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Allogeneic blood or BM transplantation (BMT) is the most commonly applied form of adoptive cellular ther-
apy for cancer. In this context, the ability of donor T cells to respond to recipient antigens is coopted to gener-
ate graft-versus-tumor (GVT) responses. The major reason for treatment failure is tumor recurrence, which 
is linked to the eventual loss of functional, host-specific CTLs. In this study, we have explored the role of 
recipient antigen expression by nonhematopoietic cells in the failure to sustain effective CTL immunity. Using 
clinically relevant models, we found that nonhematopoietic antigen severely disrupts the formation of donor 
CD8+ T cell memory at 2 distinct levels that operate in the early and late phases of the response. First, initial 
and direct encounters between donor CD8+ T cells and nonhematopoietic cells blocked the programming of 
memory precursors essential for establishing recall immunity. Second, surviving CD8+ T cells became func-
tionally exhausted with heightened expression of the coinhibitory receptor programmed death-1 (PD-1). These 
2 factors acted together to induce even more profound failure in long-term immunosurveillance. Crucially, 
the functions of exhausted CD8+ T cells could be partially restored by late in vivo blockade of the interaction 
between PD-1 and its ligand, PD-L1, without induction of graft-versus-host disease, suggestive of a potential 
clinical strategy to prevent or treat relapse following allogeneic BMT.

Introduction
Allogeneic blood or BM transplantation (BMT) represents the most 
commonly applied form of adoptive cellular therapy for cancer. This 
treatment exploits donor T cell alloreactivity to generate a graft-ver-
sus-tumor (GVT) effect (1, 2). Since the antigens targeted in this 
response may have ubiquitous expression, one major limitation of 
this approach is the risk of immune-mediated injury to peripheral 
tissues, in the form of graft-versus-host disease (GVHD). Transfer of 
donor T cells immediately following recipient conditioning height-
ens this risk as a result of the proinflammatory milieu (3–5). In 
this context, alloantigen-specific memory T cells with self-renewal 
potential may emerge early in the response and continually replen-
ish the pool of effectors, thus perpetuating host injury (6).

Both experimental and clinical data have demonstrated that 
delaying transfer of donor T cells following conditioning can 
deliver effective GVT responses while limiting the risk of GVHD 
(1, 7–9). The approach of delayed donor leukocyte infusion (DLI) 
is widely applied in the clinic, particularly following nonmyeloab-
lative transplantation protocols (10). In this context, host hema-
topoietic elements that persist after initial transplantation can 
prime incoming donor T cells, leading to an antihost response that 
induces conversion to full donor chimerism (in which remaining 

host hematopoietic cells are rejected) and accompanying antitu-
mor effects (11–14). Unfortunately, the most common reason for 
treatment failure with this strategy is relapse (1). Transfer of donor 
T cells to a noninflammatory environment may partially compro-
mise the capacity of such cells to acquire a full repertoire of effec-
tor functions (7, 15, 16). Furthermore, initial alloreactive responses 
may be poorly sustained with the eventual loss of functional CTL 
(17, 18). The mechanisms underlying this failure to provide effec-
tive and durable immunosurveillance are not known.

An important distinction between the GVT response and T cell 
responses to acute infections is that, in the former situation, anti-
gen persists following the initial primary response. In this respect, 
the immune response occurs under circumstances similar to those 
that occur in chronic infections or solid cancers, where antigen is 
not cleared and functional antigen-specific T cells are also eventu-
ally lost (reviewed in refs. 19, 20). In these settings, both early fate 
decisions (survival and memory precursor formation) and late fit-
ness of antigen-specific CD8+ populations can be compromised. 
At its most extreme, CD8+ populations with specificity for immu-
nodominant epitopes may be deleted entirely from the repertoire 
(21). Alternatively, persistence of viral antigens or tumor-associ-
ated self antigens may instead drive exhaustion, in which surviving 
cells become subject to strong coinhibitory signals in the host and 
progressively lose effector function (22–24).

Our current understanding of early fate determination and late 
fitness of CD8+ T cells necessarily invokes the role of BM-derived 
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professional APCs. Professional APCs are highly proficient in inte-
grating signals from the host environment (e.g., inflammation) or 
other interacting cells (e.g., CD4+ helper cells) that are critical to 
the initial programming of CD8+ memory differentiation (25). 
However, the recent finding that memory precursors can arise 
from cytolytic effector cells (26–28) suggests that it is also impor-
tant to consider how early interactions with target cells might dic-
tate the eventual fate of CD8+ cells. Similarly, although persistent 
antigen presentation by hematopoietic APCs has been shown to 
be sufficient for driving exhaustion (29), whether this mode of 
presentation is required is not known. In this regard, recent stud-
ies have observed compartmentalization of exhausted CD8+ cells 
within the livers of patients with chronic viral hepatitis (30) or 
within solid tumors (31). Expression of coinhibitory molecules 
by nonhematopoietic cells within these environments could con-
tribute to downregulation of effector T cell functions in the long 
term (32). These observations suggest that it is important to con-
sider the role of antigen expression by nonhematopoietic tissues in 
shaping not only initial imprinting of CD8+ cell memory fate, but 
also long-term fitness in the face of persistent antigen.

This issue is of particular relevance to the GVT response follow-
ing delayed DLI. In this case, incoming CD8+ T cells interact with 
a noninflamed host environment in which antigen is expressed 
both by nonhematopoietic cells and by residual host hematopoi-
etic cells. Thereafter, host antigen is cleared from the hematopoi-
etic system by the ensuing donor T cell response, but continues 
to be expressed by cells within the nonhematopoietic compart-
ment (for example, in peripheral tissues, the vasculature or the 
stroma of lymphoid organs). Although cross-presentation of host 
antigens by donor hematopoietic APCs may occur, this process is 
likely to be less efficient in the absence of inflammation (33), or 
less important when responses are directed at MHC alloantigens 
(11, 13, 16). It therefore follows that any influence of the non-
hematopoietic compartment upon the fate of alloreactive T cell 
populations might in fact depend upon direct interactions with 
nonhematopoietic cells rather than professional APCs. To address 
this issue, we examined the functions of donor T cells in murine 
models of BMT and delayed DLI. By manipulating the presence 
of antigen within the periphery, we found that nonhematopoietic 
tissues drive CD8+ dysfunction at 2 distinct levels. First, the non-
hematopoietic compartment critically regulated early fate deci-
sions and blocked imprinting of CD8+ memory differentiation. 
Second, direct presentation of antigen by nonhematopoietic cells 
led to a progressive diminution in donor CD8+ cell function as 
a consequence of exhaustion, further contributing to the deficit 
in long-term immunosurveillance. These findings have important 
implications for immunotherapeutic strategies designed to pre-
serve the integrity of T cell function over the long term.

Results
Eventual loss of CD8+ cell alloreactivity following delayed transfer of donor  
T cells to allogeneic chimeras. To determine the fate of donor CD8+ T cells 
upon transfer to allogeneic chimeras, we first used a murine model 
representative of nonmyeloablative transplantation and delayed DLI 
(3, 15). In selection of the appropriate model to explore the interac-
tion of donor CD8+ cells with host nonhematopoietic cells, it was 
desirable to use an experimental system in which cross-presentation 
of host antigens by donor hematopoietic cells would not contribute 
significantly to the donor CD8+ response. In this regard, we have pre-
viously reported that the donor CD8+ cell response following delayed 

DLI to fully MHC-mismatched allogeneic chimeras does not involve 
significant cross-presentation of host antigens (11, 13).

We confirmed that this requirement was also met in a model 
involving a partial MHC mismatch, whereby C57BL/6 (B6) CD45.1+ 
donor T cells were transferred to established allogeneic chime-
ras generated by reconstitution of lethally irradiated B6 (H-2b) × 
DBA/2 (H-2d) [BDF1, H-2bxd] mice with a mix of T cell–depleted 
host (BDF1) and donor (B6) BM (3, 15). The resulting stable chime-
ras (referred to herein as [B6+BDF1→BDF1]) had between 40% and 
60% host hematopoiesis. Transfer of donor T cells at 8–12 weeks 
following reconstitution and following recovery from lymphopenia 
led to expansion of donor T cells (Figure 1, A and B, and Supple-
mental Figure 1; supplemental material available online with this 
article; doi:10.1172/JCI41446DS1) and eradication of host hema-
topoietic elements, but not to GVHD (3). Very similar findings were 
observed in the same strain combination using nonmyeloablative 
conditioning regimens based upon clinical protocols (ref. 3 and 
our unpublished observations). In the absence of host BM-derived 
cells, cross-priming of an antihost T cell response did not occur, 
as shown by a failure to observe CD8+ proliferation in established 
[B6→BDF1] chimeras (Supplemental Figure 1).

Following initial transfer, the number of CD45.1+ CD8+ cells 
increased rapidly, peaking at day 12 and contracting thereafter 
(Figure 1B). However, 60 days following transfer, there were still 
substantial numbers of CD45.1+ CD8+ cells in recipient second-
ary lymphoid organs (approximately 5%–10% of peak values), 
which suggests that the T cell repertoire still contained alloanti-
gen-primed CD8+ cells. To determine the capacity of donor CD8+ 
cells to mediate antihost reactivity over time, we performed in vivo 
cytotoxicity assays involving cotransfer of F1 host and parental 
donor target B cells differentially labeled with CFSE (Figure 1C). 
This assay is largely representative of donor CTL activity, since 
alloreactive NK cells do not play a major role in rejection of F1 
targets (34). Although robust cytotoxicity against host targets was 
evident at day 12–14 following T cell transfer, specific cytotoxicity 
was significantly reduced by day 60. At this later time point, detect-
able CTL function could not be recovered following either in vitro 
stimulation with host APCs or i.p. vaccination with host-type LPS-
activated dendritic cells (data not shown). Compared with day 12, 
CD45.1+ CD8+ cells at day 60 proliferated less to alloantigen (Figure 
1D) and demonstrated a decline in their capacity to generate IFN-γ  
(Figure 1E), albeit from a low initial level in the latter case (15). 
These data demonstrate a profound failure of host antigen–reactive 
CD8+ populations to sustain their functions in the long term.

Antigen expression by nonhematopoietic tissues disrupts memory func-
tion and homeostasis. We hypothesized that persistent antigen 
expression by nonhematopoietic cells was responsible for impair-
ing memory formation and/or homeostasis. In order to test this 
concept, we wanted to compare the fate of alloreactive CD8+ cells 
in mice in which nonhematopoietic tissue antigen (nhTA) was 
either present or absent (nhTA+ or nhTA–, respectively) following 
the initial phase of the response. Thus, 3 × 107 B6 CD45.1+ sple-
nocytes (SCs) were transferred to established [B6+BDF1→BDF1] 
(i.e., nhTA+) or [B6+BDF1→B6] (i.e., nhTA–) chimeras (Figure 2A). 
In both groups, BDF1 BM-derived cells were available to prime 
the initial response leading to the eradication of BDF1 hemato-
poietic elements, but only in nhTA+ chimeras did antigen remain. 
In each set of chimeras, the proportion of BDF1 hematopoietic 
cells was very similar at the time of transfer (Supplemental Fig-
ure 2). By day 28, BDF1 hematopoietic elements had been cleared 
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in both nhTA+ and nhTA– recipient chimeras with almost identi-
cal kinetics (Supplemental Figure 2). However, by day 60, signifi-
cant differences in the functions of the remaining donor T cells 
had emerged. Thus, the level of in vivo cytotoxicity against anti-
gen-expressing target cells was more than 3-fold lower in nhTA+ 
compared with nhTA– chimeras (Figure 2B). Associated with these 
differences in CTL function, CD45.1+ CD8+ cells in nhTA– recipi-
ents retained the ability to produce IFN-γ following ex vivo TCR 
stimulation, whereas this function was reduced in nhTA+ hosts 
(Figure 2C). These assays both detected rapid, recall immunity 
and were not initiated by either naive T cells or nontransferred 
cells (Supplemental Figure 3). Thus, loss of recall immunity only 
occurred in the presence of nonhematopoietic antigen.

In association with these functional differences, we also observed 
significantly lower absolute numbers of CD45.1+ CD8+ cells in both 
LNs and BM of nhTA+ versus nhTA– recipients (Figure 2D). In the 
spleen, differences between the groups trended in the same direc-
tion, but did not reach statistical significance (Figure 2D). When 
we examined the phenotype of residual CD45.1+ CD8+ cells in each 
cohort, it became clear that the difference in numbers between the 

groups could be explained primarily by differences in the absolute 
numbers of central memory cells (Tcm; CD44hiCD62Lhi), which 
were 5- to 6-fold lower in nhTA+ than nhTA– recipients in both spleen 
and LN (Figure 2E and data not shown). Compared with other sub-
sets, Tcm populations are characterized not only by superior expan-
sion potential upon reexposure to antigen, but also by higher base-
line turnover in response to homeostatic cytokines in the absence of 
antigen (25, 35). To examine this latter property, we performed addi-
tional experiments in which we initially transferred Thy1.1+ SCs to 
nhTA– hosts and CD45.1+ SCs to nhTA+ hosts. After 60 days, we sorted 
Thy1.1+ and CD45.1+ CD8+ cells from each group, mixed them at a 
1:1 ratio, and cocultured them ex vivo with various cytokines. As 
shown in Figure 2F, there was a competitive disadvantage for the 
CD45.1+ compared to the Thy1.1+ population alone and in response 
to IL-15 and IL-7, consistent with defective memory homeostasis in 
nhTA+ recipients. Taken together, the data in Figures 1 and 2 indicate 
that persistent antigen expression within nonhematopoietic tissues 
impairs CD8+ memory function and homeostasis.

Loss of CTL function following DLI results from exhaustion. We rea-
soned that the failure to establish an effective memory pool in 

Figure 1
CD8+ T cells transferred to established mixed chimeras show transient cytotoxicity followed by loss of effector function. (A) Allogeneic chime-
ras were generated by lethal irradiation of recipient BDF1 (F1) mice followed by reconstitution with T cell–depleted (TCD) B6 and BDF1 BM.  
10 weeks later, 3 × 107 CD45.1+ B6 SCs were transferred to established chimeras. A representative example of blood chimerism of mice before 
and 28 days after DLI is shown using Dd as a marker of BDF1-derived cells. (B) Absolute number of CD45.1+ CD8+ T cells recovered from the 
spleen at various times following DLI (n = 3 per group per time point). (C) A 1:1 mix of CFSEhi and CFSElo labeled B6 and BDF1 B cells, respec-
tively, were injected intravenously into mice 12 or 60 days after DLI. In vivo cytotoxicity was measured by the disappearance of injected BDF1 
B cells relative to B6 B cells after 15 hours. (D) SCs isolated from recipients at 12 or 60 days were CFSE labeled and stimulated for 5 days with 
irradiated BDF1 SCs. Shown are representative histograms of proliferation of transferred CD8+ T cells and summary data of the percentage of 
cells that had divided 2 or more times. (E) SCs were restimulated overnight with irradiated BDF1 SCs, and production of IFN-γ by donor CD8+  
T cells was measured by intracellular cytokine staining and flow cytometry. Scatter plot indicates the percentage of CD45.1+ CD8+ T cells secret-
ing IFN-γ. *P < 0.05, **P < 0.01, ***P < 0.001, Mann-Whitney test.
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nhTA+ hosts might derive from chronic TCR stimulation by non-
hematopoietic cells bearing host MHC class I alloantigen, leading 
to their eventual exhaustion. To test this concept, we first exam-
ined the phenotype of residual CD45.1+ CD8+ cells at 60 days 
following transfer. Consistent with the concept of CTL dysfunc-
tion resulting from exhaustion in nhTA+ chimeras, the remaining 
donor CD8+ T cell population at day 60 expressed an IL-7 receptor 
α–low, programmed death-1–high (IL-7RαloPD-1hi) phenotype 
(Figure 3A), typical of the signature observed in models of effec-
tor T cell dysfunction following chronic antigen exposure (22). 
In contrast, CD8+ cells recovered from nhTA– hosts were mostly 
IL-7Rαhi and expressed markedly lower levels of PD-1 (Figure 3A). 
Furthermore, consistent with other models of CD8+ cell exhaus-
tion (22), in vivo administration of anti–PD-L1 antibody partially 
restored the function of the donor CD8+ population. Thus, anti–
PD-L1 treatment from day 48 to day 60 following donor T cell 
transfer significantly enhanced proliferation of CD45.1+ CD8+ 
cells in vivo, as determined by BrdU incorporation; increased the 
absolute numbers (but not frequency) of CD45.1+ CD8+ IFN-γ+  
cells; and improved the levels of in vivo cytotoxicity against alloan-
tigen-positive target cells (Figure 3, B–D). Importantly, although 
treatment with anti–PD-L1 antibody led to restoration of the 
antihost CD8+ response, recipient mice remained completely well, 
with no clinical or histological evidence of GVHD (Figure 3E). 

Taken together, these data suggest that loss of CD8 function fol-
lowing transfer of donor T cells to allogeneic chimeras derives, 
at least in part, from exhaustion. Furthermore, anti–PD-L1 treat-
ment at this stage led to significant reversal of CD8 dysfunction 
without leading to GVHD.

Direct antigen presentation is sufficient to induce CTL exhaustion. 
Because the initial alloresponse in this model required direct prim-
ing, we reasoned that exhaustion would be dependent upon stim-
ulation of the CD8 TCR via direct recognition of allogenic MHC 
class I alloantigen upon nonhematopoietic cells. To test this, we 
performed similar transfer experiments in which we included 2C Tg 
CD8+ cells, which express TCR with high affinity for intact Ld class I  
alloantigen (36, 37) — thus, chronic stimulation could only be via 
direct presentation. Cells bearing the appropriate TCR could be 
tracked using a clonotypic marker. We therefore transferred 3 × 107 
CD45.1+ B6 SCs and 2 × 106 purified 2C CD8+ cells to established 
nhTA+ [B6+BDF1→BDF1] chimeras. As before, host hematopoietic 
cells were eradicated by the initial GVH response (data not shown). 
2C CD8+ cells were evident at both day 12 and day 60 (Figure 4A), 
confirming our previous findings that alloantigen-specific T cells 
are maintained within the repertoire at later time points (17). After 
60 days, 2C CD8+ T cells expressed a similar CD44hiIL-7RαloPD-1hi 
phenotype (Figure 4B), as observed previously in polyclonal donor 
CD8+ cells. Furthermore, ex vivo treatment with blocking antibodies 

Figure 2
Nonhematopoietic antigen disrupts memory function and homeostasis. (A) nhTA+ [B6+BDF1→BDF1] and nhTA– [B6+BDF1→B6] allogeneic 
chimeras were established and 10 weeks later received 3 × 107 CD45.1+ B6 SCs. (B) In vivo cytotoxicity of CFSE-labeled BDF1 target B cells 
60 days after SC transfer. (C) IFN-γ production by CD45.1+ CD8+ T cells recovered from the spleens of recipients 60 days after SC transfer, 
following overnight stimulation with irradiated BDF1 SCs. (D) Absolute number of DLI-derived CD8+ T cells in the spleen, LN, and BM 60 days 
after SC transfer. (E) Scatter plots show the absolute number of CD44hiCD62Llo and CD44hiCD62Lhi DLI-derived CD8+ cells recovered from 
spleen. *P < 0.05, **P < 0.01, ***P < 0.001, Mann-Whitney test. (F) SCs (3 × 107) were transferred from CD45.1+ and Thy1.1+ B6 mice to nhTA+ 
and nhTA– chimeras, respectively. At 60 days after transfer, CD8+ T cells were sorted by magnetic selection, mixed at a 1:1 ratio, and incubated 
in medium alone or with the indicated cytokines. Plots show starting mixture and the relative survival (as a percentage) of CD8+ T cells from 
nhTA+ or nhTA– hosts after 7 days culture.
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to PD-L1 at day 60 improved the effector cytokine and proliferative 
functions of 2C CD8+ cells in nhTA+ recipients (Figure 4, C and D).  
Thus, direct presentation of antigen by nonhematopoietic cells is 
sufficient to induce exhaustion.

The effect of nonhematopoietic antigen upon CD8+ cell responses against 
a minor histocompatibility antigen. We next considered whether donor 
CD8 exhaustion also occurs in the context of responses follow-
ing DLI in an MHC-matched, but minor histocompatibility (H) 
antigen–mismatched setting (similar to HLA-identical transplan-
tations in humans). In mice, minor H antigen mismatches alone 
are insufficient to prime a quantifiable CD8 response under 
conditions in which DLI is given after 4 weeks (7, 16); thus, most 
protocols transfer cells at 1–3 weeks after BMT (7, 18, 38, 39). We 
first examined the fate of cells specific for a ubiquitous minor H 
antigen by transferring MataHari (Mh) Tg CD8+ cells bearing a 
TCR specific for a male antigen (UTY) presented in the context of  

Db (HYDb-Uty; ref. 40). Although immediate transfer of Mh CD8+ 
cells to lethally irradiated B6 male mice induced severe GVHD  
(P. Reddy, unpublished observation), this did not occur when DLI 
was given 7 days following BMT, despite substantial expansion of 
the donor T cells. We therefore transferred 1 × 106 Thy1.1 Mh CD8+ 
cells and 8 × 106 polyclonal B6 female CD3 cells (to provide a help-
er response) 7 days following reconstitution of lethally irradiated 
B6 male mice with female B6 BM. Mh CD8+ cells (expressing the 
Thy1.1 marker and Vβ8.3; ref. 40) were readily identified in recipi-
ent secondary lymphoid organs at both day 7 and day 42 following 
transfer (Figure 5A). At day 7, a high frequency of Mh CD8+ cells pro-
duced IFN-γ upon brief ex vivo stimulation with UTY peptide (Figure 
5B), 2- to 3-fold greater than Mh cells transferred to [B6 female→
B6 female] syngeneic controls (data not shown). However, by day 42 
following DLI, the frequencies of IFN-γ–producing cells were sub-
stantially diminished (Figure 5B). As in the case of partially MHC-

Figure 3
Function of exhausted CD8+ T cells can be partially restored by blockade of the PD-1/PD-L1 pathway. (A) Representative histograms show cell 
surface expression of IL-7Rα and PD-1 on spleen CD45.1+ CD8+ T cells of nhTA+ or nhTA– chimeras 60 days after SC transfer. Numbers indicate 
MFI: IL-7Rα, nhTA+ 20 ± 2 versus nhTA– 61 ± 4, P < 0.001, n = 7 per group; PD-1, nhTA+ 134 ± 16 versus nhTA– 29 ± 3, P < 0.001, n = 13–17 per 
group. (B–E) From 48 to 60 days after CD45.1+ B6 SC transfer, mice were administered 0.2 mg anti–PD-L1 or isotype control antibody by i.p. 
injection every 72 hours and received BrdU in the drinking water during the same period. (B) Representative histograms and summary data 
showing the percentage of CD45.1+ CD8+ T cells in the spleen that incorporated BrdU. (C) Summary data showing IFN-γ production at 60 days 
by CD45.1+ CD8+ splenic T cells after overnight stimulation with irradiated BDF1 SCs. (D) In vivo cytotoxicity of CFSE-labeled BDF1 target  
B cells. (E) Weight change; histological GVHD scores in skin, colon, and liver (scored single-blind); and representative colon histology (original 
magnification, ×200). Data are representative of 3 independent experiments. *P < 0.05, Mann-Whitney test.
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mismatched chimeras, late in vivo anti–PD-L1 treatment increased 
in vivo proliferation of Mh CD8+ cells and substantially enhanced 
the number of IFN-γ–producing cells (Figure 5, B and C). Further-
more, despite the dramatic improvements in the functionality of 
Mh cells, anti–PD-L1 treatment did not induce either clinical or 
histological GVHD (Figure 5D and data not shown).

Following the initial phase of the response, Mh effector cells 
could theoretically encounter HYDb-Uty complexes presented 
either directly by nonhematopoietic cells or cross-presented by 
female donor BM-derived APCs. To determine the involvement 
of direct presentation by nonhematopoietic cells upon the devel-
opment of the exhausted Mh phenotype, we explored the fate of 
primed cell populations upon transfer to hosts where nonhema-
topoietic cells either could or could not present antigen directly.  
Thus, 7 days following DLI (as in Figure 5), activated T cells 
from recipient spleens were transferred to either [B6 female→B6 
male] or [B6 female→β2m–/– male] chimeras (referred to herein as  
[F→M] and [F→β2m–/–M], respectively), and the functions of 
the transferred cells were examined 21 days later (Figure 6A). In  
[F→M] chimeras, UTY antigen could be presented directly by non-
hematopoietic cells or cross-presented by female BM-derived cells, 
whereas in [F→β2m–/–M] chimeras, which lack surface MHC class I  
expression on nonhematopoietic tissues, UTY antigen could only 
be cross-presented. At both day 8 and day 20 following secondary 
transfer, we observed significant decreases in PD-1 expression by 

Mh cells in the peripheral blood of [F→β2m–/–M] compared with 
[F→M] chimeras, although the differences were not large (Figure 
6B). To detect PD-1 expression in these experiments, we used the 
J43 anti–PD-1 antibody, which has a fairly narrow range of expres-
sion in exhausted CD8+ cells (41). Thus, to further discriminate 
cell populations with potentially differing levels of exhaustion, we 
examined coexpression of PD-1 with CD44, since it has previously 
been demonstrated following chronic viral infection that cells with 
greater levels of dysfunction lose expression of CD44, especially 
within the BM compartment (41). Indeed, in the BM of [F→M] 
chimeras at day 21, the major Mh population was PD-1hiCD44int/lo,  
consistent with a terminally exhausted phenotype (41). In con-
trast, in the BM of [F→β2m–/–M] chimeras, the PD-1hiCD44int/lo 
population was significantly smaller, and the frequency of cells 
expressing PD-1 was lower (Figure 6C). In the spleen, the predomi-
nant Mh population was PD-1intCD44hi in both sets of chimeras, 
although the frequency of cells expressing PD-1 was again lower 
in [F→β2m–/–M] chimeras. Consistent with reduced exhaustive 
stimuli under conditions in which nonhematopoietic cells can-
not present antigen directly, the frequency of IFN-γ–producing 
Mh cells was also significantly higher in [F→β2m–/–M] versus  
[F→M] chimeras (Figure 6D). Taken together, these data suggest 
that direct presentation of a minor H antigen by nonhematopoi-
etic cells contributes to the development of CD8 exhaustion fol-
lowing DLI. Furthermore, they reaffirmed that the functions of 

Figure 4
Direct recognition of antigen upon nonhematopoietic anti-
gen is sufficient to drive exhaustion of transferred CD8+  
T cells. B6 SCs (3 × 107) in combination with 2C Tg CD45.1+ 
CD8+ T cells (2 × 106) were transferred to established nhTA+ 
chimeras. (A) Contour plots showing frequency of 1B2+ cells 
as a percentage of CD8+ cells in spleen at 12 and 60 days 
after transfer to nhTA+ recipients. (B) Histograms show cell 
surface phenotype of 2C Tg CD8+ T cells (gated using 1B2 
clonotypic antibody) from nhTA+ mice at 60 days following 
transfer. (C) SCs recovered from nhTA+ or nhTA– chimeras 
60 days after transfer were stimulated overnight with irradi-
ated BDF1 SCs in the presence of isotype control or anti–
PD-L1 blocking antibody. Representative dot plots show 
IFN-γ production by 2C Tg CD8+ T cells (Tg cells were on 
a CD45.1 background in this experiment). (D) Representa-
tive histograms show ex vivo proliferation (in the presence 
of control or anti–PD-L1 blocking antibody) of 2C CD8+  
T cells recovered from the spleen 60 days following transfer 
to nhTA+ or nhTA– chimeras. Data derived from 2 independent 
experiments with similar results (n = 2–3 mice per group).
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exhausted cells can be partially restored by late anti–PD-L1 treat-
ment without the induction of GVHD.

Nonhematopoietic antigen blocks early generation of postmitotic, CD62L+ 
CD8+ cells. Although our findings demonstrated that exhaustion of 
chronically stimulated donor CD8+ cells contributes to failure to 
establish competent recall immunity following DLI, we also consid-
ered how antigen expression by nonhematopoietic tissues influences  
the primary CD8 response. Using the same partially MHC-mis-
matched experimental system as in Figure 2, we observed distinct 
patterns of donor cell accumulation by day 12–14 of the DLI 
response, with greater CD8+ cell numbers in the spleens of nhTA+ 
chimeras but a reciprocal pattern in the LNs, where numbers were 
3-fold higher in nhTA– chimeras (Figure 7A). At this early time point, 
there was also a significant divergence in the effector competence of 
the transferred CD8+ cells. Although there were minor differences 
in cytotoxicity against allogenic target cells (with a minor reduction 
in nhTA+ hosts), the capacity of nhTA+ CD8+ cells to produce IFN-γ at 
the peak of the response was 3-fold lower (Supplemental Figure 4). 
This limitation of effector cytokine generation in nhTA+ hosts was 

independent of extrinsic control by regulatory T cell populations 
(14, 42), as neither depletion of CD25+ cells nor selective in vivo 
depletion of the endogenous T cell compartment enhanced IFN-γ 
synthesis in nhTA+ chimeras (Supplemental Figure 4).

These early differences in intrinsic effector function were associ-
ated with distinct phenotypic profiles of proliferating cells. Thus, 
although the rates of proliferation (as detected by CFSE dilution) 
were very similar in both sets of chimeras, with the vast majority 
of donor CD8+ cells undergoing extensive division by day 8, the 
proportion of postmitotic, CFSElo donor CD8+ cells that retained 
CD62L expression was more than 3-fold greater in the nhTA– 
cohort (Figure 7B). Furthermore, on dual staining, the proportion 
of postmitotic, CD8+ cells that had a Tcm-like CD44hiCD62Lhi 
phenotype was also greater in nhTA– chimeras, whereas cells with 
a CD44hiCD62Llo effector phenotype predominated in the nhTA+ 
group (Figure 7, C and D). This excess of postmitotic, Tcm-like 
cells in nhTA– chimeras was even more pronounced in the LNs 
and was also evident in the BM (Figure 7C). These differences 
in the frequencies of postmitotic CD44hiCD62Lhi cells between 

Figure 5
Minor H antigen–specific CD8+ T cells recognizing ubiquitously expressed host antigens are susceptible to exhaustion. B6 female CD3 cells 
(8 × 106) and Mh Tg Thy1.1+ CD8+ cells (106) were transferred 1 week after lethal irradiation of B6 male mice and reconstitution with female 
B6 BM. At 36 and 39 days following T cell transfer, mice were administered 0.2 mg anti–PD-L1 blocking antibody or isotype control by i.p. 
injection and received BrdU in the drinking water during the same period. (A) Representative contour plots showing frequency of Thy1.1+ 
CD8+ cells as a percentage of SCs. (B) SCs recovered from chimeras at 7 or 42 days after T cell transfer were stimulated overnight with UTY 
or irrelevant peptide. Representative dot plots and summary data show IFN-γ production by CD8+ Thy1.1+ Mh T cells. Gates set according 
to irrelevant peptide. (C) Representative histograms and summary data showing the percentage of Thy1.1+ CD8+ T cells incorporating BrdU. 
(D) Single-blind scoring of histological GVHD in sections taken from skin, colon, and liver of recipient mice. Data derived from 4 independent 
experiments. **P < 0.01, Mann-Whitney test.
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the groups were also observed following transfer of flow-sorted, 
CD44loCD62Lhi naive polyclonal T cells (data not shown), exclud-
ing the preferential accumulation of preexisting memory pheno-
type cells as an explanation for the difference. Furthermore, naive 
2C CD8+ cells transferred to nhTA+ also showed a relative failure to 
differentiate into a Tcm-like population following initial priming 
(Supplemental Figure 5), which demonstrated that these differ-
ences occurred as a result of early, direct recognition of alloantigen 
upon nonhematopoietic cells. Although expansion of this Tcm-like 
population was blocked by nonhematopoietic antigen, this effect 
appeared to be independent of coinhibition via the PD-1/PD-L1 
pathway. Thus, early in vivo anti–PD-L1 antibody blockade instead 
drove terminal differentiation of donor CD8+ cells and further 
loss of the CD44hiCD62Lhi population (Figure 7F). Furthermore, 
and in sharp contrast to late treatment, early in vivo anti–PD-L1 
treatment induced clinical and histological GVHD, consistent 

with enhanced recruitment 
of functional CD8+ effec-
tors to peripheral tissues 
(Supplemental Figure 6).  
Taken together, these data 
indicate that initial, direct rec-
ognition of alloantigen upon 
nonhematopoietic cells blocks 
the generation of postmitotic, 
CD62Lhi CD8+ cells.

Nonhematopoietic antigen blocks 
early memory imprinting. Recent 
studies in mice have revealed 
that postmitotic, CD62L+ 
cells with effector functions 
can arise early during the pri-
mary response (6, 26, 43), and, 
in some cases, may have the 
potential for self renewal (6, 
43). One possible interpreta-
tion of the above data was that 
nonhematopoietic antigen 
blocks memory imprinting 
during priming and thus fur-
ther contributes to the failure 
of recall immunity in the long 
term. To test this concept, we 
performed adoptive transfers 
to nhTA+ or nhTA– chimeras, 
similar to the experiments 
described in Figure 2, and then 
examined the fate of purified 
CD8+ cells upon secondary 
transfer to an antigen-free 
host. This approach enabled 
us to test the ability of trans-
ferred cells to be maintained in 
the absence of antigen and to 
mount a recall response, hall-
mark properties associated 
with memory establishment. 
In these experiments, we used 
CD45.1+ and CD45.1+CD45.2+ 
B6 donors in nhTA+ and nhTA– 

recipients, respectively. At the peak of the response, we sorted 
CD45.1+ CD8+ cells from the spleen of each cohort, mixed them 
at a 1:1 ratio, and transferred a total of 6 × 106 purified cells to 
secondary hosts that lacked alloantigen in both BM-derived 
and peripheral tissues (established CD45.2+ B6→B6 chimeras), 
as outlined in Figure 8A. At this time point, no differences were 
observed in the proportion of cells that were annexin V+ (nhTA+, 
60.1% ± 3.4%; nhTA–, 54.2% ± 1.2%; P = NS). At 7 days following sec-
ondary transfer, the frequency of CD8+ cells derived from primary 
nhTA– and nhTA+ hosts was equivalent in peripheral blood (Figure 
8B), thus demonstrating similar levels of initial engraftment. 
However, thereafter, the relative frequency of cells derived from 
nhTA+ primary hosts declined compared with those from nhTA– pri-
mary hosts. At day 14, secondary recipients were immunized with 
LPS-activated BDF1 DCs, and the recall response was determined  
7 days later (Figure 8A). By day 21, 2- to 3-fold fewer nhTA+ primary 

Figure 6
Direct presentation of a minor H antigen by nonhematopoietic cells contributes to exhausted phenotype. 
(A) B6 female CD3+ (8 × 106) and Mh Tg female CD8+ (106) cells were transferred 1 week after lethal irra-
diation of B6 male mice and reconstitution with female B6 BM. 7 days following DLI, T cells were isolated 
from spleen of primary recipients, and 13 × 106 CD3+ cells (containing 5 × 106 Mh cells) were transferred to  
[F→M] or [F→β2m–/–M] chimeras on the basis of 1 donor spleen equivalent to 1 secondary recipient (n = 5 
per group). Secondary chimeras were set up at the same time as the primary recipients. (B) Representative 
overlay histograms of surface PD-1 expression upon naive Mh cells and in peripheral blood at 8 and 20 
days following secondary transfer. Numbers indicate MFI (top, [F→M] or naive; bottom, [F→β2m–/–M]); day 8,  
[F→M] 180 ± 7 versus [F→β2m–/–M] 130 ± 7 (P < 0.01); day 20, 58 ± 3 versus 40 ± 1 (P < 0.01). (C) Rep-
resentative contour plots showing PD-1 and CD44 expression in gated Mh cells within spleen and BM at  
day 21 following secondary transfer. Figures denote proportion of Mh cells within each gate: spleen, PD-1lo  
cell frequency [F→M] 14% ± 2% versus [F→ β2m–/–M] 22% ± 1% (P < 0.01); BM, PD-1hiCD44int/lo cell fre-
quency 61% ± 2% versus 43% ± 1% (P < 0.01); BM, PD-1lo cell frequency 1% ± 0.3% versus 7% ± 0.8%  
(P < 0.01). (D) Summary data of frequency of IFN-γ generation by Mh CD8+ cells following stimulation with 
UTY peptide. (B–D) 1 of 2 independent experiments with similar results. *P < 0.05, Mann-Whitney test.
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CD8+ cells compared with nhTA– primary CD8+ cells were recovered 
from the blood and spleen of the secondary hosts (Figure 8, B and C).  
Although a substantial proportion of the CD8+ cells derived 
from nhTA+ hosts were able to generate IFN-γ, there was a trend 
for a lower capacity to do so on a per-cell basis compared with 
cells derived from nhTA– hosts (Figure 8, D and E); this was nearly  
4-fold lower when compared in terms of absolute CD8+ IFN-γ+ 
numbers (Figure 8E). This failure of cells from nhTA+ chimeras to 
fully establish recall immunity in antigen-free hosts was associ-
ated with reduced frequencies of both CD62Lhi and IL-7Rαhi CD8+ 

memory populations (Figure 8F), equating to an approximately 
6- to 7-fold reduction in their respective absolute numbers. Taken 
together, these data indicate that priming in the presence of non-
hematopoietic antigen blocks memory imprinting during the ini-
tial stages of the response, severely impairing the establishment of 
memory populations in the absence of antigen.

Discussion
In this study, we have shown that antigen within nonhematopoi-
etic tissues is not ignored, but rather actively shapes the long-term 

Figure 7
Nonhematopoietic antigen blocks early generation of postmitotic, CD62L+ CD8+ cells. (A) CD45.1+ B6 SCs (3 × 107) were transferred to estab-
lished allogeneic chimeras as in Figure 2. Accumulation of DLI-derived CD8+ T cells in the spleen, LN, and BM in nhTA+ and nhTA– recipients 14 
days after transfer is shown. (B) Representative dot plots showing CFSE versus CD62L staining in the CD45.1+ CD8+ gated population at day 8. 
Numbers denote percent CD8+ CFSElo cells that were CD62L+. (C) Representative dot plots showing CD44 and CD62L staining in input CD8+ 
cells and in CFSElo CD45.1+ CD8+ gated population. (D) Summary data for the same gated population in spleen. Significant differences were 
also evident in the LN and BM (not shown). (E) nhTA+ chimeras received a transfer of 3 × 107 B6 CD45.1+ SCs followed by i.p. injection of 0.2 
mg anti–PD-L1 antibody on days 0, 3, 6, and 9. At 12 days, the proportion of CD45.1+ CD8+ gated cells with a CD44hiCD62Lhi phenotype was 
determined. Data derived from 3 independent experiments. *P < 0.05, **P < 0.01, Mann-Whitney test.
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integrity of CD8+ T cell immunity. In a model of delayed DLI fol-
lowing allogeneic BMT, we found antigen expression within the 
nonhematopoietic compartment to impair long-lasting immunity 
at 2 distinct levels: first, it critically impaired the early imprinting 
of CD8+ memory differentiation; second, it drove exhaustion of 
surviving CD8+ cells via direct recognition. These 2 factors, in con-
cert, contribute to an even more profound failure to provide effec-
tive immunosurveillance. Importantly, the functions of exhausted 
CD8+ cells were reversed by late PD-1/PD-L1 blockade without 
induction of GVHD, suggestive of a potential clinical strategy to 
prevent or treat tumor relapse following allogeneic BMT.

The negative regulatory effect of nonhematopoietic tissues upon 
memory precursor programming was associated with a distinct 
block in the generation of postmitotic, CD62Lhi CD8+ cells in the 
primary response. Within other experimental systems, Tcm-like 

populations have also been reported to arise early in the response, 
which suggests that memory differentiation can occur in a non-
linear fashion, without passing through a full effector stage (6, 26, 
43, 44). The factors influencing early fate determination of CD8+ 
cells are complex and likely to be multifactorial. Existing concepts 
have highlighted the role of inflammation (27), the initial antigen 
load (45, 46), the quality (47) and duration (28) of stimulation, 
and the extent of clonal competition (48) in dictating the long-
term memory potential of antigen-reactive CD8+ T cells. Each of 
these factors might also be relevant in the case of nonhematopoi-
etic antigen, although in the present study we invoked direct pre-
sentation, rather than cross-presentation, of antigen as being the 
relevant factor. For example, ubiquitous antigen expression may 
prolong stimulation during the initial stage of the response (28) or 
effectively reduce clonal competition (48), skewing activated CD8+  

Figure 8
Nonhematopoietic antigen regulates early memory fate determination. (A) CD45.1+ or CD45.1/2+ B6 SCs (3 × 107) were transferred to nhTA+ 
and nhTA– chimeras, respectively. 14 days later, CD45.1+ CD8+ T cells from nhTA+ and nhTA– chimeras were sorted, mixed at a 1:1 ratio, and 
transferred to established secondary B6→B6 hosts. After 14 days, secondary hosts were immunized i.p. with 1 × 106 BDF1 LPS-matured DCs, 
and recall immunity was measured 7 days later. (B) Relative frequency of the 2 transferred CD8+ T cell populations in the blood of secondary 
hosts at timed intervals following secondary transfer (ratio of CD45.1+CD45.2+ to CD45.1+CD45.2– CD8+ cells). (C) Relative frequency of above 
populations in the spleen, LN, and BM of secondary hosts at 21 days. (D) Representative plots show IFN-γ production by CD45.1+ CD8+ T cells 
that were CD45.2– (nhTA+) or CD45.2+ (nhTA–). (E) Summary data showing the relative function in terms of the frequency (freq) and absolute 
number (abs) of CD8+ T cells producing IFN-γ. (B, C, and E) *P < 0.05, Wilcoxon signed rank test relative to expected ratio of 1 (dotted line). (F) 
Representative dot plots show the cell surface expression of CD44, CD62L, and IL-7Rα on CD8+ CD45.1+ cells 21 days following secondary 
transfer. Numbers indicate the percentage of gated cells in each quadrant. Scatter plots show the percentage of each transferred cell population 
expressing cell surface markers. **P < 0.01, Mann-Whitney test.
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T cell differentiation away from memory precursor formation. 
Alternatively, the quality of antigen presentation by nonhemato-
poietic cells may be important, since weak or transient immune 
synapse formation is linked to impaired memory establishment 
(47, 49). Although synapse formation between nonhematopoietic 
cells and donor T cells might potentially involve greater interac-
tion between coinhibitory ligands and their receptors, our find-
ing that PD-L1 blockade drove terminal rather than Tcm dif-
ferentiation suggests that coinhibition via this pathway is not a 
crucial determinant of memory precursor differentiation. At the 
molecular level, the mechanisms that regulate early fate decisions 
in CD8+ cells are less well understood, although recent studies 
have suggested the involvement of the Blimp1/Bcl6 axis (50), the 
Wnt/β-catenin pathway (51), or the mammalian target of rapa-
mycin pathway (52). In this regard, our initial evaluations of gene 
expression profiles of Tg antihost CD8+ cells activated in nhTA+ or 
nhTA– chimeras have not demonstrated differences in the expres-
sion of target genes regulated by each of these pathways (B. Flut-
ter and S. Henderson, unpublished observations), which suggests 
that nonhematopoietic antigen influences memory precursor 
generation by distinct mechanisms. Delineation of such mecha-
nisms may be important in devising strategies to overcome the 
block in early memory precursor generation that contributes to 
loss of effective recall immunity.

In the longer term, peripheral antigen progressively impairs the 
performance of surviving CTL, and cells with this impairment 
eventually become exhausted. Although models of exhaustion 
— as in the present study — require the persistence of antigen (53), 
additional factors during the very early stages of CD8+ cell differ-
entiation may also influence the extent of this outcome. One criti-
cal factor is the extent of CD4 help provided during the priming 
response (54). The CD8 response in the MHC-mismatched model 
is helper dependent (11), and it is noteworthy that although the 
CD4 proliferative responses were robust, CD4 cells failed to pro-
duce copious amounts of Th1/2/17 cytokines via TCR stimula-
tion at any stage (data not shown). This raises the question as to 
whether helper responses initiated in this model are relatively 
weak, rendering CD8+ cells effectively helpless and reducing the 
threshold for exhaustion (22). Against this concept, we have found 
that enhancement of CD4 responses at the time of priming using 
anti-OX40 agonistic costimulation does not prevent the long-
term dysfunction of the CD8 response in the face of persistent 
nonhematopoietic antigen expression (B. Flutter et al., unpub-
lished observations). Of note, in our partially MHC-mismatched 
experimental system, exhaustive differentiation of donor CD4 
cells was not observed (Supplemental Figure 7). This protection 
from exhaustive differentiation can be explained by restriction of 
MHC class II alloantigen to hematopoietic cells that are cleared 
following the initial conversion to full donor chimerism. One 
intriguing, potentially related, clinical observation is that GVT 
responses are enhanced in the setting of isolated donor-recipient 
HLA-DPB1 mismatches (55). Since such mismatches are anticipat-
ed to involve an element of direct priming (55, 56), it is conceivable 
that responding donor CD4+ cells can escape exhaustion upon ini-
tial clearance of host hematopoietic elements or leukemia cells, 
and thus provide long-term immunosurveillance. This may also 
be of relevance to the strategy of CD8-depleted DLI in patients 
who have undergone haploidentical transplantation (57), as we 
infer from our present data that infused donor CD4+ cells would 
maintain their functions.

In contrast to antigen recognized by CD4+ cells, the ubiqui-
tous and lasting expression of MHC class I alloantigen or class I– 
restricted minor H antigens in nonhematopoietic tissues drives 
the eventual exhaustion of CD8+ cells. Our data help to explain 
the mechanisms underlying the nondeletional, peripheral toler-
ance of CD8+ cells described in other experimental systems involv-
ing restriction of alloantigen expression to parenchymal cells 
(58). Our findings also explain the failure of GVT responses to 
be sustained in the long term following delayed transfer of donor  
T cells to allogeneic chimeras, despite the persistence of host-reac-
tive T cells (17). In humans, GVT responses following DLI may 
include those specific for host class I–restricted minor H antigens 
whose expression is restricted to the hematopoietic system (e.g.,  
HA-1 and HA-2; ref. 59). We reason that exhaustion will not occur 
under these circumstances, since host BM-derived cells — and hence 
the priming antigens — are eradicated. Indeed, when we tracked a 
DLI-derived CD8 response to H60, a minor H antigen whose expres-
sion is restricted to the hematopoietic system (60), IFN-γ responses 
were maintained in the long term, and late anti–PD-L1 antibody 
treatment had no effect upon the response (Supplemental Figure 8),  
which indicates that exhaustion of CD8+ cells with specificity 
for this host, hematopoietic-restricted minor H antigen, did not 
occur. These findings support the clinical approach of transfer of  
CD8+ cells selected for specificity to hematopoietic antigens such as  
HA-1. In contrast, our data suggest that antitumor responses 
directed at antigens with broader expression are more likely to fail. 
Indeed, persistent CD8 stimulation in this context may ultimately 
lead to replicative senescence, a profound and irreversible exhaust-
ed end state observed in both experimental and clinical studies 
(41, 61). However, exhaustion may not be the dominant process 
in the context of GVHD, where memory cells may continue to 
drive tissue injury (6, 62). In this situation, injury to peripheral tis-
sues might enhance cross-presentation of host antigens and thus 
deliver more effective priming by donor BM-derived APCs (33). 
The capacity of donor BM-derived APCs to provide costimulation 
(25) or trans-present IL-15 (63) might be important additional fac-
tors in permitting ongoing generation of antihost memory cells to 
replenish exhausted effectors.

Importantly, donor CD8+ cell exhaustion can occur in the absence 
of GVHD, since exhausted CD8+ cells do not accumulate in extra-
lymphoid tissues following delayed DLI (3). Although we cannot 
exclude the importance of low-level recirculation to these sites, 
we believe it is possible that the development of CD8 dysfunction 
occurs primarily within the lymphohematopoietic system, rather 
than within peripheral tissues. Candidate nonhematopoietic cells 
that might participate in disrupting the differentiation of effector 
CD8+ cells include stromal, epithelial, or vascular endothelial cells. 
For example, stromal cells within the lymphohematopoietic system 
may present antigen directly to T cells, as was originally proposed 
by Sprent and colleagues (64) and confirmed recently by others 
(65). The intimate association between T cells and the fibroblastic 
reticular network within LN and spleen (66) might therefore be of 
importance, particularly if such interactions involve cognate recog-
nition. In this regard, chronic LCMV infection involves heavy infec-
tion of fibroblastic reticular cells in secondary lymphoid organs and 
their close approximation to antigen-specific T cells (67, 68). It will 
therefore be of interest to determine how this cell population influ-
ences initial programming and durable functions of CD8+ cells.

Although PD-1/PD-L1 blockade has been demonstrated recently 
to improve GVT responses limited by nonhematopoietic antigen 
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early after BMT (69), this occurs at the expense of severe GVHD, 
thus limiting its potential clinical application. Indeed, blocking 
the pathway during the very early phase of the DLI response not 
only led to GVHD, but also reduced the number of Tcm-like cells 
still further, suggestive of a very limited role for this strategy at the 
initiation of the response. In contrast, we found that PD-L1 block-
ade at late stages following DLI significantly restored antihost CTL 
function without induction of GVHD both in MHC-mismatched 
and in MHC-matched, minor H antigen–mismatched models. 
Our findings therefore suggest a clinical context in which block-
ade of the PD-1/PD-L1 pathway could potentially be performed 
safely in order to prevent or treat relapse following BMT. The find-
ing that GVHD was induced when anti–PD-L1 was applied early 
could reflect the distinct roles of the PD-L1 upon hematopoietic 
and nonhematopoietic tissues (70). Thus, in the early phase of the 
response following DLI, PD-1/PD-L1 blockade would be antici-
pated to interrupt coinhibitory signaling to CD8+ cells from both 
nonhematopoietic cells and host BM-derived APCs, acting in con-
cert to drive host injury. In contrast, when host hematopoietic 
elements have been eradicated, CD8+ cells would be less likely to 
receive costimulatory signals from host APCs that are important 
in the development of GVHD (71, 72).

In summary, our data demonstrated how nonhematopoietic allo-
antigen expression impedes both imprinting and maintenance of 
antihost CD8 memory following delayed DLI. While these effects 
might act together to limit the development of GVHD, they also 
have the potential to eventually impair durable GVT activity. From 
a therapeutic perspective, the development of strategies that tar-
get the interaction between CTL and nonhematopoietic cells may 
be of value in boosting weakened, long-term immunosurveillance 
against tumor. Our finding that late PD-1/PD-L1 blockade fol-
lowing delayed DLI restored the functions of exhausted CD8+ cells 
without inducing GVHD has important clinical implications.

Methods
Animals. Female B6, B6×DBA/2 (BDF1), and 129S2/SvPasCrlf mice were 
purchased from Charles River Laboratories. B6.SJL (CD45.1+) mice were 
purchased from the Frederick Cancer Research facility. B6.PL-Thya/Cy 
mice (Thy1.1+) and B6.129P2-β2mtm1Unc were purchased from The Jack-
son Laboratory and were then bred in house by UCL Biological Services. 
2C TCR Tg mice (B6 background) were provided by D. Loh (Washington 
University, St. Louis, Missouri, USA; ref. 36) and bred onto B6.SJL back-
ground in house. Mh TCR Tg mice (40) on a B6.PL-Thya/Cy background 
were obtained from J. Dyson (Imperial College London, London, United 
Kingdom). All procedures were conducted in accordance with the United 
Kingdom Home Office Animals (Scientific Procedures) Act of 1986. The 
present experiments were reviewed and approved by the Ethics and Welfare 
Committee of the Comparative Biology Unit, Royal Free and University 
College London Medical School (London, United Kingdom).

PD-L1, Thy1.2, and CD25 antibodies. Anti-mouse PD-L1 (10F.9G2), anti-
Thy1.2 (30H12), anti-CD25 (PC-61.5.3), and their respective isotype con-
trols have been described previously (14, 73, 74).

BMT and DLI. BMT and subsequent DLI were performed as described 
previously (15). Recipient mice were lethally irradiated (B6 and BDF1, 
11 Gy; 129, 9 Gy X-ray irradiation, 0.55 Gy/min split in to 2 fractions, 
separated by 48 hours) and T cell–depleted BM cells were injected intra-
venously 4 hours later. In MHC-matched, minor H antigen–mismatched 
BMT, no T cell depletion was used. In experiments to examine early in 
vivo proliferation of donor T cells, SCs were labeled with 2–5 μM CFSE 
(Sigma-Aldrich) prior to infusion. Uptake of BrdU was used to examine 

the turnover of cells in vivo at later time points by administration of 0.8 
mg/ml BrdU (Sigma-Aldrich) in the water of recipient mice over time peri-
ods specified in the text.

Secondary transfer and cytokine response experiments. T cells were isolated 
from individual or pooled SC suspensions of DLI recipients by negative 
selection to remove non-CD3+ or non-CD8+ cells (Pan T cell isolation or 
CD8+ T cell isolation kits; Miltenyi Biotec) followed in some cases by incu-
bation with biotinylated anti-CD45.1 or anti-Thy1.1 antibody and posi-
tive selection with anti-biotin microbeads (Miltenyi Biotec). For cytokine 
response assays, purified CD8+ cells (2 × 105 total) were cultured in the 
presence of irradiated syngeneic cells with or without common γ chain 
family cytokines IL-2 (10 U/ml; Roche), IL-7 (5 ng/ml; R&D Systems), or 
IL-15 (5 ng/ml; R&D Systems).

Antibodies, tetramers, and flow cytometry. The following antibodies were 
used for cell surface staining: anti-CD4–FITC, –PE or –APC (L3T4), anti-
CD8α–PE or –APC (Ly-2), anti-CD45.1–FITC, –APC, or –biotin (A20), 
anti-B220–PE-Cy5 (RA3-6B2), anti-CD11b–APC (M1/70), anti-Dd–biotin  
(34-2-12), anti-CD44–FITC, –APC, or –Alexa Fluor 750 (IM7), anti-CD62L–
PE or –FITC (MEL-14), anti-CD127–PE (SB/199), and anti-Thy1.1–FITC or 
–biotin (HIS 51) purchased from eBioscience; anti-CD45.2–PerCP (104), 
anti–PD-1–PE (J43), and anti-Vβ8.3 TCR (1B3.3) purchased from BD Bio-
sciences. Detection of biotinylated antibodies was performed using FITC, 
PerCP, or APC conjugated to streptavidin (BD Biosciences). Detection of 
CD8+ T cells bearing the 2C TCR was carried out using the clonotype-spe-
cific mAb 1B2, and anti-mouse IgG1–APC (X56; BD Biosciences). Detec-
tion of H60-specific cells was performed by Kb/LTFNYRNL pentamer 
(ProImmune). Intracellular staining was carried out using anti–IFN-γ–APC 
(XMG1.2; BD Biosciences), anti-Foxp3–APC (FJK-16s; eBioscience) and 
the appropriate isotype controls. Intranuclear staining for BrdU was car-
ried out using anti-BrdU–APC flow kit (BD Biosciences) according to the 
manufacturer’s instructions.

Cell-mediated lymphocytotoxicity assay. Cell-mediated lymphocytotoxicity 
(CML) assays were preformed as previously described (75).

IFN-γ responses. Responder cells were resuspended in CML medium 
(75) and mixed with irradiated stimulator cells as in the CML assay. Cells 
were cultured for 20 hours, and Brefeldin A was added at 10 μg/ml for 
the final 4 hours. IFN-γ was detected as above with cells costained for 
CD8, congenic markers, or Vβ8.3. In some experiments, anti–PD-L1 
or isotype control was added at 5 μg/ml from the start of culture. H60 
(LTFNYRNL), UTY (WMHHNMDLI), and irrelevant (OVA SIINFEKL) 
peptides (ProImmune) were used in some assays at a concentration of  
1 μg/ml (UTY) or 20 ng/ml (H60).

Ex vivo CFSE proliferation assay. Responder SCs were labeled with 2 μM 
CFSE, washed, and plated with irradiated syngeneic (B6) or allogeneic 
(BDF1) SCs at a 1:1 ratio as in the CML assay. After 5 days, CFSE dilution 
was assessed by flow cytometry on cells costained for CD4, CD8, and con-
genic markers and using dead cell exclusion by propidium iodide staining 
(BD Biosciences). In some experiments, anti–PD-L1 or isotype control was 
added at 5 μg/ml from the start of culture.

In vivo cytotoxicity assay. Specific in vivo cytotoxicity of host B cells was 
determined as described previously (15).

Histological scoring. Histopathologic analysis of GVHD target organs was 
performed single blind, as reported previously (3), by scoring changes in 
skin (dermal/epidermal lymphocyte infiltration, dyskeratotic epidermal 
keratinocytes, epidermal thickening), liver (portal tract inflammatory 
infiltration, lymphocytic infiltration of bile ducts, bile duct epithelial 
apoptosis, vascular endothelialitis, parenchymal apoptosis, parenchymal 
microabscesses, parenchymal mitotic figures), and colon (crypt regen-
eration, apoptosis in crypt epithelial cells, crypt loss, surface colonocyte 
attenuation, inflammatory cell infiltration in lamina propria, mucosal 
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ulceration, thickening of mucosa). A severity scale from 0 to 4 was used: 0, 
normal; 0.5, focal and rare; 1, focal and mild; 2, diffuse and mild; 3, diffuse 
and moderate; 4, diffuse and severe.

Statistics. Statistical analyses were performed using the Mann-Whitney 
test or the Wilcoxon test in the case of paired data. A P value less than 0.05 
was considered significant.
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