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Abstract

Background.—Transplant glomerulopathy (TG) is a pathologic feature of chronic active 

antibody-mediated rejection (cAMR) and is associated with renal allograft failure. The specific 

role of B cells in the pathogenesis of TG is unclear.

Methods.—We utilized a minor mismatched rat kidney transplant model with B cell deficient 

recipients, generated by CRISPR/Cas9 technology, to investigate the impact of B cell depletion on 

the pathogenesis of TG. We hypothesized B cell deficiency would prevent TG in the rat kidney 

transplant model of cAMR. Treatment groups included syngeneic, allogeneic, sensitized 

allogeneic, and B cell deficient allogeneic transplant recipients.

Results.—B cell deficient recipients demonstrated reduced TG lesions, decreased microvascular 

inflammation, reduced allograft infiltrating macrophages, and reduced IFNγ transcripts within the 

allograft. Allograft transcript levels of IFNγ, MCP, and IL-1β correlated with numbers of 

intragraft macrophages. B cell deficient recipients lacked circulating donor-specific antibodies and 

had an increased splenic T regulatory cell population.

Conclusions.—In this model of cAMR, B cell depletion attenuated the development of TG with 

effects on T cell and innate immunity.
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INTRODUCTION

Over recent decades, the field of kidney transplantation has advanced in the diagnosis and 

treatment of acute rejection. However, improvements in maintaining long-term allograft 

survival have been of substantially smaller magnitude and remain a major challenge in 

clinical practice. Approximately half of transplanted kidneys fail within 10 years of 

transplantation.1 The predominant cause of late allograft failure is chronic active antibody-

mediated rejection (cAMR).2,3 Transplant glomerulopathy (TG) is a diagnostic feature of 

cAMR and is a common finding in allografts failing due to cAMR.4,5 TG is defined as the 

duplication of the glomerular basement membrane, confirmed by visualization with electron 

or light microscopy.4 The cumulative incidence of TG increases over time; approximately 

20% of allograft biopsies demonstrate TG within 5 years after transplantation.6 The 

incidence of TG is greater in high-risk populations and is found in up to 55% of sensitized 

recipients.7 Once TG develops, it is associated with poor clinical outcomes including 

allograft failure and patient mortality.5–10 Therefore, TG represents a common problem 

encountered in transplant recipients and carries a large impact on allograft and patient 

survival.

During AMR, donor-specific antibodies (DSA) injure the allograft endothelium, resulting in 

remodeling of the vessel walls and ultimately generating glomerular pathology in the form 

of TG.11 Eventually the nephron ceases to function and kidney failure ensues.11 To date, no 

therapeutics have shown efficacy to reverse the trajectory to allograft failure from TG, 

constituting a major unmet clinical need.12 The role of B cell-directed therapy in cAMR is 

unclear as clinical trials of B cell targeted therapies show conflicting results. Pretransplant B 

cell-directed therapy with anti-CD20 therapy (rituximab) as part of induction may prevent 

cAMR.13,14 However, other studies found B cell-directed therapy with induction did not 

reduce the incidence of acute rejection.15–17 Similarly, rituximab as treatment for active 

AMR improved allograft survival in some studies,18–21 but not in others.22–24 Reasons for 

these discrepant findings may, in part, be due to the limited ability of rituximab to 

completely eliminate DSA.25 The ability of B cell depletion to prevent allograft failure due 

to cAMR and TG remains unclear.

The transplant animal model is an important tool to investigate the pathogenesis of cAMR 

and allows us to study the role of B cells in more detail than in clinical studies. Along these 

lines, the Fischer-344 to Lewis rat kidney transplant model is a well-established model for 

the study of chronic rejection.26–28 A major advantage of this model is that it replicates the 

clinical pathology of cAMR seen in kidney transplant patients, including TG.29 Whether it is 

possible to prevent formation of the chronic pathologic lesions due to cAMR, such as TG, 

via B cell depletion remains unknown. In order to investigate the impact of B cell depletion 

to prevent the development of TG, we utilized a minor mismatched rat kidney transplant 

model with genetically B cell deficient recipients. The genetically B cell deficient recipients 

were generated by CRISPR/Cas9 technology with a targeted deletion in the gene encoding 

IgM, which results in an early truncation of IgM.30 Since membrane immunoglobulin 

expression is mandatory for B cell maturation, this genetic modification produces a very 

early block of B cell production. We hypothesized B cell deficiency would prevent TG 

lesions in a rat kidney transplant model of cAMR.
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MATERIALS AND METHODS

Study design

All procedures were performed in accordance with the National Institutes of Health 

Guidelines for the Care and Use of Laboratory Animals, the Public Health Service Policy on 

Humane Care and Use of Laboratory Animals, and a University of Wisconsin-Madison 

Institutional Animal Care and Use Committee protocol. Fischer and Lewis rats (Envigo) 

were housed in a pathogen-free animal care facility. Four experimental groups were 

included: 1) syngeneic, 2) allogeneic, 3) sensitized allogeneic, and 4) B cell deficient (B−/−) 

allogeneic kidney transplant recipients (Figure 1). Syngeneic kidney transplants were 

performed between Lewis donor to Lewis recipient. Minor mismatch allogeneic kidney 

transplants were performed between Fischer donor (MHC haplotype RT1lv1) to Lewis 

recipient (MHC haplotype RT1l), as previously described.31 Sensitized allogeneic Lewis 

recipients received an intravenous blood transfusion from a Fischer donor 21 days prior to 

kidney transplant. Allogeneic B−/− Lewis recipients received a kidney transplant from a 

Fischer donor. B−/− Lewis rats were generated via clustered regularly interspaced short 

palindromic repeats (CRISPR)/Cas9 technology as described previously.30 Sample size was 

determined from prior published work.32,33 To avoid graft loss from acute T cell mediated 

rejection, all recipients were given cyclosporine (1.5 mg/kg/day) via intraperitoneal injection 

for 10 days. For the remainder of the experimental duration, recipients were free of 

immunosuppression. See Supplemental Methods for complete details on transplant 

microsurgery.

Donor-specific antibody assay

Recipient DSA measurement was performed as described previously.30 Donor splenocytes 

were incubated with recipient plasma, staining was measured by flow cytometry (BD LSR 

II), and analyzed using FlowJo (TreeStar, Inc., Ashland, OR). Antibodies used were directed 

against: IgG (112-096-003, Jackson ImmunoResearch), IgG1 (clone RG11/39.4, BD 

Biosciences, San Diego, CA), IgG2a (clone RG7/1.30, BD Biosciences), IgG2b (clone 

RG7/11.1, BD Biosciences), IgG2c (biotinylated clone A92-1, BD Biosciences), IgM (clone 

G53-238, BD Biosciences), and CD3 (clone 1F4, BioLegend; or clone G4.18, BD 

Biosciences).

Flow cytometry

Single cell suspension of splenocytes were stained for B cells, T cells, and macrophages and 

analyzed by flow cytometry (BD LSR II) using FlowJo software (TreeStar, version 10.5.3), 

as previously described.32 B cell subsets were identified as transitional B cells (CD3−IgD
+CD45R+CD38+CD24++) or naïve B cells (CD3−IgD+CD45R+CD27−). T cell subsets were 

identified as T helper cells (CD3+CD4+), cytotoxic T cells (CD3+CD8+), T regulatory cells 

(CD3+CD4+CD25+FoxP3+), or T follicular helper cells (CD3+CD4+CD278+CXCR5+). 

Antibodies for flow staining included: anti-CD3 (clone 1F4, BioLegend), anti-IgD (close 

MARD3, BioRad), anti-CD45R (B220) (clone HIS24 eBioscience), anti-CD38 (clone 14.27 

BioLegend), anti-CD24 (clone ML5, BD Horizon), anti-CD27 (clone LG.3A10, BD 

Horizon), anti-CD4 (clone W3/25, Biolegend), anti-CD8 (cloneOX-8, BioLegend), anti-

CD278 (clone C398.4A, BioLegend), anti-CXCR5 (clone EPR8837, Abcam), anti-CD25 
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(clone OX-39, BioLegend), and anti-FoxP3 (clone 150D, BioLegend). Ghost Dye Red 780 

Viability Dye was used in all experiments.

Histology and electron microscopy

Kidney tissue was fixed in formalin, embedded in paraffin, cut into 5 µm sections, and 

stained with hematoxylin and eosin, periodic acid-Schiff, or Jones’ Methenamine Silver 

stain. Light microscopy images were obtained on an Olympus BX51 microscope with an 

Olympus KP70 camera (Olympus America Inc.). Kidney pathology was scored according to 

Banff 2017 criteria4 by a transplant pathologist blinded to study groups.

Kidney tissue for electron microscopy was fixed in 2% glutaraldehyde/2% 

paraformaldehyde with 0.1 M cacodylic acid and 3% sucrose, embedded in resin, and cut 

into ultrathin sections. The total length of glomerular basement membrane (GBM) and 

duplicated GBM was measured on electron photomicrographs (William S. Middleton 

Memorial Veterans Hospital Electron Microscopy Facility) using Image J software (National 

Institute of Health). The proportion of duplicated GBM was calculated by dividing the 

length of duplicated GBM segment by the total length of GBM (Figure S1).

ELISA, immunohistochemistry, immunofluorescence microscopy, and immunoblotting

Serum levels of IgM and IgG were determined by ELISA according to manufacturer’s 

instructions (Affymetrix/Invitrogen, Inc.). Immunoperoxidase, immunofluorescence, and 

Western blot of kidney tissues were performed as previously described.30 Images for 

quantitative analysis were obtained on an Olympus BX51 microscope with an Olympus 

KP70 camera (Olympus America Inc.) and quantified using Image J (National Institute of 

Health). A transplant pathologist, blinded to study groups, counted the number of CD68+ 

cells within 20 glomeruli per allograft and determined the mean number of CD68+ cells per 

glomerulus. Immunoblot was performed on kidney lysates and reported as relative protein 

levels normalized to glyceraldehyde 3-phosphate dehydrogenase (GAPDH). Antibodies 

directed at the following were used: CD68 (clone ED1, Biorad), GAPDH (clone 6C5, 

Abcam), C3 (55463, MP Biomedicals), C4d (12-5000, American Research Products), CD3 

(ab5690, Abcam).

Reverse transcriptase polymerase chain reaction analysis

Total RNA was extracted from frozen kidney tissue with Trizol (Life Technologies) and 

purified using the RNAeasy kit (Qiagen). cDNA was synthesized using the SuperScript IV 

first-strand synthesis system (Invitrogen). TaqMan gene expression assays (Applied 

Biosystems) were run on a 7500 Reverse Transcriptase polymerase chain reaction (PCR) 

System (Applied Biosystems). Mean cycle threshold (CT), standard deviation and ∆∆CT 

normalized to syngeneic animals were determined for IL-1β (Rn00580432_m1), IL-6 

(Rn01410330_m1), IFNγ (Rn00594078_m1), MCP (Rn00580555_m1), and GAPDH 

(Rn01775763_g1).

Mixed lymphocyte reaction, ELISpot assay, and cellular proliferation

Recipient (Lewis [MHC haplotype RT1l]) lymph node cells were isolated from mesenteric 

lymph nodes and labeled with CellTrace Violet (Invitrogen). Donor (Fischer [MHC 
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haplotype RT1lv1]) splenocytes were isolated and irradiated with a dose of 20 Gy. Cells were 

cocultured for 3 days. IFNγ production of Lewis lymph node cells in response to stimulation 

with donor splenocytes, anti-CD3 (BioLegend, 201401), and anti-CD28 (BioLegend, 

200902). IFNγ production was determined by IFNγ ELISpot kit (R&D Systems) and 

measured on an automated ELISpot reader. Proliferation of Lewis lymph node cells was 

measured by CellTrace Violet Cell Proliferation kit (Invitrogen) and T cell populations were 

identified by flow cytometry. Data were analyzed using FlowJo software (TreeStar, version 

10.5.3) and proliferation was calculated using the proliferation module of FlowJo.

Statistical analysis

Data were analyzed using Prism statistical software (GraphPad Software, Version 6.07). 

Continuous variables are presented as means ± standard deviation. Ordinal data, such as 

Banff scores, are presented as counts and proportions of cases with a defined score. One-

way ANOVA followed by a post hoc Tukey’s multiple comparisons test was used to 

compare multiple independent groups. Pearson correlation was used to assess the 

associations between allograft transcript and macrophage levels. A P value less than 0.05 

was considered significant.

RESULTS

B cell deficient recipients lacked donor-specific antibodies, B cells, and immunoglobulins

Recipient DSA levels were determined by flow cytometry (Figure 2A). IgM and IgG DSA 

were not present in B−/− allogeneic recipients at 3 or 6 months (B−/− allogeneic compared to 

allogeneic and sensitized allogeneic groups, 1-way ANOVA P<0.0001). IgG DSA subclasses 

(IgG1, IgG2a, IgG2b, and IgG2c) were not present in B−/− allogeneic recipients. Allogeneic 

recipients generated higher IgG DSA levels compared to syngeneic recipients (P<0.001 at 

both 3 and 6 months). Sensitized allogeneic recipients developed greater IgM and IgG DSA 

levels compared to allogeneic recipients (P<0.001 for both 3 and 6 months).

Flow cytometry was performed to enumerate splenic B cells. Figure 2B demonstrates 

transitional B cells (CD3−IgD+CD45R+CD38+CD24++) and naïve B cells (CD3−IgD
+CD45R+CD27−) were absent in B−/− allogeneic compared to syngeneic, allogeneic, and 

sensitized allogeneic recipients (1-way ANOVA, P< 0.0001).

Circulating total IgM and IgG levels were determined by ELISA on serum collected from 

recipients 6 months after transplant (Figure 2C). IgM and IgG were not present in B−/− 

allogeneic recipients (B−/− allogeneic compared to pretransplant wild-type Lewis rats, 

syngeneic, allogeneic, and sensitized allogeneic groups, 1-way ANOVA P< 0.0001).

B cell deficiency reduced microvascular inflammation within the allograft

Banff scoring was performed on all kidney allografts by a renal pathologist. Figure 3 shows 

the distribution of Banff scores for glomerulitis, peritubular capillaritis, and microvascular 

inflammation by treatment group. Glomerulitis was less frequent in B−/− allogeneic 

compared to allogeneic allografts (3 months: 67% of B−/− allogeneic versus 100% of 

allogeneic allografts had a g score ≥ 1, P<0.0001; 6 months: 50% of B−/− allogeneic versus 
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100% of allogeneic allografts had a g score ≥ 1, P<0.0001). Peritubular capillaritis was less 

frequent in B−/− allogeneic compared to allogeneic allografts (3 months: 17% of B−/− 

allogeneic versus 73% of allogeneic allografts had a ptc score ≥ 1, P<0.0001; 6 months: 0% 

of B−/− allogeneic versus 70% of allogeneic allografts had a ptc score ≥ 1, P<0.0001). The 

proportion of allografts with microvascular inflammation was less in B−/− allogeneic 

compared to allogeneic allografts (3 months: 17% of B−/− allogeneic versus 82% of 

allogeneic allografts had an mvi score ≥ 2, P<0.0001; 6 months: 0% of B−/− allogeneic 

versus 62% allografts had an mvi score ≥ 2, P<0.0001).

B cell deficiency attenuated transplant glomerulopathy

The majority of chronic glomerulopathy (cg) lesions were at the Banff 1a score level, i.e. 

visible by electron microscopy only. Since the cg score is based on the extent of glomerular 

basement membrane (GBM) double contours, we performed quantitative measurements of 

the length of GBM with duplication visualized by electron microscopy for each transplant 

recipient (Figure 4). GBM duplication was reduced in B−/− allogeneic recipients compared 

allogeneic recipients at 6 months (P<0.0001), and compared to sensitized allogeneic 

recipients at 6 months (P<0.0001).

Allogeneic recipients developed a higher proportion of duplicated GBM compared to 

syngeneic recipients at 6 months (P<0.0001). Sensitized allogeneic recipients had a greater 

amount of GBM duplication compared to allogeneic recipients at 6 months (P<0.0001). 

Collectively, these data highlight an attenuation of GBM duplication in B−/− allogeneic 

allografts compared to the more extensive GBM duplication in allogeneic and sensitized 

allogeneic allografts.

C4d deposition was observed in the allografts of sensitized allogeneic recipients

To examine the nature of complement deposition within the allograft, kidney sections were 

stained for C4d and C3 (Figure 5). Levels of C4d deposition were greater in allogeneic 

allografts than in syngeneic allografts at 6 months after transplant (P<0.05). Sensitized 

recipients had the highest levels of C4d within the allograft (P<0.0001 for 3 and 6 month 

sensitized allogeneic versus allogeneic recipients). C4d deposition was reduced in B−/− 

recipients compared to sensitized recipients (P<0.0001 at 3 and 6 months). Deposition of C3 

was primarily located in the glomeruli. Sensitized recipients had the highest levels of C3 

staining (P<0.05 for 6 month sensitized versus allogeneic recipients).

B cell deficiency reduced intragraft macrophages

Allograft infiltrating macrophages were assessed by quantitative immunohistochemistry, 

immunoblot of CD68 protein within allograft lysates, and quantitative analysis of 

glomerulitis due to macrophages (Figure 6). Immunohistochemistry demonstrated allogeneic 

recipients had a greater amount of intragraft macrophages than syngeneic recipients (P<0.05 

at both 3 and 6 months). Sensitized allogeneic recipients had the highest levels of intragraft 

macrophages (P<0.05 for 3 and 6 month sensitized allogeneic compared to allogeneic 

recipients). B−/− allogeneic recipients had reduced intragraft macrophages compared to 

sensitized allogeneic recipients at 3 (P<0.05) and 6 months (P<0.01, Figure 6A–B). Western 

blot of CD68 protein from kidney lysates demonstrated allogeneic recipients had greater 
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levels of CD68 protein than syngeneic recipients (P<0.05 at both 3 and 6 months, Figure 

6C). The highest levels of CD68 were seen in allografts from sensitized allogeneic recipients 

(P<0.05 for 3 and 6 month sensitized compared to allogeneic recipients). B−/− allogeneic 

recipients had reduced levels of CD68 protein compared to allogeneic recipients at 6 months 

(P<0.05) and compared to sensitized recipients at 3 (P<0.01) and 6 months (P<0.05). To 

evaluate the contribution of glomerulitis to the development of TG, a transplant pathologist 

counted the number of CD68+ cells within 20 glomeruli per allograft and then determined 

the mean number of CD68+ cells per glomerulus (Figure 6D). Fewer CD68+ cells per 

glomerulus were seen in B−/− allografts at 3 and 6 months compared to sensitized recipients 

(P<0.05 for both). Thus, a reduction in intragraft macrophages, glomerular macrophages, 

and glomerulitis in B−/− animals may contribute to the reduced prevalence of TG in B−/− 

recipients.

B cell deficiency reduced IFNγ intragraft transcript levels

Quantitative reverse transcription polymerase chain reaction (RT-qPCR) was used to assess 

transcript levels of cytokines and chemokines within the allograft (Figure 7). Transcripts 

were normalized to GAPDH and the fold-change was determined relative to syngeneic 

allograft transcript levels. IFNγ transcript levels in B−/− allogeneic recipients were reduced 

compared to allogeneic recipients at 3 months and compared to sensitized allogeneic 

recipients at 3 and 6 months (P<0.05 for all). IL-1β transcript levels were decreased in B−/− 

allogeneic recipients compared to sensitized allogeneic recipients at 6 months (P<0.05). 

There were no significant differences in IL-6 or MCP transcript levels across treatment 

groups at either time point.

Intragraft transcript levels of IL-1β, IFNγ, and MCP correlated with levels of intragraft 
macrophages

The levels of CD68 protein, as determined by immunoblot of whole kidney lysate, correlated 

with allograft transcript levels of IL-1β (P<0.001, R2=0.61), IFNγ (P=0.005, R2=0.33), and 

MCP (P=0.001, R2=0.40) (Figure 8). A similar trend was observed between CD68, 

determined by quantitative immunohistochemistry, and allograft transcript levels. Levels of 

CD68 from quantitative immunohistochemistry correlated with allograft transcript levels of 

IL-1β (P<0.001, R2=0.37), IFNγ (P=0.04, R2=0.14), and MCP (P=0.002, R2=0.31). The 

differences in P and R2 values between immunoblot and immunohistochemistry correlations 

are likely reflective of immunoblot data generated from whole kidney lysate and 

immunohistochemistry performed on renal cortical areas only. There was no correlation 

between IL-6 transcript levels and CD68 determined by either immunoblot or 

immunohistochemistry. No correlations were observed between numbers of glomerular 

CD68+ cells and intragraft cytokine transcript levels.

B cell deficient recipients had better allograft function following transplant

Blood was collected at 3 and 6-month time points for analysis of serum creatinine and BUN 

levels (Table 1). B−/− allogeneic recipients had lower serum creatinine than allogeneic 

recipients at 3 months (P=0.02). B−/− allogeneic recipients had lower BUN levels than either 

allogeneic (P=0.01) or sensitized allogeneic recipients (P=0.04) at 6 months.
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B cell deficiency increased splenic T regulatory cell populations

To investigate the effect of B cell depletion on T cell populations, splenocytes were analyzed 

by flow cytometry (Figure 9A). We observed an increased population of splenic T regulatory 

cells (CD3+CD4+CD25+FoxP3+) in B−/− allogeneic recipients at 6 months posttransplant 

compared to other groups (P<0.05 for all). T follicular helper cells 

(CD3+CD4+CD278+CXCR5+) were elevated in sensitized allogeneic recipients compared to 

allogeneic recipients at 6 months posttransplant (P=0.01). To determine if splenic cell 

populations were broadly affected due to the deficit of B cells within the spleen, we 

examined the additional leukocyte population of macrophages. B cell deficiency did not 

impact numbers of splenic macrophages (Figure 9A). Quantitative histologic analysis of 

kidney sections revealed no differences in total CD3+ T cells in the allograft between 

treatment groups.

B cell deficiency impact on T cell function and proliferation in vitro

To evaluate the impact of B cell deficiency on donor-specific T cell reactivity, we examined 

IFNγ production of recipient lymphoid cells by ELISpot assay in a mixed lymphocyte 

reaction of recipient (Lewis) lymph node cells cocultured with irradiated donor (Fischer) 

splenocytes (Figure 9B). Recipient cell cultures were treated with media, donor antigen 

(irradiated donor cells), T cell stimulation (anti-CD3 and anti-CD28), or a combination of 

donor antigen with T cell stimulation (irradiated donor cells with anti-CD3/CD28). In 

response to T cell stimulation with donor antigen, B cell deficient lymphoid cells increased 

IFNγ production compared to all other groups (P<0.0001 by 1-way ANOVA). This 

demonstrates the T cells from B cell deficient recipients have the ability to respond to donor 

antigen in vitro.

To assess the effect of B cell deficiency on T cell proliferation, we performed a mixed 

lymphocyte reaction and tracked cell division by flow cytometry. Recipient lymph node cells 

were labeled with Cell Trace Violet and cultured with media, irradiated donor (Fischer) 

cells, T cell stimulation (anti-CD3 and anti-CD28), or irradiated donor cells with anti-CD3/

CD28. In Figure 9C, representative histograms of the proliferation distribution for all 

dividing cells in culture (Cell Trace Violet positive) in culture with anti-CD3/CD28 are 

shown. The inset black bar graphs show the distribution of cells by number of generations of 

division (generations 1 through 6). Typically, the maximum number of resolvable 

generations is 8, as this is the point at which fluorescence due to the tracer approaches 1%.34 

The distribution of cells in generations 1 through 6 demonstrate adequate staining and ability 

to resolve generations. The replication index (or fold expansion of responding cells) was 

determined for recipient CD4+ T cells in culture (Figure 9D). There were no differences in 

the in vitro replication index of CD4+ T cells across groups (P=NS by 1-way ANOVA). 

Analysis of CD8+ T cells also demonstrated no differences in replication index across 

groups (P=NS by 1-way ANOVA). Thus, T cells from B cell deficient recipients 

demonstrated similar proliferative function in response to donor antigen as in other 

experimental groups.
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DISCUSSION

In this study, we demonstrated B cell deficiency attenuated development of TG in a rat 

model of cAMR. In addition to the impact on glomerular basement membrane pathology, B 

cell deficiency reduced microvascular inflammation, macrophage infiltration, and IFNγ 
transcripts within the allograft compared to allogeneic recipients. Increased transcript levels 

of IFNγ, IL-1β, and MCP correlated with increased macrophage numbers within the 

allograft. B cell deficiency also corresponded to a reduction in circulating DSA levels and 

increased T regulatory cell populations within lymphoid tissues. In vitro, T cells from B cell 

deficient recipients demonstrated the functional ability to respond to donor-specific antigen 

with increased production of IFNγ.

The role of B cell depletion in the treatment of clinical cAMR remains an area of debate. 

Some retrospective clinical studies demonstrated B cell depletion as a viable therapeutic 

strategy for AMR,18,19 while several clinical trials have not.24,35 Thus, a better 

understanding of the role of B cells in cAMR and TG is needed.36 Animal models are 

informative in this regard. Our study demonstrated complete B cell deficiency throughout 

the transplant course lessened the extent of TG. The attenuated TG lesions may be the result 

of a less inflammatory microenvironment within the allograft, as we observed B cell 

depletion reduced intragraft IFNγ transcript levels, microvascular inflammation, and 

infiltrating macrophages. A recent study in a mouse model of cAMR demonstrated 

prophylactic depletion of B cells by anti-CD20 antibody improved allograft survival.37 

However, if anti-CD20 was administered once high DSA titers had developed, B cell therapy 

did not prevent allograft failure due to cAMR.37 Taken together, these findings support a 

role of B cell therapeutics in cAMR and suggest the timing and duration of B cell depletion 

impacts allograft inflammation.

In this study, complete B cell deficiency attenuated, but did not completely eliminate, TG. 

Low levels of glomerulitis were detected by Banff score and immunohistochemistry for 

CD68+ cells within the glomerulus in the B cell deficient group. Nonhuman primate studies 

of the natural history of AMR demonstrate the progression from glomerulitis to subsequent 

TG, and eventually to overt renal dysfunction (proteinuria and increased creatinine).11 

Clinical studies demonstrate 95% of patients who developed TG had a preceding biopsy 

with glomerulitis.38 Additionally, glomerulitis due to increased intraglomerular monocytes 

was associated with glomerular capillary wall remodeling, elevated IL-1β and IL-6 

production by peripheral mononuclear cells, and a decline in renal function in kidney 

transplant patients.39 It is likely that some degree of ongoing glomerulitis contributed to the 

mild TG lesions seen in the B cell deficient group of our model.

We found the highest amount of allograft C4d deposition in the sensitized allogeneic 

recipient group. C4d deposition in the B−/− allogeneic recipients was not significantly 

different compared to the allogeneic recipients; this lack of difference in C4d between these 

2 groups could be due to the transient nature of C4d staining in the chronic setting.40,41 

Additionally, while the classical pathway of complement is viewed as the primary means of 

complement activation during AMR, it is interesting to consider other pathways that result in 

C4d beyond the classical pathway. This is a consideration, as generation of C4d occurs with 
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activation of the lectin pathway of complement. Recent studies demonstrate the lectin 

pathway can be activated by binding ligands on injured, ischemic, or dying cells.42,43 Thus, 

there is potential for cell injury to activate the lectin pathway through this mechanism and 

result in C4d deposition. Along these lines, lectin pathway activation was identified during T 

cell mediated rejection, AMR, and delayed graft function, and mannose-binding lectin levels 

were associated with severity of rejection and allograft failure.44–47 Thus, the potential 

exists for multiple pathways of the complement system to contribute to allograft injury.

We observed allografts from B cell deficient recipients had lower levels of intragraft 

macrophages. These findings are consistent with previous work, by ourselves and others, in 

which B cell depletion reduced intragraft macrophages in acute rejection in rodent transplant 

models.30,48 Recent clinical studies highlight the importance of intragraft macrophages; 

intragraft macrophages correlated with severity of rejection, development of interstitial 

fibrosis, and lower allograft and patient survival.49–52 Macrophages are recruited to the 

allograft by monocyte chemotactic protein (MCP, also known as C-C motif chemokine 

ligand 2 (CCL2)). In the current study, MCP transcript levels correlated with increased 

intragraft macrophages. Once macrophages have infiltrated into the allograft, they 

demonstrate a high degree of plasticity in response to their microenvironment and can 

generate inflammatory, fibrotic, or reparative responses. An environment rich in IFNγ drives 

macrophages towards a proinflammatory phenotype.53 Proinflammatory macrophages 

generate potent cytokines (such as IL-1 and IL-6), which can promote tissue injury and have 

been associated with development of transplant glomerulopathy in transplant patients.54 We 

observed an association between increased intragraft macrophages and allograft IFNγ and 

IL-1β transcript levels. B cell deficient recipients had a significant reduction in allograft 

IFNγ transcripts, likely reflective of a less inflammatory microenvironment within the 

allograft in the setting of B cell deficiency.

Clinical studies of gene transcripts identified IFNγ, chemokine, and macrophage-associated 

transcripts among the top profiles in the setting of TG or cAMR.55–58 Among patients with 

TG, increased IFNγ transcripts were associated with allograft failure compared to those 

without allograft failure.59,60 In agreement with clinical cohorts and mouse models of 

rejection in which increased IFNγ transcripts were present in rejection,61–63 we found 

higher levels of IFNγ transcripts in the allogeneic and sensitized allogeneic groups 

compared to the B cell deficient group in our rat model of cAMR. IFNγ enhances MHC 

expression on renal microvascular endothelial cells,64,65 which increases antigen availability 

and, thus, contributes to the pathogenesis of cAMR (microvascular inflammation and TG).

In this model, the changes in histology were more extensive than the differences in renal 

function. This observation of allograft pathology in the setting of preserved or mild renal 

dysfunction is analogous to subclinical AMR as observed in human studies.66 Clinical 

studies utilizing protocol biopsies demonstrate subclinical AMR (evidence of glomerulitis 

and/or capillaritis along with DSA) with preserved renal function.67 Studies demonstrated 

that at 1-year follow-up, patients with subclinical AMR are at risk for interstitial fibrosis/

tubular atrophy, reduced GFR, and are at high risk for development of TG (43% for those 

with prior subclinical AMR compared to 0% for those without).68 Additionally, subclinical 

AMR at 1 year after transplant was independently associated with an increased risk of 
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allograft failure.69 We suspect had we conducted a longer experiment we would observe 

further progression of allograft pathology with subsequent development of overt renal 

dysfunction.

We observed a shift towards T regulatory cell populations in spleens of B cell deficient 

recipients at 6 months posttransplant. This is consistent with our previous study, which we 

demonstrated increased splenic T regulatory cells in acute rejection in the B cell deficient rat 

strain.30 A recent study utilizing a mouse kidney transplant model given inhibitors directed 

at B Cell Activating Factor of the Tumor Necrosis Factor Family (BAFF) or dual blockade 

with BAFF and A Proliferation Inducing Ligand (APRIL) also found increased splenic T 

regulatory cells.70,71 Similar to our observations in animal models, numerous studies report 

an increase in T regulatory cells following B cell depletion with rituximab in human patients 

with lupus nephritis, nephrotic syndrome, and kidney transplant recipients with AMR.72–75 

However, not all clinical studies observed this. A recent study that included a cohort of 

patients treated with rituximab for AMR, desensitization, native glomerular disease, or 

autoimmune disease saw a nonsignificant trend of increased T regulatory cells in both 

rituximab treated and untreated patients.76 These discrepancies may be related to the mixed 

cohort, variations in rituximab dosing due to underlying diagnoses, and concurrent 

immunosuppressive medications.

In our study, we did not find enhanced T cell numbers in the allografts of B cell deficient 

recipients. In our in vitro studies, we demonstrated T cells from B cell deficient recipients 

retained the functional ability to produce IFNγ and proliferate in response to donor-specific 

stimuli. As we observed donor-specific T cell function in vitro, we suspect the lack of T cell 

infiltration into the allograft was due to a reduction in T cell homing to the allograft. This 

could be the result of lack of professional antigen presenting cells (B cells) to appropriately 

prime T cells, lack of DSA, and lack of sufficient allograft injury in B cell deficiency to 

stimulate T cell migration.

Our study has several limitations. We have limited sample sizes. Nevertheless, we did find 

significant differences in the setting of B cell deficiency with the current sample sizes. We 

suspect additional numbers would further strengthen these findings. Some cases of off-target 

effects of the CRISPR/Cas9 system have been reported.77 However, our rat colony generated 

by CRISPR/Cas9 technology has not demonstrated any adverse phenotypic effects after 

many generations.

In summary, we provide evidence that complete B cell deficiency during transplantation 

attenuated the development of TG in a model of chronic active AMR. As TG was attenuated 

but not eliminated, this demonstrates B cells are critical to the development of TG but not 

solely sufficient for its development. Contributions from additional arms of the immune 

system, such as innate immunity, likely contribute to microvascular injury and subsequent 

development of TG. Questions remain if TG can be halted or reversed at an early stage, such 

as when double contours first appear or when endothelial cell injury is identified by electron 

microscopy. Future studies of therapeutics to prevent and treat TG are needed involving a 

comprehensive immunologic assessment.
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ABBREVIATIONS

Allo allogeneic

B−/− B cell deficient

BUN blood urea nitrogen

C3 complement component 3

C4d complement component 4d

cAMR chronic active antibody-mediated rejection

CD cluster of differentiation

cg chronic glomerulopathy

CRISPR clustered regularly interspaced short palindromic repeats

DSA donor-specific antibody

ELISA enzyme-linked immunosorbent assay

ELISpot enzyme-linked immunosorbent spot assay

g glomerulitis

GAPDH glyceraldehyde 3-phosphate dehydrogenase

GBM glomerular basement membrane

IgG immunoglobulin G

IgM immunoglobulin M

IL interleukin

INFγ interferon gamma
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MCP monocyte chemoattractant protein-1

MFI mean fluorescence intensity

MHC major histocompatibility complex

mvi microvascular inflammation

ptc peritubular capillaritis

RNA ribonucleic acid

RT-qPCR quantitative reverse transcription polymerase chain reaction

Sens sensitized

Syn syngeneic

TG transplant glomerulopathy
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FIGURE 1. 
Study design included 4 experimental groups: syngeneic, allogeneic, sensitized allogeneic, 

and B cell deficient (B−/−) allogeneic kidney transplant recipients. Syngeneic transplants 

were performed between a Lewis donor and Lewis recipient. Allogeneic transplants were 

performed between a Fischer donor and Lewis recipient. Sensitized Lewis recipients 

received a blood transfusion from a Fischer donor 21 days prior to kidney transplantation 

from a Fischer donor. B−/− Lewis recipients received a kidney transplant from a Fischer 

donor. All recipients received cyclosporine for the first 10 days posttransplant and 

underwent native nephrectomy 10 days after transplant. Samples were collected at 3-month 

(light gray bars) or 6-month (dark gray bars) time points after transplantation. Group 

designations and sample sizes are indicated in the figure. CsA, cyclosporine; Tx, transplant.
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FIGURE 2. 
B−/− allogeneic recipients did not generate DSA, B cells, and immunoglobulins. A, B−/− 

allogeneic recipients did not develop IgM or IgG DSA compared to allogeneic or sensitized 

allogeneic recipients at 3 or 6 months (P<0.0001 in 1-way ANOVA). IgM and IgG DSA 

were increased in sensitized allogeneic compared to syngeneic recipients at both 3 and 6 

months compared to all other groups. B−/− allogeneic recipients did not generate any IgG 

DSA subtypes (IgG1, IgG2a, IgG2b, and IgG2c). B, B−/− allogeneic recipients lacked naïve 

and transitional splenic B cells compared to all other groups at 3 and 6 months (P<0.0001 in 
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1-way ANOVA). C, B−/− allogeneic recipients demonstrated absence of circulating total IgM 

and IgG at 6 months after transplant compared to pretransplant wild-type Lewis rats, 

syngeneic, allogeneic, and sensitized allogeneic recipients (P<0.0001 in 1-way ANOVA). 

Data presented as mean ± standard deviation. Data points on graph represent individual 

animals. Syn, syngeneic; Allo, allogeneic; Sens Allo, sensitized allogeneic; B−/− Allo, B cell 

deficient allogeneic; MFI, mean fluorescence intensity; Pre-Tx, pretransplant wild-type 

Lewis rats. *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001

Reese et al. Page 20

Transplantation. Author manuscript; available in PMC 2022 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



FIGURE 3. 
Banff scoring was performed on kidney allografts. The frequency of Banff scores for 

glomerulitis, peritubular capillaritis, and microvascular inflammation are shown by 

treatment group. g, glomerulitis; ptc, peritubular capillaritis; mvi, microvascular 

inflammation
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FIGURE 4. 
B cell deficiency attenuated the double contour lesions of transplant glomerulopathy. A, The 

mean proportion of length of GBM with double contours was quantified for each recipient. 

GBM double contours were reduced in B−/− allogeneic recipients compared to allogeneic 

recipients at 6 months and compared to sensitized allogeneic recipients at 3 and 6 months. 

Allogeneic recipients had a higher proportion of GBM with double contours compared to 

syngeneic recipients at 6 months. Sensitized allogeneic recipients had a greater percentage 

of GBM with double contours compared to allogeneic recipients at 6 months. Data presented 

as mean ± standard deviation. Data points on graph represent individual animals. P<0.0001 

by 1-way ANOVA, ****P<0.0001. B, Representative images of GBM duplication 

(arrowheads) as determined by electron microscopy are shown (3 month: magnification × 

15,000. 6 month: magnification × 8,000). Syn, syngeneic; Allo, allogeneic; Sens Allo, 

sensitized allogeneic; B−/− Allo, B cell deficient allogeneic; GBM, glomerular basement 

membrane.
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FIGURE 5. 
Intragraft deposition of complement proteins C4d and C3. A, At 6 months, C4d deposition 

was increased in allogeneic recipients compared to syngeneic recipients. Sensitized 

allogeneic recipients had greater deposition of C4d compared to allogeneic recipients at both 

time points. C4d deposition was reduced in B−/− allogeneic recipients compared to 

sensitized recipients at 3 and 6 months. P<0.0001 by 1-way ANOVA. B, Representative 

histology of C4d staining (brown stain) within the allograft is shown. Red arrows indicate 

peritubular capillaries with C4d deposition (magnification × 400). C, At 6 months, sensitized 

allogeneic recipients had greater C3 deposition compared to allogeneic recipients. P<0.0001 

by 1-way ANOVA. D, Representative immunofluorescence of C3 deposition (red) within the 

allograft is shown (magnification × 200). Data presented as mean ± standard deviation. Data 

points on graph represent individual animals. *P<0.05, ****P<0.0001. Syn, syngeneic; Allo, 

allogeneic; Sens Allo, sensitized allogeneic; B−/− Allo, B cell deficient allogeneic
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FIGURE 6. 
B cell deficiency reduced intragraft macrophages. A, Quantitative immunohistochemistry 

demonstrated increased levels of CD68 within allogeneic allografts compared to syngeneic 

allografts. Sensitized recipients had greater levels of CD68 within the allograft compared to 

allogeneic recipients. B−/− allogeneic recipients had reduced levels of CD68 compared to 

sensitized recipients. P<0.0001 by 1-way ANOVA. B, Representative histology of CD68 

deposition (brown stain, indicated by arrows) within the allograft is shown (magnification 

x200). C, CD68 protein was measured by immunoblot of kidney lysates and reported as 

relative protein level normalized to GAPDH. CD68 protein was increased in allogeneic 

compared to syngeneic allografts. Similarly, CD68 protein levels were greater in sensitized 

compared to allogeneic allografts. CD68 protein levels were decreased in allografts from B
−/− allogeneic recipients compared to allogeneic recipients at 6 months and compared to 

sensitized recipients at 3 and 6 months. P=0.0003 by 1-way ANOVA. D, The mean number 

of CD68+ cells per glomerulus were determined. There were fewer CD68+ cells per 

glomerulus in B−/− allogeneic recipients compared to sensitized allogeneic recipients. 

P=0.002 by 1-way ANOVA. Data presented as mean ± standard deviation. Data points on 

graph represent individual animals. *P<0.05, **P<0.01 Syn, syngeneic; Allo, allogeneic; 

Sens Allo, sensitized allogeneic; B−/− Allo, B cell deficient allogeneic
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FIGURE 7. 
B cell deficiency reduced intragraft transcript levels of IFNγ and IL-1β. A, IFNγ transcript 

levels were reduced in allografts of B−/− allogeneic recipients compared to allogeneic 

recipients at 3 months and compared to sensitized allogeneic recipients at 3 and 6 months. 

P=0.0007 by 1-way ANOVA. B, IL-1β transcript levels were decreased in allografts from B
−/− recipients compared to sensitized recipients at 6 months. P=0.002 by 1-way ANOVA. C 

and D, There were no significant differences in IL-6 or MCP transcript levels among 

treatment groups. Data presented as mean ± standard deviation. Data points on graph 

represent individual animals. *P<0.05. Syn, syngeneic; Allo, allogeneic; Sens Allo, 

sensitized allogeneic; B−/− Allo, B cell deficient allogeneic; NS, not significant
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FIGURE 8. 
Increased transcript levels of IL-1β, IFNγ, and MCP correlated with increased levels of 

intragraft macrophages, as determined by immunoblot of CD68 protein, from whole kidney 

lysates. Data points on graph represent individual animals. Pearson correlation values are 

given.
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FIGURE 9. 
A, Ex vivo splenic T cell populations were analyzed by flow cytometry. There was an 

increase in the populations of splenic T regulatory cells in B−/− allogeneic recipients 

compared to all other groups at 6 months, P<0.001 by 1-way ANOVA). T follicular helper 

cells were not elevated in B−/− allogeneic recipients compared to any other group. In contrast 

to the changes in T cell populations, splenic macrophages had no differences across all 

groups (P=NS by 1-way ANOVA). B, T cell function was assessed in vitro by determination 

of IFNγ production of recipient lymph node cells in a mixed lymphocyte reaction and 
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ELISpot assay. Recipient (Lewis) lymph node cells were cultured with media, irradiated 

donor (Fischer) cells, T cell stimulation (anti-CD3 and anti-CD28), or irradiated donor cells 

with anti-CD3/CD28. B cell deficient recipients demonstrated donor-specific T cell response 

by increased IFNγ production compared to all other groups (P<0.0001 by 1-way ANOVA). 

C and D, In vitro, the proliferation of T cells was assessed by mixed lymphocyte reaction 

and cell division was tracked by flow cytometry. Recipient lymph node cells were labeled 

with Cell Trace Violet and were cultured with media, irradiated donor (Fischer) cells, T cell 

stimulation (anti-CD3 and anti-CD28), or irradiated donor cells with anti-CD3/CD28. C, A 

representative experiment from each experimental group is shown for all proliferating cells 

in culture (Cell Trace Violet positive cells) treated with anti-CD3/CD28. The histograms 

show the proliferation distribution for all Cell Trace Violet positive cells. The inset bar 

graphs show the distribution of cells by number of generations of division (generations 1 

through 6), which demonstrated adequate ability to resolve generations. D, The replication 

index (or fold expansion of responding cells) was determined for recipient CD4+ T cells in 

culture. There were no differences in the in vitro replication index of CD4+ T cells across 

groups (P=NS by 1-way ANOVA). Data presented as mean ± standard deviation. Data points 

on graph represent individual animals. Syn, syngeneic; Allo, allogeneic; Sens Allo, 

sensitized allogeneic; B−/− Allo, B cell deficient allogeneic; NS, not significant; LN, lymph 

node; D*, irradiated donor (Fischer) cells; CTV, cell trace violet. *P<0.05, **P<0.01, 

****P<0.0001
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TABLE 1.

Kidney function by treatment group

Syngeneic Allogeneic Sensitized Allogeneic B−/− Allogeneic P value

Creatinine (mg/dL) 0.007

3 months 0.48 ± 0.13 0.61 ± 0.09
a 0.53 ± 0.05 0.48 ± 0.10

b

6 months 0.42 ± 0.12 0.51 ± 0.09 0.60 ± 0.17 0.44 ± 0.09

BUN (mg/dL) <0.0001

3 months 23.4 ± 2.9 26.3 ± 2.6
a 27.2 ± 1.5 26.0 ± 2.9

6 months 19.8 ± 3.0 24.1 ± 3.3
a 24.4 ± 4.0 23.4 ± 1.3

b,c

Data presented as mean ± standard deviation. P value determined by 1-way ANOVA with multiple comparisons.

a
P<0.05 for syngeneic versus allogeneic

b
P<0.05 for allogeneic versus B−/− allogeneic

c
P<0.05 for sensitized allogeneic versus B−/− allogeneic
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