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Abstract

Since metastasis is the major cause of death for cancer patients, there is an urgent need to develop
new therapies to control hematogenous dissemination of cancer cells. Previously we and others
demonstrated a novel mechanism that allows tumors to escape from the host immune response by
expressingPD-L1which cannegatively regulate immune response through the interactionwithPD-1, an
immunoinhibitory receptor belonging to the CD28 family. In this study, we report that hematogenous
spread of poorly immunogenic B16 melanoma cells to the liver was inhibited in PD-1-deficient mice.
After inoculation to spleen, PD-L1 was induced on tumor cells, which did not express PD-L1 in vitro.
As compared with wild-type mice, intrasplenic injection of B16 cells into PD-1-deficient mice showed
enhanced induction of effector T cells in spleen, prolonged T cell proliferation and cytokine
production, and augmented homing of effector T cells to tumor sites in the liver, resulting in
accumulation of effector T cells in the tumor sites. PD-1 blockade by genetic manipulation or antibody
treatment inhibited not only hematogenous dissemination of B16 melanoma cells to the liver on the
C57BL/6 background, but also dissemination of CT26 colon cancer cells to the lung on the BALB/c
background. These results suggest that PD-1 blockade may be a powerful tool for treatment of
hematogenous spread of various tumor cells.

Introduction

Hematogenous dissemination of tumor cells may be an early
event in metastasis. Since undetectable hematogenous dis-
semination of tumor cells may be already present at the time of
diagnosis of the primary tumor or can occur during surgical
and endoscopic treatments, many cancer patients die of
metastatic disease despite the resection of primary tumors. It
is therefore important to develop new therapies to control
hematogenous tumor spread.

Although immunotherapy is one of the best choices for
adjuvant therapy, many tumors are poorly immunogenic. The
absence of costimulatory ligands, B7-1 and B7-2, has been
suggested to be one of the reasons for the poor immunoge-
nicity of tumors (1–5). Increased appreciation of the import-
ance of costimulation, both positive and negative (6–9), in the
regulation of T cell responses has allowed the development of
new strategies for cancer immunotherapy (10,11). CTLA-4 is
a T-cell counter-receptor for B7s that plays an inhibitory role in

T cell activation. CTLA-4 blockade has been demonstrated to
enhance immune responses against a number of experimental
cancers (12,13). However, CTLA-4 blockade as a single agent
is not effective in the treatment of poorly immunogenic tumors
such as B16 melanoma (14,15).

Recently, we and others demonstrated a novel mechanism
by which tumors can escape from the host immune system by
expressing PD-L1 (also called B7-H1) on their surface (16,17).
PD-L1 is a B7 family member which negatively regulates T-cell
immune responses by engagement with PD-1, an immuno-
inhibitory receptor belonging to the CD28 family (18,19). PD-1
is induced on Tcells, B cells and myeloid cells in vitro (20), but
is predominantly expressed on previously activated T cells
in vivo (21). PD-L1 expression shows broad distribution both
in lymphoid and non-lymphoid organs (18,22). Similar to B7
molecules, PD-L1 is upregulated upon activation on hemato-
poietic cells, especially on antigen-presenting cells (APCs)
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such as dendritic cells (DCs), macrophages/monocytes and B
cells (18,23). PD-L1 is also expressed on activated T cells
(24,25). In addition, unlike B7-1 and B7-2, PD-L1 protein is
constitutively expressed on vascular endothelial cells in per-
ipheral tissues and on liver non-parenchymal cells (LNPCs)
such as liver sinusoidal endothelial cells (LSECs) and Kupffer
cells (25–27). Furthermore, PD-L1 is expressed in various
tumor cell lines and tumor tissues both in human and mouse
(16,17,28,29).

Lines of evidence indicate that PD-1 plays a critical role in
immune responses. Engagement of PD-1 by PD-L1 leads to the
inhibition of Tcell proliferation and cytokine production such as
IL-2 and IFN-c (18). PD-1 delivers a negative signal by the
recruitment of SHP-2 to the phosphorylated tyrosine residue in
the immunoreceptor tyrosine-based switch motif (ITSM) in its
cytoplasmic region (30). PD-1 deficient (�/�) mice showed
different types of autoimmune disease depending on genetic
backgrounds. C57BL/6 (B6)-PD-1�/� mice develop lupus-like
arthritis and glomerulonephritis (31), while BALB/c-PD-1�/�

mice suffer from fatal dilated cardiomyopathy with deposition of
anti-cardiac troponin I IgG in heart (32,33). These results
indicate that PD-1 is involved in peripheral tolerance. Our
recent study has shown that PD-1 deficiency enhances anti-
viral immunity at the effector sites, resulting in rapid clearance
of the virus (25). In contrast, CTLA-4 deficiency does not have
this effect on viral infection (34,35). These results suggest that
PD-1 blockade may have a stronger potency to augment host
immune responses against virus than CTLA-4 blockade.

Our previous study has also shown that the PD-L1/PD-1
blockade is effective in the treatment of primary PD-L1-
expressing tumors, which are moderately immunogenic (16).
However, not all tumor cells express PD-L1. In this study, we
show the therapeutic effect of PD-1 blockade on hematoge-
nous spread of poorly immunogenic B16 melanoma which
originally does not express PD-L1. This inhibition of tumor
growth by PD-1 blockade appears to be mediated by en-
hanced recruitment of effector T cells at tumor sites, together
with prolonged T cell proliferation and cytokine production.
Furthermore, we demonstrate the effectiveness of the PD-1
blockade on hematogenous spread of CT26 colon cancer cells
to the lung on the different genetic background, suggesting
that the PD-1 blockade may be a powerful tool for treatment
of hematogenous dissemination of various tumor cells.

Methods

Animals and cell lines

C57BL/6 (B6) and BALB/c mice were purchased from Japan
SLC. B6-PD-1�/� and BALB/c-PD-1�/� mice were prepared as
previously reported (31,32). Murine PD-1 cDNA (2.0 kb) were
cloned into the SalI site of the pAc-2 containing the chicken
b-actin promoter (36). The purified XhoI–BamHI fragment
containing the PD-1 transgene was microinjected into B6
fertilized eggs to generate PD-1 transgenic (Tg) mice. All
animals were maintained under specific pathogen-free con-
ditions. B16 melanoma cells and CT26 colon carcinoma cells
are of B6 and BALB/c origin, respectively. The cells were
maintained in DMEM supplemented with 10 % FCS, 2 lM
L-glutamine, 100 U/ml penicillin and 100 lg/ml streptomycin.

Tumor cell inoculation

B16 cells (1 3 106) were subcutaneously injected into the right
flank of B6 wt, B6-PD-1�/� and B6-PD-1 Tg mice and tumor
volumes were approximated using the ellipsoidal formula:
length 3 width 3 height 3 0.52. For the hematogenous dis-
semination to the liver, B16 cells (1 3 106) were injected into
the spleen of B6 wt and PD-1�/� mice. For the hematogenous
dissemination to the lung, CT26 cells (1 3 106) were
intravenously injected into BALB/c wt and PD-1�/� mice. For
the treatment with antibody, 100 lg/mouse of anti-mouse PD-1
mAb (clone J43), or normal hamster IgG as control, was
intraperitoneally injected every 2 days after tumor injection.

Isolation of liver cells

Hepatocytes were isolated by the two-step collagenase
perfusion method (37), and were centrifuged three times at
50 g for 1 min. Liver non-parenchymal cells (LNPCs) were
isolated using the pronase E method as described previously
(25,38). Liver CD11b+ cells and sinusoidal endothelial cells
(LSECs) were purified from LNPCs by positive and negative
selection using MACS, respectively. Intrahepatic lymphocytes
(IHL) were isolated from livers as described previously (39).

Flow cytometry

The following reagents used for surface staining were pur-
chased from BD Biosciences: anti-CD3–APC, anti-CD4–PE,
anti-CD8–APC, anti-CD11b–APC, anti-CD11c–FITC, anti-
CD19–FITC, anti-CD44–FITC, anti-CD62L–FITC and anti-
CD54 (ICAM-1)–FITC. Streptavidin (SA)–FITC and SA–PE
were purchased from DakoCytomation. Anti-PD-1 (J43), anti-
PD-L1 (1-111) and their conjugates were generated in our
laboratory (20,23). The cells were analyzed on a FACSCali-
burTM and CellQuest software (Becton Dickinson) as de-
scribed previously (25). T cells, B cells, macrophages and
DCs were gated as CD3+, CD19+, CD11b+ and CD11c+ cells,
respectively.

Transmigration assay

Transmigration assays were performed as described pre-
viously with some modifications (40,41). LSECs (3 3 105) were
seeded on a collagen-coated transwell insert (5-lm pore size,
polycarbonate membrane, 24-well format, Corning Costar)
and cultured for 1 or 2 days to make a confluent monolayer.
T cells were isolated from the spleens of mice 4 days after
intrasplenic tumor injection using T cell enrichment column
(Genzyme). Then the T cells (2 3 105) were applied to the
LSEC monolayer. After 3 h of incubation, the migrated cells
were collected from the lower wells and counted with
a FACScalibur flow cytometer as the flow-through cell number
over a constant time period (60 s).

T cell proliferation and cytokine assay

Proliferation of B16 cells and liver CD11b+ cells was inhibited
by incubation with mitomycin C (MMC, Sigma-Aldrich) at
50 lg/ml for 30 min at 37�C. T cells were isolated from the
spleens of mice 4 days after intrasplenic tumor injection, using
Tcell enrichment column (Genzyme). The Tcells (13 105) were
cultured with 3 3 103 MMC-treated B16 cells or liver CD11b+
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cells for 60 h. Proliferation was determined by labeling of
cultures for the last 12 h with BrdU using proliferation ELISA kit
(Roche). Supernatants were collected at 48 h after initiation of
cultures and IFN-c concentration was determined using ELISA
kit (Genzyme).

Cytotoxicity assay

CTL lysis of tumor cells was quantified by using the lactate
dehydrogenase (LDH) release assay (42,43). As the effectors,
we use splenocytes or T cells isolated from mice 4 days after
intrasplenic injection of B16 cells. In some experiments, the T
cells were subjected to a migration assay using LSECs, and
the migrated T cells were harvested from the lower wells and
used as the effectors. Target B16 or EL4 cells (1 3 104) were
co-cultured with the effector cells at different effector/target
(E:T) ratios. After 8 h of incubation, the levels of LDH in the
culture supernatant were determined using a cytotoxicity
detection kit (Roche) according to the manufacturer’s instruc-
tions. We used 1% Triton X to determine maximum lysis.
Percentage lysis was calculated according to a modified
standard formula: (ODexperimental – ODspontaneous targets –
ODspontaneous effectors)/(ODmaximum – ODspontaneous targets)3 100.

Histology

For histopathological studies, liver cryosections were fixed
with 10% buffered formalin and stained with hematoxylin and
eosin. For detection of PD-L1 and CD11b, liver cryosections
(5 lm) fixed with 3% paraformaldehyde were incubated with
goat anti-mouse PD-L1 (Santa Cruz) in combination with bio-
tinylated anti-CD11b (e-Bioscience) followed by anti-goat IgG–
FITC in combination with Cy5-conjugated streptavidin. Nuclei
were counterstained with propidium iodide. For detection of
CD4 and CD8, acetone-fixed liver cryosections (5 lm) were
stained with anti-CD4 (RM4-5, BD Biosciences) or anti-CD8
(53-6.7, BD Biosciences) using alkaline phosphatase sub-
strate kit (red; Vector Laboratories).

Results

B16 subcutaneous tumor grows rapidly in PD-1
transgenic mice

We examined the role of PD-1/PD-L1 interaction in the
regulation of tumor growth of B16 melanoma, one of the
most poorly immunogenic tumors. B16 cells were subcutane-
ously inoculated into the flank of syngenic B6 wild-type (wt),
PD-1�/�, PD-1 transgenic (Tg) mice and tumor volume was
measured (Fig. 1A). There were no differences in the tumor
growth between PD-1�/� and wt mice, in contrast to our
previous report that growth of P815 subcutaneous tumor
expressing PD-L1 was inhibited in PD-1�/� mice (16).
However, in PD-1 Tg mice, subcutaneous B16 tumors grew
more rapidly than in PD-1�/� or wt mice, suggesting that PD-
L1/PD-1 signal may regulate immune responses even against
poorly immunogenic tumors. In fact, PD-L1 expression on
subcutaneous B16 tumors was induced in vivo, while no PD-L1
expression was detected on B16 melanoma cells cultured
in vitro (Fig. 1B). The expression level of PD-L1 on the
subcutaneous tumor in PD-1�/� mice was higher than that in

wt mice. The PD-L1 expression on the subcutaneous tumor in
PD-1 Tg mice was almost the same as that in wt mice (data not
shown). A likely explanation for these differences between B16
and P815/PD-L1 tumors may be the expression level of PD-L1
and the inherent immunogenicity of the tumors. In vivo
expression of PD-L1 on B16 cells (Fig. 1B) was orders of
magnitude weaker than that on the P815/PD-L1 transfectants
(16). In addition, the immunogenicity of B16 is much poorer
than that of P815 tumors (44).

Hematogenous dissemination of B16 cells to the liver is
inhibited in PD-1�/� mice

Previously we reported that PD-L1 is constitutively expressed
on vascular endothelial cells and LNPCs such as Kupffer cells
and LSECs (25). Such cells lining blood vessels play an
important role in hematogenous spread of tumors. To examine
the involvement of PD-1 in tumor dissemination via the
vascular system, B16 melanoma cells were injected into the
spleen of B6-PD-1�/� or wt mice to evaluate tumor formation in
the liver. Compared with wt mice, tumor formation was
extremely inhibited in the liver of PD-1�/� mice. At day 12
after tumor injection, numerous tumor foci were macroscop-
ically observed as dark spots in the liver of wt mice, while very
few tumor foci were detected in PD-1�/� mice (Fig. 1C). The
average number of tumor foci per liver in PD-1�/� mice was
almost one-eighth of that in wt mice (wt, 786: PD-1�/�, 96)
(Fig. 1D). At day 16, livers of wt mice were swollen with a large
number of tumor nodules, whereas livers of PD-1�/� mice kept
normal size with very few tumor nodules (Fig. 1E). The weight
of PD-1�/� liver was almost one-fifth of that of wt liver (wt, 6.2 g:
PD-1�/�, 1.3 g) (Fig. 1F).

PD-1/PD-L1 interaction can occur both in inductive and
effector sites

To examine where PD-1/PD-L1 interaction takes place in the
tumor-bearing environment, PD-1 and PD-L1 expression was
analyzed both in the inductive site (spleen) and in the effector
site (liver). After intrasplenic injection of B16 tumor cells, PD-1
expression was induced on a small fraction of T cells both in
the spleen and in the liver (Fig. 2A). PD-1 expression was not
observed on B cells, NK cells, NKT cells, macrophages and
DCs in either spleen or liver (data not shown). PD-L1
expression was slightly induced both on the primary tumor in
the spleen and on the disseminated tumor in the liver, while
PD-L1 was not expressed on B16 cells cultured in vitro
(Fig. 2B). In the liver, PD-L1 was strongly expressed on intra-
hepatic lymphocytes and CD11b+ cells including Kupffer cells
and macrophages, and weakly expressed on LSECs (Fig. 2C),
in agreement with our previous report (25).

PD-L1 expression in tumor sites in the liver was analyzed by
immunohistochemistry (Fig. 2D). Double staining with anti-PD-
L1 and anti-CD11b showed that PD-L1 was strongly ex-
pressed on CD11b+ cells around tumors. In the spleen, PD-L1
was highly expressed on DCs and macrophages and induced
on T cells and B cells after tumor injection (Fig. 2E). Similar
expression pattern of PD-1 and PD-L1 was observed from
days 3 to 7 (data not shown). These results suggest that PD-1
on T cells can interact with PD-L1 not only on DCs and
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Fig. 1. Hematogenous spread of B16 melanoma cells to the liver was inhibited in PD-1�/� mice. (A and B) B16 cells (1 3 106) were subcutaneously
injected into the flank of syngenic C57BL/6 wt (B6), B6-PD-1�/� or B6-PD-1 Tg mice. The growth of subcutaneous B16 tumor. Tumor volume was
measured every 5 days. The results were expressed as mean 6 SD of tumor volume from five mice. PD-L1 expression on subcutaneous B16
tumors. B16 cells before injection or isolated from subcutaneous tumors in wt or PD-1�/� mice 14 days after injection were analyzed by flow
cytometry using anti-PD-L1 mAb. (C–F) B16 cells (1 3 106) were injected into the spleen of syngenic B6 wt or PD-1�/� mice to examine tumor
formation in the liver. Livers from wt or PD-1�/� mice 12 days after tumor injection. Black spots represent melanin-laden tumor foci in the liver. The
number of tumor foci in the liver from wt or PD-1�/� mice 12 days after tumor injection. The number of tumor foci on the liver surface was counted.
The results were expressed as mean 6 SD of five mice. Livers from wt or PD-1�/� mice 16 days after tumor injection. The weight of liver from wt
(open bar) or PD-1�/� (filled bar) mice at day 0 and 16 after tumor injection. The results were expressed as mean 6 SD of five mice.
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Fig. 2. PD-1 and PD-L1 expression in tumor-bearing environment. B16 cells (1 3 106) were injected into the spleen of syngenic B6 wt mice to
examine tumor formation in the liver. PD-1 expression on T cells. T cells were isolated from spleen or liver at day 0 and 5 after tumor injection and
stained with anti-PD-1 (open histograms) or control IgG (filled histograms). PD-L1 expression on primary tumors in the spleen and on secondary
tumors in the liver. B16 cells before injection or isolated from primary or secondary tumors 14 days after injection were stained with anti-PD-L1
(open histograms) or control IgG (filled histograms). PD-L1 expression on liver-resident cells. Hepatocytes, LSECs, CD11b+ cells including Kupffer
cells and macrophages, and intrahepatic lymphocytes were isolated from liver 7 days after tumor injection and stained with anti-PD-L1 (open
histograms) or control IgG (filled histograms). Cryosections of liver at day 7 after tumor injection were stained with anti-PD-L1 (green) and anti-
CD11b (red). Nuclei were counterstained with propidium iodide (blue). The asterisks represent tumor foci. PD-L1 expression on splenocytes.
Splenocytes were isolated from spleen at day 0 or 5 after tumor injection and stained with anti-PD-L1 mAb (day 0, thin lines; day 5, thick lines) or
control IgG (gray shadow). T cells, B cells, DCs and macrophages were gated as CD3+, CD19+, CD11c+ and CD11b+ cells, respectively.
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macrophages in the spleen (in the inductive sites) but also on
CD11b+ cells around tumors in the liver (in the effector sites).

The absence of PD-1 signal can augment homing of
activated T cells to the effector sites

To examine the effect of PD-1/PD-L1 interaction in the inductive
sites, Tcell phenotype was analyzed by flow cytometry 5 days
after tumor injection (Fig. 3). The percentage of CD4 and CD8 T
cells that showed an activated phenotype (CD44high) in-
creased in the spleen of PD-1�/� mice compared with that of
wt mice (percentages of CD44high population in CD4 Tcells; wt
20%, PD-1�/� 46%: percentages of CD44high population in
CD8 T cells; wt 22%, PD-1�/� 34%). The number of CD4 and
CD8 T cells with a phenotype of homing to peripheral tissues
(CD62Llow) was also increased in PD-1�/� mice. The percent-
ages of CD62Llow population in CD4 T cells in wt and PD-1�/�

mice were 17 and 42%, respectively. The percentages of
CD62Llow population in CD8 T cells in wt and PD-1�/� mice

were 3 and 16%, respectively. To prove a direct role of PD-1 in
the enhanced T-cell activation and homing into the periphery,
we injected anti-PD-1 mAb or control IgG on days 0, 1 and 3
after tumor inoculation. Injection with anti-PD-1 mAb induced
increase of CD44high and CD62Llow population both in CD4
and CD8 T cells (percentages of CD44high population: CD4 T
cells, 28%; CD8 T cells, 30% and percentages of CD62Llow

population: CD4 T cells, 24%; CD8 T cells, 6%). Injection with
control IgG had no effect (data not shown). These results
suggest that the absence of negative signal through PD-1 can
augment activation levels and homing capacities of spleen T
cells to the effector sites.

The absence of PD-1 signal induced accumulation of
cytotoxic T cells in tumor sites

To examine whether activated T cells accumulated in the
effector sites, we analyzed histopathologically liver sections
of PD-1�/� or wt mice which were injected with tumor cells

Fig. 3. Cell surface phenotype of splenic T cells. B16 cells (1 3 106) were injected into the spleen of syngenic B6 wt or B6-PD-1�/� mice. B6 wt
mice were intraperitoneally injected with anti-PD-1 mAb (100 lg/dose) on days 0, 1 and 3. At day 5 after injection, T cells were isolated from the
spleen and stained with anti-CD44 or anti-CD62L (thick lines) and control IgG (thin lines).
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(Fig. 4A). At day 7, larger clusters of inflammatory cell
infiltration was observed in the liver of PD-1�/� mice compared
with that in wt mice. Microscopic tumor foci were detectable in
wt liver on day 7, while no obvious tumor foci were found in PD-
1�/� liver on day 7. At day 12, in wt mice, tumors were

surrounded by fibroblast-like cells and separated from normal
tissues by the septum. There was no cellular infiltration within
the tumors inside the septum. On the other hand, tumor foci
were not observed in the liver of PD-1�/� mice on day 12.
These results suggest that, in PD-1�/� mice, early and strong

Fig. 4. CD8 Tcells significantly infiltrated into the tumor sites in PD-1�/� mice. B16 cells (1 3 106) were injected into the spleen of syngenic B6 wt or
B6-PD-1�/� mice to examine tumor formation in the liver. At day 7 and 12, liver sections of PD-1�/� or wt mice were analyzed by hematoxylin and
eosin staining. Original magnification; left panel, 310; right panel, 320. The asterisks represent tumor focus. The arrows represent cellular
infiltration. At day 7, cryosections of the liver of PD-1�/� or wt mice were stained with anti-CD8 (red). Original magnification, 320. The number of
CD8 Tcell in the liver. At day 7, cryosections of the liver of PD-1�/� or wt mice were stained with anti-CD8. The number of CD8+ cells per field (320
magnification) was counted. The number of CD4 T cell in the liver. At day 7, cryosections of the liver of PD-1�/� or wt mice were stained with anti-
CD4. The number of CD4+ cells per field (320 magnification) was counted. Time course of the number of CD8 T cells in the liver. Liver sections at
day 0, 3, 5, 7 and 12 after tumor injection were stained with anti-CD8. The number of CD8+ cells per field (320 magnification) was counted. The
data represent mean 6 SD of 10 fields randomly chosen.
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cellular infiltration occurred and killed tumor cells before
tumors were surrounded by the septum, while weak and slow
cellular infiltration in wt mice allowed tumors to form the
septum, resulting in the failure to attack tumors by the host
immune system.

To examine which type of T cells infiltrated into tumors, liver
sections were stained with anti-CD8 and anti-CD4 mAbs. At
day 7 after tumor injection, CD8 Tcells increased in the liver of
PD-1�/� mice compared with that of wt mice (Fig. 4B). The
number of infiltrating CD8 T cells in PD-1�/� liver was almost
4-fold of wt liver (PD-1�/�, 186: wt, 45 per 320 field) (Fig. 4C).
At day 7, the number of CD4 T cells in PD-1�/� liver was 5-
fold that in wt liver (PD-1�/�, 33: wt, six per 320 field)
(Fig. 4D). To examine the time course of infiltrating CD8 T cell
numbers, liver sections at various time points were analyzed
by immunohistochemistry using anti-CD8 mAb (Fig. 4E). In
PD-1�/� mice, the number of CD8 T cells in the liver began to
increase at day 3, reached a peak at day 7 and declined to
a wt level by 12 days. The increase of CD8 T cells lasted for
almost 10 days. On the other hand, in wt mice, CD8 T cells
could be detected at day 5, reached a small peak at day 7
and disappeared by day 12. These results suggest that the
absence of PD-1 signal induced more rapid infiltration and
augmented accumulation of effector CD8 and CD4 T cells into
the tumor sites. The reason for such an early immune response
at day 3 is probably because direct injection of tumor cells into
the spleen saved time otherwise required for APCs to migrate
from the periphery to lymphoid organs.

The absence of PD-1 signal enhances effector
functions of T cells

To investigate the role of PD-1 in the induction of cytotoxic
activity, B16 cells were directly injected into the spleen of PD-
1�/� or wt mice. At day 4 after injection, splenocytes were
recovered and subjected to secondary in vitro stimulation with
B16 cells. CTL activity was measured using a non-radioactive
cytotoxic detection kit. PD-1�/� splenocytes showed cytotoxic
activity against B16 cells, but wt splenocytes did not (Fig. 5A).
Neither PD-1�/� nor wt splenocytes showed cytolytic activity
against EL4 cells. Next we isolated T cells from spleen 4 days
after tumor injection, and used the T cells as effector cells
(Fig. 5B). While wt T cells showed slight cytolytic activity
against B16 cells, PD-1�/� T cells showed much stronger
cytolytic activity. These data indicate that the absence of
PD-1 could induce strong cytotoxic activity against weakly
immunogenic tumor cells.

To examine whether strong cytolytic activity is due to the
increase of the number of effector T cells in PD-1�/� mice, we
isolated polyclonal effector T cells using transmigration assay
as shown in Fig. 5(D). When naı̈ve T cells differentiate into
effector T cells, they acquire the ability to migrate through
endothelial cells into peripheral tissues (41,45–47). To isolate
effector Tcells, we purified T cells from the spleen 4 days after
tumor injection and placed them on the monolayer of LSEC in
the upper well. After 3 h of incubation, we harvested the
migrated T cells from the lower well. PD-1�/� T cells showed
higher transmigration ability than wt T cells (Fig. 5E). Then the
same number of wt and PD-1�/� migrated T cells were
subjected to secondary in vitro stimulation with B16 cells. The

cytotoxic activities of PD-1�/� and wt migrated T cells were
almost equivalent (Fig. 5C), suggesting that stronger cytolytic
activity of PD-1�/� T cells is due to the increase in the number
of effector T cells in PD-1�/� mice.

We next examined the function of PD-1 in T cell pro-
liferation and cytokine production at the effector phase
(Fig. 5F and G). We hypothesized two situations; (i) T cells
interact with target tumor cells; and (ii) T cells interact with
PD-L1-expressing CD11b+ cells in the liver. To mimic these
two environments ex vivo, B16 cells were injected into the
spleen of PD-1�/� or wt mice, and then T cells isolated from
the spleen 4 days after injection were co-cultured with (i)
mitomycin C (MMC)-treated B16 cells or (ii) MMC-treated
CD11b+ cells isolated from the liver. When T cells alone were
cultured, PD-1�/� T cells showed high proliferative response
and secreted a significant amount of IFN-c, whereas wt T
cells neither proliferated nor secreted IFN-c. These results
suggest that PD-1�/� T cells were more activated than wt T
cells before they encountered tumors. When co-cultured with
B16 cells, PD-1�/� T cells showed stronger responses of
both proliferation and cytokine production than wt T cells.
When co-cultured with CD11b+ cells, wt T cells proliferated
slightly and did not produce cytokines, while PD-1�/� T cells
showed strong proliferative response and cytokine pro-
duction. These results show that PD-1�/� T cells are more
activated and sustained proliferation and cytokine produc-
tion for longer periods than wt T cells even, in the absence of
stimulation with tumor cells.

Taken together, hematogenous tumor spread was inhibited
in PD-1�/� mice by the combination of the following
mechanisms; (i) enhanced induction of effector T cells in the
spleen, (ii) augmented migration and accumulation of effector
Tcells into the tumor sites, and (iii) prolonged proliferation and
cytokine production and high cytotoxic activity of effector T
cells.

PD-1 blockade can inhibit hematogenous spread of B16
melanoma and CT26 colon cancer cells

To examine the possibility of PD-1 blockade as a therapy
against hematogenous dissemination of tumor cells, anti-PD-1
mAb or control IgG was intraperitoneally injected into B6
syngenic mice every 2 days after intrasplenic injection of B16
melanoma cells. Injection with anti-PD-1 mAb inhibited tumor
growth in the liver, while injection of control IgG had no
therapeutic effect, resulting in progressive growth of dissem-
inated tumors in the liver (Fig. 6A). At day 16, the weight of liver
from mice treated with anti-PD-1 mAb was almost half that of
control mice (Fig. 6B).

To examine whether the absence of PD-1 can inhibit
hematogenous spread of other tumors into other organs on
the different genetic background, BALB/c-PD-1�/� or wt mice
were intravenously injected with CT26 colon cancer cells to
form tumors in the lung. Tumor formation of CT26 colon cancer
in the lung was inhibited in PD-1�/� mice (Fig. 6C). At day 18,
the weight of PD-1�/� lung was almost half that of the wt lung
(Fig. 6D). Injection with anti-PD-1 mAb also resulted in the
reduction of CT26 tumor formation in the lung (Fig. 6E and F).
These results suggest that PD-1 blockade may be useful in the
treatment for hematogenous spread of various tumor cells.

140 PD-1 blockade inhibits hematogenous spread of poorly immunogenic tumor cells

Dana-Farber EX1016 
Dana-Farber v. BMS, IPR2023-00249 

Page 8 of 12



Discussion

In this study we demonstrated that PD-1 blockade immuno-
therapy could inhibit hematogenous cancer spread, using
a tumor formation model in the liver after intrasplenic injection
of poorly immunogenic B16 melanoma on the B6 background.
Although B16 is one of the most poorly immunogenic tumors
(44), we demonstrated the effectiveness of PD-1 blockade
against B16 melanoma by a single therapy. CTLA-4 blockade
as a single agent does not appear to be universally effective:
growth of tumors such as the B16 melanoma and the SM1
mammary carcinomas was unaffected by administration of

anti-CTLA-4 (11,12). Our results suggest that the PD-1

blockade may have a stronger therapeutic effect than the

CTLA-4 blockade.
In our studies, the absence of PD-1 signal inhibited systemic

B16 dissemination but not B16 subcutaneous tumors. The

most striking difference between disseminated and sub-

cutaneous tumors is that CTL can easily access disseminated

sites via the vascular system, while primary subcutaneous

tumors do not have physiological vessels to approach tumor

cells. The vascular system plays two important roles in tumor

dissemination. One is to provide a path for tumor migration into

Fig. 5. The absence of PD-1 signal induced strong T cell response. B16 cells (1 3 106) were injected into the spleen of syngenic B6 wt or B6-PD-
1�/� mice. (A–C) The effect of PD-1 deficiency on cytotoxic activity. At day 4, spleens were harvested and T cells were purified from the
splenocytes. Polyclonal effector T cells were collected from the lower well using transmigration assay as shown in (D). Whole splenocytes (A), T
cells (B) or migrated Tcells (C) were subjected to secondary in vitro stimulation with B16 cells or EL4 cells for 8 h, and CTL activity was measured
using non-radioactive cytotoxic detection system. The data were expressed as mean 6 SD of triplicate samples. (D and E) The effect of PD-1
deficiency on transmigration ability of T cell. (D) After 4 days after tumor injection, T cells (2 3 105) were isolated from spleens and applied to the
monolayer of LSECs (3 3 105/insert) in the upper well. After 3 h incubation, the number of migrated cells in the lower wells was counted. The data
were expressed as mean 6 SD of triplicate samples. (F and G) The effect of PD-1 deficiency on Tcell proliferation and cytokine production. At day
4, T cells were isolated from the spleen and co-cultured with for 48 h with or without mitomycin C-treated B16 cells or CD11b+ cells isolated from
liver. Tcell proliferation was measured by BrdU incorporation (F). The culture supernatants were harvested and IFN-c production was measured by
ELISA (G). The data were expressed as mean 6 SD of triplicate samples.
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distantly located organs. The other is to provide a path for CTL
to approach tumors. Because of the more efficient access of
CTL to disseminated tumors than to primary tumors, dissem-
inated tumors may be more susceptible to immunotherapy

than primary tumors. Our results suggest that PD-1 blockade
can be a powerful tool for the treatment of hematogenous
spread of tumors. We also tested the effect of PD-L1 on tumor
cells on hematogenous spread using PD-L1 transfected B16
cells. Although the number of B16/PD-L1 disseminated tumors
in the liver was the same as that of B16 tumors, the size of B16/
PD-L1 disseminated tumor was larger than that of parental
B16 cells (data not shown). These data suggest that PD-L1 on
tumor cells could affect the tumor growth capacity in the liver
but not the spreading capacity to the liver.

The strong inhibitory mechanisms of hematogenous tumor
dissemination by PD-1 blockade are likely due to a combination
of the following: (i) an increase in the number of effector cells
(enhanced T-cell priming in the spleen); (ii) prolonged T cell
activation (prolonged proliferation and cytokine production
without any stimulation); and (iii) enhanced recruitment of
effector cells into tumor sites (increased homing to the per-
iphery). These mechanisms allow effector Tcells to accumulate
and proliferate in tumor sites at an early stage and to reject
tumors before tumors are surrounded by the septum. A large
amount of IFN-c secretion from effector Tcells for long periods
can induce inflammatory cellular infiltration such as macro-
phages, which contribute to enhance anti-tumor immunity.

Previously we reported the effectiveness of PD-L1 blockade
against tumors which highly express PD-L1 (16). In the present
study, we have shown that PD-1 blockade is also effective
against tumors which hardly express PD-L1 on their surface.
Compared with tumor cells, PD-L1 was strongly expressed on
APCs (Fig. 2). In addition, PD-1�/� Tcells were more activated
than wt T cells before they encountered tumors in the liver
(Fig. 5F and G). These results suggest that PD-1 signal may
regulate anti-tumor immune responses through PD-L1 on
APCs in spleen (at the activation phase) rather than through
PD-L1 on tumor cells in liver (at the effector phase).

Several studies suggested that PD-L1 might function as
a positive regulator of the immune system through a different
receptor from PD-1 (22,48). However, our previous results
using anti-PD-L1 mAb strongly suggest that PD-L1 functions
as a negative regulator in anti-tumor immune responses (16).
We tried both anti-PD-1 and anti-PD-L1 mAbs for the treatment
of hematogenous tumor spread. Although anti-PD-1 mAb
showed the striking effect on tumor spread, anti-PD-L1 had no
effect on the treatment (data not shown). One possible
explanation is that the amount of the anti-PD-L1 mAb is not
enough to block PD-1 signal. Because PD-L1 is expressed on
so many cells in various organs (18,22,25), it is difficult to
target the specific sites. In contrast, PD-1 expression is limited
to activated T cells. Restricted expression of PD-1 on T cells
only after activation with specific antigens, make it possible to
target the T cells at the specific sites with smaller amounts of
anti-PD-1 mAb and to minimize side effects. In our metastasis
models, PD-L2 surface expression was not observed on any
cells, including antigen-presenting cells such as DCs and
macrophages, tumor cells such as B16 cells and CT 26 cells, T
cells, B cells, NK cells and NKT cells (data not shown).

CTLA-4�/� mice showed much more severe phenotypes
with lethal lymphoproliferative disorder (49), while PD-1�/�

mice showed milder phenotypes of autoimmune diseases with
slow onsets. Such mild phenotype of PD-1�/� mice, combined
with the effective data to inhibit B16 tumor dissemination,

Fig. 6. PD-1 blockade inhibited disseminated tumors of B16 in the liver
and CT26 in the lung. (A and B) B16 cells (13106) were injected into the
spleen of syngenic B6 wt or B6-PD-1�/� mice and anti-PD-1 mAb
(100 lg/dose) were intraperitoneally injected every 2 days. At day 16,
the liver was harvested (B) and the weight was measured (A). (C and D)
CT26 cells (1 3 106) were intravenously injected into syngenic BALB/c
wt or BALB/c-PD-1�/� mice. At day 18, the lung was harvested (D) and
the weight was measured (C). (E and F) CT26 cells (1 3 106) were
intravenously injected into syngenic BALB/c wt or PD-1�/� mice and
anti-PD-1 mAb (100 lg/dose) were intraperitoneally injected every
2 days. At day 18, the lung was harvested (F) and the weight was
measured (E). The results were expressed as mean 6 SD of five mice.
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suggest that PD-1 blockade may have more advantageous
therapeutic effects with fewer side effects than CTLA-4
blockade.

In this study we demonstrated that the PD-1 blockade is
effective against not only the disseminated tumors of B16 in
the liver but also the disseminated tumors of CT26 in the lung.
These results suggest that PD-1 blockade may be applicable
to other metastatic tumors, in other organs, and on other
genetic backgrounds. Costimulatory immunotherapy does not
target tumor antigens and can be applied to various kinds of
tumors. PD-1 blockade immunotherapy may be useful to
prevent occult metastasis when used as a perioperative
prophylaxis or post-operative adjuvant therapy.

Acknowledgements

We thank Ms A. Takano for her technical assistance, and Ms Y. Shiraki
and Ms T. Nishikawa for their secretarial help. We are also grateful to
Drs N. Minato, H. Nagaoka, T. Okazaki and B. Meek for their critical
reading of the manuscript. This work was supported by a Center of
Excellence Grant (No. 12CE2006) from the Ministry of Education,
Science, Sports, Culture, and Technology of Japan.

Abbreviations

APC antigen-presenting cell
CTLA-4 cytotoxic T lymphocyte antigen-4
DC dendritic cell
IHL intrahepatic lymphocyte
LNPC liver nonparenchymal cell
LSEC liver sinusoidal endothelial cell
MMC mitomycin C
Tg transgenic
wt wild type

References

1 Chen, L., Ashe, S., Brady, W. A., Hellstrom, I., Hellstrom, K. E.,
Ledbetter, J. A., McGowan, P. and Linsley, P. S. 1992. Costimu-
lation of antitumor immunity by the B7 counterreceptor for the T
lymphocyte molecules CD28 and CTLA-4. Cell 71:1093.

2 Schwartz, R. H. 1992. Costimulation of T lymphocytes: the role of
CD28, CTLA-4 and B7/BB1 in interleukin-2 production and
immunotherapy. Cell 71:1065.

3 Townsend, S. E. and Allison, J. P. 1993. Tumor rejection after direct
costimulation of CD8+ T cells by B7-transfected melanoma cells.
Science 259:368.

4 Hellstrom, K. E., Hellstrom, I. and Chen, L. 1995. Can co-stimulated
tumor immunity be therapeutically efficacious? Immunol. Rev.
145:123.

5 Matzinger, P. 1994. Tolerance, danger and the extended family.
Annu. Rev. Immunol. 12:991.

6 Sharpe, A. H. and Freeman, G. J. 2002. The B7-CD28 superfamily.
Nat. Rev. Immunol. 2:116.

7 Carreno, B. M. and Collins, M. 2002. The B7 family of ligands and
its receptors: new pathways for costimulation and inhibition of
immune responses. Annu. Rev. Immunol. 20:29.

8 Coyle, A. J. and Gutierrez-Ramos, J. C. 2001. The expanding B7
superfamily: increasing complexity in costimulatory signals regu-
lating T cell function. Nat. Immunol. 2:203.

9 Chambers, C. A. 2001. The expanding world of co-stimulation: the
two-signal model revisited. Trends Immunol. 22:217.

10 Abken, H., Hombach, A., Heuser, C., Kronfeld, K. and Seliger, B.
2002. Tuning tumor-specific T-cell activation: a matter of costimu-
lation? Trends Immunol. 23:240.

11 Hurwitz, A. A., Kwon, E. D. and van Elsas, A. 2000. Costimulatory
wars: the tumor menace. Curr. Opin. Immunol. 12:589.

12 Egen, J. G., Kuhns, M. S. and Allison, J. P. 2002. CTLA-4: new
insights into its biological function and use in tumor immunother-
apy. Nat. Immunol. 3:611.

13 Chambers, C. A., Kuhns, M. S., Egen, J. G. and Allison, J. P. 2001.
CTLA-4-mediated inhibition in regulation of T cell responses:
mechanisms and manipulation in tumor immunotherapy. Annu.
Rev. Immunol. 19:565.

14 van Elsas, A., Hurwitz, A. A. and Allison, J. P. 1999. Combination
immunotherapy of B16 melanoma using anti-cytotoxic T lympho-
cyte-associated antigen 4 (CTLA-4) and granulocyte/macro-
phage colony-stimulating factor (GM-CSF)-producing vaccines
induces rejection of subcutaneous and metastatic tumors
accompanied by autoimmune depigmentation. J. Exp. Med. 190:
355.

15 Hurwitz, A. A., Yu, T. F., Leach, D. R. and Allison, J. P. 1998. CTLA-4
blockade synergizes with tumor-derived granulocyte-macrophage
colony-stimulating factor for treatment of an experimental mam-
mary carcinoma. Proc. Natl Acad. Sci. USA 95:10067.

16 Iwai, Y., Ishida, M., Tanaka, Y., Okazaki, T., Honjo, T. and Minato, N.
2002. Involvement of PD-L1 on tumor cells in the escape from host
immune system and tumor immunotherapy by PD-L1 blockade.
Proc. Natl Acad. Sci. USA 99:12293.

17 Dong, H. et al. 2002. Tumor-associated B7-H1 promotes T-cell
apoptosis: a potential mechanism of immune evasion. Nat. Med.
8:793.

18 Freeman, G. J. et al. 2000. Engagement of the PD-1 immunoinhi-
bitory receptor by a novel B7 family member leads to negative
regulation of lymphocyte activation. J. Exp. Med. 192:1027.

19 Okazaki, T., Iwai, Y. and Honjo, T. 2002. New regulatory co-
receptors: inducible co-stimulator and PD-1. Curr. Opin. Immunol.
14:779.

20 Agata, Y., Kawasaki, A., Nishimura, H., Ishida, Y., Tsubata, T.,
Yagita, H. and Honjo, T. 1996. Expression of the PD-1 antigen on
the surface of stimulated mouse T and B lymphocytes. Int.
Immunol. 8:765.

21 Iwai, Y., Okazaki, T., Nishimura, H., Kawasaki, A., Yagita, H. and
Honjo, T. 2002. Microanatomical localization of PD-1 in human
tonsils. Immunol. Lett. 83:215.

22 Dong, H., Zhu, G., Tamada, K. and Chen, L. 1999. B7-H1, a third
member of the B7 family, co-stimulates T-cell proliferation and
interleukin-10 secretion. Nat. Med. 5:1365.

23 Ishida, M., Iwai, Y., Tanaka, Y., Okazaki, T., Freeman, G. J., Minato,
N. and Honjo, T. 2002. Differential expression of PD-L1 and PD-L2,
ligands for an inhibitory receptor PD-1, in the cells of lymphohe-
matopoietic tissues. Immunol. Lett. 84:57.

24 Yamazaki, T. et al. 2002. Expression of programmed death 1
ligands by murine T cells and APC. J. Immunol. 169:5538.

25 Iwai, Y., Terawaki, S., Ikegawa, M., Okazaki, T. and Honjo, T. 2003.
PD-1 inhibits antiviral immunity at the effector phase in the liver.
J. Exp. Med. 198:39.

26 Eppihimer, M. J., Gunn, J., Freeman, G. J., Greenfield, E. A.,
Chernova, T., Erickson, J. and Leonard, J. P. 2002. Expression and
regulation of the PD-L1 immunoinhibitory molecule on microvas-
cular endothelial cells. Microcirculation 9:133.

27 Mazanet, M. M. and Hughes, C. C. 2002. B7-H1 is expressed by
human endothelial cells and suppresses T cell cytokine synthesis.
J. Immunol. 169:3581.

28 Latchman, Y. et al. 2001. PD-L2 is a second ligand for PD-1 and
inhibits T cell activation. Nat. Immunol. 2:261.

29 Strome, S. E. et al. 2003. B7-H1 blockade augments adoptive T-cell
immunotherapy for squamous cell carcinoma. Cancer Res.
63:6501.

30 Okazaki, T., Maeda, A., Nishimura, H., Kurosaki, T. and Honjo, T.
2001. PD-1 immunoreceptor inhibits B cell receptor-mediated
signaling by recruiting src homology 2-domain-containing tyrosine
phosphatase 2 to phosphotyrosine. Proc. Natl Acad. Sci. USA
98:13866.

31 Nishimura, H., Nose, M., Hiai, H., Minato, N. and Honjo, T. 1999.
Development of lupus-like autoimmune diseases by disruption of
the PD-1 gene encoding an ITIM motif-carrying immunoreceptor.
Immunity 11:141.

32 Nishimura, H. et al. 2001. Autoimmune dilated cardiomyopathy in
PD-1 receptor-deficient mice. Science 291:319.

PD-1 blockade inhibits hematogenous spread of poorly immunogenic tumor cells 143

Dana-Farber EX1016 
Dana-Farber v. BMS, IPR2023-00249 

Page 11 of 12



33 Okazaki, T. et al. 2003. Autoantibodies against cardiac troponin I
are responsible for dilated cardiomyopathy in PD-1-deficient mice.
Nat. Med. 9:1477.

34 Bachmann, M. F., Waterhouse, P., Speiser, D. E., McKall-Faienza,
K., Mak, T. W. and Ohashi, P. S. 1998. Normal responsiveness of
CTLA-4-deficient anti-viral cytotoxic T cells. J. Immunol. 160:95.

35 Bachmann, M. F., Gallimore, A., Jones, E., Ecabert, B., Acha-
Orbea, H. and Kopf, M. 2001. Normal pathogen-specific immune
responses mounted by CTLA-4-deficient T cells: a paradigm
reconsidered. Eur. J. Immunol. 31:450.

36 Schmidt, A., Setoyama, C. and de Crombrugghe, B. 1985.
Regulation of a collagen gene promoter by the product of viral
mos oncogene. Nature 314:286.

37 Seglen, P. O. 1976. Preparation of isolated rat liver cells. Methods
Cell Biol. 13:29.

38 Knook, D. L. and Sleyster, E. C. 1976. Separation of Kupffer and
endothelial cells of the rat liver by centrifugal elutriation. Exp. Cell
Res. 99:444.

39 Watanabe, H., Ohtsuka, K., Kimura, M., Ikarashi, Y., Ohmori, K.,
Kusumi, A., Ohteki, T., Seki, S. and Abo, T. 1992. Details of an
isolation method for hepatic lymphocytes in mice. J. Immunol.
Methods 146:145.

40 Kawai, T., Seki, M., Watanabe, H., Eastcott, J. W., Smith, D. J. and
Taubman, M. A. 2000. T(h)1 transmigration anergy: a new concept
of endothelial cell-T cell regulatory interaction. Int. Immunol.
12:937.

41 Katakai, T., Hara, T., Sugai, M., Gonda, H., Nambu, Y., Matsuda,
E., Agata, Y. and Shimizu, A. 2002. Chemokine-independent

preference for T-helper-1 cells in transendothelial migration. J. Biol.
Chem. 277:50948.

42 Korzeniewski, C. and Callewaert, D. M. 1983. An enzyme-release
assay for natural cytotoxicity. J. Immunol. Methods 64:313.

43 Decker, T. and Lohmann-Matthes, M. L. 1988. A quick and simple
method for the quantitation of lactate dehydrogenase release in
measurements of cellular cytotoxicity and tumor necrosis factor
(TNF) activity. J. Immunol. Methods 115:61.

44 Filder, I. and Hart, J. 1982. Biological diversity in metastatic
neoplasms: origins and implications. Science 217:998.

45 Weninger, W., Manjunath, N. and von Andrian, U. H. 2002.
Migration and differentiation of CD8+ T cells. Immunol. Rev.
186:221.

46 Weninger, W., Crowley, M. A., Manjunath, N. and von Andrian, U. H.
2001. Migratory properties of naive, effector and memory CD8(+)
T cells. J. Exp. Med. 194:953.

47 DeGrendele, H. C., Estess, P. and Siegelman, M. H. 1997.
Requirement for CD44 in activated T cell extravasation into an
inflammatory site. Science 278:672.

48 Wang, S., Bajorath, J., Flies, D. B., Dong, H., Honjo, T. and Chen, L.
2003. Molecular modeling and functional mapping of B7-H1 and
B7-DC uncouple costimulatory function from PD-1 interaction.
J. Exp. Med. 197:1083.

49 Tivol, E. A., Borriello, F., Schweitzer, A. N., Lynch, W. P., Bluestone,
J. A. and Sharpe, A. H. 1995. Loss of CTLA-4 leads to massive
lymphoproliferation and fatal multiorgan tissue destruction, re-
vealing a critical negative regulatory role of CTLA-4. Immunity
3:541.

144 PD-1 blockade inhibits hematogenous spread of poorly immunogenic tumor cells

View publication statsView publication stats

Dana-Farber EX1016 
Dana-Farber v. BMS, IPR2023-00249 

Page 12 of 12

https://www.researchgate.net/publication/8119510



