantly eliminated GC B cells. We further found that IRF4 deletion abrogated the 

expression of GC regulator Bcl6.12 This possibly explains why IRF4 is barely expressed in 

GC B cells but controls their generation. In consistent with our findings, Willis S et al. have 

indicated that although IRF4 is absent in GC B cells, it is required for the development of 

early GC B cells.23 Moreover, Ochiai K et al. have reported that transient IRF4 expression is 

sufficient to activate Bcl6 gene and support the later generation of GC B cells.24

We found that IRF4 deletion in B cells largely eliminated plasma cells in transplant 

recipients. This elimination of plasma cells may be due to the lack of GC B cells upon IRF4 

deletion. Of note, IRF4 itself is required for the differentiation of plasma cells, as deletion 

of IRF4 until after the generation of GC B cells still eliminates post-GC plasma cells.25 

Overall, the deletion of IRF4 in B cells eliminates GC B/plasma cells and subsequently the 
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production of IgG1 DSA, which correlates well with the inhibition of chronic rejection in 

our model.

Compared with CTLA4-Ig–treated Irf4fl/fl control recipients, CTLA4-Ig–treated 

Irf4fl/flCd19-Cre recipients contained significantly lower frequencies of Tfh cells, IFN-γ 
producing Th1 cells, and CD4+CD62L–CD44+ T cells at day 35 post-transplant. Thus, 

deletion of IRF4 in B cells inhibits the recovery of T cell response after the transient 

CTLA4-Ig treatment. Indeed, B cells can function as antigen-presenting cells and are 

involved in T-cell mediated transplant rejection.26–29 Ng Y et al. showed that B cell 

deficiency does not affect acute skin allograft rejection but reduces the frequency of IFN-γ 
producing T cells during the memory phase.26 Tfh cell differentiation is a multistage and 

multifactorial process. The late stage of Tfh cell differentiation involves GC.30 Lack of GC 

B cells may be one of the reasons why graft-accepted Irf4fl/flCd19-Cre recipients contained 

fewer Tfh cells.

B cell response in transplantation is unique, as allogeneic B cells remain 

chronically alloantigen-exposed, still responsive to alloantigens under T cell-targeted 

immunosuppression.8 Detailed investigation into the molecular mechanisms of this 

distinctive B cell response may provide insight for better B cell targeting in transplant 

therapy. This study probed the transcriptional regulation in B cells, focusing on a heart 

transplantation model in which CTLA4-Ig inhibited T cell-mediated acute rejection. We 

demonstrated the importance of B cells in promoting chronic rejection by deleting a single 

transcription factor IRF4 in B cells. Mechanistically, IRF4 is intrinsically required for 

allogeneic B cell response at multiple levels, including GC B cell generation, plasma cell 

differentiation, DSA production, and support of T cell response. Further analysis of the 

IRF4-controlled gene networks in B cells will open a new avenue to unveil the anti-graft B 

cell response at the molecular level.

In summary, B cells require IRF4 to mediate chronic transplant rejection. We have 

previously reported that IRF4 in T cells dictates T cell responses against allografts.16, 19 

Hence, targeting IRF4 has the potential to eliminate both B and T cell responses to 

transplants, and represents an attractive therapeutic strategy for promoting transplant 

acceptance.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. IRF4 is dynamically expressed during B cell development.
Splenocytes and bone marrow (BM) cells were obtained from Irf4gfp reporter mice at 8 

weeks of age, followed by flow cytometry analysis. (A-C) Analysis of IRF4 expression 

during B cell development in BM. (A) The gating strategy for identifying Hardy fractions 

A through F, highlighted in red font. (B and C) Representative contour plots (gated on each 

indicated Hardy fraction) and the graph display % IRF4-GFP+ cells in each Hardy fraction. 

(D-H) Analysis of IRF4 expression in B cell subsets in spleen. (D) The gating strategy for 

detecting immature B (IB), mature B (mB), marginal zone B (MZ B), follicular B (Fol B), 
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and naïve B cells. (E and F) Representative plots (gated on each indicated B cell subset) and 

the graph show % IRF4-GFP+ cells in each B cell subset. (G) Representative plots display 

the gating of plasma cells (PC) and GC B cells (left panels), and % IRF4-GFP+ cells in PC 

and GC B cells (right panels). (H) The graph shows % IRF4-GFP+ cells in PC and GC B 

cells. Data in C, F and H are shown as mean ± SD (n = 3) and are from one experiment that 

is representative of two independent experiments.
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Figure 2. Ablation of IRF4 in B cells eliminates GC B cells.
Splenocytes and bone marrow (BM) cells were obtained from Irf4fl/flCd19-Cre or Irf4fl/fl 

control mice at 8 weeks of age, followed by flow cytometry analysis. (A) Total numbers 

of CD45+ splenocytes and femur BM cells in indicated mouse groups. Data are shown 

as mean ± SD and are from one experiment that is representative of two independent 

experiments. (B and C) Representative contour plots and the bar graph display % Hardy 

fraction subsets A to C in CD43highB220+ BM cells and % Hardy fraction subsets D to 

F in CD43mid/lowB220+ BM cells. Data in C are shown as mean ± SD and are from one 

experiment that is representative of two independent experiments. (D and E) Representative 

plots and bar graphs show % mB and IB cells in splenic B cells, % Fol B and MZ B cells 

in mB cells, and % naïve B cells in Fol B cells. (F and G) Representative plots and the bar 

graph show % GC B cells in CD45+CD4–CD8–B220+ splenic B cells. Data in E and G are 

shown as mean ± SD and are from one experiment that is representative of two independent 

experiments. ns, P > 0.05; *P < 0.05; ***P < 0.001 by unpaired Student’s t test.
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Figure 3. Ablation of IRF4 in B cells abrogates the production of antigen-specific antibody in 
response to NP-KLH immunization.
Irf4fl/fl control and Irf4fl/flCd19-Cre mice were immunized with NP-KLH in alum on day 0. 

Serum samples were collected on days −1, 7, and 14 for ELISA. Splenocytes and BM cells 

were obtained on day 14 for flow cytometry analysis. (A) Schematic of the experimental 

design. (B) Optical density (OD) values indicate the presence of anti-NP-5 (αNP-5) IgG1, 

anti-NP-25 (αNP-25) IgG1, and anti-NP-25 (αNP-25) IgM in sera of indicated recipient 

groups. Test sera were diluted 1:8100. (C and D) Representative contour plots and the bar 
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graph show % Fas+GL7+ GC B cells in splenic B cells. (E and F) % NP-specific GC B 

cells (NP+IgG1+GL7+CD38–) in B220+DUMP– splenic B cells. DUMP includes antibodies 

against IgM, IgD, CD3, CD11b, CD11c, CD138, and Gr-1. (G and H) % CD138+B220– 

plasma cells (PC) in splenocytes and BM cells. (I and J) % CD44+CXCR5+PD-1+Bcl6+ Tfh 

cells in CD4+Foxp3– splenocytes. Data in B, D, F, H, and J are shown as mean ± SD (n = 5) 

and are from one experiment that is representative of two independent experiments. ns, P > 

0.05; *P < 0.05; **P < 0.01; ***P < 0.001 by unpaired Student’s t test.
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Figure 4. Ablation of IRF4 in B cells alone impairs IgG1 DSA production but fails to prevent 
acute allograft rejection.
Balb/c hearts were transplanted into Irf4fl/fl control or Irf4fl/flCd19-Cre mice. (A) % heart 

allograft survival (n = 9). ns, P > 0.05 by log-rank test. (B) H&E-stained sections (x200 

magnification) of heart allografts harvested at day 7 post-transplant. Scale bars indicate 50 

μm. (C) Serum samples were collected from transplant recipients at indicated days, and then 

incubated with Balb/c donor cells. The graph shows IgG1 MFI of CD45+ Balb/c donor cells. 

Data are shown as mean ± SD (n = 5) and are from one experiment that is representative 

of two independent experiments. (D and E) Representative contour plots and bar graphs 

show % GC B cells in splenic B cells. (F and G) % PC in splenocytes and BM cells. (H 
and I) % CD62L–CD44+ cells in CD4+ splenocytes. (J and K) % Tfh cells in Foxp3–CD4+ 

splenocytes. Data in E, G, I and K are shown as mean ± SD (n = 3) and are from one 
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experiment that is representative of two independent experiments. ns, P > 0.05; *P < 0.05 by 

unpaired Student’s t test.
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Figure 5. Deletion of IRF4 in B cells abrogates de novo DSA production and prevents chronic 
allograft rejection in CTLA4-Ig treated mice.
Irf4fl/fl control or Irf4fl/flCd19-Cre mice were transplanted with Balb/c hearts on day 0, and 

treated with 250 μg CTLA4-Ig on days 0 and 2. (A) Schematic of the experimental design. 

(B) % allograft survival after heart transplantation (HTx) (n = 9). ***P < 0.001 by log-rank 

test. (C) Serum samples were collected from transplant recipients at indicated days, and then 

incubated with Balb/c donor cells. The graph shows IgG1 MFI of CD45+ Balb/c donor cells. 

Data are shown as mean ± SD (n = 3) and are from one experiment that is representative 

Wang et al. Page 18

J Heart Lung Transplant. Author manuscript; available in PMC 2022 October 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



of two independent experiments. ns, P > 0.05; *P < 0.05 by unpaired Student’s t test. 

(D and E) Heart allografts were harvested from CTLA4-Ig–treated groups at indicated 

days post-transplant. (D) Representative images show the H&E- and VVG-stained sections 

(x200 magnification) of heart allografts. Scale bars indicate 50 μm. (E) Morphometric 

quantification (neointimal index) of cardiac allograft vasculopathy. Arteries in VVG-stained 

sections (four grafts per group) were analyzed. ***P < 0.001 by unpaired Student’s t test.
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Figure 6. Ablation of IRF4 in B cells abrogates allogeneic B and T cell response in CTLA4-Ig 
treated recipients.
Splenocytes and BM cells were obtained from CTLA4-Ig–treated Irf4fl/fl control (n = 4) or 

Irf4fl/flCd19-Cre recipients (n = 3) at day 35 after Balb/c heart transplantation, followed by 

flow cytometry analysis. (A) The bar graph shows % B cells in CD45+ splenocytes. (B and 

C) Representative contour plots and the bar graph show % GC B cells in splenic B cells. 

(D and E) % Bcl6+ cells (D) and Bcl6 MFI (E) in splenic GC B cells. (F and G) % PC in 

BM and splenic CD45+ cells. (H and I) % Tfh cells in Foxp3–CD4+ splenocytes. (J and K) 
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% CD62L–CD44+ T cells in CD4+ splenocytes. (L and M) % IFN-γ+ and IL-17+ T cells in 

CD4+ T cells. Data in A, C, E, G, I, K, and M are shown as mean ± SD and are from one 

experiment that is representative of two independent experiments. ns, P > 0.05; *P < 0.05; 

**P < 0.01; ***P < 0.001 by unpaired Student’s t test.
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