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Abstract B7-H1 is a recently identified member of the
B7 family molecules. Upon ligation to its receptors on T
cells it regulates activation and differentiation of T cells.
B7-H1 preferentially costimulates IL-10 production in
resting T cells and further induces the apoptosis of acti-
vated T cells. PD-1 is a receptor of B7-H1 and is shown
to mediate the inhibition of activated T cell response,
presumably by inhibiting cell cycle progression. The ex-
pression of B7-H1 protein is limited to macrophage lin-
eage of cells in normal tissues, although its mRNA tran-
scription is found in a broad range of tissues. In contrast,
B7-H1 is abundant in various human cancers. The tu-
mor-associated B7-HI1 increases apoptosis of antigen
specific T cells, leading to growth of immunogenic tu-
mor growth in vivo. Current data suggest that B7-H1
regulates the organ-specific tolerance in normal tissue
and may contribute to immune evasion by cancers. Se-
lective manipulation of B7-H1 pathway thus aids in the
design of new regimens in the treatment of human auto-
immune disease and the control of malignant cancers.
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Introduction

Modulation of immune responses in tumor sites is a criti-
cal mechanism attributing to tumor evasion. There is ac-
cumulating evidence for the presence of tumor-specific T
cells with phenotypes indicating that they have been pre-
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viously activated or underwent programmed cell death
[1, 2, 3], yet tumor growth is not controlled. In addition,
adoptive immunotherapy using in vitro activated T cells,
although some T cells were capable of localizing tumors,
has not been satisfactory [4, 5]. It appears there is a mi-
croenvironment with immune privilege around cancers
that protects cancer cells from immune destruction [3, 6,
7, 8]. Both soluble factors and membrane-bound mole-
cules, including transforming growth factor [, interleu-
kin (IL) 10, prostaglandin E,, Fas, tumor necrosis factor
related apoptosis inducing ligand (TRAIL), and RACSI,
have been found to be upregulated in tumor sites, which
potentially inhibit immune responses. We refer to several
excellent reviews for these findings [9, 10, 11]. In this
contribution we focus our analysis in a recently discov-
ered B7-H1 pathway and its role in the evasion of tumor
immunity.

Structure and expression of B7-H1

By searching molecules sharing homology with the im-
munoglobulin V and C domains of B7-1 (CD80) and
B7-2 (CD86) among the human cDNA expressed se-
quence tags in NCBI database, we identified the third
molecule of the B7 family designated as B7-homolog 1
(B7-H1) [12]. Human B7-H1 gene is localized on hu-
man chromosome 9p24. The extracellular domain of hu-
man B7-H1 amino acid sequence shares higher homolo-
gy to B7-1 (20%) and B7-2 (15%). The open reading
frame of the B7-H1 gene encodes a putative type I
transmembrane protein of 290 amino acids consisting of
a IgV-like domain, a IgC-like domain, a hydrophobic
transmembrane domain, and a cytoplasmic tail of 30
amino acids [12]. Four structural cysteines that are ap-
parently involved in forming the disulfide bonds of the
IgV and IgC domains are well conserved in the B7-H1
molecule. Interestingly, the intracellular domain of B7-
HI also consists of one potential site for protein kinase
C phosphorylation. In addition, the intracellular domain
of B7-H1 shares 16% identity with that of B7-2 (only
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6% with B7-1), which has been shown to deliver a “re-
verse” signal to B cells after triggering with specific
monoclonal antibodies (mAb) [13]. It is thus possible
that B7-H1 could also transmit signals. In fact we have
recently demonstrated that ligation of B7-H1 by immo-
bilized programmed death (PD) 1, a receptor for B7-H]1,
or mAb against B7-H1 in the presence of anti-CD3, re-
sulted in the activation of naive T cells and apoptosis of
activated T cells [14].

Northern blot analysis revealed that the expression of
human B7-H1 mRNA is abundant in heart, skeletal mus-
cle, placenta and lung, and also detectable in thymus,
spleen, kidney and liver, whereas B7-HI mRNA is not
detectable in brain, colon, small intestine, and peripheral
blood mononuclear cells [12]. Freshly isolated T and B
cells express negligible levels of B7-H1 while approx.
15% of CD14* monocytes constitutively express B7-HI.
Upon activation, the majority of CD3* T cells and nearly
100% of CD14*+ monocytes express B7-H1, but only ap-
prox. 5% of CD19* B cells express B7-H1, although B
cells are activated with cell surface Ig cross-linking. In-
terestingly, some 50% dendritic cells originated from
monocytes in the presence of granulocyte-macrophage
colony-stimulating factor and IL-4 in vitro also express
B7-H1, and the level of expression could be upregulated
to virtually 100% upon the maturation process (Dong et
al. unpublished data). Immunohistochemistry studies
demonstrate that expression of human B7-H1 protein is
limited to the macrophage-derived cells, such as Kupffer
cells in liver, macrophages in lung, and histocytes in the
paracortical region of tonsil [15]. Consistent with the
pattern of mRNA expression, B7-H1 protein is also
highly expressed on both the syncytiotrophoblasts and
extravillous cytotrophoblast [16].

In sharp contrast to constitutive expression of mRNA,
there is no detectable B7-H1 protein in the normal paren-
chyma of liver, lung, pancreas, uterus, kidney, colon,
breast, muscles, and lymphocytes in tonsil [15], suggest-
ing that the expression of B7-H1 is posttranscriptionally
controlled. This is consistent with the upregulation of
cell surface B7-H1 in monocytes, dendritic cells and ke-
ratinocytes after the treatment of interferon-y [12, 17].
Therefore B7-H1 could be regulated by the local cyto-
kine milieu during the inflammatory process. In fact, the
promoter region of human B7-H1 contains several inter-
feron-y responsive elements [18]. In addition, B7-HI
protein expression is also found in a broad range of hu-
man cancer tissues. This is further discussed below.

The mouse B7-H1 gene encodes a type I transmem-
brane protein of 290 amino acids and has 69% overall
amino acid homology with human B7-HI1 [19]. RNA
analysis revealed that mB7-H1 mRNA was also abun-
dant in heart, spleen, lung, skeletal muscle, and liver, an
expression pattern similar to human B7-HI mRNA. The
negligible expression of the B7-HI mRNA was observed
in pancreas and testes. Resting mouse CD3* T cells did
not express B7-H1 by flow cytometry analysis using sev-
eral independently generated mAb [19, 20] while only a
small fraction of B220+ B cells and Mac-1+ macrophages

expressed a low level of B7-H1 [18]. A recent study us-
ing MIH5 mAb, however, indicates that resting T cells,
B cells and macrophages constitutively express B7-H1
[21], a finding different from that of two previously pub-
lished studies [19, 20]. It is unclear whether MIHS binds
to different epitopes that have a different degree of expo-
sure in resting cells. Stimulation of T cells by anti-CD3
and anti-CD28 increased B7-H1 expression. Activation
of B cells and macrophages also greatly increased the
expression of B7-H1 on the cell surface [19]. Interesting-
ly, B7-H1 mRNA was also detected in the thymic rudi-
ment of embryo on day 12.5, and the expression of B7-
H1 seems to be under the control of whn gene [22].
Therefore, although the expression of B7-HI is limited
to a small fraction of hematopoietic cells, B7-HI is
largely inducible in various tissues and cells.

Immunological functions

Immortalized B7-H1Ig in the presence of anti-CD3 mAb
as a mimic antigenic signal, costimulates the prolifera-
tion of resting human and mouse T cells, usually two- to
three-fold, whereas ligation of CD28 in a similar experi-
mental setting induced proliferation more than ten-fold
[12, 19]. Inclusion of soluble B7-HIlIg in allogeneic
mixed lymphocyte reactions also moderately increased
the proliferation of human T cells [12]. In addition, ex-
pression of transfected B7-H1 on P815 cells also costim-
ulates T cell proliferation against allogeneic antigens
[19]. B7-HI Ig induced the proliferation of both CD28/~
and CD28++ T cells in a similar degree in the presence
of anti-CD3, indicating that B7-H1-mediated costimula-
tion is independent on CD28 signaling. With the same
concentration of B7-HI1 Ig and anti-CD3, the prolifera-
tion of CD4* T cells appears to be more vigorous than
CDS8+ T cells [19]. Thus B7-H1 appears to preferentially
costimulate the growth of CD4+ T cells.

One of most interesting functions of B7-H1 is selec-
tive costimulation of IL-10 secretion in both human and
mouse T cells in the presence of anti-CD3 as a surrogate
T cell receptor (TCR) signal [12]. Different from B7-1 Ig
and anti-CD28, B7-H1Ig induced negligible levels of IL-
2 and IL-4 and moderate levels of interferon-y and gran-
ulocyte-macrophage colony-stimulating factor [19]. Sim-
ilar results were also observed using mouse T cells [17].
A recent observation indicates that immature dendritic
cells stimulate the production of IL-10 in T cells that are
related with the anergy status of T cells, and the produc-
tion of IL-10 regulatory T cells could be blocked by anti-
B7-H1 mAb [23]. It is thus possible that B7-H1 costimu-
lates a subset of T cells that has the intrinsic capacity to
secrete IL-10. Therefore costimulation by B7-H1 may
lead to inhibition of T cell-mediated immunity through
IL-10. It is thus important to point out that costimulation
of T cell proliferation may not always lead to enhanced
immunity, and that the outcome of costimulation is also
dependent on other factors such as selectivity of func-
tional subsets to be costimulated.



In addition to its costimulatory function that may ulti-
mately lead to inhibition of T cell priming, B7-H1 could
also inhibit functions of T cells in the effector phase. It
was reported that immobilized B7-H1Ig inhibits cytokine
production from T cells that has been fully activated by
anti-CD3/CD28 mAb [17]. The mechanisms of this inhi-
bition, however, may be attributed to engagement of an
inhibitory receptor, PD-1, that may induce a signal to in-
hibit cell cycle progression [17, 24]. However, a recent
study from our laboratory demonstrated that, upon initial
proliferation of human T cells due to costimulation, im-
mobilized B7-H1Ig with optimal anti-CD3 signal induc-
es a rapid increase in T cell apoptosis in 48—72 h of cul-
ture [15]. A significant up-regulation of Fas and Fas li-
gand expression could be detected on activated T cells,
in addition to the secretion of IL-10 upon B7-H1Ig co-
stimulation. Inclusion of anti-Fas ligand or anti-IL-10
mAbs partially inhibited the apoptosis. Therefore B7-H1
ligation, probably through different receptors on T cells,
inhibits T cell activation in both priming and effector
stages through different mechanisms.

B7-H1 receptor

Our previous studies demonstrated that B7-HI is not the
ligand for CD28, cytotoxic T-lymphocyte antigen-4
(CTLA-4) and ICOS [12]. It was reported that B7-H1
binds to PD-1, a molecule originally cloned from T cell
hybridoma undergoing apoptosis [17, 25]. PD-1 mRNA
expression was found in the murine thymus, as well as in
human bone marrow pro-B cells [26]. Human PD-1 gene
is localized in chromosome 2q37 [26], and this gene re-
cently was found to be inside the susceptible locus of hu-
man systemic lupus erythematosus [27]. In normal mice,
PD-1 is expressed in 3—5% of thymocytes and mainly on
the surface of CD4-CDS8- double-negative cells (34%)
[28] but not on resting T or B cells [29]. Activation of T
cells by anti-CD3 mAb, however, induces the expression
of PD-1 in 27-83% of murine lymph node T cells in
1-5 days [30]. Anti-IgM antibody stimulated the majori-
ty of B220+ B cells in spleen to express PD-1 [29].
These results suggest that PD-1 is an inducible molecule
on a subset of T cells and on all the B cells upon activa-
tion.

The experiments performed in PD-1 deficient mice
suggested that PD-1 is a negative regulator for B cell re-
sponses [31]. PD-1-- mice have normal thymus, but
moderate splenomegaly accompanied with the increased
number of B cells and myeloid cells. Stimulation of B
cells from PD-1-/- mice by anti-IgM antibodies leads to
more vigorous proliferation than those from control
mice. PD-17- mice also showed increased serum levels
of IgG3. The levels of serum IgG2b and IgA were also
increased, albeit in low levels. Furthermore, PD-1-/-
mice exhibited significantly augmented IgG3 anti-DNP
antibody response to a type 2 T-independent antigen
[31]. More importantly, up to 30-40% of PD-1-- mice in
B6 background developed mild proliferative glomerulo-
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nephritis at 6 months of age [32]. Significant deposition
of IgG3 was detected in glomeruli of PD-1-/- mice along
with C3 deposition. At 14 months of age 50% of PD-1--
mice exhibited typical lupus-like glomerulonephritis.
The mild lupus-like phenotype could be accelerated by
the introduction of a Fas mutation (lpr). Autoimmune di-
lated cardiomyopathy also developed rapidly in nearly
30% of PD-1-- mice in BALB/c background [33]. In-
triguingly, all of the affected BALB/c PD-1-- mice ex-
hibited high-titer circulating IgG autoantibodies reactive
to a 33-kDa antigen expressed specifically on the surface
of cardiomyocytes. In addition, it has been shown that
PD-1 inhibited the B cell receptor-mediated signaling by
recruiting src homology 2-domain-containing tyrosine
phosphatase 2 to phosphotyrosine [34].

While PD-1 appears to be a negative regulator for B
cell responses, the functions of PD-1 in T cells remain
elusive. Purified T cells from normal PD-1-/~ mice or
2C PD-1-- mice did not show any increased prolifera-
tion response in the presence or absence of anti-CD3
mADb, suggesting that the effect of PD-1 is not T cell au-
tonomous [31, 32]. There was no change in the size of
thymus and the numbers of CD3* T cell in PD-1-/~ mice
[31]. In some TCR transgenic mice such as V3 8 (TCR
against a male antigen in the context of H-2Db), H-Y
(H-2b/bor d/id) "or 2C (H-2b) TCR transgenic mice, PD-1
expression was found dramatically increased in double-
negative thymocytes [35]. Upon backcrossing to these
transgenic mice, PD-1 defect leads to an increased
CD4+CD8+ double-positive population in VB 8 trans-
genic B-selection model, while reducing the CD8*+ sin-
gle-positive cells in H-Y and 2C transgenic positive-se-
lection model [35]. These results suggest a potential role
of PD-1 in negative regulation of the differentiation
from double-negative cells to double-positive cells in
the process of B-selection of thymus. However, the pre-
cise role of PD-1 on positive and negative selection is
still not clear, as the reduced single-positive cells in H-
Y or 2C transgenic mouse with PD-1 defect may be a
compensation of the increased DP cells in thymus [35].
PD-1 expression is also found in human tonsil T cells
and centrocytes in the light zone of germinal centers,
suggesting that PD-1 plays a role in germinal center re-
action [36].

There is ample evidence indicating that costimulatory
function of B7-H1 is not mediated through PD-1. First,
the costimulatory effects of immobilized B7-H1Ig could
not be blocked by the addition of soluble PD-1 Ig protein
[15]. Second, B7-H1 Ig is capable of costimulating pro-
liferation and cytokine secretion of T cells from PD-1--
mice. Third, our recent studies using functional mapping
and molecular modeling show that mutants of B7-H1
with complete loss of binding capacity to PD-1 can still
costimulate T cell proliferation (Wang et al., submitted).
Therefore, although this putative receptor has not yet
been identified, costimulatory function of B7-H1 could
be uncoupled from the binding of PD-1. Finally, B7-H1
mediated apoptosis could be induced in PD-1 negative
human T cells [15]. Taken together, these results support
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Anti-B7-H1

Colon Cancer

Fig. 1 Expression of B7-H1 by human tumor cells and infiltrating
macrophage/dendritic-like cells. In colon cancer tissues B7-H1
could be detected on the membranes of human colon cancer cells
but not the adjuvant normal tissues. In the human ovarian cancer
tissues B7-H1 expressed on the membrane and inside the cyto-
plasm of ovarian cancer cells. B7-H1 positive cancer cells formed
a boundary between cancer cells and infiltrating lymphocytes and
macrophages/dendritic-like cells. The infiltrating macrophages or
dendritic-like cells expressed B7-H1 on their membrane, while the
infiltrating lymphocytes did not express B7-H1. Arrow One of the
B7-H1 positive macrophages

that a second receptor other than PD-1 is involved in the
costimulatory function of B7-HI.

B7-H1 expression by cancer cells

B7-H1 is originally identified in an expressed sequence
tag clone of human ovary tumor [12], suggesting the ex-
pression of B7-HI by tumor cells. We have initially
demonstrated the expression of B7-H1 on the cell sur-
face of several human tumor lines by specific mAb [37].
This finding is subsequently confirmed by other labora-
tories [24]. B7-H1 expression was found only in a small
fraction of human tumor lines derived from different tis-
sue origins using an anti-B7-H1 mAb. However, the ma-
jority of B7-H1 negative tumor lines can be up-regulated
to express B7-HI1 upon treatment with interferon-y [15].
Immunohistochemistry analysis demonstrated B7-H1
immunoreactivity in a majority of freshly isolated carci-
nomas of human lung, ovarian, colon, melanoma, head
and neck cancers, and breast cancers. We noticed that
some tumor-infiltrating macrophages or dendritic-like
cells also expressed B7-H1 on their membrane (Fig. 1).
The expression of B7-H1 could be found in both plasma
membrane and cytoplasm of cancer cells [15].

B7-H1 in the evasion of tumor immunity

We showed recently that transfection to express B7-H1
into a B7-H1 negative human melanoma line, 624mel,
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induced increased apoptosis of human CD8+ CTL clone,
which recognizes an HLA-A2 restricted gpl100 epitope
presented by 624mel cells. The apoptosis could be par-
tially prevented by inclusion of neutralizing mAb to B7-
H1 [15]. These results thus support a role for tumor-as-
sociated B7-H1 in the programmed cell death of effector
T cells. Furthermore, B7-H1 positive melanoma cells
were also more resistant to specific CTL, while nearly
all B7-H1 negative tumor cells were eliminated in the
cultures. The expression of B7-H1 on 624mel cells, how-
ever, does not affect the sensitivity of these cells to CTL
in a standard 4-h 5ICr release assay. The inclusion of an-
ti-B7-H1 mAb also partially inhibited the apoptosis of a
CTL clone specific for HLA-B7 restricted CEA epitope,
after coculture with the CEA positive breast cancer cells,
which constitutively expressed B7-H1 on their surface.
Taken together, our results support apoptosis of effector
T cells as a major mechanism for the resistance of tumor
cells.

To examine the role of tumor-associated B7-H1 in vi-
vo we first examined the effect of B7-H1 expression on
tumorigenicity. Transfection to express mouse B7-H1 in-
to a B7-H1 negative P815 tumor cells did not change the
tumorigenicity of P815 cells in both syngeneic DBA/2
mice and immunodeficient RAG-2-/~ mice in compari-
son with wild type or mock-transfected P815. The
growth of P815 tumor cells only elicited a weak T cell
response, which presumably does not induce the expres-
sion of B7-H1 counterreceptor on effector T cells. We
demonstrated previously that B7-1 transfected P815 cells
could induce vigorous T cell activation and lead to com-
plete regression of tumor after injection into syngeneic
mice [38]. Interestingly, the expression of B7-H1 in B7-1
positive P815 cells induced a dramatic tumor progres-
sion by abrogating tumor immunity [15]. Our results
thus demonstrated that expression of B7-HI1 evades tu-
mor immunity, even if strong CD28 costimulation is pro-
vided.

We also employed a T cell adoptive transfer system to
determine the function and mechanisms of tumor-associ-
ated B7-H1 in vivo. 2C TCR transgenic T cells [39],
which recognize a p2Ca peptide in the context of Ld
MHC class I molecule on the P815 tumor line, were used



in this evaluation. In this model mock-transfected P815
cells (mock/P815) or B7-H1-transfected P815 cells (B7-
H1/P815) were injected into immunodeficient RAG-1--
mice to establish progressively growing tumors. Activat-
ed 2C T cells were transferred into P815-bearing mice.
Following initial contact with antigen, the ratio of 2C T
cell population greatly increased in mice harboring
mock/P815 cells, but not in mice with B7-H1/P815 cells
[19]. Furthermore, 2C T cells in mice harboring B7-
H1/P815 tumor cells underwent significant apoptosis.
The rapid increase in T cell apoptosis after being ex-
posed to B7-H1-transfected tumor cells is plausible evi-
dence for in vivo deletion of activated T cells by tumor-
associated B7-H1. Following tumor growth in peritoneal
cavities after adoptive transfer of 2C T cells, we found
increased numbers of B7-H1/P815 cells. In contrast, the
proliferation of mock/P815 cells was largely inhibited.
Administration of mouse B7-H1 monoclonal antibody
(clone 10BS5) inhibited the growth of B7-H1/P815 in vi-
vo [15]. These results support a potential role for tumor-
associated B7-H1 in the evasion of active immunity in
vivo.

Our studies may help to address the dilemma in can-
cer immunotherapy that cancer vaccines are quite effec-
tive in preventing the initial growth of a tumor, but usu-
ally fail to induce regression of established tumors [40].
The current strategy for cancer vaccination is focusing
on enhancing the efficacy of antigen processing and pre-
sentation. Our results indicate that, even using highly ef-
fective T cells that are elicited by cancer vaccine, con-
frontation of such T cells with a negative signal such as
B7-H1 in tumor sites could hamper the effect of activat-
ed T cells. Therefore specific mAbs or B7-H1 inhibitors
should offer a novel therapeutic approach to improve the
effectiveness of cancer vaccines.

Strategies to augment tumor immunity
by manipulation of B7-H1 pathway

Direct implication from the study of B7-H1 is that block-
ade of B7-HI1 pathway should be part of the strategy to
enhance efficacy of active immune responses. As dis-
cussed above, B7-H1 may be involved in the downregu-
lation of cell-mediated immune responses in priming
state by inducing inhibitory cytokines such as IL-10. In
addition, engagement of fully activated T cells by B7-H1
may lead to increased programmed cell death. Theoreti-
cally, blockade of B7-H1 pathway could be used in con-
junction with all active and passive immunotherapy aim-
ing to stimulate activation of T cells. For example, tumor
antigen-based vaccinations are undergoing extensive
testing in human clinical trials [41, 42]. In addition,
adoptive transfer of in vitro activated T cells, which
were isolated from cancer patients, has also been used in
clinical treatment of advanced human cancers [43]. Fur-
thermore, infusion of mAb that stimulates T cell re-
sponses, such as CD137 and CTLA-4 mAb, are under
development for clinical trials [44, 45, 46]. Blockade of
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Fig. 2 Mechanisms of B7-H1 mediated inhibition of cell-mediat-
ed responses. In the peripheral lymphoid organs, B7-H1 on the
surface of antigen-presenting cells (APC) costimulates a subset of
naive or early primed T cells in the presence of antigen, by bind-
ing through a B7-H1 counterreceptor (B7-HIR) but not PD-1. This
subset preferentially releases IL-10 that induces tolerance/anergy
of T cells. In the peripheral tissues, when the effecter (fully acti-
vated) T cells contact the targeting tissues/cells (tumor cells) or
activated APCs, the B7-H1 on these targeting cells deliver death
signals to terminate a T cell response through B7-H1R and/or PD-
1. As a result B7-H1 could prevent the generation of self-reactive
T cells by inducing anergy at their priming stage and protects the
peripheral tissues from bystander or antigen specific destruction
mediated by activated effecter T cells

B7-H1 by neutralizing mAb thus constitutes an attractive
approach to use in conjunction with other immunothera-
py approaches as mentioned above to enhance and sus-
tain T cell immunity against cancers. In fact, this B7-H1
blockade regimen was confirmed in a mouse tumor mod-
el conducted by Iwai et al. recently [47].

Conclusion

Recent studies identify a new B7-HI pathway, which
negatively regulates T cell immune responses by selec-
tively costimulating a putative T cell subset that secretes
IL-10, and increases programmed cell death of activated
T cells (Fig. 2). Therefore B7-H1 could affect T cell re-
sponses in both priming and effector phase. Understand-
ing the mechanisms of B7-H1 mediated suppression,
identification and characterization of its receptors and
signaling events should shed light on the selective ma-
nipulation of this pathway. In conjunction with cancer
vaccine or adoptive immunotherapy, blockade of the B7-
H1 pathway could lead to a new strategy for therapeutic
purposes in the control of human cancer and autoim-
mune diseases.
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