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Allogeneic	hematopoietic	stem	cell	transplantation	(HSCT)	is	used	effectively	to	treat	a	number	of	hemato-
logical	malignancies.	Its	beneficial	effects	rely	on	donor-derived	T	cell–targeted	leukemic	cells,	the	so-called	
graft-versus-leukemia	(GVL)	effect.	Induction	of	GVL	is	usually	associated	with	concomitant	development	of	
graft-versus-host	disease	(GVHD),	a	major	complication	of	allogeneic	HSCT.	The	T	cells	that	mediate	GVL	
and	GVHD	are	activated	by	alloantigen	presented	on	host	antigen-presenting	cells	of	hematopoietic	origin,	
and	it	is	not	well	understood	how	alloantigen	expression	on	non-hematopoietic	cells	affects	GVL	activity.	
Here	we	show,	in	mouse	models	of	MHC-matched,	minor	histocompatibility	antigen–mismatched	bone	mar-
row	transplantation,	that	alloantigen	expression	on	host	epithelium	drives	donor	T	cells	into	apoptosis	and	
dysfunction	during	GVHD,	resulting	in	a	loss	of	GVL	activity.	During	GVHD,	programmed	death–1	(PD-1)	
and	PD	ligand–1	(PD-L1),	molecules	implicated	in	inducing	T	cell	exhaustion,	were	upregulated	on	activated	
T	cells	and	the	target	tissue,	respectively,	suggesting	that	the	T	cell	defects	driven	by	host	epithelial	alloantigen	
expression	might	be	mediated	by	the	PD-1/PD-L1	pathway.	Consistent	with	this,	blockade	of	PD-1/PD-L1	
interactions	partially	restored	T	cell	effector	functions	and	improved	GVL.	These	results	elucidate	a	previously	
unrecognized	significance	of	alloantigen	expression	on	non-hematopoietic	cells	in	GVL	and	suggest	that	sepa-
ration	of	GVL	from	GVHD	for	more	effective	HSCT	may	be	possible	in	human	patients.

Introduction
Donor immunity in allogeneic hematopoietic stem cell transplan-
tation (HSCT) harnesses beneficial graft-versus-leukemia (GVL) 
effects; therefore, allogeneic HSCT represents a very potent form 
of immunotherapy for hematological malignancies (1, 2). Induc-
tion of GVL is usually associated with the development of graft-
versus-host disease (GVHD), which is a major complication after 
allogeneic HSCT. T cell depletion of the donor inocula prevents 
GVHD and leads to a loss of the GVL effect (3–5). Both GVL and 
GVHD are mediated by donor T cells, which recognize alloanti-
gens presented on host APCs (6, 7). Donor CTLs and inflamma-
tory cytokines are major effectors of GVHD, whereas CTLs are pri-
marily responsible for GVL (8, 9). In patients with advanced-stage 
leukemia and lymphoma, relapse is still a major cause of mortality 
after allogeneic HSCT even after the development of severe GVHD. 
Thus, improvements in our understanding of the pathophysiology 
of GVHD and GVL are urgently needed to develop more effective 
therapies for malignant diseases.

Alloantigens are expressed on the three major components in 
HSCT recipients in the context of GVHD and GVL: hematopoieti-
cally derived APCs, GVHD target epithelium, and leukemia cells. 
Several studies have shown that host APCs are crucial for the induc-
tion of both GVHD and GVL (6, 7, 9–11). Alloantigen expression 
on epithelium is also critical for the induction of GVHD in MHC-
matched, minor histocompatibility antigen–mismatched (mHA-
mismatched) models of bone marrow transplantation (BMT) (10), 
but GVHD can occur in the absence of alloantigen expression on 

epithelium in MHC-mismatched models of BMT (9). However, the 
effect of alloantigen expression on non-hematopoietic cells such as 
the epithelium in GVL is not well defined. In this study, we addressed 
this important issue in mHA-mismatched models of BMT.

Results
Alloantigen expression on host non-hematopoietic cells augments acute 
GVHD but reduces GVL effects. We generated BM chimeric mice that 
express alloantigens on APCs, which are essential for the induc-
tion of both GVHD and GVL (6, 7, 12). BM chimeras were created 
by reconstituting lethally irradiated C3H.Sw (C3: H-2b) mice with  
5 × 106 T cell–depleted (TCD) BM cells isolated from C57BL/6 (B6, 
H-2b) mice that differ from C3 mice at multiple mHAs ([B6→C3]  
chimeras). Control chimeras, [B6→B6], were identically created. 
Four months later, donor repopulation of hematopoiesis was 
confirmed by flow cytometry as shown previously (6, 9, 12). Thus, 
[B6→C3] chimeric mice expressed B6-derived mHAs on hema-
topoietically derived APCs but not on non-hematopoietic target 
cells. In contrast, [B6→B6] mice expressed B6-derived mHAs on 
both APCs and target epithelium. These chimeras were used as 
BMT recipients; they were reirradiated and injected with 5 × 106 
TCD BM cells alone or with various doses of CD8+ T cells from C3 
donors. After BMT, GVHD mortality was higher in [B6→B6] mice 
than in [B6→C3] mice (Figure 1A). Clinical GVHD scores (13) 
in surviving animals were also higher in [B6→B6] mice than in  
[B6→C3] mice (Figure 1B). Mortality and morbidity from GVHD 
in [B6→C3] mice were almost equivalent to those in [B6→B6] mice 
given a 1-log lower T cell dose. This finding confirmed the previ-
ous observation of a lack of alloantigen expression on host epithe-
lium significantly reducing GVHD across mHA disparity (10). We 
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then tested the effect of alloantigen expression on GVHD target 
epithelium on GVL effects. These chimeric mice were transplanted 
as described above together with 2,500 B6-derived EL4 cells as a 
model of residual leukemia after BMT. As expected, 100% of both 
types of chimeric mice that received TCD BM cells died from leu-
kemia by day +20 after BMT (Figure 1C), whereas leukemia-free 
survival was significantly prolonged in mice that received donor  
T cells, demonstrating a significant GVL effect. However, this GVL 

effect was not potent in [B6→B6] mice, and all mice subsequently 
died from leukemia. Surprisingly, leukemia mortality was signifi-
cantly lower in [B6→C3] mice that did not express alloantigens on 
their non-hematopoietic cells (62% vs. 100%; P < 0.05). GVL effects 
in [B6→B6] mice appeared to be almost equivalent to those in 
[B6→C3] mice given a 1-log lower T cell dose.

We further confirmed these observations in a different strain 
combination: BALB/c (Ba, H-2d) and DBA/2 (Db, H-2d) mice that 

Figure 1
Alloantigen expression on host non-hematopoietic cells augments acute GVHD but reduces GVL effects. (A–C) [B6→C3] (diamonds) and 
[B6→B6] chimeras (triangles) were created by reconstituting lethally irradiated C3 and B6 mice with 5 × 106 TCD BM cells from B6 mice. Four 
months later, the chimeras were reirradiated and injected with 5 × 106 TCD BM cells alone (open symbols) or with 1 × 106 (black symbols) or 
0.1 × 106 (gray symbols) CD8+ T cells from C3 donors (as indicated in parentheses × 106). Survival (A) and clinical GVHD scores (B) after BMT 
(n = 3–8/group). (C) Leukemia mortality after BMT in chimeras injected with EL4 cells (n = 5–21/group). Data from 3 similar experiments were 
combined. (D–F) [Db→Ba] (diamonds) and [Db→Db] (triangles) chimeras were reirradiated and injected with TCD BM alone (open symbols) or 
with 2 × 106 T cells from Ba donors (filled symbols). Survival (D) and clinical GVHD scores (E) after BMT from a representative experiment of 2 
similar experiments (n = 4–7/group). (F) Leukemia mortality after BMT in mice injected with P815 cells. Data from 2 similar experiments were 
combined (n = 6–18/group). (G–I) [Ba→Db] (diamonds) and [Ba→Ba] (triangles) chimeras were similarly transplanted with 5 × 106 TCD BM cells 
alone (open symbols) or with 2 × 106 T cells from Db donors (filled symbols). Survival (G) and clinical scores (H) after BMT (n = 3–10/group). 
(I) Leukemia mortality after BMT in chimeras injected with A20 cells (n = 5–10/group). Data from 2 similar experiments were combined. Clinical 
scores are shown as the mean ± SEM. *P < 0.05 compared with allogeneic controls.
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differed at multiple mHAs from each other. [Db→Ba] and control 
[Db→Db] chimeras were lethally reirradiated and injected with  
5 × 106 TCD BM cells alone or with 2 × 106 Ba T cells. Mortal-
ity (Figure 1D, P = 0.08) and morbidity from GVHD (Figure 1E,  
P < 0.05) were higher in [Db→Db] mice than in [Db→Ba] mice. 
When cells were transplanted together with 2,000 Db-derived P815 
cells, leukemia mortality was significantly lower in [Db→Ba] mice 
than in [Db→Db] mice (10% vs. 60%; P < 0.05) (Figure 1F).

Similar results were obtained when [Ba→Db] and control [Ba→Ba]  
chimeras were transplanted with 5 × 106 TCD BM cells with or 
without 2 × 106 Db T cells. In [Ba→Db] recipients, in which non-
hematopoietic cells do not express alloantigens, mortality (Fig-
ure 1G, P = 0.08) and morbidity of GVHD (Figure 1H, P < 0.05) 
were lower, but GVL effects against Ba-derived A20 lymphoma 
cells were significantly more potent as compared with [Ba→Ba] 
controls (leukemia mortality: 30% vs. 100%; P < 0.05) (Figure 1I). 
Taken together, these results demonstrate that GVHD is decreased 
but GVL activity is enhanced in the absence of alloantigen expres-
sion on non-hematopoietic cells.

Alloantigen expression on non-hematopoietic cells enhances apoptosis and 
dysfunction of alloreactive T cells. GVHD and GVL in the C3 and B6 
strain combination is dependent on donor CD8+ T cells (12, 14). 
To elucidate the mechanisms responsible for the enhancement 
of the GVL effect in [B6→C3] chimeric mice, which lack alloanti-
gen expression on non-hematopoietic cells, the kinetics of donor 
CD8+ T cell expansion and activation were evaluated after BMT. 
Expansion of donor CD8+ T cells identified as CD5.1+CD8+ cells 
peaked on day +14 in the spleens of allogeneic [B6→B6] recipients 
and decreased thereafter (Figure 2A), as previously shown in this 
model (15). CD8 expansion was significantly greater in [B6→C3] 

mice than in [B6→B6] mice on days +14 and +21. We next assessed 
donor T cell apoptosis as a determinant of the kinetics of T cell 
expansion. Frequencies of annexin V+ apoptotic donor CD8+ T cells 
were significantly greater in the spleen of [B6→B6] mice as com-
pared with that of [B6→C3] mice on day +14 (Figure 2B). Notably, 
surviving donor CD8+ T cells were significantly less activated in 
[B6→B6] mice than in [B6→C3] mice when evaluated based on 
the expression of CD69 (Figure 2C) and intracellular IFN-γ (Fig-
ure 2D) on annexin V– donor CD8+ T cells. We next evaluated CTL 
activity in donor T cells isolated from the spleen on day +14 after 
BMT. CTL activity against EL4 targets was significantly reduced 
in the splenocytes of [B6→B6] mice as compared with [B6→C3] 
mice (Figure 2E). These results suggest that alloantigen expression 
on non-hematopoietic cells induces apoptosis and dysfunction of 
alloreactive T cells.

Absence of alloantigen expression on host non-hematopoietic cells restores 
GVL effects. Self-recognition in the periphery facilitates the reactiv-
ity of mature T cells to foreign antigens (16). Therefore, it is pos-
sible that the expression of syngeneic MHC molecules and not the 
absence of alloantigens on non-hematopoietic cells may be respon-
sible for the enhancement of the GVL effect in [B6→C3] chimeras. 
This possibility was tested in B6-background β2m−/− mice. [B6→
β2m−/−] chimeras lacking functional MHC class I molecules on 
non-hematopoietic cells did not develop GVHD after transplanta-
tion with CD8+ T cells from C3 donors, as shown previously (17) 
(Figure 3A). In these mice, however, leukemia mortality was sig-
nificantly delayed even in the absence of GVHD as compared with 
[B6→B6] recipients (Figure 3B, P < 0.05). The expansion and CTL 
activity of donor CD8+ T cells was significantly greater in [B6→
β2m−/−] recipients than in [B6→B6] recipients (Figure 3, C and D). 

Figure 2
Alloantigen expression on host non-hematopoietic cells enhances the apoptosis and dysfunction of alloreactive T cells. [B6→C3] (diamonds and 
black bars) and [B6→B6] (triangles and gray bars) chimeras were transplanted as indicated in the legend for Figure 1. Syngeneic controls were 
[B6→B6] recipients of B6.Ly5.1 (CD45.1+) cells (open circles and white bars). (A) Numbers of donor CD8+ T cells in spleens. (B) Frequencies 
of annexin V+ donor CD8+ T cells. (C) Numbers of annexin V– donor CD69+CD8+ T cells. (D) Numbers of annexin V– IFN-γ–producing donor 
CD8+ T cells. (E) CTL activity against EL4. (B–E) Analysis was performed 14 days after BMT (n = 3–8/group). Representative data from 1 of the 
experiments are shown as the mean ± SD. *P < 0.05 compared with allogeneic controls.
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These results confirm that alloantigen expression on host epithe-
lium induces apoptosis and dysfunction of alloreactive T cells, 
which results in impaired GVL effects.

Alloantigen expression on host non-hematopoietic cells stimulates pro-
grammed death-1 and its ligand pathway. Programmed death–1 (PD-1)  
is a negative regulator of activated T cells and regulates T cell 
exhaustion during chronic infections (18–20). PD-1 interacts with 
at least 2 ligands: PD ligand–1 (PD-L1) and PD-L2 (21). In particu-
lar, the PD-1/PD-L1 pathway has been proposed as one of the most 
important mechanisms of T cell exhaustion and tolerance induc-
tion against infectious agents and tumors (19, 22–25). We therefore 
hypothesized that the PD-1/PD-L1 pathway plays a role in the loss 
of GVL effects in [B6→B6] mice. To test this hypothesis, we exam-
ined PD-1 expression on donor CD8+ T cells in lymph nodes on day 
+14 and +21 after BMT. It was significantly upregulated in alloge-
neic [B6→B6] recipients as compared with syngeneic controls but 
was low in [B6→C3] mice (Figure 4, A and B). We also investigated 
the expression of another inhibitory receptor, CTLA-4, on donor 
CD8+ T cells. Although the expression of cytoplasmic CTLA-4 was 
slightly upregulated in allogeneic animals as compared with synge-
neic animals, its level did not differ between [B6→B6] and [B6→C3]  
mice (5.5% ± 1.0% vs. 4.5% ± 0.2%, respectively; P = 0.50).

We next examined PD-L1 expression in the liver by real-time PCR 
after BMT. PD-L1 expression was markedly upregulated in the liver 
of allogeneic controls as compared with syngeneic controls (Figure 
4C). In allogeneic [B6→C3] mice, it was slightly upregulated on 
day +14 but not on day +21. Immunohistochemical analysis con-
firmed upregulated expression of PD-L1 in the liver of [B6→B6]  
mice, as previously reported (Figure 4D) (21, 26). These results 
showed that alloantigen expression on GVHD target epithelium 
is associated with upregulation of the PD-1/PD-L1 interactions 
between donor T cells and GVHD target tissue.

Blockade of the interaction between PD-1 and PD-L1 enhances GVL 
activity. We next examined whether blocking the PD-1/PD-L1 
pathway could enhance GVL activity. [B6→C3] and [B6→B6] 

chimeras were reirradiated and injected with TCD BM cells and 
CD8+ T cells from C3 donors. Mice were i.p. injected with 500 μg 
of anti–PD-L1 mAb on day 0 and then with 200 μg on days +3, 
+6, +9, +12, +15, and +18 after BMT. In [B6→B6] recipients, injec-
tion of anti–PD-L1 mAbs significantly restored T cell functions 
on day +14, as assessed by CD69 expression (Figure 5A), IFN-γ 
production (Figure 5B), and CTL activity (Figure 5C). In [B6→C3] 
mice, it marginally upregulated CD69 expression, IFN-γ produc-
tion, and CTL activity, although differences were not statistically 
significant (Figure 5, A, B, and D). As a consequence, anti–PD-L1 
mAb administration significantly increased the severity of GVHD 
in [B6→B6] mice (Figure 5E) but not in [B6→C3] mice (Figure 
5F). PD-L1 blockade also significantly augmented GVL activity in 
[B6→B6] recipients injected with EL4 cells on day 0 (Figure 5G,  
P < 0.05). It also delayed leukemia death in [B6→C3] mice, 
although the difference was not statistically significant (Figure 
5H, P = 0.38). In controls, PD-L1 blockade did not affect leukemia 
mortality in TCD-BMT recipients (Figure 5H) or [B6→B6] recipi-
ents of syngeneic B6 CD8+ T cells (data not shown).

Discussion
Alloantigens are expressed in three major sites in HSCT recipients: 
APCs, GVHD target epithelium, and leukemia cells. Alloantigen 
expression on APCs is essential for the induction of GVHD (6), and 
an optimal GVL response occurs when alloantigens are expressed 
on both host APCs and tumor cells (7). Alloantigen expression on 
the epithelium is also critical for the induction of GVHD across 
mHA disparities (10), but GVHD can occur in the absence of allo-
antigen expression on epithelium in MHC-mismatched BMT (9). 
In this study, we addressed the effect of alloantigen expression on 
target epithelium in GVL using chimeric mouse models of GVHD 
and GVL across mHA disparities. Our models mimic clinical BMT 
in patients not in remission, since most of the mice relapsed after 
allogeneic BMT. This high tumor burden enabled us to compare 
the magnitude of GVL activity in our models, and we made sur-

Figure 3
Absence of alloantigen expression on host non-
hematopoietic cells restores GVL effects. [B6→B6] 
(triangles) and [B6→β2m−/−] (squares) mice were 
reirradiated and injected with 5 × 106 TCD BM cells 
alone (open symbols) or with 1 × 106 CD8+ T cells 
from C3 donors (filled symbols). (A) Survival after 
BMT. (B) Leukemia mortality in chimeras injected 
with EL4 cells (n = 6–9/group). Data from a rep-
resentative experiment of 2 similar experiments 
are shown. Mean ± SEM numbers of donor CD8+  
T cells in spleens (n = 3–6/group) (C) and CTL 
activity against EL4 (D). *P < 0.05 compared with 
allogeneic controls.
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prising observations that alloantigen expression on non-hema-
topoietic cells inhibited GVL effects but enhanced GVHD. This 
observation challenges the current paradigm that GVL activity is 
strongly correlated with the severity of GVHD (1, 2, 27).

We found that alloantigen expression on non-hematopoietic 
cells induced donor T cell apoptosis and led to a contraction in the 
size of an alloreactive donor CD8+ T cell pool early after BMT. The 
remainder of the donor T cells were alive, but their ability to pro-
duce cytokines and cytotoxicity were impaired. This defect is simi-
lar to T cell exhaustion, which is a principal reason for the inability 
of the host to eliminate the persisting pathogen in chronic infec-
tions (18, 28). CD8+ T cell proliferation and differentiation into 
cytolytic effectors on an encounter with antigens are variable and 
change as a consequence of the antigen load (29). As the magni-
tude of the viral load increases, virus-specific T cells become more 
functionally impaired. During persistent infection, a high anti-
gen load drives a significant number of virus-specific T cells into 
activation-induced apoptosis, and the remaining virus-specific  
T cells remain alive but in a dysfunctional state of cytotoxicity (18, 
30–33). In tumor models, antigen quantity determines the behav-
ior of the CD8+ effector cells, including their effector function and 
sensitivity to apoptosis (34–36). In patients with a larger tumor 

burden, CD8+ T cells were found to undergo apoptosis (37). Thus, 
a higher alloantigen load in allogeneic controls as compared with 
chimeras, in which alloantigen expression is limited to hematopoi-
etic cells and tumor cells, may induce apoptosis and the dysfunc-
tion of alloreactive T cells, which leads to the inability of the host 
to eliminate leukemia.

Our results are consistent with seminal observations by Meunier, 
Fontaine, and colleagues, who showed that the adoptive transfer 
of immunodominant mHA (B6dom1)–specific T cells eradicates 
B6dom1-expressing leukemia more efficiently in mice lacking B6dom1 
expression than in mice expressing B6dom1 (38). This was because 
the widespread expression of B6dom1 caused activation-induced 
apoptosis and dysfunction of donor T cells in mice expressing 
B6dom1 (38, 39). These findings along with our results indicate that 
allogeneic cellular therapy targeting mHAs exclusively expressed 
on APCs and tumor cells can induce a potent GVL effect while 
inducing less-severe GVHD than immunotherapy via targeting of 
ubiquitously expressed mHAs (40).

The PD-1/PD-L1 pathway is critically involved in T cell exhaus-
tion and tolerance induction in infection and tumor immunology 
(18–20, 23–25, 41). It is also required for protection against chron-
ic rejection of cardiac allograft, and induction of peripheral dele-

Figure 4
Alloantigen expression on host non-hematopoietic cells stimulates PD-1 and its ligand pathway. [B6→B6] and [B6→C3] chimeras were trans-
planted as indicated in the legend for Figure 1 (n = 4–8). (A) Representative histogram of PD-1 expression among donor CD8+ T cells on day +14 
and +21 in syngeneic (left), allogeneic [B6→B6] (middle), and [B6→C3] (right) recipients. (B) Frequencies of PD-1+ CD8+ T cells (mean ± SD). (C) 
Relative expressions of Pdl1 mRNA on day +14 and +21 in the livers of allogeneic [B6→B6] (gray bars) and allogeneic [B6→C3] mice (black bars). 
Data represent the mean (± SD) of n-fold difference in the amount of Pdl1 gene expression relative to that in syngeneic mice. (D) PD-L1 expression 
in the liver on day +14 (top row) and +21 (bottom row) from syngeneic (upper left) and allogeneic [B6→B6] (middle) and [B6→C3] (right) recipients. 
Isotype control of allogeneic [B6→B6] (lower left) is shown. Original magnification, ×200. *P < 0.05 compared with allogeneic controls.
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tional tolerance of alloreactive, anti-donor CD8+ T cells to achieve 
successful engraftment in BMT (42, 43). In this study, we found 
that PD-1 expression was upregulated in donor T cells and PD-L1 
expression was upregulated in GVHD target organs. The expression 
of PD-1/PD-L1 was markedly reduced in chimeras lacking allo-
antigen expression on non-hematopoietic cells. PD-1 and PD-L1  
expression is induced upon cell activation and inflammation in 
GVHD (44); therefore, the absence of alloantigen expression on 
GVHD target epithelium reduced GVHD in chimeric mice, which 
resulted in insufficient stimulation of the PD-1/PD-L1 interaction. 
Target tissue expression of PD-L1 is also critical for the induction 
of T cell exhaustion or tolerance in chronic viral infection, autoim-
mune diabetes, and cardiac allografting (19, 42, 45).

Both PD-1 and PD-L1 were markedly upregulated in [B6→B6] 
mice, but they were also modestly upregulated in [B6→C3] mice. 
Blockade of PD-1/PD-L1 interactions significantly restored T cell 

effector functions in [B6→B6] mice but modestly restored them 
in [B6→C3] mice as well. The relevance of these observations is 
shown by the PD-1/PD-L1 blockade studies. These data showed 
that the PD-1/PD-L1 pathway is particularly germane to [B6→B6] 
mice with widespread expression of alloantigens but also applies, 
at least in part, to [B6→C3] mice, wherein alloantigen expression 
is only on APCs. While there is likely to be a role for this pathway 
in the absence of epithelial alloantigen expression, the full nega-
tive impact of this pathway on GVL is only seen when alloantigen 
expression is present on non-hematopoietic tissues.

Of note, the improvement in GVL by the PD-1/PD-L1 blockade 
was partial, as has been shown in chronic viral infection (46–48). 
This may be due to the presence of multiple negative regulatory 
pathways that contribute to T cell exhaustion, including CTLA-4, 
IL-10, LAG-3, CD160, and 2B4 (20, 47, 49). In addition, the pop-
ulation of exhausted T cells is heterogeneous, and this interven-

Figure 5
Blockade of the interaction between PD-1 and PD-L1 enhances GVL activity. [B6→C3] and [B6→B6] chimeras were reirradiated and injected 
with 5 × 106 TCD BM cells alone or with 1 × 106 CD8+ T cells from C3 donors. Mice were i.p. injected with 500 μg of anti PD-L1 mAbs or controls 
on day 0 and then 200 μg thereafter on days +3, +6, +9, +12, +15, and +18. Splenocytes were harvested on day +14 to determine the number 
of CD8+CD69+ T cells (A) and IFN-γ–producing CD8+ T cells (B) and CTL activity against EL4 targets (C and D). Results from a representa-
tive experiment of 2 similar experiments (means ± SD, n = 7–8/group). Mean clinical GVHD scores (±SEM) (E and F) after BMT are shown  
(n = 5–7/group). (G and H) Leukemia mortality after BMT in [B6→B6] and [B6→C3] chimeras injected with EL4 cells on day 0 (n = 4–11/group). 
Data from two similar experiments were combined. αPD-L1, anti–PD-L1 mAbs. *P < 0.05 compared with the corresponding controls.
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tion is effective only for PD-1lo and not PD-1hi, which are subsets 
of exhausted T cells (50). Many of these inhibitory receptors are 
either coexpressed by the same exhausted T cells or differentially 
expressed on different subsets of exhausted cells. As the severity of 
the infection increases, the number of different inhibitors expressed 
per cell increases (47). A second inhibitory receptor, CTLA-4, can 
be overexpressed by exhausted CD4+ T cells in chronic viral infec-
tion, but it appears to have a minimal role on exhausted CD8+  
T cells (19, 51). Although CTLA-4 was only slightly upregulated 
on CD8+ T cells in contrast to the marked upregulation of PD-1 
in our CD8-dependent model of MHC-matched BMT, the precise 
inhibitory receptors of therapeutic interest may differ between 
CD4+-dependent and CD8+-dependent GVHD/GVL. Another key 
negative regulatory pathway is mediated by Foxp3+ Tregs. How-
ever, enhancement of GVL is not due to effects of the PD-1/PD-L1 
blockade on Tregs, because blockade of PD-1/PD-L1 interactions 
enhances the expansion and function of Tregs (52). The hierar-
chy of these pathways in regulating GVL will need to be studied 
in the future based on better understanding of the delineation of 
T cell subsets and models (53). However, our results suggest the 
detrimental effect of GVHD-induced immunosuppression on 
GVL responses, regardless of which inhibitory pathway might  
be dominant clinically.

In addition, the administration of anti–PD-L1 mAb also exac-
erbated acute GVHD, as has been shown in a previous study (54). 
Therefore, the beneficial effects of the PD-1/PD-L1 blockade may 
be offset by the exacerbation of GVHD. Effects of the inhibitory 
receptor blockade might depend on the magnitude or stage of 
donor T cell activation and the severity of GVHD; therefore, the 
timing and duration of the targeting may be important.

In clinical HSCT, alloantigens continue to be presented on MHC 
class I in non-hematopoietic cells throughout the lifetime of the 
transplant recipients. However, a substantial number of patients 
eventually develop tolerance after resolution of GVHD and often 
experience leukemia relapse. Although activation-induced apopto-
sis of alloreactive T cells has been proposed as an explanation of 
this paradox (55), studies monitoring GVHD-specific T cell clones 
indicate that host-reactive T cells are continuously present after 
allogeneic HSCT (56–58). Our results provide a logical explanation 
for this paradox. However, the process of exhaustion is unlikely 
to occur in patients not developing GVHD, because induction of  
T cell exhaustion requires antigen-specific activation of T cells and 
subsequent differentiation into effector T cells. In these patients, 
tolerance could be induced by other mechanisms, such as function-
al central and peripheral tolerance mechanisms. It is well known 
that GVL is not apparent in patients with high leukemia burden. 
Although leukemia cells used in the current study do not express 
PD-L1 (22, 59), leukemia cells expressing PD-L1 may also directly 
limit the GVL response in patients with high leukemia burden 
(22, 24, 25). However, such insights from animal models must be 
extrapolated with caution to clinical studies involving humans.

It has been assumed that T cell exhaustion is antigen specific 
in chronic viral infection. Bystander lysis of T cells has also been 
reported in the course of viral infections (60), but is of minimal 
significance because of its limited magnitude and because nor-
mal thymic function can replenish the peripheral T cell pool. In 
contrast, in GVHD, T cell exhaustion occurs after initial T cell 
activation and the subsequent development of GVHD. GVHD 
induces bystander apoptosis of non-host-reactive T cells. In addi-
tion, GVHD-mediated injury of the thymus and the secondary 

lymphoid organs inhibits full replenishment of the peripheral  
T cell pool (55). Thus, establishment of full immune competence 
probably requires the additional process of T cell reconstitution 
following T cell exhaustion.

In conclusion, our results indicated the significance of alloan-
tigen expression on non-hematopoietic cells in GVL. Alloantigen 
expression on non-hematopoietic cells induces the apoptosis of 
donor T cells and the dysfunction of cytotoxic effector function, 
which leads to a reduction in GVL activity. T cell dysfunction was 
partially restored by blocking PD-1/PD-L1 interactions, which 
suggests that the therapeutic “tuning” of T cell responses via mod-
ulation of negative regulatory pathways represents a novel strat-
egy for enhancing GVL. Our results in combination with those of 
previous studies (6, 7, 9, 10, 38, 39) provide a complete picture 
of the effect of alloantigen expression on host APCs, GVHD tar-
get epithelium, and tumor cells in allogeneic HSCT; alloantigen 
expression on host non-hematopoietic cells augments GVHD but 
suppresses GVL effects. This concept may provide an important 
framework for understanding the pathophysiology of GVHD and 
allow for the separation of GVHD and GVL.

Methods
Mice. Female C57BL/6 (B6, H-2b, CD45.2+), BALB/c (Ba, H-2d), and DBA/2 
(Db, H-2d) mice were purchased from Charles River Japan. B6.Ly5.1 (H-2b,  
CD45.1+) and C3H.Sw (C3, H-2b) mice were purchased from The Jack-
son Laboratory. B6-background β2m-deficient mice (β2m−/−: B6.129-β2-
mtm1JaeN12) were purchased from Taconic. The age of mice used ranged from 
8 to 12 weeks. Mice were maintained in specific pathogen–free conditions 
and received normal chaw and hyperchlorinated drinking water for the first  
3 weeks after BMT. All experiments involving animals were performed accord-
ing to a protocol approved by the Institutional Animal Care and Research 
Advisory Committee of Okayama University and Kyushu University.

Generation of bone marrow chimera and induction of GVHD and GVL. Total 
body irradiation (TBI: X-ray) was split into 2 doses separated by 4 hours 
to minimize gastrointestinal toxicity. B6 and C3 mice received 10 Gy TBI, 
whereas Ba and Db mice received 8.5 Gy TBI. To create BM chimeras, 
lethally irradiated mice were intravenously injected with 5 × 106 TCD BM 
cells from donors. TCD was performed using anti-CD90 microbeads and 
AutoMACS (Miltenyi Biotec). Four months later, the chimeric mice were 
reirradiated and injected with 5 × 106 TCD BM cells plus various doses 
of CD8+ T cells or 2 × 106 T cells. T cells and CD8+ T cells were negatively 
isolated from splenocytes by using a T cell isolation kit and a CD8+ T cell 
isolation kit (Miltenyi Biotec), respectively, and the AutoMACS. In the GVL 
experiments, EL4 (H-2b) derived from a B6 mouse, P815 (H-2d) derived 
from a Db mouse, and A20 (H-2d) derived from a Ba mouse were intrave-
nously injected into BMT recipients on day 0 of BMT. Anti–PD-L1 mAbs 
were purified from the hybridoma supernatant of clone MIH5 (61), which 
was a gift from Miyuki Azuma of Tokyo Medical and Dental University, 
Tokyo, Japan, and i.p. injected at a dose of 500 μg/mouse on day 0, fol-
lowed by 200 μg/mouse on days +3, +6, +9, +12, +15, and +18 after BMT.

Assessment of GVHD and GVL effects. Survival after BMT was monitored daily, 
and the degree of clinical GVHD was assessed weekly by using a scoring sys-
tem that sums changes in 5 clinical parameters: weight loss, posture, activity, 
fur texture, and skin integrity (maximum index, 10) as described previously 
(13). The cause of each death after BMT was determined by post mortem 
examination, and was either GVHD or tumor. The most striking leukemia-
specific abnormality induced by EL4, P815, and A20 was macroscopic tumor 
nodules, marked hepatosplenomegaly, and lower limb paralysis (62). Leu-
kemia death induced by EL4, P815, and A20 was therefore defined by the 
occurrence of hepatosplenomegaly, macroscopic tumor nodules in the liver 
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and/or spleen, or hind leg paralysis. GVHD death was defined as the absence 
of leukemia and by the presence of clinical signs of GVHD, assessed by using 
a clinical scoring system. Animals surviving beyond the observation period 
of BMT were sacrificed, and the spleen and liver were harvested for histologi-
cal evaluation to determine leukemia-free survival.

Flow cytometric analysis. The mAbs used were FITC-, PE-, PerCP-, Cy5.5-, or 
APC-conjugated anti–mouse CD5.1, CD8, CD45.1, CD45.2, CD69, and PD-1 
(BD Biosciences). Cells positive for 7-amino-actinomycin D (BD Biosciences) 
were excluded from the analysis. For the analysis of donor T cell apoptosis, 
the cells were stained with Annexin V (MBL). For intracellular IFN-γ staining, 
the splenocytes were incubated for 4 hours with leukocyte activation cocktail 
and BD GolgiPlug (BD Biosciences) at 37°C. Then, the cells underwent per-
meabilization with a BD Cytofix/Cytoperm solution (BD Biosciences) and 
were stained with FITC-conjugated anti–IFN-γ mAbs (BD Biosciences). For 
intracellular CTLA-4 staining, cells were stained with PE-conjugated anti–
CTLA-4 mAbs (eBioscience). At least 5,000 live events were acquired for the 
analysis using a FACSCalibur flow cytometer (BD Biosciences).

CTL assay. Splenocytes were removed from chimeric recipients 14 days 
after BMT, and the mononuclear cells were then separated by density gra-
dient centrifugation. The percentage of CD8+ cells in this fraction was 
determined by flow cytometry, and counts were normalized for CD8+ cell 
numbers. Tumor targets, 2 × 106 P815 or EL4, were labeled with 100 μCi 
of 51Cr sodium salt (Amersham Biosciences) for 2 hours. After washing 3 
times, the labeled targets were resuspended in 10% FCS in RPMI and plated 
at 104 cells per well in U-bottom plates (Corning-Costar Corp.). Allogeneic 
splenocyte preparations, as described above, were added to quadruplicate 
wells at varying effector-to-target ratios and incubated for 4 hours. Maxi-
mal and background release were determined by adding 1% SDS and media 
alone to the targets, respectively. 51Cr activity in the supernatants collected  
4 hours later was determined using a Wallac 1470 WIZARD Gamma 
Counter (Wallac Oy), and lysis was expressed as a percentage of maximum: 
percentage of specific lysis = 100 (sample count − background count/ 
maximum count − background count).

Quantitative real-time PCR. Total RNA was isolated from the frozen liver 
using ISOGEN (Nippon Gene). cDNA was synthesized from 150 μg RNA 
using a QuantiTect Reverse Transcription Kit (QIAGEN). Pdl1 mRNA lev-
els were quantified by real-time PCR using the 7500 Real-Time PCR System 
(Applied Biosystems). TaqMan Universal PCR MasterMix, primers, and the 

fluorescent TaqMan probe specific for murine PD-L1 (Mm00452054-m1) 
and a house keeping gene, mGAPDH (Mm99999915-g1), were purchased 
from Applied Biosystems. The standard was obtained using RNA extracted 
from syngeneic controls.

Immunohistochemistry. For immunohistochemical analysis, isolated livers 
were frozen in Tissue-Tek (Sakura Finetek), and 5-μm cryostat sections were 
prepared. Slides were fixed in 100% acetone and air dried. Endogenous per-
oxidase activity was blocked with peroxidase blocking reagent (Dako). The 
sections were incubated with purified rat anti–mouse PD-L1 mAb (clone 
MIH5; eBiosciences). The primary Abs were detected using the Histofine 
Simple Stain Mouse MAX PO (Rat) kit and DAB solution (Nichirei). The 
images were captured using an Olympus BH2 microscope with a Nikon DS-
5M color digital camera (Nikon), controlled by Nikon ATC-2U software ver-
sion 1.5. An Olympus ×10/20 ocular lens and a ×20/0.46 NA objective lens 
were used. Images were cropped using Adobe Photoshop (Adobe Systems) 
and were composed using Adobe Illustrator.

Statistics. We used the Kaplan-Meier product-limit method to obtain 
survival probability and the log-rank test to compare survival curves. The 
Mann-Whitney U test was used to analyze the clinical scores. A P value less 
than 0.05 was considered statistically significant.
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