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Abstract Programmed death receptor ligand 1 (PD-L1,
also called B7-H1) is a recently described B7 family
member. In contrast to B7-1 and B7-2, PD-L1 does not
interact with either CD28 or CTLA-4. To date, one spe-
cific receptor has been identified that can be ligated by
PD-L1. This receptor, programmed death receptor 1
(PD-1), has been shown to negatively regulate T-cell
receptor (TCR) signaling. Upon ligating its receptor,
PD-L1 has been reported to decrease TCR-mediated
proliferation and cytokine production. PD-1 gene–defi-
cient mice developed autoimmune diseases, which early
led to the hypothesis of PD-L1 regulating peripheral
tolerance. In contrast to normal tissues, which show
minimal surface expression of PD-L1 protein, PD-L1
expressionwas found tobe abundant onmanymurine and
human cancers and could be further up-regulated upon
IFN-c stimulation. Thus, PD-L1might play an important
role in tumor immune evasion. This review discusses the
currently available data concerning negative T-cell
regulation via PD-1, the blockade of PD-L1/PD-1 inter-
actions, and the implications for adoptiveT-cell therapies.
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Introduction

Conventional therapies (surgery, chemotherapy, and
radiation) for many metastatic solid tumors have been

relatively disappointing, and survival rates of these
patients have not been substantially improved during
the last decade [1]. Therefore, the search for alternative
therapeutic approaches has been intense. One attrac-
tive concept has been to modulate the immune system
in a way that enables it to recognize and kill tumor
cells [40, 71]. Initial work has shown that most human
tumors express tumor-associated antigens (TAAs) that
can be recognized by T cells and thus are potentially
capable of inducing immune responses [8]. Early phase
clinical trials have been initiated by vaccinating cancer
patients with TAA or professional antigen-presenting
cells pulsed with TAA [18, 25, 39, 52]. Induction of
tumor antigen–specific CD8+ T cells has been
achieved in many of these trials [38, 52]. Adoptive
transfer of tumor antigen–specific T cells into patients
also has been pursued and has revealed homing of the
expanded cytotoxic T lymphocytes (CTLs) to tumor
sites [43]. However, despite tumor infiltration of im-
mune effector cells, tumor growth was seldom con-
trolled. It is well known that the tumor
microenvironment can protect tumor cells from im-
mune destruction [26, 65]. Soluble factors, as well as
membrane-bound molecules including transforming
growth factor b (TGF-b), interleukin (IL)–10, prosta-
glandin E2, FAS, CTLA-4 ligands, tumor necrosis
factor–related apoptosis-inducing ligand (TRAIL), and
programmed death receptor ligand 1 (PD-L1, also B7-
H1), have been found to be expressed by tumors and
have been postulated to mediate immune evasion [21,
33, 66]. Blocking of such negative immune regulatory
signals on tumor cells has given rise to hope that their
manipulation may lead to enhanced tumor-specific
CD8+ T-cell immunity in vivo (Fig. 1).

Besides the well-described B7-1/B7-2/CD28/CTLA-4
pathway, a growing number of B7 family ligands and
their receptors have been identified that have been
shown to modulate TCR signals [10, 11]. This review
focuses on the recently described B7 family member B7-
H1 (PD-L1) interacting with programmed death gene 1
(PD-1). This pathway can have negative regulatory

C. Blank (&) Æ A. Mackensen
Department of Hematology and Oncology,
University of Regensburg,
Franz-Josef Strauss Allee 11, 93042 Regensburg, Germany
E-mail: christian.blank@klinik.uni-regensburg.de
Fax: +49-941-9445581

T. F. Gajewski
Department of Pathology, Department of Medicine Section
of Hematology/Oncology, and Committee in Immunology,
University of Chicago, Chicago, Illinois, USA

Cancer Immunol Immunother (2005) 54: 307–314
DOI 10.1007/s00262-004-0593-x



functions and might play an important role in immune
evasion from tumor-specific T cells.

Expression and function of PD-1

Programmed death receptor 1 is a 55-kDa type I trans-
membrane receptor that was initially identified in a
murine T-cell hybridoma undergoing activation-induced
cell death (AICD) [31]. PD-1 is a member of the Ig
superfamily that contains a single Ig V-like domain in its

extracellular region but lacks the MYPPPY motif, a
sequence critical for CTLA-4 and CD28 binding to B7-1
and B7-2 [2]. The cytoplasmatic tail of PD-1 contains
two tyrosines within a YXXL/I motif that is hypothe-
sized to be a common feature of an immunoreceptor
tyrosine-based inhibitory motif (ITIM) and thought to
mediate negative regulatory signals [15, 31, 62, 73]. Re-
cent data imply the C-terminal tyrosine to be found
within an immunoreceptor tyrosine switch motif (ITSM)
[80]. Coligation of PD-1 and BCR leads to a rapid
phosphorylation of Src homology region 2 containing
tyrosine phosphatase-2 (SHP-2), resulting in dephos-
phorylation of key signal transducers of BCR signaling,
such as Syk and Iga/b. Downstream signaling events
such as activation of PI3 K, PLCc2, and ERK, and
elevation of intracellular Ca2+ are consequently inhib-
ited. However, SHP-2 recruitment to the C-terminal
phosphotyrosine and the N-terminal tyrosine residue is
almost dispensable for the inhibitory effects of PD-1,
raising questions about the precise biochemical mecha-
nism of this effect [50]. Moreover, detailed studies of the
biochemical nature of PD-1 signaling in T cells are
lacking.

Programmed death receptor 1 has been found to be
expressed on thymocytes at transition from DN
(CD4�CD8�) to DP (CD4+CD8+) stage [6, 45] and on

Fig. 1 Schematic description of the requirements for an CD8+ T-
cell–mediated antitumor immune response. Naı̈ve tumor-specific
CD8+ T cells can be activated directly from tumor cells or
indirectly from APCs presenting TAA. In a second step, differen-
tiation toward a type I phenotype is optimal. This step is favored
by IL-12 and IFN-c and suppressed by IL-4 or IL-13. Furthermore,
sufficient expansion of tumor-specific T cells is important and may
require IL-2. Activation-induced nonresponsiveness (AINR),
anergy induction, and T-cell deletion may interfere with sufficient
expansion and in vivo survival. Tumor penetration is influenced by
chemokines and adhesion molecules. Furthermore, the interaction
between tumor-specific T cells and the tumor cell is improved by
high MHC expression, high antigen densitiy on the tumor, and B7
expression of the tumor. Immune escape might be mediated via
TGF-b, MHC loss, or engagement of Fas, PD-1, or CTLA-4 on the
T cell. Finally, long-term responses require the development of a
memory immune response
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mature T and B cells following activation [2, 7, 10]. PD-1
was also found to be expressed on macrophages [45].
Studies in PD-1–deficient mice indicate that PD-1 serves
as a negative regulator for immune responses. Absence
of PD-1 in mice leads to glomerulonephritis, arthritis,
and cardiomyopathy [46–48].

Two ligands for PD-1 have been identified: PD-L1
(B7-H1) and PD-L2 (B7-DC) [24, 35]. Interaction of
PD-1 with PD-L1 or PD-L2 has been described to
negatively regulate cytokine production and prolifera-
tion of T cells [9, 12, 24, 59]. However, some other re-
ports identified costimulatory functions of these ligands
possibly mediated via an unidentified receptor different
from PD-1 [16, 69, 70, 74, 79].

Expression of PD-L1 and PD-L2

Expression of PD-L1 and PD-L2 transcripts has been
described in a wide range of murine and human tissues
including placenta, heart, pancreas, spleen, lymph node,
and thymus [24, 35, 45, 51], while it was absent in brain
and kidney tissue. Interestingly, surface expression of
the proteins encoded by these genes has been shown to
be more limited, suggesting the possibility of post-tran-
scriptional regulation.

Programmed death receptor ligand 1 and PD-L2
surface expression has been intensively studied on anti-
gen-presenting cells (APCs): resting B cells and mono-
cytes express neither PD-L1 nor PD-L2; surface
expression of PD-L1 was detected upon activation on
macrophages and B lymphocytes [14, 37, 72]; whereas
PD-L2 was only expressed on inflammatory macro-
phages [37]. Dendritic cells (DCs) have been shown to
express PD-L1 and PD-L2 upon stimulation [14, 78].
The data so far published concerning the surface
expression of PD-L1 and PD-L2 on immature DCs are
conflicting [14, 59, 78].

In addition to the receptor PD-1, T cells also can
express the corresponding ligands, particularly following
TCR stimulation even in the absence of CD28 costi-
mulation. PD-L2 is not expressed in naı̈ve T cells, and
the current results concerning a possible up-regulation
upon stimulation are controversial [7, 9, 32, 37, 78].
Expression of PD-1 and PD-L1 on activated T cells has
given rise to the hypothesis that T:T interactions via PD-
1/PD-L1 might limit TCR signaling after activation,
although there is little direct evidence for this phenom-
enon.

In addition to TCR or BCR signals in lymphocytes,
IFN-c was shown to influence PD-L1 expression pre-
dominantly on nonlymphoid tissues. These data are in
line with results showing that the PD-L1 promoter re-
gion contains several IFN-c–responsive elements [17,
41]. Human and murine endothelial cells (ECs) consti-
tutively express PD-L1, and in vitro treatment with
IFN-c, but not LPS or TNF-a, results in up-regulation
of PD-L1. Human ECs have also been shown to up-
regulate PD-L1 upon TNF-a stimulation [23, 34, 41].

Thus, IFN-c–mediated up-regulation of PD-L1 on
endothelial cells in vivo might play a significant role in
regulation of T-cell function at peripheral sites and
mediate peripheral tolerance. Regulation of tolerance
might also be reflected by the high PD-L1 expression at
the human maternal–fetal interface [53]. Several studies
have suggested an immunosuppressive role of IFN-c in
autoimmune settings. Consistent with these findings,
PD-L1 expression was found to be up-regulated at sites
of inflammation in experimental autoimmune encepha-
lomyelitis [56] and in muscle biopsies from patients with
inflammatory myopathies [76]. In the latter publication
the authors showed that IFN-c leads to increased PD-L1
expression on human muscle cells, resulting in decreased
cytokine production of allogenic CD4+ and CD8+ T
cells. Thus, the beneficial effect of IFN-c reported in
some autoimmune settings might be partly contributed
to induction of PD-L1 ligand expression at the sites of
inflammation and subsequent down-regulation of im-
mune responses by PD-1 engagement [10].

In addition to these normal nonhematologic tissues,
PD-L1 also has been found to be expressed on a broad
range of cancers. PD-L1 expression has been detected by
immunohistochemical stainings on the surface of human
cancers of larynx, lung, stomach, colon, breast, cervix,
ovary, renal cell, bladder, liver, glioma, and melanoma
[9, 17, 77]. In addition, PD-L1 was found to be expressed
on various human tumor cell lines including lung, colon,
breast, placenta, melanoma, and glioma cancer cell lines
[7, 17, 35, 77]. Similar to endothelial cells, murine and
human tumor cells up-regulate PD-L1 upon IFN-c
stimulation [7, 17, 77]. These observations have led to
the hypothesis that tumors might escape from the host
immune system by negative attenuation of tumor-spe-
cific T-cell responses via PD-L1/PD-1 interactions.

Immunological functions of PD-L1

Identification of PD-L1 as ligand for PD-1 led rapidly to
the hypothesis that PD-L1 might negatively regulate
immune responses [24]. Neither PD-L1 nor PD-L2
bound to CD28, CTLA-4, or ICOS, and reciprocally,
soluble forms of B7-1 and B7-2 did not bind PD-1 [10].
Cross-linking PD-1 by either PD-L1-Ig or PD-L2-Ig
resulted in decreased proliferation, and decreased IFN-c,
IL-10, IL-4, and IL-2 secretion from anti-CD3-stimu-
lated T cells [24, 35], without an increase in cell death
[35; and H. Wiendl, personal communication], indicat-
ing that the nomenclature for this receptor and its li-
gands is perhaps misleading. In vitro studies using T
cells from PD-1–deficient mice support the negative
functional consequences of PD-1/PD-L1 interactions.
Proliferation upon anti-CD3 mAb stimulation of wild-
type, but not PD-1–deficient, T cells was inhibited by
PD-L1-Ig [24]. Further studies using blocking antibodies
to PD-L1 performed on human endothelial cells [41, 55],
DCs [9, 14, 54, 59], liver nonparenchymal cells [33], and
glioma cells [77] support negative regulation of T-cell
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activation via PD-1/PD-L1 interaction. In vivo studies
on PD-1 gene–deficient mice or blocking PD-L1 with
mAb showed that PD-1 can serve as a negative regulator
of autoimmune responses in vivo, supporting further the
negative regulatory function of PD-1/PD-L1 interac-
tions [3, 46–48, 57]. PD-L1-Ig promoted in vivo cardiac
allograft survival, protection from chronic rejection [51],
and long-term pancreas islet allograft survival [27].

However, some evidence has been generated that PD-
L1 and PD-L2 may provide costimulatory signals in
certain contexts. One group reported PD-L1-Ig to
stimulate T-cell proliferation and IL-10 production [16,
70]. In addition, local expression of PD-L1 promoted
organ-specific autoimmunity and transplant rejection in
a pancreatic islet model [69]. These results might be ex-
plained by the possibility of PD-1 mediating either po-
sitive or negative signals, resulting from signals via its
hypothesized cytoplasmatic ITSM motif, which has re-
cently been described as being capable of providing both
signals [60, 64]. Another possibility might be a different
positioning of PD-1 toward the TCR. A recent study has
indicated that PD-1 negative regulatory signals only
occur when PD-1 is in close proximity with the TCR [5].
Most likely, however, is the hypothesis that PD-L1–
mediated positive costimulatory effects are independent
of PD-1 and occur through an unidentified second
receptor. Recent binding studies and in vitro studies
using PD-1–deficient T cells suggest the existence of an
alternative receptor, distinct from PD-1, that could
mediate the costimulatory effects from PD-L1/L2 [61,
74]. Therefore, one might envision that the outcome of
an immune response upon PD-L1 costimulation will
depend on the expression kinetics of the hypothesized
costimulatory receptor and PD-1, or on a balance of
signaling between the two receptors, as postulated for
CD28 and CTLA-4 [58]. The fact that PD-L1/PD-1
engagement can attenuate ICOS-positive costimulatory
signals [5], that its negative signaling however can
be negated by CD28 ligation or IL-2 [12], and the

identification of a further negative regulatory receptor,
BTLA [11, 75], indicates that the overall result from
negative and positive costimulation will depend on the
relative expression of the individual molecules. This
orchestra of B7 family costimulatory molecules and their
interactions in modulating the overall outcome of the
immune response is illustrated in Fig. 2.

PD-L1 and tumor evasion

Programmed death receptor ligand 1 was originally
identified from a homology search of the human cDNA
expressed sequence tag (EST) database using published
human B7-1 and B7-2 amino acid sequences. Two
overlapping ESTs with homology to B7-1 and B7-2 were
found to be expressed in an EST clone of human ovary

Fig. 2 The growing number of B7 superfamily members shaping
TCR signaling. CD28 and CTLA-4 have MYPPPY motifs that are
essential to bind B7-1 (CD80) and B7-2 (CD86). B7-1 and B7-2
provide important costimulatory signals via an interaction with the
constitutively expressed CD28 and provide a negative signal via
CTLA-4 (CD152), which is induced upon T-cell activation. ICOS
(H4) does not show any binding to B7 and seems to mediate
costimulatory effects on recently activated and effector T cells
binding to its ligand, ICOS-L (B7 h, B7-H2). B7-H3 is constitu-
tively expressed on IFN-c–treated DCs and binds to an unidentified
receptor on activated, but not on resting, T cells. B7-H3
costimulates proliferation of CD4+ and CD8+ T cells. PD-L1
(B7-H1) negatively regulates proliferation and cytokine production
of T and B cells that express PD-1 upon activation. A secondary
receptor mediating costimulatory signals from PD-L1 has been
postulated, but not yet identified. This receptor possibly interacts
preferentially with PD-L2 (B7-DC). B7x (B7-H4) has been reported
to interact with BTLA, which is expressed on activated T and B
cells, inhibiting lymphocyte activation. In contrast to the APC
shown here, most tumor cells lack B-7 costimulatory molecules and
express strongly PD-L1, either constitutively or upon IFN-c. This
expression pattern might shift the costimulatory balance of the
TCR signal toward inhibition of tumor-specific T cells when
interacting with the tumor cell
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tumor [16], suggesting the expression of PD-L1 by hu-
man cancers. Initial functional experiments suggested
that PD-L1 costimulates T cells to induce IL-10 pro-
duction [16]. In contrast, a second group showed that
PD-L1 decreased T-cell proliferation, and IFN-c and IL-
10 secretion [24]. PD-L1 expression was found to be
expressed at mRNA levels on a wide range of tumor cell
lines, but surface expression using mAbs showed only a
small fraction of human tumor cell lines to express PD-
L1. However, the majority of murine and human tumor
lines can be up-regulated to express PD-L1 upon treat-
ment with IFN-c [7, 17, 68]. Immunhistochemistry
analysis demonstrated PD-L1 reactivity in a majority of
freshly isolated human carcinomas [17, 68, 77], indicat-
ing that inflammatory cytokines or other in vivo signals
may be actively inducing the expression of this molecule
in vivo. Broad expression of PD-L1 on human cancer
tissues led to the hypothesis of PD-L1/PD-1 interactions
mediating immune evasion from tumor-specific T cells
[17, 33]. To address this question, several groups have
implemented experiments using human tumor cell lines
in vitro or murine tumors in vitro and in vivo.

Transfection of murine mastocytoma P815 with PD-
L1 led to decreased lysis of the tumor cells when co-
cultured with a tumor-specific CTL clone. Lysis was
restored when anti-PD-L1 mAb was added [33].
Endogenous PD-L1 surface expression on IFN-c–trea-
ted murine melanoma was also able to decrease lysis by
wild-type CTLs compared with PD-1–deficient CTLs [7].
Transfection of PD-L1 into a PD-L1–negative human
melanoma line led to an increased percentage of apop-
totic T cells, [17]. The latter data have suggested that
PD-L1 mediates a decreased proliferation upon TCR
stimulation [12, 14] rather than apoptosis. Neutralizing
mAbs against PD-L1 also have been shown to augment
production of IFN-c and IL-2 from tumor-specific CTLs
when in vitro cocultured with PD-L1–expressing tumors
or tumor-antigen loaded myeloid dendritic cells [7, 12,
33, 77].

In vivo studies revealed a positive effect on tumor
growth control and survival of tumor-bearing animals
when anti-PD-L1 mAb was administered [33, 68].
Interestingly, not only the acute growth of the tumors
was influenced, but also the long-term survival of
tumor-bearing animals, indicating that PD-L1 blockade
might improve the development of a memory immune
response.

There is some controversy whether PD-L1 transfec-
tion of murine tumors leads to decreased tumorigenicity
in vivo. Whereas one group has shown that PD-L1
transfection of P815 mastocytoma resulted in increased
tumor growth in syngeneic mice [33], another group
found the growth to be unaltered compared with mock-
transfected P815 cell line [17]. The latter group, however,
has reported in the same publication that the rejection of
a B7-expressing P815 mastocytoma line was negated
when cotransfected with PD-L1. More congruent are the
data from tumor mouse models utilizing PD-1–deficient
animals. PD-L1–expressing myeloma cells grew only in

wild-type animals, but not PD-1–deficient mice [33].
Similarly, PD-1–deficient CD8+ TCR transgenic T cells
caused potent tumor rejection in an adoptive transfer
model under conditions in which wild-type T cells as
well as CTLA-4–deficient T cells failed [7]. At first glance
these data appear to be contrary to previous data indi-
cating a benefit in tumor rejection of CTLA-4 blockade
[36]. However this discrepancy might be due to the focus
on a monoclonal population of CD8+ T cells, in the
absence of CD4+ cells. Previous data indicate that
CTLA-4 primarily regulates CD4+ T-cell responses [4,
29, 63]. Furthermore, the ligands for CTLA-4, B7-1, and
B7-2 would be expressed predominantly on APCs rather
than on the tumor cells themselves. At the level of the
APC, the role of PD-L1/PD-1 seems to be minor be-
cause CD28 costimulation by B7 overcomes its inhibi-
tory effects [12]. Thus, PD-L1 could play a more critical
role in suppressing the execution of T-cell effector
function during the process of recognition of B7-nega-
tive tumor cells.

Implications of PD-L1 for tumor immunotherapy

Adoptive T-cell therapy approaches have gained in-
creased attention for clinical applications [71]. Several
steps, including sufficient activation of tumor-specific T
cells, the induction of a type I T-cell phenotype, T-cell
expansion, tumor infiltration, and development of T-cell
memory are thought to be required for an effective
antitumor immune response (Fig. 1). PD-L1 has been
shown to be expressed on dendritic cells as well as on
tumor cells, mainly in response to IFN-c. Because a goal
of many immunotherapy protocols is to induce a type I
immune response [52, 67], PD-L1 may play an important
role in tumors resisting the effector phase of IFN-c–
producing antitumor T cells. Of note, PD-L1 expression
was also found on naı̈ve cells and up-regulated on acti-
vated T cells [37]. So far there is no evidence for a T
cell:T cell interaction via PD-L1/PD-1 during stimula-
tion of naı̈ve T cells in the presence of B7 costimulus
and/or IL-2 [7, 12].

A major challenge for adoptive T-cell therapies is to
ensure a long-term survival of the transferred T cells.
Despite efficient approaches for rapid expansion of
tumor-specific T cells in vitro [20, 38, 40, 49], the data
regarding long-term survival of tumor-specific T cells
after transfer into patients are controversial. Whereas
some groups have found short half-life of T cells after
transfer, other groups have shown long-term persis-
tence [22, 43, 44]. Only one group so far has clearly
shown a significant expansion of the transferred tumor-
specific T-cell populations in vivo [18]. In mouse tumor
experiments the blockade of PD-L1 resulted in an in-
creased expansion of tumor-specific T cells and rela-
tively decreased numbers of apoptotic T cells early after
transfer [14, 17]. Therefore, the blockade of PD-L1
during T-cell transfer might increase the numbers of
surviving cells. Whether this effect might be synergistic
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with, or overcome the need for, additional IL-2 needs
to be evaluated.

Clinical responses have been found to correlate with
CD8+ lymphocyte infiltration of the carcinomas and
with CD8+ T cells producing IFN-c [28, 30]. Interest-
ingly, in vitro studies have revealed increased IFN-c
production by CD8+ T cells upon stimulation with tu-
mor cells when PD-L1 was blocked [7, 33]. Thus, the
blockade of negative regulation via PD-L1/PD-1 might
improve the induction of type I immune responses.

Despite the presence of tumor-specific T cells within
the tumors [42], tumor cell lysis is often prevented, and
the clinical outcome of adoptive T-cell therapies is often
disappointing [13, 20]. It is thought that the tumor
microenvironment can restrict the effectiveness of acti-
vated antitumor lymphocytes [26, 65]. The blockade of
PD-L1 on the tumor cells might improve stimulation of
T cells after infiltration and thus allow for improved lysis
of target cells in vivo [7, 68].

Interfering with the interaction of PD-L1, either on
antigen-presenting dendritic cells or the tumor cells
themselves, with its receptor PD-1 on T cells, either
adoptively transferred or induced by vaccination, might
potentiate antitumor T-cell effector function in vivo.
Translating these ideas to therapy approaches for hu-
man cancer patients should be a high priority in future
studies.
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