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Abstract

Immunological requirements for rejection and tolerance induction differ between various organs. 

While memory CD8+ T cells are considered a barrier to immunosuppression-mediated acceptance 

of most tissues and organs, tolerance induction after lung transplantation is critically dependent on 

central memory CD8+ T lymphocytes. Here we demonstrate that costimulation blockade-mediated 

tolerance after lung transplantation is dependent on PD-1 expression on CD8+ T cells. In the 

absence of PD-1 expression, CD8+ T cells form prolonged interactions with graft-infiltrating 

CD11c+ cells, their differentiation is skewed towards an effector memory phenotype and grafts are 

rejected acutely. These findings extend the notion that requirements for tolerance induction after 

lung transplantation differ from other organs. Thus, immunosuppressive strategies for lung 

transplant recipients need to be tailored based on the unique immunological properties of this 

organ.

Introduction

Immune responses after lung transplantation differ from those observed after transplantation 

of other organs (1, 2). Our previous work has established that interactions between innate 

and adaptive immune cell populations within lung allografts regulate both rejection and 

tolerance (1) (3). This sets the lung apart from other organs and tissues such as hearts and 

pancreatic islets, where graft rejection and tolerance depend on cell trafficking to graft-

draining secondary lymphoid organs (4) (5). Based on this unique local environment lung 

grafts have been referred to as “lymph nodes with alveoli.” (6). The capacity to generate 
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alloimmune responses locally may provide an explanation why conditions such as primary 

graft dysfunction and respiratory infections, which are associated with infiltration of 

immune cells into lung grafts, can predispose to immune-mediated graft failure. 

Nevertheless, despite these unique immunological features of lungs pulmonary transplant 

recipients continue to receive immunosuppressive regimens that have been established for 

recipients of other organs. Such treatment strategies may actually be deleterious. For 

example, our laboratory has shown that a subset of CD8+ T cells are critical to induce 

tolerance to pulmonary allografts in immunosuppressed recipients (2). Therefore, targeting T 

cells indiscriminately during the peri-operative period, a practice that is the current standard 

of care at many centers, may adversely impact outcomes. Thus, the use of inadequate 

immunosuppressive strategies may contribute to comparatively poor long-term outcomes 

after lung transplantation. Clearly, a better mechanistic understanding of immunological 

requirements for tolerance induction after pulmonary transplantation will aid with the 

development of therapies that are tailored for lung transplant recipients.

We have recently made the surprising observation that central memory CD8+ T cells, a 

population that contributes to rejection and immunosuppression resistance of other organs, 

promotes tolerance induction to lung allografts through IFN-gamma-mediated production of 

nitric oxide (2). Interestingly, tolerance induction was dependent on the expression of CCR7 

by CD8+ T cells, which facilitated their interaction with antigen presenting cells in the graft 

and promoted the production of IFN-gamma. In the current study we set out to further define 

mechanisms that regulate tolerance induction after lung transplantation. We describe that 

PD-1 expression on recipient CD8+ T cells is critically important for tolerance induction 

after lung transplantation. Mechanistically, when CD8+ T cells do not express PD-1 they 

form prolonged synapses with antigen presenting cells in the graft and undergo 

differentiation towards effector memory T cells. Thus, this study extends the concept that the 

fate of transplanted lungs is controlled by immune cell encounters within pulmonary 

allografts at early time points after transplantation.

Methods

Mice

C57BL/6J (B6), Balb/cJ (BALB/c), B6. SJL-Ptprca Pepcb/BoyJ (CD45.1+) and B6.PL-

Thy1a/CyJ (Thy1.1+) mice were purchased from The Jackson Laboratories (Bar Harbor, 

ME). B6 mice expressing enhanced yellow fluorescent protein driven by a CD11c promoter 

(CD11c-EYFP+) were a gift from M Nussenzweig (Rockefeller University, New York, NY) 

and bred at our facility. PD-1-deficient mice were obtained from A. Ayala (Brown 

University, Providence, RI), who had originally obtained a breeding colony from T. Honjo 

(Kyoto University Graduate School of Medicine, Kyoto, Japan). All procedures were 

approved by the Institutional Animal Studies Committee.

Lung transplantation

Left orthotopic vascularized lung transplants were performed as previously described (7). 

Mice were treated with co-stimulatory blockade consisting of MR1 (250 μg 

intraperitoneally) and CTLA4-Ig (200 μg intraperitoneally), on days 0 and 2, respectively 
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(Bio X Cell, West Lebanon, NH). For select experiments, lung recipients were additionally 

treated with anti-PD-1 antibody (clone RMP1-14: 250 μg intraperitoneally, days −2, 2) (Bio 

X Cell, West Lebanon, NH). For some experiments, CD8+ T cells isolated from spleens of 

either B6 wildtype (CD45.2+Thy1.2+ or CD45.2+Thy1.1+) or PD-1-deficient 

(CD45.2+Thy1.2+) mice were injected into B6 CD45.1+Thy1.2+ recipients of BALB/c lungs 

at the time of transplantation.

Histology

Portions of transplanted lungs were fixed in formaldehyde, sectioned, and stained with 

hematoxylin and eosin. Grading for acute cellular rejection was performed in a blinded 

manner by a pathologist (JHR) using standard criteria (8).

Flow cytometry

Single cell suspensions were prepared from lung allografts, draining mediastinal lymph 

nodes and spleens as previously described and incubated with CD16/32 antibody 30 minutes 

prior to the staining with fluorochrome-labeled antibodies specific for CD90.2 (clone 30-

H12), CD90.1 (clone HIS51), CD62L (clone MEL-14), CD44 (clone IM7), CD8a (clone 

53-6.7), Foxp3 (clone FJK-16s), CD4 (clone RM4-5), CD11c (clone N418), CD45.2 (clone 

104), CD45.1 (clone A20) (all from ebioscience, San Diego, CA) PD-L1 (clone MIH5) and 

PD-1 (clone J43) (BD Pharmingen, San Jose, CA) (2).

ELISA

CD8+ T cells, positively selected from lung allografts seven days after transplantation into 

PD-1 antibody-treated or control recipients, were cultured with T cell-depleted donor Balb/c 

splenocytes at a 1:1 ratio (3 × 105 cells each) (Miltenyi Biotec, San Diego, CA). 

Supernatants were collected at 24 and 48 hours and analyzed for IFN-γ by ELISA according 

to manufacturer’s protocol (R&D System; Minneapolis, MN).

Measurement of serum alloantibody titers

200 μL aliquots of PBA (PBS with 0.5% bovine serum albumin and 0.02% sodium azide) 

containing 2 × 106 BALB/c thymocytes were added to 200 μL of diluted serum in PBA (1/4, 

1/16, 1/64 and 1/256 dilutions) for 1 hour at 4°C with frequent agitation. After three washes 

with PBA, cells were stained for 30 min at 4°C with 100 μL of PBA containing 1 μL of 

polyclonal PE-conjugated goat anti-mouse IgM, μ chain specific (Jackson ImmunoResearch, 

West Grove, PA). Cells were analyzed on a FACScan (BD Biosciences, San Jose, CA) and 

FlowJo software (FlowJo, Ashland, OR) was used to calculate the median fluorescence 

intensity.

In vitro cell cultures

3 × 105 T cell–depleted BALB/c splenocyte (as stimulators) were cultured with 3 × 105 

CD8+ T cell responders isolated with CD90 magnetic beads (Miltenyi Biotec, Auburn, CA) 

from spleens of wildtype or PD-1-deficient mice in complete medium in round bottom 96-

well plates for 48 hours. CD90.2+CD45+CD8+ were sorted in Trizol RNA extraction reagent 

(Thermo Fisher Scientific, Carlsbad, CA) using a Sony Synergy cell sorter SY3200 (SONY, 
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San Jose, CA). Quantitative realtime PCR was performed as described previously (9). 

Primer sequences for Perforin (pfr-1) are: 5′-AGCACAAGTTCGTGCCAGG −3′ (forward) 

and 5′-GCGTCTCTCATTAGGGAGTTTTT −3′ (reverse).

Intravital two-photon microscopy

BALB/c lungs were transplanted into immunosuppressed B6 CD11c-EFYP recipients and 

on day 3, received an injection of 107 CD8+ T cells isolated from wild-type B6 mice 

(labeled with CMTMR) and PD-1-deficient mice (labeled with CellTrace Violet, Molecular 

Probes, Eugene, OR). Twenty-four hours after cell injection, time-lapse imaging was 

performed with a custom-built two-photon microscope running ImageWarp version 2.1 

acquisition software (A&B Software, New London, CT).

Statistics

Data are reported as mean ± SEM. The Mann-Whitney U test was performed using 

GraphPad Prism version 7.0 (GraphPad Software, La Jolla, CA). p < 0.05 was considered 

significant.

Results

PD-1 blockade prevents induction of lung transplant tolerance

Based on previous reports that inhibition of PD-1/PD-L1 can accelerate rejection of hearts 

and pancreatic islets we set out to evaluate the role of this inhibitory pathway in tolerance 

after lung transplantation (10, 11). We transplanted BALB/c lungs into B6 recipients that 

were treated with peri-operative co-stimulatory blockade. When these recipients were treated 

with anti-PD-1 antibody two days prior and two days after transplantation, pulmonary 

allografts were acutely rejected (Figures 1A, B). Consistent with previous findings graft 

rejection was associated with a significant increase in the ratio of CD8+ T cells to CD4+ T 

cells within lung allografts (Figure 1C) (12). While we observed an increase in the 

percentage of proliferating cells for both CD8+ and CD4+ T lymphocytes after injection of 

anti-PD-1 antibody, this increase was more pronounced for CD8+ T cells (Figure 1 D). We 

also found that a higher proportion of graft-infiltrating CD4+ T cells expressed Foxp3 when 

PD-1 is inhibited (Figure 1E). Moreover, treatment with anti-PD-1 antibody resulted in a 

relative increase in the abundance of effector memory CD4+CD44hiCD62Llow and CD8+ 

CD44hiCD62Llow T cells with a decrease in the abundance of naïve CD4+CD44lowCD62Lhi 

and CD8+ CD44lowCD62Lhi T lymphocytes within the allografts (Figures 1 F, G). An 

expansion of effector memory CD8+ T cells was not observed in graft-draining lymph nodes 

or spleen of lung recipients that were injected with anti-PD-1 antibody (Figure S1). Graft-

infiltrating CD8+ T cells isolated from recipients that were treated with anti-PD-1 antibody 

produced higher levels of IFN-γ after stimulation with donor antigen presenting cells 

(Figure 1H). Finally, blockade of PD-1 resulted in higher serum titers of alloantibodies 

(Figure 1I). Thus, prevention of immunosuppression-mediated acceptance of lung allografts 

after blockade of PD-1 is associated with differentiation of graft-infiltrating T lymphocytes 

towards an effector memory phenotype as well as enhanced B and T cell alloresponses.
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PD-1 expression on CD8+ T cells is critical for lung transplant tolerance induction

Of note, the vast majority of CD11c+ antigen presenting cells within accepted lung allografts 

expresses PD-L1 and a portion of graft-infiltrating CD8+ T cells expresses PD-1 (Figure 

2A). We next transplanted Balb/c lungs into immunosuppressed B6 PD-1-deficient 

recipients. Seven days after engraftment the transplanted lungs had histological evidence of 

allograft rejection and the vast majority of graft-infiltrating CD4+ and CD8+ T cells had an 

effector memory phenotype (Figure S2). As cell populations other than T cells can express 

PD-1 and we have previously shown that recipient central memory CD8+ T cells are critical 

to induce tolerance after lung transplantation we next wanted to determine whether PD-1 

expression on recipient CD8+ T cells regulates tolerance induction (2, 13). To this end, we 

transplanted BALB/c lungs into B6 CD45.1+ hosts that were treated with peri-operative 

costimulatory blockade. At the time of transplantation, we injected 107 B6 CD45.2+ wild-

type or B6 CD45.2+ PD-1-deficient CD8+ T cells into the recipients. While minimal 

inflammation was observed after injection of wild-type CD8+ T cells, grafts demonstrated 

severe acute rejection after adoptive transfer of PD-1-deficient CD8+ T cells (Figure 2B, C). 

Similar to our observations after antibody blockade, the ratio of endogenous recipient CD8+ 

to CD4+ T lymphocytes was significantly increased after adoptive transfer of PD-1-deficient 

CD8+ T cells (Figure 2D). After injection of CD8+ T cells that lacked expression of PD-1 

both adoptively transferred CD8+ T lymphocytes as well as native CD4+ and CD8+ T cells 

had higher rates of proliferation (Figure 2E). Furthermore, we observed a decrease in the 

abundance of graft-infiltrating naïve (CD44lowCD62Lhi) and an increase in the abundance of 

effector memory (CD44hiCD62Llow) T cells in both native (Figure 2F) and adoptively 

transferred T lymphocytes (Figure 2G) when we injected CD8+ T lymphocytes that lacked 

expression of PD-1.

We next set out to examine how PD-1 expression impacted CD8+ T cell differentiation after 

activation via direct allorecognition in vitro. We isolated CD8+ T cells from the spleens of 

wildtype and PD-1-deficient B6 mice. The relative abundance of naïve (CD44lowCD62Lhi), 

central memory (CD44hiCD62Lhi) and effector memory (CD44hiCD62Llow) T cells was 

comparable between the two strains at baseline (Figure 3A). After two days of co-culture 

with allogeneic BALB/c splenocytes we observed an increased differentiation towards an 

effector memory phenotype when CD8+ T cells lacked expression of PD-1 (Figure 3B). 

Furthermore, compared to central memory T cells, both wildtype and PD-1-deficient effector 

memory T cells expressed higher levels of perforin suggesting higher cytotoxic potential 

(Figure 3C).

PD-1 expression regulates the interaction between CD8+ T cells and CD11c+ antigen 
presenting cells in lung allografts

We have previously shown that the duration of interactions between CD8+ T cells and 

CD11c+ antigen presenting cells within lung allografts impacts outcomes after lung 

transplantation (2). As PD-1 expression on T cells has been previously shown to regulate the 

interaction between T cells and antigen presenting cells we wanted to evaluate whether PD-1 

regulates the dynamic behavior of CD8+ T cells within lung allografts (14, 15). To this end, 

we transplanted BALB/c lungs into immunosuppressed B6 CD11c-EYFP mice that express 

enhanced yellow fluorescent protein under a CD11c promoter. We have previously shown 
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that graft-infiltrating CD11c+ cells express both recipient and donor MHC molecules on 

their surface and prime allogeneic T cells (2) (16). Four days after transplantation we 

injected fluorochrome-labeled B6 WT and PD-1-deficient CD8+ T cells into the B6 CD11c-

EYFP hosts and imaged the lung by intravital two-photon microscopy 24 hours later 

(Figures 4 A, B; Video S1). Compared to wildtype CD8+ T cells, we observed significantly 

longer interactions between CD11c+ antigen presenting cells and CD8+ T cells that were 

deficient in PD-1.

Having demonstrated that PD-1 expression on CD8+ T cells regulates their dwell time with 

CD11c+ antigen presenting cells within lung allografts we next set out to examine how PD-1 

expression impacts proliferative responses and accumulation of CD8+ T lymphocytes within 

allografts. We injected equal numbers of PD-1-deficient (CD45.2+Thy1.2+) and wildtype 

(CD45.2+Thy.1.1+) B6 CD8+ T cells into B6 CD45.1+Thy1.2+ recipients of Balb/c lungs at 

the time of pulmonary transplantation and evaluated the adoptively transferred cells seven 

days later. We found a significantly higher abundance of PD-1 deficient cells and a trend 

towards higher expression of Ki67 at this time point.

Discussion

Previous studies have examined the role of the PD-1 pathway in the survival of allografts. 

Long term survival of allogeneic murine hearts could not be induced by anti-CD154 

antibodies and donor splenocyte transfusion when the PD-1/PD-L1 pathway was inhibited 

(17). Here, PD-1 expression on CD4+ T cells was found to blunt their proliferative 

responses, inhibit their production of proinflammatory cytokines and promote their 

induction of anergy (17). Similarly, blockade of PD-1/PD-L1 abrogated cardiac allograft 

tolerance induced by treatment with CTLA4-Ig (10). Graft rejection was associated with an 

expansion of effector memory CD8+ T cells in the recipients’ spleens and – unlike our 

observations in lung allografts- a decrease in the abundance of CD4+ Foxp3+ regulatory T 

cells in heart allografts. Blockade of PD-1/PD-L1 triggered rejection of long term surviving 

skin grafts in recipients that had been treated perioperatively with anti-CD28 and anti-

CD40L (18). Mechanistically, residual alloreactive T cells, which express PD-1, exhibited 

enhanced proliferation and acquired effector function such as production of inflammatory 

cytokines. Spontaneous acceptance of mouse liver allografts can be abrogated by inhibiting 

PD-L1 (19). Rejected livers were infiltrated with CD8+ cytotoxic T lymphocytes and 

expression levels of genes associated with these cells such perforin and granzyme B were 

increased in the grafts. Our studies extend these previous observations and add new 

mechanistic insight into the role of the PD-1 pathway in lung allograft survival.

We have previously shown that central memory CD8+ T cells mediate pulmonary graft 

acceptance in recipients that are treated with peri-operative costimulatory blockade, while 

effector memory CD8+ T cells trigger rejection, which may in part be due to higher 

expression levels of inflammatory and cytotoxic molecules (2). A requirement for CD8+ T 

cells for tolerance induction after pulmonary transplantation may depend on the 

immunosuppressive regimen. For example, long-term acceptance of lung allografts can be 

achieved in miniature swine through preoperative nonmyeloablative irradiation, 

perioperative donor splenocyte infusion and short-term postoperative treatment with steroids 

Takahashi et al. Page 6

Am J Transplant. Author manuscript; available in PMC 2019 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



and tacrolimus (20). CD8+ T cell depletion may facilitate the establishment of mixed 

hematopoietic chimerism and graft acceptance in this model. Our results suggest that PD-1 

expression maintains a central memory phenotype in CD8+ T cells that infiltrate lung 

allografts where tolerance is induced through peri-operative blockade of the B7-CD28 and 

CD40-CD40L pathways. When they lack PD-1 expression CD8+ T cells form prolonged 

interactions with donor antigen-bearing CD11c+ cells within pulmonary grafts and 

preferentially differentiate towards effector memory cells. It is well established that central 

memory can develop into effector memory CD8+ T cells (21) (22) (23). Our observation is 

consistent with the notion that expression of costimulatory and co-inhibitory molecules can 

regulate the differentiation of T cells by modulating the signal strength of the T cell receptor 

(24). In particular, our results are in agreement with a previous study that defined PD-1 as a 

checkpoint in the differentiation of CD8+ T cells from a central memory to an effector 

memory phenotype (25). Several studies have identified various CD8+ T cell subsets that 

have immunoregulatory functions (26). Of note, CD8+CD122+PD-1+ cells have been 

described that suppress alloimmune responses through production of IL-10 (27). These 

CD8+ T cells differ from the central memory CD8+ T lymphocytes that mediate the 

induction of lung transplantation tolerance through production of IFN-γ (2).

Engagement of the T cell receptor by its cognate ligand on the surface of antigen presenting 

cells results in motility decreases of T lymphocytes and the formation of durable synapses 

between T lymphocytes and antigen presenting cells. Previous studies have shown that T 

cells fail to undergo efficient activation if their interactions with antigen presenting cells are 

terminated prematurely (28). The duration of interactions between T cells and antigen 

presenting cells can be regulated by expression of molecules on their respective surfaces. For 

example, expression of ICAM-1 by mature dendritic cells mediates long-lasting dendritic 

cell - T lymphocyte interactions and regulates survival and memory formation of CD8+ T 

cells (29). Our previous work has shown that synapses between CD8+ T cells and CD11c+ 

antigen presenting cells are short lived in lung allografts when CD8+ T lymphocytes do not 

express CCR7 (2). CCR7 deficiency in recipient CD8+ T cells results in graft rejection, 

presumably secondary to their insufficient activation and low level of production of 

cytokines that mediate tolerance. Conversely, we now demonstrate that interactions between 

CD11+ antigen presenting cells and CD8+ T cells are significantly prolonged when CD8+ T 

cells are deficient in PD-1, which results in their differentiation towards an effector memory 

phenotype and an inability to induce tolerance. Previous kinetic studies have shown a 

dynamic course of PD-1 expression on T cells with the highest expression levels and a 

higher proportion of T cells expressing PD-1 early after activation followed by a subsequent 

decline (30). Two previous studies have examined how PD-1 regulates T cell motility and 

the formation of immune synapses. Similar to our findings, Fife observed in a model of 

autoimmunity that PD-L1 blockade was associated with prolonged interactions between 

CD4+ T lymphocytes and dendritic cells in antigen-bearing lymph nodes resulting in the 

activation of T cells and their production of proinflammatory cytokines (15). In apparent 

contrast to our results, Zinselmeyer demonstrated that the PD-L1-PD-1 pathway mediates a 

motility arrest of CD4+ and CD8+ T cells in spleens of mice during chronic viral infections 

(14). We speculate that the nature of the inflammatory stimuli may in part account for 

differences in the observations in these studies. Collectively, our findings extend the notion 
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that - in contrast to other transplanted organs and tissues, where T cells encounter antigen 

presenting cells in draining lymph nodes - interactions between immune cells within lung 

allografts can shape their fate (4) (5). Thus, local targeting of immune pathways within lungs 

may be a promising avenue to ameliorate rejection.
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Figure 1. PD-1 blockade prevents costimulation blockade-mediated lung allograft acceptance
(A) Representative histology, (B) numerical ISHLT rejection grades, (C) intragraft 

CD8/CD4 T cell ratio, (D) CD8+ and CD4+ T cell proliferative responses and (E) percentage 

of intragraft CD4+ T cells that express Foxp3 for BALB/c lung allografts seven days after 

transplantation into control and anti-PD-1-antibody-treated immunosuppressed B6 

recipients. Data represent mean ± SEM, *p<0.05, **p<0.01, ***p<0.001 by unpaired T test. 

(F) Representative contour plot and (G) graphic representation of relative abundance of 

naïve (CD62LhiCD44low), central memory (CM) (CD62LhiCD44hi) and effector memory 
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(EM) (CD62LlowCD44hi) CD4+ and CD8+ T cells in BALB/c lung allografts seven days 

after transplantation into control and anti-PD-1-antibody-treated immunosuppressed B6 

recipients. (H) IFN-γ levels in supernatants after 24- and 48-hour co-cultures of T cell-

depleted Balb/c splenocytes with CD8+ T cells, isolated from Balb/c lung grafts seven days 

after transplantation into control and anti-PD-1-antibody-treated immunosuppressed B6 

recipients. (I) Representative plot (left) and graphic representation (right) of serum IgM 

alloreactive antibody titers in control and anti-PD-1-antibody-treated immunosuppressed B6 

recipients of Balb/c lungs seven days after transplantation. Results are expressed as mean 

fluorescent intensities (MFI). Data represent mean ± SEM. *p<0.05, **p<0.01 by Mann-

Whitney U test.
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Figure 2. PD-1 expression on CD8+ T cells is critical to induce tolerance after lung 
transplantation
(A) Representative contour plot depicting PD-L1 expression on CD11c+ antigen presenting 

cells and PD-1 expression on CD8+ T cells within BALB/c lung allografts seven days after 

transplantation into immunosuppressed B6 recipients. (B) Representative histology, (C) 

numerical ISHLT rejection grades, (D) intragraft CD8+/CD4+ T cell ratio of native 

(CD45.1+) recipient CD8+ T lymphocytes and (E) proliferative responses of adoptively 

transferred (CD45.2+) as well as native (CD45.1+) T cells within BALB/c lung allografts 

seven days after transplantation into immunosuppressed B6 CD45.1+ recipients that received 
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either wildtype or PD-1 deficient B6 CD45.2+ CD8+ T lymphocytes at the time of 

transplantation. Data represent mean ± SEM. *p<0.05, **p<0.01, ***p<0.001 by unpaired T 

test. Representative contour plots and graphic representation of relative abundance of naïve 

(CD62LhiCD44low), central memory (CM) (CD62LhiCD44hi) and effector memory (EM) 

(CD62LlowCD44hi) for (F) native CD45.1+ CD4+ and CD8+ T cells and for (G) adoptively 

transferred wildtype and PD-1-deficient B6 CD45.2+ CD8+ T cells in BALB/c lung 

allografts seven days after transplantation into immunosuppressed B6 recipients. Data 

represent mean ± SEM. *p < 0.05, **p < 0.01 by Mann-Whitney U test.
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Figure 3. PD-1 expression regulates CD8+ T cell differentiation in response to stimulation with 
allogeneic antigen presenting cells
Representative contour plots and graphic representation of phenotype of wildtype and PD-1-

deficient B6 CD8+ T cells (A) at baseline and (B) after 48 hours of co-culture with T cell-

depleted BALB/c splenocytes. Data represent mean ± SEM for 3 biological replicates. 

*p<0.05, **p<0.01, ***p<0.001 by 2-Way ANOVA. (C) Perforin expression in central 

memory (CM) (CD62LhiCD44hi) and effector memory (EM) (CD62LlowCD44hi) wildtype 

and PD-1-deficient B6 CD8+ T cells after 48 hours of co-culture with T cell-depleted 

BALB/c splenocytes. Results were normalized to 18s RNA and compared with central 

memory T cells in each group. Data represent the mean ± SEM. *p < 0.05, **p < 0.01 by 

Mann-Whitney U test.
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Figure 4. PD-1 expression on graft-infiltrating CD8+ T cells regulates their interaction with 
CD11c+ antigen presenting cells
(A) Intravital two-photon microscopy showing wild-type B6 CD8+ T cells (red), PD-1-

deficient CD8+ T cells (blue) and CD11c+ cells (green) in BALB/c lung allografts 4 days 

after transplantation into immunosuppressed B6-EYFP recipients. Cells were injected 24 

hours prior to imaging. Scale bars 50 μm (top) and 20 μm (bottom). Images in bottom panel 

are individual frames from a continuous time-lapse recording (Video S1). Relative time 

displayed in minutes:seconds. (B) PD-1-deficient CD8+ T cells (blue) have longer retention 

times (mostly associated with EYFP+ CD11c+ T cells) than wildtype CD8+ T cells (red) 
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(15.8 vs. 4.9 minutes, p<0.005). Representative data are shown from two independent 

experiments with similar results. (C) Representative contour plot (left) and graphic 

representation (right) of relative abundance of adoptively transferred wildtype 

(CD45.2+Thy1.1+) and PD-1-deficient (CD45.2+Thy1.2+) CD8+ T cells in Balb/c lung 

allografts seven days after transplantation into CD45.1+Thy.1.2+ hosts. Contour plots are 

gated on live CD45.2+CD8+ cells. (D) Representative contour plot (left) and graphic 

representation (right) of Ki67 expression in adoptively transferred wildtype 

(CD45.2+Thy1.1+) and PD-1-deficient (CD45.2+Thy1.2+) CD8+ T cells in Balb/c lung 

allografts seven days after transplantation into CD45.1+Thy.1.2+ hosts. Data represent the 

mean ± SEM. *p < 0.05 by Mann-Whitney U test.
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