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Abstract

Cardiac allograft vasculopathy (CAV) is associated with intragraft B cell infiltrates. Here, we 

studied the clonal composition of B cell infiltrates using 4 graft specimens with CAV. Using deep 

sequencing, we analyzed the immunoglobulin heavy chain variable region repertoire in both graft 

and blood. Results showed robust B cell clonal expansion in the graft but not in the blood for all 

cases. Several expanded B cell clones, characterized by their uniquely rearranged 

complementarity-determining region 3, were detected in different locations in the graft. Sequences 
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from intragraft B cells also showed elevated levels of mutated rearrangements in the graft 

compared to blood B cells. The number of somatic mutations per rearrangement was also higher in 

the graft than in the blood, suggesting that B cells continued maturing in situ. Overall, our studies 

demonstrated B cell clonal expansion in human cardiac allografts with CAV. This local B cell 

response may contribute to the pathophysiology of CAV through a mechanism that needs to be 

identified.
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1 | INTRODUCTION

Cardiac allograft vasculopathy (CAV) is a serious complication responsible for the majority 

of long-term graft failures following heart transplantation.1,2 Although the 

pathophysiological mechanisms of CAV are still poorly understood, B cells are now thought 

to be central to its development.3 In humans, B cells and plasma cells are frequently 

observed as diffuse or nodular infiltrates in the adventitia of the allograft coronary arteries in 

the context of CAV.4–7 The function of these cells, however, is still unclear. A closer 

examination is needed to understand how they participate in the local immune response 

associated with the development of CAV. In recent studies, we used chronically rejected 

cardiac allografts removed at time of retransplantation to characterize B cell infiltrates at the 

single cell level. Specifically, we derived 102 B cell clones from infiltrates around the 

coronary arteries of three different allografts and interrogated their reactivity. None of these 

cells was specific to donor HLA. In contrast, a majority of the clones displayed a 

polyreactive profile, characteristic of “innate” B cells.7 These findings revealed the nature of 

B cells present in transplanted human hearts during CAV. Here, we used next-generation 

sequencing to further examine the clonal composition of B cell infiltrates and compare their 

repertoire and diversity to that of circulating B cell populations found in the transplant 

recipients’ blood.

2 | METHODS

2.1 | Patients and biological specimens

Explanted cardiac tissue specimens and blood samples used in this study were collected 

from 4 patients with cardiac allograft vasculopathy during a second transplant procedure at 

Massachusetts General Hospital and Columbia University Medical Center. The study was 

approved by the Massachusetts General Hospital/Partners and Columbia University Medical 

Center Institutional Review Boards. Fresh, unfixed tissue samples were obtained in the 

operating room and collected from different areas of the allografts, including the right 

coronary artery (RCA), left anterior descending coronary artery (LAD), circumflex coronary 

artery (CIR), and the ventricular endomyocardium (Endo).
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2.2 | Immunohistochemistry and immunofluorescence

Fresh graft tissue samples were fixed in 10% phosphate buffered formalin (Thermo Fisher 

Scientific, Waltham, MA) and embedded in paraffin blocks. Five-micron sections were 

deparaffinized, and antigen retrieval was performed using a decloaker as previously 

described.7 The slides were rinsed and cooled in phosphate buffered saline. Endogenous 

peroxidase activity was blocked by incubation for 5 minutes with Dual Endogenous 

Enzyme-Blocking Reagent (Agilent, Santa Clara, CA, USA). Successive sections were then 

stained to assess for the expression of CD20 (Clone L26; Agilent). For immunofluorescence, 

the following antibodies were used: CD27 (clone EPR8569; Abcam, Cambridge, MA) and 

CD20 (Clone L26; Agilent). Donkey antirabbit (AF488; Life Technologies, Carlsbad, CA) 

and donkey anti-mouse (NL557; R & D Systems, Minneapolis, MN) were used as secondary 

antibodies.

2.3 | Immunoglobulin heavy chain variable region (IGHV) repertoire analysis

Fragments from the explant specimens that were approximately equal in size and that 

corresponded to tissue directly adjacent to the large vessels (right coronary artery, left 

descending CA, and circumflex CA) were cut and used for the IGHV analysis. Genomic 

DNA extracted from explanted graft tissue and peripheral blood mononuclear cells (PBMC) 

using DNeasy Blood & Tissue Kit (Qiagen, Hilden, Germany) and was shipped to Adaptive 

Biotechnology for sequencing. IGHV sequencing was carried out for all specimens using the 

next generation sequencing-based ImmunoSEQ platform. Briefly, the IGH complementarity-

determining region 3 (CDR3) region was amplified and sequenced from 400 ng of total 

genomic DNA using a multiplex polymerase chain reaction (PCR) system. A 130 base-pair 

fragment spanning each unique CDR3 and sufficient to identify the VDJ region was 

obtained. Additionally, primers are included so B cell precursor DJ rearrangements are also 

amplified. Amplicons were sequenced using the Illumina HiSeq platform. IGH V, D, and J 

gene definitions were identified using the IMGT database (www.imgt.org) and binned using 

a modified nearest-neighbor algorithm to merge closely related sequences and remove both 

PCR and sequencing errors. Data were analyzed using the ImmunoSEQ analyzer toolset and 

the R statistical language.

2.4 | IGHV mutation analysis

Nucleic acid sequence data for each sample were downloaded from ImmunoSEQ and 

processed with IgBLAST8 to annotate and align the sequences to the IMGT database 

(www.imgt.org) of known V, D, and J gene segments. Only productive sequences with a V 

segment alignment score >70 and annotated as containing a CDR3 were considered. For 

each read, the mutation level was calculated as the fraction of V segment nucleotides that 

differed from the best matching germline V segment. The fraction of reads with >0% 

mutation level (Figure 3A) and the mean mutation level over all reads in a sample (Figure 

3B) where calculated in R using the plyr package.

2.5 | Statistical methods

Summary statistics were obtained from the ImmunoSEQ website. Statistical analysis was 

performed using the R statistical programming language (version 2.15.2 [2012–10-26]) 
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within the RStudio wrapper (version 0.97.443), additional packages used include the plyr 

package (version 1.8). Graphs were made in R. A P < .05 was regarded as significant. To 

compare the proportion of CDR3 overlap between cardiac compartments and PBMC 

samples, we calculated proportion shared as (#CDR3 sequencing reads from clones found in 

both samples)/(# of total CDR3 sequencing reads from both samples). Significance was 

determined by the nonparametric Wilcoxon Mann-Whitney U test. Box-whisker plots were 

done in R using the ggplot2 package and show median (horizontal line), interquartile range 

(box), and 1.5 times the interquartile range (whiskers).

2.6 | Clonality analysis

To compare repertoire clonality between samples, we calculated the Shannon diversity index 

(also known as Shannon entropy) of the observed distribution of IGH clones. The Shannon 

diversity index is commonly used in ecology to measure species diversity. Here we use it to 

measure clonality, the inverse of diversity, with IGH clones in place of species. The 

maximum value of the Shannon index depends on sampling depth. To compare samples 

sequenced at varying depths, we normalized the index for each location by dividing the 

Shannon index value S by the maximum possible value (Smax) to obtain a value between 

zero and one (S/Smax = normalized Shannon index). The inverse of the normalized Shannon 

index of productive IgH sequences is show in Figure 1A. To compare clonality between 

groups, we used the nonparametric two-tailed Wilcoxon signed-rank test.

3 | RESULTS

Four heart transplant recipients were included in this study. All experienced cardiac allograft 

failure due to CAV or recurrent restrictive cardiomyopathy resulting in congestive heart 

failure (patient 4) 5–15 years after the original transplantation and underwent re-

transplantation at Massachusetts General Hospital or Columbia University Medical Center 

(Table 1). Patient 4 had CAV International Society for Heart and Lung Transplantation 

(ISHLT) score 1 at the time of re-transplantation. Three out of four (patients 1, 2, and 4) also 

had evidence of acute cellular rejection. None of the patients had circulating DSA at the time 

of re-transplantation. Tissue samples from the original cardiac allografts explanted during 

the procedure were collected for all four patients and used to study B cell infiltrates. The 

specimens included tissue surrounding the RCA, left coronary artery (LCA), LAD, 

circumflex coronary artery as well as tissue sampled from the endomyocardium (ENDO). 

Immunohistochemical staining revealed B cell infiltration throughout the graft for the 4 

patients. B cells were located around the vessels or in areas surrounding the vessels (Figure 

S1A). Both nodular and diffuse infiltrates were observed for all four patients. These 

infiltrates were often adjacent to adipose tissue regardless of their pattern. 

Immunofluorescence staining further determined that a majority of CD20+ B cells also 

expressed the memory marker CD27 (Figure S1B).

3.1 | B cell clonal expansion in cardiac allografts

We used a next generation sequencing (NGS) approach to analyze the IGHV repertoire in 

the different locales of the 4 explanted allografts. Genomic DNA was extracted from the 

collected specimens (RCA, LAD, CIRC, ENDO) as well as from the patients’ PBMC and 
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used as template. Deep sequencing was performed by Adaptive Biotechnologies using their 

repertoire analysis platform (Immunoseq) and generated between 82 935 and 1 093 855 

sequences for a total of 13 graft and 4 PBMC specimens (average 452 694 sequences/

sample; Table S1). Tissue fragments from a minimum of three different locations were used 

for each explanted graft. Two small graft fragments generated a low number of IGHV 

sequences (patient 3 LAD and RCA). Even though the sample size was limited for these two 

specimens, we included them in our report as the sequences proved informative in terms of 

clonal expansion. On the whole, B cell populations were significantly less diverse in graft 

infiltrates compared to the blood as illustrated by higher Shannon diversity indexes (Figure 

1A). However, differences were noticeable between cases. The diversity observed for some 

locales was only slightly elevated when compared to the blood (eg, patient 4), indicating that 

clonal expansion was not as pronounced in these areas. All sequences were clustered by 

CDR3 identity and the frequency of each unique rearrangement was calculated. Figure 1B 

reports the frequency of clonotypic CDR3 sequences in the blood and graft compartments 

using a pie chart representation for the four cases examined. Each section of the pie 

corresponds to a unique CDR3 sequence. The size of the sections corresponds to the 

frequency of the specific CDR3 sequence among all sequences. As shown in this figure, 

several unique CDR3 sequences were found at high frequency in the graft. As an example, a 

unique sequence represented >20% of all sequences in the Patient 1 endocardium (dark blue 

section). Such high frequency indicated that the corresponding B cell clones had undergone 

robust expansion in the graft. In contrast, sequences obtained from the patient blood did not 

reveal any clonal predominance.

3.2 | B cell repertoire overlap between graft locales (Figure 2)

Clones detected at different locations and sharing the same CDR3 were considered as being 

clonally related. Remarkably, we detected several unique CDR3 sequences at multiple sites 

(Figure 1B, pie chart sections filled with the same colors for each patient) revealing that the 

same clones were present at different locales in the graft. In general, we observed a 

significant overlap between B cell infiltrates at different locations in the graft specimens, 

whereas the overlap between graft infiltrates and PBMC was minimal. An example of such 

overlap between RCA and CIRC infiltrates for patient 2 is depicted in Figure 2A. In 

contrast, the overlap was virtually nonexistent between CIRC and PBMC. Figure 2B depicts 

the CDR3 overlap between graft locales for all cases with the exception of patient 3 for 

whom the number of sequences was too low. The heatmap shows the percentage of CDR3 

sequences from a given locale (y-axis) that overlap with another locale (x-axis). Percent 

overlap with PBMCs was significantly lower than overlap with non-PBMC tissues (box-

whisker plot, P < .0005, two-tailed Wilcoxon rank sum test with continuity correction).

3.3 | Enrichment for somatically mutated B cells in graft infiltrates

An analysis of the VH region sequenced obtained through the Immunoseq platform revealed 

the presence of somatic hypermutations (SHM) in a number of rearrangements. The 

percentage of mutated sequences was significantly higher in the graft than in the blood for 

all four patients (Figure 3A, P < .001). The level of SHM for all mutated rearrangements 

was also significantly higher for graft IGHV sequences compared to PBMC sequences, 

suggesting that infiltrating B cells underwent mutation in situ (Figure 3B, P < .001).
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4 | DISCUSSION

B cells infiltrates are common in heart and kidney allografts during rejection. Paradoxically, 

intragraft B cells are not associated with circulating DSA, a sign of systemic humoral 

alloimmunity or even antibody-mediated rejection.6,7,9 In kidney transplant recipients, B 

cells are often observed in the context of acute cellular rejection (ACR).10–12 Following 

heart transplantation, they are detected in endocardial biopsies as immune components of 

Quilty lesions13–15 or around coronary arteries in the context of active CAV.3,4,7,16 Several 

questions remain unanswered regarding B cell infiltrates. In particular, their clonal 

composition and role in the local immune reactions are poorly understood.

Repertoire analysis offers a window into the dynamics of a given immune response by 

tracking individual clones in different locations.17 The development of NGS greatly 

expanded the capacity of repertoire analysis. Remarkably, our study is the first to examine 

the clonal composition of B cell subsets infiltrating heart transplants in the context of CAV. 

Furthermore, we compared B cell infiltrates in different locations of the allografts as well as 

in the peripheral blood. Our results revealed sequences represented at very high frequency in 

the graft compared to the blood, indicating that the corresponding B cell clones had 

undergone robust expansion. All graft specimens examined showed the presence of B cell 

clones expanded to a frequency above 1%. This is in marked contrast with peripheral blood 

populations, which were far more diverse as evidenced by a lower clonality index. This 

observation suggests the activation in situ of specific clones presumably through the 

recognition of antigens exposed in the graft. Another possibility is that B cells were 

previously activated in secondary lymphoid organs before being recruited in the graft. While 

all samples used for this IGHV repertoire analysis showed B cell infiltrates by 

immunohistochemistry, we could not find any correlation between the level of clonal 

expansion and the pattern of B cell infiltrates (diffuse, nodular).

Another significant observation is the presence of the individual B cell clones identified by 

the same uniquely rearranged CDR3 at different locations within the graft. In some 

instances, massively expanded clones were found in the endocardium and around two main 

arteries. The overlap between locales reached more than 20% for some explants, while it 

was virtually negligible between the graft and the blood. The fact that identical clones are 

stimulated and retained in different locales, most probably through the recognition of 

antigenic determinants present throughout the graft, further supports an important role for 

infiltrating B cells in the pathophysiology of CAV.

Furthermore, we observed an increased level of SHM in IGHV sequences in all graft 

locations when compared to blood B cell sequences. These mutation data can be explained 

in different ways. B cells with higher levels of SHM may have been preferentially recruited 

and expanded at the graft site. Alternatively, B cell clones could have undergone somatic 

mutation upon activation in situ. The detection of activation-induced cytidine deaminase 

(AID) in cardiac graft-infiltrating B cells by Huibers and colleagues favors the latter 

hypothesis.18 A combination of these two scenarios is also plausible in accordance with the 

memory phenotype of infiltrating B cells expressing CD27.
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Clonal expansion, spatial distribution, and differentiation through the accumulation of SHM 

are important elements to appreciate the dynamics of local B cell responses. Yet, the antigen 

specificity of the B cells at the center of the local immunity is crucial to understand how they 

interact with donor cells and contribute to the pathophysiology of CAV. A report published 

by Huibers et al18 in 2017 suggests that some plasma cells found in structures reminiscent of 

germinal centers in the graft could produce donor HLA specific antibodies. This notion was 

based on the reactivity of immunoglobulins eluted directly from explant tissue. In previous 

studies, we characterized the reactivity of over 100 B cell clones derived from 3 different 

cardiac grafts explanted because of CAV. In contrast to the observations made by Huibers et 

al, we could not detect any donor-specific reactivity among these cells. However, a majority 

of the clones displayed a polyreactive profile typical of “innate B cells,” also known as B1 B 

cells in mice.7,19,20 These cells react to apoptotic cell determinants, oxidation-related 

antigens, DNA, cardiolipin, or a combination of these.21 Such autoantigens are usually 

cryptic. Upon inflammation and tissue injury, they become accessible to immune cells. It is 

therefore not surprising that individual B cell clones reactive to these structures can be 

detected in different parts of the rejected allografts. Their presence and expansion in situ 

reported here is likely an indication of the local destruction.

Our study was restricted by the limited number of cases examined. There were also inherent 

limitations due to the type, size, and quality of surgical explant specimens available for our 

repertoire analysis. Nevertheless, our results are particularly significant as they provide 

additional elements to appreciate the immune response elicited amid CAV. In particular, our 

repertoire analysis reported here revealed a vigorous clonal expansion throughout the graft 

as well as accumulation of SHM in situ. In a previous study, we observed that a majority of 

B cells infiltrating the graft in the context of CAV were polyreactive and not donor specific.7 

The latter observation is inviting us to revisit common assumptions about immune 

mechanisms of graft rejection. The allospecific component may not be as prominent as 

commonly accepted, at least with respect to B cells in chronically rejected heart transplants. 

Whether broadly reactive innate B cells are recruited secondarily to donor-specific clones is 

still unknown. It is noteworthy that a majority of CAV patients in our cohort had not 

developed donor-specific antibodies, arguing against the initial presence of a specific 

response. An alternate hypothesis is that graft-infiltrating B1-like B cells are active element 

of an ongoing innate response to graft wounding. This scenario would fit well with a 

growing literature involving non-HLA antibody responses in host responses to solid organ 

grafts in general and cardiac transplants in particular. Autoantigenic targets include 

membrane proteins such as angiotensin II type 1 receptor, apoptosis-related proteins such as 

perlecan as well as other immunogenic determinants.22–26 Even if not truly donor specific, 

graft-infiltrating B cells could nevertheless contribute to late allograft failure through fibrosis 

as suggested by Jansen et al.27 Still, the exact role of graft-infiltrating B cells is difficult to 

ascertain. In nonhuman primates, preemptive B cell depletion appeared to lower the 

incidence of CAV.28 In humans, a comparable treatment led to opposite results as reported 

by Starling et al29 for the Clinical Trials in Organ Transplantation-11 (CTOT-11) study 

investigators. In this trial, patients receiving rituximab on days 0 and 12 posttransplant 

showed higher increase in percentage of atheroma volume at 1 year posttransplant compared 

to patients who received the placebo. These findings, suggesting a protective role of B cells 
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against CAV, have to be interpreted with caution though. Rituximab deletes both regulatory 

B cells and effector B cells. Depending on the timing, the treatment can have opposite 

effects. Clatworthy et al30 observed a comparable increase in acute cellular rejection 

following kidney transplantation after rituximab used as induction therapy. Yet, the same 

drug has shown success as a treatment of rejection when administered posttransplant.31–33 In 

the context of advanced CAV, rituximab could be envisaged to primarily target infiltrating B 

cells, hypothesizing that these cells play an important part in the pathophysiological process.
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FIGURE 1. 
B cell repertoire analysis in graft infiltrates and peripheral blood. A, IGH clonality of graft 

locations and blood for 4 transplant recipients with active CAV, calculated from productive 

rearrangements by taking the inverse of the normalized (for sequencing depth) Shannon 

diversity index. B, Pie chart representation of the frequency of individual CDR3 sequences 

observed in 4 distinct allograft sites and in the blood for 4 explants. Each pie section 

corresponds to a unique CDR3 sequence with a frequency above 1%. Sections 

corresponding to sequences present at less than 1% are merged and depicted as gray. The 

noncolored sections correspond to clones that were only detected in the indicated location. 

Colored pie chart sections (blue, red…) correspond to clones that were detected in more than 

one locale within the graft. CAV, cardiac allograft vasculopathy; ENDO, endocardium; 
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LAD, left anterior descending coronary artery; RCA, right coronary artery; CIR, circumflex 

coronary artery
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FIGURE 2. 
Overlap between B cell repertoires. A, Example of IGHV sequence repertoire overlap 

between 2 distinct locations within the same graft (RCA and CIR, left panel) and between 

the graft and PBMC (right panel) for patient 2. Each dot represents a unique sequence. The 

frequency of each sequence is reported on the x and y axes. Sequences along the x and y 

axis were detected in only one compartment. B, Summary of the CDR3 productive 

rearrangements repertoire overlap between the different graft locations and blood for 3 

patients. The percentage corresponds to CDR3 sequences from the locations shown on the y-

axis that are also found at the location shows on the x-axis. Note that for patient 3, the 

number of sequences obtained for the coronary arteries was not sufficient to calculate the 

repertoire overlap. The box-whisker plot shows the distribution of overlaps between graft 
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locations and PBMC (left) or between different graft locations (right). CIR, circumflex 

coronary artery; IGHV, immunoglobulin heavy chain variable; PBMC, peripheral blood 

mononuclear cells; RCA, right coronary artery
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FIGURE 3. 
Blood and intragraft B cell IGHV mutation rates. A, Overall percentage of productive 

rearrangements with SHM for all graft locations and blood for the 4 patients. B, Average 

percentage of mutated nucleotides among productive mutated rearrangements. Differences 

between locations were assessed using a two-tailed Mann-Whitney test (***P < .001). 

IGHV, immunoglobulin heavy chain variable; SHM, somatic hypermutations
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