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Abstract

Background—B cell infiltrates are common in rejected kidney allografts, yet their composition

is still unclear. The aim of our study was to characterize the clonal composition of B cell infiltrates

of rejected human kidney grafts.

Methods—We used a molecular approach to characterize the partial B cell repertoires of 5 failed

human kidney grafts with detectable B cell infiltrates. A comparison between the intragraft and

blood repertoire was also conducted for one case.

Results—Redundant sequences were observed in both blood and graft, although the level of

clonal amplification was significantly higher for the graft. Somatic hypermutations (SHM) were

also more frequent in sequences found in the graft compared to the blood. The rate of non-silent

mutations was significantly higher in complementarity determining regions (CDR) compared to

framework regions in blood sequences as well as in graft sequences found at low frequency. In

contrast, this preferential distribution was lost in sequences found at high frequency in the graft,

Corresponding author: Emmanuel Zorn Massachusetts General Hospital Transplant Center, Thier 807 55 Fruit Street, Boston, MA
02114 ezorn@partners.org Tel: (617) 643-3675 Fax: (617) 724-3471 .

EZ was the principal investigator and takes primary responsibility for the paper.
JF, FP, BG and CM performed the laboratory work for this study.
JDV, SD and EF participated in laboratory work or data analysis.
MVT, NE, TK, SKM, SGT and WW recruited the patients and provided clinical data.
EZ coordinated the research.
JF and EZ wrote the paper.

Disclosure The authors of this manuscript have no conflicts of interest to disclose.

NIH Public Access
Author Manuscript
Transplantation. Author manuscript; available in PMC 2014 October 15.

Published in final edited form as:
Transplantation. 2014 October 15; 98(7): 766–772. doi:10.1097/TP.0000000000000124.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



suggesting a lack of affinity maturation in situ. Lastly, follicular dendritic cells were undetectable

in CD20+ infiltrates in all samples examined.

Conclusions—We provide here evidence that B cell clones expand and undergo SHM in situ.

However, the even distribution of non-silent SHM in high frequency graft sequences together with

the absence of FDC do not support the view that infiltrating B cells are part of functional germinal

centers.
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Introduction

It is now well established that large aggregates of B cells tend to develop in allograft tissue

during rejection (1-4). Studies have associated such infiltrates with local inflammation, scar

tissue and interstitial fibrosis as well as steroid refractory rejection (5-8). While some of

these studies report a correlation between the presence of these B cell infiltrates and poor

graft outcome (9-12), others do not appear to reach the same conclusions (13-15). This

discrepancy may be explained by the heterogeneity of the infiltrates examined in these

studies. Perhaps, the clearest indication that infiltrating B cells play an active role in the

rejection process, however, comes from clinical responses to anti-CD20 therapy in patients

with active rejection (16-19). Some of these responses were associated with the elimination

of intragraft B cells while circulating donor specific antibodies (DSA) were unchanged,

underscoring the role of B cells, rather than antibodies in the rejection process (20).

In recent years, a number of groups have investigated the composition of B cell infiltrates in

kidney grafts and attempted to unravel their biological significance. Cheng et al. showed the

predominance of uniquely rearranged immunoglobulin gene sequences in biopsy samples

collected from patients with chronic allograft nephropathy, supporting the view of B cell

clonal expansion in situ (21). Other studies used immunohistochemistry (IHC) to reveal the

presence of CD20+ B cells at different stages of differentiation in kidney biopsies,

suggesting an ongoing B cell maturation process (22). This phenomenon has been attributed

to the development of ectopic germinal centers (eGC) directly in the graft tissue with

properties comparable to those found in lymph nodes (2, 21, 23-25). These eGC would act

as tertiary lymphoid organs (TLOs) where recruited B cells would undergo differentiation,

somatic hypermutations (SHM) and affinity maturation.

Here, we further investigated the clonal composition of B cell infiltrates from failed kidney

grafts by analyzing the repertoire of rearranged immunoglobulin heavy chain variable gene

(IGHV) sequences in comparison to peripheral blood B cells. We particularly examined the

presence and distribution of somatic mutations in the rearranged IGHV sequences as a

molecular footprint of this clonal history. Lastly, we looked for the presence of markers

associated with affinity maturation in B cell clusters to evaluate their resemblance to

traditional GCs.
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Results

Tissue samples from a total of 21 human kidney allograft recipients were included in this

study, 11 males, ranging in age from 6 to 59 years. All patients experienced graft failure

resulting in transplant nephrectomy. Approximately 75% of the explanted grafts exhibited

evidence of chronic rejection (Supplementary Table S1). Nearly 50% of the graft tissue

samples stained positive for CD20+ B cell infiltrates, and most of the negative cases could

be explained by recent B cell specific therapy. Blinded analyses of the tissues differentiated

between diffuse infiltrates (Figure S1A) and dense infiltrate aggregates (Figure S1B-1F).

Samples exhibiting dense clustered lymphoid infiltrates (Patients 2, 5, 10, 17 and 19) were

further analyzed.

IGHV repertoire analysis in graft infiltrates and peripheral blood

We used a PCR-based strategy to analyze IGHV sequences from graft infiltrates and

peripheral blood B cells collected at time of nephrectomy in patient 2. This analysis

examines >60 sequences in each IGHV family (IGHV1-6) for both blood and graft. A

comparison of the 2 B cell repertoires reveals that the composition of intragraft B cell

infiltrates is largely distinct from that of peripheral B cell populations, with minimal overlap

observed between the two compartments (Figure 1). Moreover, we observed a higher level

of redundancy among graft sequences when compared to peripheral blood sequences,

indicating B cell clonal expansion in situ (Figure 1). Such amplification was more apparent

in the IGHV2 subfamily, in which two clones accounted for nearly 50% of the entire IGHV2

repertoire. Comparable evidence of clonal expansion in the IGHV2 family was observed for

all additional patients assessed using the same approach (Figure S2).

Virtually all redundant sequences exhibited evidence of SHM, resulting in divergence from

germline sequences. Multiple sequences sharing identical CDR3 also showed distinct SHM

indicating ongoing mutations of the corresponding B cell clones. Retrospective

reconstruction of the phylogeny of the 2 most expanded graft infiltrating clones in IGHV2

using a statistical maximum-likelihood method revealed a branched multi-generational tree,

which culminated in a predominant consensus sequence (Figure 2). One such consensus

sequence was also detected in the periphery (Figure 2B), suggesting that the corresponding

B cell clone trafficked between the graft and the peripheral blood.

Comparative analysis of IGHV somatic hypermutations

All IGHV sequences were compiled to further analyze SHM in graft infiltrates as well as

peripheral blood B cells. As illustrated in Figure 3A (amino acid level) and figure S3A

(nucleic acid level), graft IGHV sequences showed significantly more mutations than

sequences cloned from peripheral blood B cells (p<0.0001). This difference resulted

primarily from a higher percentage of mutated sequences among all unique IGHV sequences

cloned from the graft tissue compared to the sequences cloned from the blood (Figure 3B

and Figure S3B). Note that over 90% of unique graft sequences were mutated, suggesting an

intensive SHM activity in situ. However, only marginal differences were observed when

comparing the number of SHM within each individual sequences cloned from the graft or

the blood (Figure 3C and Figure S3C).
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We next investigated the type (silent or non-silent) and distribution of SHM in all unique

mutated IGHV sequences cloned from the graft tissue and contemporary blood sample. As

depicted in Figure 3D (Blood) and 3E (Graft), silent SHM were distributed evenly between

framework regions (FR1-3) and complementarity determining regions (CDR1-2) in both

graft and blood. In contrast, the rate of non-silent mutation in CDR1 and CDR2 was

significantly higher (p<0.0001) than in FR1 and FR2, respectively for the 2 compartments,

consistent with the effect of selective pressure towards clones of higher affinity. This initial

data suggested that the overall mutation profile of graft infiltrating B cells was

indistinguishable from that of peripheral blood B cells. Mutations observed in graft IGHV

sequences could have originated from in situ SHM or could have already been present in B

cells at the time of their recruitment in the graft. To discriminate between the two

possibilities, we compared the distribution of non-silent mutations in IGHV sequences

detected at high frequency in the graft (N≥10), and therefore more likely to have resulted

from in situ SHM, to lower frequency sequences (N<10). Whereas non-silent mutations

were more frequent in CDR1-2 compared to FR1-3 in low frequency IGHV sequences, this

uneven distribution was no longer observed in high frequency sequences (Figure 4). These

findings suggest that B cell clones that underwent SHM in situ were not subjected to a

comparable selection as B cells detected in the blood.

Intragraft lymphoid structures lack follicular dendritic cell networks

Follicular dendritic cells (FDC) are essential cells located in GC in secondary lymphoid

organs and involved in the selection of B cell clones that underwent SHM. We examined

whether FDC were present in intragraft lymphoid structures as a marker of ectopic GC.

Using a specific antibody for FDC (CNA.42), we could not detect FDC in the vicinity of

CD20+ B cells and CD4+ T cell clusters in any of the graft tissue assessed (Figure 5). In

contrast, GC from tonsils revealed intricate FDC networks using the same antibody.

Moreover, the architecture of intragraft lymphoid structures we observed in all the samples

we examined was also significantly different from that of conventional GC (Figure 5).

Discussion

B cells infiltrates in kidney allografts during rejection have been described for more than 30

years (26). In 2003, gene expression profiling studies sparked a renewed interest in these

cells by revealing an association between dense intra-graft B cell infiltrates and steroid

refractory rejection (5, 6). More recent gene expression analyses associated B cell infiltrates,

inflammation, scarring tissue, interstitial fibrosis and poor graft survival (7, 8). In this study,

we provided evidence of highly expanded B cell clones in explanted kidney graft specimens.

These findings appear to corroborate results from a previous study that also reported B cell

clonal expansion in human kidney allografts (21). We also showed the serial accumulation

of mutations throughout redundant clonal IGHV sequences, indicating that the

corresponding infiltrating B cell clones undergo active SHM in situ. Such expansion and

mutations indicate the recruitment and activation of selective B cell clones in situ,

presumably in response to specific antigens. It is often assumed that the antigens driving

these responses are the same as the ones targeted by the humoral immunity, i.e. allo-HLA or

self-antigens. However, there is no convincing evidence to support a link between
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serological responses and intragraft B cell infiltrates. On the contrary, several studies before

ours have reported a lack of correlation between intragraft B cell clusters and circulating

DSA(5, 9, 12, 22). This important observation strongly suggests that infiltrating B cells are

distinct from B cells producing allospecific antibodies. Moreover, clinical responses

following rituximab treatment appear to be associated with the elimination of graft

infiltrating B cells but not any modification of serum antibodies, suggesting that these 2

components of B cell immunity are distinct (20). To date, the only indication on the

specificity of kidney allograft infiltrating B cells come from Lerner and Salomon’s group

(27). Their studies showed the reactivity of antibodies cloned from graft infiltrates to

lipopolysaccharide (LPS), suggesting a role for bacterial wall products in the initiation of B

cell immunity associated with antibody mediated rejection.

Infitrating B cells have been reported to be part of neatly organized lymphoid structures in

explanted graft specimens (24). Some of these structures appeared to exhibit a number of

markers also found in lymph node GC and were therefore termed ectopic GC (eGC). It was

proposed that eGC support the differentiation and affinity maturation of B cell clones in a

manner comparable to conventional GC (28). Our findings appear to contrast with this view.

In particular, two elements seem to indicate that intragraft lymphoid structures differ from

functional GC. Firstly, the even distribution of non-silent SHM along the different segments

of the high frequency rearranged IGHV genes without any preferential accumulation in

CDR suggests a lack of clonal selection in situ. Secondly, we could not detect the presence

of FDC in or around B cell infiltrates in any sample we studied whereas a clear FDC

network was observed in control tonsil specimens. As FDCs are primary participants in the

affinity maturation process, their absence pointed to a different kind of organized

lymphocytic infiltrates, which lack the capacity to select B cell clones. While our studies do

not exclude the possibility of fully operational GC in rejected kidney grafts, these lymphoid

structures do not appear to be prevalent.

Although no FDC could be detected in the graft specimens we analyzed, we constantly

observed CD4+ T cell infiltrates in direct contact to B cells, confirming previous reports.

There again, the patterns of the mixed infiltrates were not consistent with that of

conventional GC. Nevertheless this frequent association evoked a functional interaction

between the two cell types. Remarkably, intragraft B cell infiltrates have been found in cases

of cellular rejection in the absence of any indication of humoral rejection (12, 22).

Collectively, these data suggest that B cells play a supportive role to the T cell response in

situ without necessarily generating a concomitant humoral response. This view would

support the use of anti-B cell therapy to treat cases of ACR with documented B cell infiltrate

and regardless of the presence of circulating DSA.

In conclusion, our results further support that B cell immunity develops in situ in a majority

of rejected kidney allografts. These responses were associated with the expansion and

somatic hypermutation of discrete clonal B cell populations and involved a substantial

CD4+ T cell component. In contrast to previous reports, we did not find convincing signs of

functional eGC as a prominent structural element in these infiltrates. Rather, the jumbled

architecture of the lymphoid structures we observed, together with the absence of FDC and

lack of affinity maturation, suggest that they result from local B cell-T cell activation and
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expansion without a definite organized structure. The unequivocal evidence of somatic

mutations in the absence of eGC also suggests that infiltrating B cells may be distinct from

conventional follicular B cells. Additional studies will be required to verify if these B cells

contribute to the severity of allograft rejection and should be targeted as such.

Materials and methods

Patients and biological samples

All kidney transplant recipients included in this study underwent nephrectomy due to graft

failure as detailed in supplementary Table S1. The collection and use of the specimens was

approved by the Massachusetts General Hospital (MGH) and Brigham and Women’s

Hospital (BWH) internal review boards. Upon receipt, the majority of graft tissue was flash

frozen in liquid nitrogen and stored at −80°C. Some tissue was immediately subjected to

total mRNA extraction as described below. Peripheral blood mononuclear cells (PBMCs)

were isolated from whole blood by density gradient medium (Ficoll-Paque Plus, GE

Healthcare, Waukesha, WI) and cryopreserved in liquid nitrogen.

IGHV Repertoire analysis

RNA was extracted from graft tissue and PBMC using TRIzol Reagent (Ambion, Foster

City, CA) and a gentleMACS dissociator (Miltenyi, Auburn, CA) for tissue homogenization.

Complementary DNA (cDNA) was synthesized using the extracted RNA as template and

the SuperScript III First Strand Synthesis SuperMix (Invitrogen, Carlsbad, CA) according to

the manufacturer’s instructions. PCR was carried out using the cDNA to amplify the

different families of IGHV genes. Six forward primers specific to the different families of

IGHV genes (VH1-VH6) were used together with a consensus IGHJ reverse primer as

previously described (29). Primers for GAPDH were also used as reaction controls.

PCR reactions were carried out using Platinum PCR SuperMix High Fidelity (Invitrogen) in

a GeneAmp PCR System 9700 thermocycler (Applied Biosystems, Foster City, CA) as

follows: 94°C/5′, (94°C/30″; 56°C/30″; 68°C/30″) X 35 cycles; 68°C/7′. PCR products were

ligated into the pCR8/GW/TOPO expression vector (Invitrogen) and used to transform

chemically competent TOP10 E coli (Invitrogen). Transformed bacteria were grown on LB-

Agar (Becton-Dickinson, Franklin Lakes, NJ) plates with 100ng/ml spectinomycin (Sigma-

Aldrich). Single colonies of transformed bacteria were selected and expanded in LB

(Becton-Dickinson) supplemented with 100ng/ml spectinomycin overnight at 37°C with

shaking at 225rpm. Populations were harvested the following day and plasmid DNA was

purified from cell pellets using Miniprep Kit (Qiagen, Germantown, MD) according to the

manufacturer’s instructions. Purified plasmid DNA was submitted to the DNA core facility

at MGH and sequenced using the GW1 forward sequencing primer.

IGHV sequences were analyzed using the Human Ig Reference Directory Set compiled by

the International Immunogenetics Information System (www.imgt.org) to construct partial B

cell repertoires for the given IGHV gene families. Using this tool, the different framework

(FR1-FR3) domains and complementarity determining regions (CDR1-CDR3) were

identified for each sequence. All sequences including identical CDR3 amino acid (AA)
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segments were considered originating from the same clone and grouped together to

constitute partial IGHV repertoires. The reproducibility of our technique was assessed by

carrying out 2 separate sequence analyses using tissue fragments from the same graft (Figure

S4).

Clone phylogenies were determined for larger clonal families (N≥10 sequences). Phylogenic

trees were constructed following a Maximum-Likelihood method using Molecular

Evolutionary Genetics Analysis (MEGA) software (30). MEGA was also used to generate

alignments between clonal sequences sharing identical CDR3 and the nearest IGHV

germline sequence. These alignments were used to identify somatic mutations in framework

or complementarity determining regions as well as determine their silent or non-silent

nature. Rates of mutation away from germline were then determined at both the NT and AA

levels. These values were calculated for the sequence as a whole or on a segment by

segment basis.

Immunohistochemistry

Previously frozen graft tissue samples were fixed in 10% phosphate buffered formalin

(Thermo Scientific) and embedded in paraffin blocks from which successive sections were

cut. Successive sections were then stained to assess for the expression of the following

markers: CD20 (Clone L26, Dako, Carpinteria, CA), CD4 (Clone BC/1F6, BioCare,

Concord, CA) and Follicular Dendritic Cells (Clone CNA.42, eBioscience, San Diego, CA).

Statistical analysis

SHM were all determined and classified using the IMGT database tool. Statistical

significance of observed differences was assessed using an unpaired Students’ t- test. Clone

phylogenies were determined using the Maximum-likelihood method encoded in the MEGA

software. Three types of analysis were conducted depending on the IGHV sequences

examined. 1) All sequences: Every sequence generated was considered and weighted

equally; 2) All mutated sequences: Only sequences with a percent identity to germline

<100% were considered. Each sequence was weighted equally, regardless of its clonal

representation; 3) All unique mutated sequences: Only sequences with a percent identity to

germline <100% were considered. All redundant sequences were considered only once.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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FDC Follicular dendritic cells

GG Germinal centers

IGHV immunoglobulin heavy chain variable gene

SHM Somatic hypermutation

CDR Complementarity determining region

DSA Donor specific antibodies
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Figure 1. IGHV comparative repertoire analysis in blood and graft
Pie chart representation of the frequency of clonotypic CDR3 sequences for each the 6

IGHV families (VH1-6) in the graft tissue (top row) and the peripheral blood (bottom row)

of patient 2. Each pie chart section represents a distinct clonotypic CDR3. The size of each

section corresponds to the frequency of the clonotypic sequences among all analyzed

sequences. The number of clonotypic sequences observed is also indicated by a color code

(left panel). The total number of sequences analyzed for each IGHV family is indicated

below each pie. Pie sections filled in light or dark blue indicate clonotypic sequences found

both in the patient blood and graft tissue. One clonotypic IGHV2 sequence highlighted in

pink and indicated with an asterisk, corresponds to a polyreactive B cell clone expanded in

the blood and further characterized in previous studies (29).
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Figure 2. Phylogeny of expanded graft-infiltrating B cell clones
Phylogenies were constructed using a Maximum-Likelihood method for the 2 most abundant

graft infiltrating B cell clones in the IGHV2 family corresponding to the red and blue

sections in Figure 1 VH2 graft pie chart. All sequences within each tree (A: n=30; B: n=31

in the graft and n=1 in the blood) shared the same identical CDR3 sequence, but differed by

the presence of somatic mutations elsewhere. Each circle represents a distinct sequence that

differs from the upstream neighboring sequence by the number of amino acid indicated

above the circle. Bolded numbers in the circles indicate the number of occurrences of the

corresponding sequence.
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Figure 3. Comparative analysis of blood and intragraft B cell IGHV mutation rates
A) Overall percentage of mutated residues within all sequences analyzed in the blood

(N=413) and the graft (N=473) in patient 2. B) Percentage of mutated sequences at the

amino acid level for the 6 IGHV families among all unique sequences found in the blood

(N=362) and the graft (N=398) of patient 2. All sequences sharing the same clonotypic

CDR3 motifs were counted once regardless of the number of occurrence). C) Percentage of

mutated amino acids for the 6 IGHV families within all unique sequences found in the blood

(N=252) and the graft (N=386) of patient 2. D) Percentage and distribution of silent and

non-silent mutations for all unique sequences from the peripheral blood of patient 2

(N=252). E) Percentage and distribution of silent and non-silent mutations for all mutated

sequences from the graft of patient 2 (N=386). [* p<0.05; *** p<0.0001]
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Figure 4. Comparative analysis of intragraft B cell IGHV non-silent mutations by VH segment
Percentage and distribution of non-silent mutations for all analyzed mutated sequences

(N=529) from the graft of patient 2 (VH1-VH6) and patients 5, 10, 17 and 19 (VH2).

Sequences were analyzed together (left bar graph) or separately depending on their low or

high frequencies in the IGHV repertoire (number of occurrences, n<10 or n≥10

respectively). [NS, non significant; *** p<0.0001]
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Figure 5. Immunohistochemical staining of intragraft lymphoid aggregate structures
Paraffin-embedded tissue sections from rejected human renal allografts showing

representative lymphoid structures were stained for GC markers. Sections from human tonsil

including GC were used as controls.
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