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Abstract

Recent clinical studies suggest that operational allograft tolerance can be persistent, but long-term 

surviving allografts may be lost in a subset of patients, sometimes after episodes of infection. In 

this study, we examined the long-term impact of Listeria monocytogenes (Lm) infection on the 

quality of tolerance in a mouse model of heart allograft tolerance. Lm infection induced full 

rejection in 40% of tolerant recipients, with the remaining experiencing a rejection crisis or no 

palpable change in their allografts. In the surviving allografts on day 8 post-infection, graft-

infiltrating cell numbers increased and exhibited a loss in the tolerance gene signature. By day 30 

post-infection, the tolerance signature was broadly restored, but with a discernable reduction in the 

expression of a subset of 234 genes that marked tolerance and was down-regulated at day 8 post-

Lm infection. We further demonstrated that the tolerant state after Lm infection was functionally 

eroded, as rejection of the long-term surviving graft was induced with anti-PD-L1 whereas the 

same treatment had no effect in non-infected tolerant mice. Collectively, these observations 

demonstrate that tolerance, even if initially robust, exists as a continuum that can be eroded 

following by-stander immune responses that accompany certain infections.

INTRODUCTION

Conventional immunosuppression has almost eliminated the early loss of organ allografts to 

T cell-mediated rejection but chronic rejection remains an unresolved problem, and the need 

for life-long immunosuppression can cause morbidity and mortality. These limitations have 

prompted investigators to posit immunological tolerance as a means of achieving long-term 

allograft survival without the side effects of immunosuppression(1). Successful clinical 

tolerance can be divided into those that achieve tolerance through hematopoietic stem cell 

transplantation(2, 3) or when tolerance is revealed after the weaning of conventional 

immunosuppression(4–6). While the mechanisms by which tolerance is attained by these 
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approaches may be distinct, a common observation is that tolerance in a subset of patients is 

not stable and allografts can be lost after years of stable function. In the long-term follow-up 

of patients of combined HLA-haploidentical kidney and bone marrow transplantation, 8 of 

10 patients were successfully weaned of immunosuppression(7). However, 2 of the 8 

patients were diagnosed with chronic rejection at 5 and 7 years post-transplantation, and 1 

patient succumbed to acute cellular rejection 3 weeks after acute pyelonephritis. In a 

European cohort of 27 kidney transplant recipients that had achieved operational tolerance, 8 

lost their grafts after a median of 9 years. Six of the 8 had pre-transplant anti-HLA 

antibodies and 4 had evidence of active immunologically-driven mechanisms of rejection(6). 

Furthermore, 4 bacterial and 2 viral infections after immunosuppression withdrawal were 

recorded for the 8 who lost their grafts, whereas only 2 bacterial and 1 viral infections were 

noted for the 19 patients with stable operational tolerance. These studies suggest that 

operational tolerance can be persistent, but may eventually be lost in the setting of pre-

transplant donor-specific alloantibody and, potentially, after infections. Currently, there is 

limited understanding on whether a declining graft function, is due to a loss of 

immunological tolerance.

Experimental models of tolerance focusing on barriers that prevent tolerance induction have 

implicated pre-transplant donor-specific antibodies, heterologous and donor-specific 

memory T cells, and pro-inflammatory cytokines produced in response to infections(8–15). 

However, many of these agents that prevent the induction of tolerance cannot induce a graft 

loss after tolerance has been stably established, suggesting that mechanisms maintaining 

tolerance are robust and capable of containing the pro-rejection signals that are sufficient to 

prevent tolerance induction. Nevertheless, established tolerance can be overcome if the pro-

inflammatory signals are sufficiently potent, and we have previously reported that Lm 

infection precipitated graft rejection, although in only a subset of tolerant recipients (10–13, 

16, 17).

Experimental graft rejection is defined as a complete cessation of heartbeat whereas clinical 

rejection is defined by pathology long before the graft fully stops functioning. Therefore in 

this study, we focused on C57BL/6 recipients that exhibited a rejection crisis immediately 

after Lm infection, as determined by graft enlargement on palpation and a slowing down of 

the heartbeat but that did not proceed to complete heartbeat cessation, and tested whether the 

quality of tolerance was eroded after the infection was cleared.

MATERIALS AND METHODS

Mouse transplantation, infection and antibody treatment

C57BL/6 (B6, H-2b) mice as recipients and BALB/c (B/c, H-2d) as donors were purchased 

from Harlan Laboratories. Mouse abdominal heterotopic cardiac transplantation was 

performed as previously described(13) and tolerance was induced with anti-CD154 

(BioXCell; 0.3–0.5mg/mouse, i.v. on d0, and i.p. on d7, and d14 post-transplantation) and 

107 B/c splenocytes (d0). Cardiac grafts were monitored by palpation and the heartbeat 

speed was graded as normal (too fast to count), slow, or absent. Infection with 3–5 ×106 

CFU (i.p.) Lm expressing the Ovalbumin230–359 epitope (Lm-OVA), and enumeration of 

CFU was quantified by the absorbance at OD600 as previously described(13). Foxp3+CD4+ 
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T cells were depleted with a single i.v. dose of anti-CD25 (PC61 (BioXCell), 0.4 mg/mouse 

i.v.). Some recipients received anti-PD-L1 (9H10 (BioXCell), 0.5 mg/mouse, then 0.25 mg/

mouse q.o.d. for 10 days).

Isolation of graft-infiltrating cells

Hearts from transplanted animals were perfused with sterile HBSS with 1% heparin, cut into 

small fragments and placed in digestion buffer (HBSS, 0.1% DNAse I (MP Biomedicals), 

400 U/mL Collagenase IV (Sigma), 50mM HEPES) for 20 minutes at 37°C. Digested 

suspensions were collected following 44.5% Nycodenz (Sigma) centrifugation, and cells 

from the interface stained and analyzed by flow cytometry.

Flow cytometry analysis

Peripheral blood leukocytes, splenocytes, and total graft infiltrating cells (GICs) were 

stained using monoclonal antibodies specific for mouse CD16/32, CD45.2, CD4, CD8, 

CD44, PD-1, and Foxp3 (BD Bioscience or BioLegend). Cell viability was determined using 

Viability Dye (for fixed samples) or DAPI (for unfixed samples) (Invitrogen), and data were 

analyzed using FlowJo software.

Immunohistochemistry

Grafts were removed and placed in 10% formalin. Sections were stained with haematoxylin 

and eosin, and the slides were scanned via Cri Pannoramic Scan Whole Slide Scanner at 

X40, and then patched together to form one single image of the tissue. Pannoramic Viewer 

(3DHISTECH) was used to view these image files and examined in a blinded manner. 

Histological sections were scored based on the percentage of infiltration observed in the 

interstitial tissue and as follows: 0%=0, 1–25% =1, 25–50%=2, 50–75%=3 and 75–100%=4.

Microarray Sample Preparation

RNA from flow-sorted CD45+ cells was extracted using a Qiagen Rneasy Micro Kit, and 

converted to cDNA using the Ovation Pico/PicoSL WTA Systems enhanced kit (NuGEN). 

Total RNA per sample varied from between 39–143ng. Samples were analyzed using the 

Illumina WG-6 gene expression array and normalized for background.

Microarray Analysis

A principal component analysis was performed on the full microarray data using the Partek 

Genomics Suite (Partek Inco., St. Louis, MO). Differentially expressed genes in the 

syngeneic (Syn), acute rejecting (AR), stable tolerance (Tol), loss of tolerance after Lm (Lm 

D8) and restored tolerance (Lm D30) were subject to K-means cluster analysis. Only genes 

with an average expression of at least double the threshold of detection were analyzed. 

Significant differential expression is defined as when one group is at least 2-fold higher than 

at least one other group, taking into account the average standard deviation of the groups 

(Group1-Average StDev>2*Group2). This resulted in a gene set of 3246 genes. Individual 

gene expression was then normalized to the median expressing group. The MultiExperiment 

Viewer (MeV) software was used to perform a Figure of Merit analysis, followed by a 23-
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cluster K-means cluster analysis. Gene ontology analysis was performed using the Gene Set 

Enrichment Analysis tool (GSEA; http://www.broadinstitute.org/gsea).

Statistical Methods

The two-tailed Student’s t test, and ANOVA or Kruskal-Wallis tests for multiple 

comparisons were performed to determine statistical differences between groups (Prism5; 

GraphPad Software Inc.). Graft mean survival time (MST) and p-values were calculated 

using the Kaplan-Meier or log rank test (Prism5).

RESULTS

Lm infection of tolerant mice leads to three distinct outcomes

Tolerance was induced in C57BL/6 recipients to BALB/c heart grafts by treatment with anti-

CD154 and DST (Figure 1A). Infection with a sub-lethal dose of Lm resulted in the 

complete rejection of approximately 40% of allografts, where the heartbeat stopped within 

14 days post-infection and did not recover. An additional 30% of the allografts underwent a 

rejection crisis, where the heartbeat slowed down and the heart enlarged at 7–14 days post-

infection, while Lm did not detectably impact the remaining 30% of allografts (Figure 1B). 

In both sets of recipients, the grafts continued to beat for ≥ 60 days post-infection. In this 

study, we focused on the allografts that were not fully rejected on day 8. Histological 

examination of these grafts on day 8 post-infection revealed significant cellular infiltration, 

and the infiltrate remained persistent up to 60 days post-infection despite continued allograft 

survival (Figure 1C&D).

Gene signature of graft infiltrating cells at tolerance

To test whether the quality of the cellular infiltrate at day 8 post-Lm was distinct from that in 

the allograft at day 30 post-Listeria infection, we performed microarray analyses as 

previously described(18) on total CD45+ GICs isolated from tolerant grafts and from grafts 

at day 8 and day 30 post-Listeria infection (Figure 2). Principal component analysis (Figure 

2A) and K-means clustering identified a gene signature from tolerant grafts that was distinct 

from acute rejection (Figure 2B; Cluster 1, 7, 8, 9, 19 and 21), and which was enriched in 

tolerance for genes involved in cell signaling, protein modification, response to stress and 

immune response (Figure 2C-E) or enriched in rejection for genes involved in cell cycle, 

mitosis, and signaling (Figure 2F-H). Notably, genes enriched in the cells infiltrating tolerant 

grafts included Treg-associated gene (FoxP3), B cell-associated genes (MS4A1(CD20), 

CD22, CD79B(Igß), BTK, BLK, CD81), chemokine/cytokine/migration genes (CCL24 

(MPIF-2/eotaxin-2), IL7R, CCL27(IL-11R-alpha-locus chemokine (ILC)/Skinkine/ESkine/

cutaneous T-cell-attracting chemokine (CTACK)), SKAP1 (src kinase-associated 

phosphoprotein 1 adapter protein) and ST6Gal1 (beta-galactoside alpha-2,6-sialyltransferase 

1), costimulatory molecules (TNFRSF4/CD134/4-1BB), and genes in the MAPK signaling 

cascade (DUSP10; MAP3K6, MAPK8 and MAPK81P3). Some of these genes were 

upregulated in GIC from tolerant relative to syngeneic grafts, consistent with tolerance being 

an actively maintained state (Figure 2B; Cluster 1 & 21).
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Loss of tolerance on day 8 post-infection was associated with down-regulated expression of 

tolerance-specific genes (Figure 2B; Cluster 1, 7, 9, 19 & 21) and upregulated expression of 

genes associated with rejection (Figure 2B; Cluster 8). These included genes controlling cell 

cycle and proliferation, cytoskeleton and intracellular signaling, as well as markers 

associated with activated or effector T cells including CD44, Fas and IFNγ. Finally, there 

were considerable differences between the loss-of-tolerance gene signature at day 8 post-

infection and the unmodified acute rejection-associated genes (Figure 2A, 2B; Cluster 3, 4, 

12, 16, 18, 22, 23).

By day 30 post-infection, the gene signature of the CD45+ GICs became more similar to the 

tolerance signature prior to infection (Figure 2). These observations are consistent with the 

functional restoration of tolerance, and the acceptance of a donor-matched allograft 

transplanted without additional immunosuppression, at 7–35 days after the rejection of the 

first(17). Nevertheless, a closer examination of the gene signature of the GICs at day 30 

post-infection of tolerant mice revealed incomplete restoration of the full tolerance gene 

signature at day 30 post-infection, with the expression levels of 234 genes that were highly 

expressed in tolerance, down-regulated in rejection (AR or Tol+LmD8) and only partially 

restored by d30 post-infection (Figure 3A-B). These genes, which included TNFRSF9 

(CD137/4-1BB), IL6, IL-4, CCR6, CCL27, KLF4, clustered into signal transduction, post-

translational protein modification, negative regulation of cellular processes and immune 

system process pathways. Additionally, 100 genes which were at least 2-fold higher in AR 

and Lm-D8 compared to Tol, remained at least 50% higher in the Lm-D30 group, further 

supporting the notion of an incomplete return to the tolerance signature after rejection 

(Figure 3C-D). While the gene changes observed likely reflected alterations in cell 

composition within the graft as well as induced changes within specific cell subsets, they 

nevertheless provide insights into the complexity of processes involved in the maintenance 

of quiescence within a tolerant allograft, how some of these processes are altered by 

infections to result in rejection, and the extent to which they are spontaneously but 

imperfectly restored with the resolution of infection.

Tolerance after Lm infection is maintained despite deletion of CD25+ Tregs

Listeria infection induces a transient increase in circulating IL-6 and IFNß, the combination 

of these cytokines was sufficient to abrogate established tolerance and the spontaneous 

recovery of tolerance was facilitated by the return of these cytokines to baseline and by 

restoration of increased percentages of Tregs within the graft (16, 17). Here we confirm that 

the frequency of FoxP3+ Tregs in was enriched in the graft, relative to the blood and spleen 

of tolerant mice, and also relative to syngeneic grafts (Figure 4A; Figure S1 for gating 

strategy). When grafts were examined on day 8 after infection, the frequency of Tregs was 

significantly reduced compared to pre-infection levels (Figure 4B), but by day ≥30 post-

infection, the percentage of Tregs in the grafts significantly increased to pre-infection levels 

(Figure 4B). Despite the restoration of Treg frequencies, treatment with anti-CD25 

administered on day 14 post-infection was not able to precipitate rejection in recipients that 

had undergone a rejection crisis. Thus, anti-CD25 treatment was not able to demonstrate a 

functional erosion of tolerance in this model, in contrast to the ability of the same anti-CD25 

treatment to prevent the acceptance of a second BALB/c heart graft transplanted into mice 
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that had fully rejected their first graft after Lm infection(17). The different outcomes with 

anti-CD25 may be explained by the experimental model, whereby Tregs migrating into the 

second graft are more susceptible to anti-CD25 depletion compared to Tregs resident within 

the allograft. Alternatively, Tregs play a less critical role in curtailing rejection in these 

surviving allografts, and other mechanisms are more essential.

Tolerance after Lm infection is abrogated with anti-PD-L1

We recently reported that maintenance of tolerance to heart allografts induced with anti-

CD154/DST is dependent on multiple mechanisms, and that the reversal of established 

tolerance required the adoptive transfer of alloreactive T cells in combination with treatment 

with anti-CD25 and anti-PD-L1(19). We next tested whether PD-1:PDL1 interactions might 

be restraining the graft-infiltrating cells from driving full rejection of the allografts. Indeed, 

we found higher frequencies of PD-1-expressing CD8+, and CD4+FoxP3− cells infiltrating 

the allograft compared to those in the blood or spleen of tolerant recipients, and also relative 

to syngeneic grafts (Figure 5A&B; Figure S2 for gating strategy). The frequency of 

PD-1+CD8+ T cells was significantly reduced at day 7 post-infection, and rapidly restored 

by day 14 (Figure 5D). A similar change in frequency of PD-1-expressing CD4+ FoxP3− 

cells was observed after Lm infection, although the recovery at ≥30 days post-infection was 

only partial (Figure 5E). Additionally, the vast majority of Tregs in the allograft were PD-1+ 

compared to the blood of tolerant recipients and to syngeneic allografts. However, the 

frequency of PD-1+ Tregs, which was significantly reduced by day 8 post-infection, 

remained reduced on day 14 and 30 post-infection (Figure 5C&F).

To test whether PD-1:PD-L1 interactions played a role in restraining rejection, tolerant 

recipients infected with Lm and with surviving heart allografts on day 14 post-Lm infection 

were treated with anti-PD-L1 (Figure 6). All the grafts in recipients receiving anti-PD-L1 

proceeded to fully reject their allograft within 10–40 days, whereas those that did not receive 

anti-PD-L1 kept maintained a palpable heartbeat long-term. To further test whether 

susceptibility to anti-PD-L1 was due to unresolved effects of Lm infection, we waited till 

day 60 post-infection before treating with anti-PD-L1. Again the allografts were rejected, 

revealing a persistently critical role for PD-L1 in the maintenance of tolerance after recovery 

from Lm infection and sustained erosion of tolerance. Finally, anti-PD-L1 had no significant 

effect in tolerant mice that had not been infected with Lm; a finding that suggested a 

functional erosion in the quality of tolerance only in mice that had undergone a rejection 

crisis post-Listeria infection.

Discussion

Improvements in conventional immunosuppression have led to better short-term graft 

outcomes but have not resulted in significantly improved long term-outcomes. The induction 

of transplantation tolerance has been touted as a means of achieving life-long graft 

acceptance without the need for continuous immunosuppression. Recent data of long-term 

follow-up of kidney and liver patients weaned off immunosuppression suggest that a subset 

of operationally tolerant patients may lose their grafts through potentially immunologically/

inflammation-driven processes(6),(20–22). Even in liver transplantation, which is considered 
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more susceptible to transplantation tolerance(23), one of 23 operationally tolerant patients 

experienced a moderate rejection episode at 5.3 years off immunosuppression(22), and 

operationally tolerant liver recipients exhibit more fibrosis in the liver allografts that is 

reduced upon the reintroduction of immunosuppression(20, 21). The cause of acute 

rejection, low-grade inflammation or indolently progressive fibrosis in operational tolerance 

is currently not known, and the low numbers of tolerant patients limit mechanistic studies.

In a mouse model of heart allograft tolerance, we previously showed that stable tolerance 

can be abrogated with Lm infection in a subset of tolerant recipients(16), but remarkably, 

tolerance spontaneously returned after infection was cleared(17). In this study we focused on 

the tolerant recipients where Lm infection did not induce full allograft rejection. To gain 

molecular insights into the dynamic nature of the tolerance and the impact of infection, we 

performed microarray analyses as previously described(18) on total CD45+GICs isolated 

from allografts, with the reasoning that these cells would provide an enriched and unbiased 

signal for immunological tolerance and rejection. We observed that tolerance was associated 

with upregulated FoxP3, consistent with increased percentages of FoxP3+CD4+ T cells in 

tolerant allografts relative to syngeneic grafts. The enriched expression of fcer1a gene in 

tolerance is consistent with mast cells in skin graft tolerance(24–27), while the upregulated 

expression of TNFRSF4 (OX40) in tolerance may be explained by OX40 in combination 

with IL-2 promoting Treg function and immune tolerance(28, 29). In addition, B cell-

associated and BCR signaling genes enriched in tolerant compared to rejecting allografts are 

reminiscent of reports on an enriched B cell signature in the peripheral blood of 

operationally tolerant kidney recipients relative to stable immunosuppressed recipients(4, 5, 

30), and raise the possibility that regulatory B cells mediate tolerance within the graft. Also 

upregulated in tolerance were genes involved in the MAP-kinase and c-Jun N-terminal 

kinase (JNK) pathway, including MAP3K6 (MAPKKK6/Apoptosis signal-regulating kinase 

(ASK) 2), MAPk8 (JNK1), MAPK81P3 (mitogen-activated protein kinase 8 interacting 

protein 3). These upregulated genes may implicate T cell anergy(31, 32) and may be 

involved in the suppressor function of regulatory T cells(33).

Tolerant grafts at day 8 post-infection partially acquired signatures of rejection that suggest 

T cell activation, proliferation and acquisition of effector function, such as cell cycle genes, 

CD44, Fas and IFNγ. We also noted that there were considerable differences in the GIC 

gene signature from tolerant hearts at day 8 post-Lm infection compared to unmodified 

rejection (Cluster 3, 4, 12, 16, 18, 22, 23). Because gene signatures of total GICs were 

examined, these differences could be explained by the presence of both alloreactive and Lm-

specific T cells(17) in the allograft during the loss of tolerance but only of alloreactive T 

cells in acute rejection, as well as differences in the gene signature of alloreactive T cells 

infiltrating the allografts during the loss of tolerance compared to acute rejection. Future 

studies that analyze only the alloreactive T cells in these two rejecting scenarios will allow 

us to definitively identify the gene signature of a “re-awakened” alloreactive T cells 

response, and the extent to which it differs from the alloreactive T cell response in non-

tolerant recipients.

The gene signatures of rejection were reduced by day 30 post-Listeria, and the signature of 

tolerance became broadly restored. However, a closer examination of the gene profile of the 
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GICs at day 30 post-infection revealed that a set of 234 genes associated with tolerance was 

imperfectly restored. This subset included immunologically-related genes such as TNFRSF9 

(CD137/4-1BB), CCR6, KLF4 and CALCA. 4-1BB has been reported to limit T cell 

activation thereby creating a more favorable milieu for tolerance(34); CCR6 can recruit 

Tregs to sites of inflammation(35–37); KLF4 is a negative regulator of memory CD8+ T cell 

differentiation(38), while CALCA (a neuropeptide calcitonin gene-related peptide (CGRP)) 

enhances the expression of regulatory macrophage markers(39). These observations support 

the hypothesis that a rejection crisis eroded the quality of tolerance, even if the grafts recover 

and continue to function long-term.

That tolerant grafts after a rejection crisis were more susceptible to rejection was 

functionally demonstrated by the administration of anti-PD-L1 antibodies. PD-1 binding to 

PD-L1 and PD-L2 triggers co-inhibitory signaling pathways that restrict the strength and 

duration of immune responses, thereby limiting immune-mediate damage and maintaining T 

cell tolerance(40–43). Additionally, PD-L1 can interact with CD80 via a reverse signaling 

pathway to promote T cell anergy(44). Here we confirm and extend these findings by 

showing that while anti-PD-L1 alone was unable to precipitate rejection in tolerant 

recipients, it was able to precipitate rejection when administered at 14 or 60 days post-

Listeria infection. The former observation is consistent with multiple redundant mechanisms 

maintaining a robust state of tolerance, including the maintenance of low alloreactive T cell 

numbers, and suppression by regulatory T cells and PD-L1 interactions(17). After infection, 

some of these mechanisms may have been eroded, such that PD-L1 interactions are now 

essential to the maintenance of tolerance, either by constraining conventional T cells from 

acquiring effector function or by contributing to the function of regulatory T cells(45). 

Finally, despite the functional relevance of PD-L1 to tolerance maintenance after infection, 

the gene expression levels of PD-1 in the GIC were too low for meaningful analysis. In 

contrast, the protein expression of CTLA4, another checkpoint inhibitor, was similar to PD-1 

on T cells (Figure S2), and to the CTLA4 gene expression patterns; namely highest in 

tolerance and reduced in rejection (data not shown). These observations underscore a 

limitation of the expression profiling approach in that RNA levels may not correlate with 

protein expression levels.

Our observations of the dynamic nature of established tolerance are consistent with findings 

reported in tolerant non-human primates and swine(46, 47). In non-human primates, where 

tolerance was induced with transient mixed bone marrow chimerism, multiple injections of 

IL-2 precipitated kidney allograft rejection, while cessation of IL-2 administration aborted 

the rejection process and kidney graft function was spontaneously restored(46). These 

observations confirm our previous observations that established tolerance is difficult to 

overcome, and when it is overcome, the reawakening of alloreactivity is transient and 

tolerance can be spontaneously restored once the proinflammatory cytokines have 

subsided(17). In pigs tolerant to kidney allografts, the combination of donor-specific 

transfusion and transplantation of second donor-matched kidney to re-stimulate 

alloreactivity, in combination with leukapheresis and the removal of tolerant kidney graft to 

eliminate regulatory T cells and induce homeostatic proliferation, triggered rejection in 8 of 

10 recipients. Four fully rejected a second kidney graft, and 4 underwent a rejection crisis 

but the grafts survived for over 100 days. In the 2 recipients that had undergone a rejection 
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crisis, transplanting a donor-matched skin graft 100 days later precipitated acute rejection, 

while in the one recipient that received the same tolerance-breaking regimen but did not 

undergo a rejection crisis, skin grafting did not precipitate rejection(47). The authors 

concluded, as we have, that a rejection crisis can cause long-term erosion in the quality of 

the tolerance.

In summary, we used a robust experimental model of transplantation tolerance to 

demonstrate that tolerance mechanisms can be completely or partially overcome by a Lm 

infection, resulting either in full rejection or a rejection crisis. Upon clearance of the 

infection, the tolerant state is restored but is eroded in quality so that it could be overcome 

by the blockade of PD-L1. We acknowledge that the observations of erosion of tolerance 

were made in a single model of tolerance with a single type of bacterial infection, and there 

is an urgent need to quantify host and pathogen variables that result in allograft rejection 

versus a subclinical erosion of tolerance. Nevertheless, these observations are congruent 

with pre-clinical and clinical data suggesting that tolerance, even if initially robust, may not 

be a permanent state but continues to be shaped by ongoing immune processes. Thus 

continuous vigilance may be required to detect subclinical rejection in tolerant recipients, 

especially during and after infections, and therapy may be required to restore an eroded state 

of tolerance.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

ANOVA analysis of variance

DMEM Dulbecco modified Eagle medium

DST donor splenocyte transfusion

GICs graft infiltrating cells

HBSS Hanks balanced salt solution

HEPES N-2-hydroxyethylpiperazine-N′-2-ethanesulfonic acid

IFN Interferon
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Lm Listeria monocytogenes

n number in group

ns not significant

P probability

PBS phosphate-buffered saline

PMA phorbol myristate acetate

Tregs regulatory T cells
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Figure 1. 
Three distinct BALB/c heart graft outcomes following acute Listeria infection of tolerant 

C57BL/6 recipients at ≥day 60 post-transplantation. (A) Experimental design. (B) Listeria 

(3–5×106 CFU) infection of tolerant recipients resulted acute graft rejection, a rejection 

crisis or no significant change in the heartbeat (N=55). (C) Histology of syngeneic (Syn) 

grafts, tolerant (Tol) BALB/c heart grafts at day >80 post-transplantation, prior to and at 8 

days post-Listeria (Lm) infection, and (D) composite histological scores. Each data point 

represents a single allograft, data are presented as Mean Scores ± standard error of mean, 

and statistical significance relative to tolerant grafts are indicated as p≤ *0.05 and **0.01.
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Figure 2. 
Microarray analysis of graft infiltrating cells from tolerant and rejecting heart grafts is 

consistent with a restoration of tolerance at day 30 post-Listeria infection. RNA was isolated 

from pooled CD45+ graft-infiltrating cells syngeneic (Syn; 0.6 × 104/graft; 5 grafts pooled, 

n=1), tolerant (Tol; 2.5 × 104/graft; 10 grafts pooled, n=4), acutely rejecting (AR; 11.5 × 

104/graft; 4 grafts pooled, n=2), Listeria-infected tolerance d8 (Lm-D8; 6.2 × 104/graft; 4 

grafts, n=3), and restored tolerance (Lm-D30; 5.3 × 104/graft; 4 pooled, n=2) mice and 

microarray analysis was performed. (A) Principal component analysis (PCA) revealed 

41.3% of the total variation within the first 3 components. (B) Genes with significant 

differential expression were analyzed using K-means clustering in 23 clusters. Gene 

expression is median-centered at the probe level; higher expression is shown in red. The star 

symbol indicates the clusters associated with tolerance or rejection. (C-E) Genes of interest 
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are shown from clusters, frequency of genes associated with selected Gene Ontology terms 

and heat map of gene expression wherein expression of genes associated with tolerance (i.e., 

higher in tolerant and Lm-D30 CD45+ GIC) were enriched compared to acutely rejecting 

and Lm-D8 mice. (F-H) Genes of interest are shown from clusters, frequency of genes 

associated with selected Gene Ontology terms and heat map of gene expression wherein 

expression of genes associated with acute rejection or loss of tolerance (Lm-D8) were 

distinct from tolerant and restored tolerance (Lm-D30).
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Figure 3. 
Microarray analysis of graft infiltrating cells suggests a partial retention of a signature of 

rejection at day 30 post-Listeria infection. (A-B) Frequency of genes associated with 

selected Gene Ontology terms and heat map of gene expression derived from the full set of 

234 differentially-expressed genes wherein the expression of tolerant genes (Tol) were at 

least 2-fold higher than in rejection (acute rejection (AR) or loss of tolerance at day 8 post-

Listeria infection (Lm-D8)) but ≤ 50% restored at day 30 post-Lm infection (Lm-D30). (C-

D) Frequency of genes associated with selected Gene Ontology terms and heat map of gene 

expression derived from the full set of 100 differentially-expressed genes wherein the 

expression of tolerant genes was at least 2 fold higher in the AR and Lm-D8 groups as 

compared to Tol, and was at least 50% higher in the Lm-D30 group than Tol.
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Figure 4. 
The survival of tolerant BALB/c allografts in Listeria-infected C57BL/6 recipients is not 

affected by anti-CD25 treatment. (A) Enriched percentage of Foxp3+ of CD4+ T cells in the 

tolerant allograft, compared to blood (Bld) and spleen (Spl) in tolerant mice and syngeneic 

(Syn) grafts at ≥ 60 days post-transplantation. (B) Percentage of Foxp3+ of CD4+ T cells in 

the tolerant allografts, prior to (D0) and 7, 14 and ≥30 days post-Listeria infection. Each 

symbol represents a single animal (N=≥7/group), data are presented as mean ± standard 

error, and statistical significance at p≤ *0.05, **0.01, ***0.001 and ****0.0005. Detailed 

gating strategy for graft infiltrating CD4+FoxP3+ and CD8+ cells is illustrated in Figure S1. 

(C) Uninfected (N=6) or day 14 post-infection recipients (N=11) with non-rejected hearts 

were treated with a single i.v. dose of anti-CD25 (PC61; 400 µg/mouse).
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Figure 5. 
Listeria infection of tolerant mice results in transient reduction in the percentages of PD1-

expressing CD8+ and CD4+Foxp3− cells in the allograft. (A-C) Percentage PD-1+ of CD8+, 

CD4+Foxp3− and CD4+Foxp3+ cells in the blood, spleen and infiltrating BALB/c allografts 

in tolerant C57BL/6 mice, or syngeneic grafts at ≥ 60 days post-transplantation. (D-F) 

Percentages of PD-1+ of CD8+CD4+Foxp3+CD4+Foxp3− and CD4+Foxp3+ cells in the 

tolerant allografts, prior to (D0) and 7, 14 and ≥30 days post-Listeria infection. Each symbol 

represents a single animal, data are presented as mean ± standard error, and statistical 

significance at p≤ *0.05, **0.01, ***0.001 and ****0.0005 by Kruskal-Wallis multiple 

comparison test, and p≤#0.05 by pair-comparison. Detailed gating strategy for PD-1 

expression by each of the T cell subset is illustrated in Figure S2.
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Figure 6. 
Anti-PD-L1 induces allograft rejection in recipients with surviving allografts after Listeria-

infection. Uninfected (N=6) and day 14 (N=4) or day 60 post-infection recipients (N=4) 

with non-rejected hearts were treated were treated with anti-PD-L1 (9H10, 0.5 µg/mouse, 

then 0.25 µg/mouse, q.o.d. for 10 days).
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