


sequential regimen (Supplementary Fig. S6A). For these studies,
mice were treated with CPI-455 for 14 days, and anti–B7-H4
was administered either after the CPI-455 treatment (sequential
regimen) or 7 days after the start of CPI-455 treatment (phased
regimen). Our results showed that monotherapy delayed
tumor growth, though rarely induced complete remission in these
mice (Supplementary Fig. S6B, a–b). However, increased
response was observed using the phased schedule, with an

increased number of mice exhibiting complete response (Sup-
plementary Fig. S6B, c). Mice treated using the phased schedule
showed a synergistic response and significantly increased
median survival compared with that of mice receiving CPI-455
monotherapy (35 vs. 26 days, respectively; Supplementary
Table S4). Delayed administration of anti–B7-H4 allowed
tumors to develop resistance to treatment.However, in the groups
treated using delayed administration of anti–B7-H4, complete

Figure 5.

Administration of CPI-455 and the
anti–B7-H4 on tumor regression
and T-cell immunity in a
humanizedmouse model. A, a–f,
Individual treated tumor growth
curves (blue lines; n¼ 10) are
shown overlaid on control
untreated tumor (black lines;
n¼ 10). ESCC PDXs positive for
P. gingivalis treated with CPI-455
(50/75 mg/kg, daily,
intraperitoneally; blue lines below
the x-axis) and anti–B7-H4 (188;
500 mg/mouse, weekly,
intraperitoneally; blue arrows
below the x-axis) as indicated,
administered using phased
combined treatment for 14 days,
with CPI-455 starting on day 6 and
combined starting 1 week later
with anti–B7-H4 on day 13 for
3 weeks or extended phased
combined treatment involving a
28-day administration of CPI-455.
Statistical results are summarized
in Supplementary Table S5.
Complete response (CR) at study
termination on day 66 is shown;
ratio: CR/total mice. B, Tumor-
infiltrating lymphocytes from each
treatment group were studied by
flow cytometry, with the results
indicating the number of human
CD8þ and CD4þ T lymphocytes/
mg tumor. Shown here are
representative FACS analysis plots
from onemouse/group, and the
plots are representative of three
independent experiments with
similar results. C and D,
Humanized mice were treated as
described above. C,
Representative IHC images of
CD4þ and CD8þ lymphocyte
infiltration at the invasive margin
are shown (scale bar, 50 mm). IHC
and flow cytometry results related
to lymphocyte infiltration in a
representative mouse fromwhich
treatment group at the indicated
time point (on day 30) are shown.
D, The CD8þ and CD4þ T-cell
numbers per high-power
microscope field in the tumor
tissues from 5mice/group. � , P <
0.05; �� , P < 0.001; ��� , P < 0.0001,
by a paired t test. Combi,
combination; Ctl, control; Mono,
monotherapy.
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response was observed in 2 mice that survived symptom free
until the end of the study (30 days after receiving the final dose
of anti–B7-H4; Supplementary Fig. S6B, c; Supplementary
Table S4). We also observed an improved response in the sequen-
tial schedule, suggested by the increase in the median survival
time from 21 days (the median survival time of mice treated with
anti–B7-H4) to 27 days (Supplementary Fig. S6B, d; Supplemen-
tary Table S4).

In a third dosing schedule, animals were treated for 28 days
with the two doses of CPI-455 (Supplementary Fig. S6C). The
higher dose of CPI-455 monotherapy (Fig. 5A, b) was more
efficacious than the loser dose (Fig. 5A, a) in this extended
treatment schedule. All themice were responsive to the treatment,
with one complete response observed, whereas mice receiving
50 mg/kg CPI-445 alone showed only a moderate (grade 2)
response (Fig. 5A, a and b). Anti-B7-H4 monotherapy also
resulted in less significant (grade 2) response (Supplementary
Fig. S6D). However, both doses of CPI-455 were demonstrated to
be effective when used with anti–B7-H4 in a phased regimen
(Fig. 5A, c–f). Although the phased combination treatment for
14 days with 75 mg/kg CPI-455 increased the median survival to
44 days (vs. 31 days for 75 mg/kg CPI-455 monotherapy), the
combined treatment led to an increased ratio of complete
response (ratio of complete response: complete response/total
mice; 30% vs. 10%; Fig. 5A, d; Supplementary Table S5).
Although the extended phased regimen with 50 mg/kg CPI-
455 (Fig. 5A, e) exhibited a similar ratio of complete response
with the 14-day phased therapy with 75 mg/kg CPI-455 (Fig. 5A,
d), the extended phased regimen produced increased median
survival compared with that obtained using the shorter phased
therapy from44 to50days (Supplementary Table S5). Thephased
combination of the anti–B7-H4 treatment and the higher dose of
CPI-455 showed significantly higher antitumor activity, generat-
inganapproximately 2-fold increase in themedian survival (31vs.
63 days), and 50% of the animals achieved complete responses
compared with 10% of the mice treated with the 75 mg/kg CPI-
455monotherapy (Fig. 5A, f; Supplementary Table S5). To test the
longevity of the antitumor response, surviving animals displaying
a complete response were rechallenged with tumor cells 1 month
after the end of the 28-day phased treatment. Thirteen completely
remitted mice were protected from a second tumor challenge,
suggesting that these mice developed immunologic memory
(Supplementary Table S5).

To address the mechanisms associated with monotherapy or
combined treatment, we analyzed the human lymphocyte density
in tumors harvested from the mice. FACS (Fig. 5B) of tumor-
infiltrating cells revealed an increase in the CD4þ andCD8þ T-cell
populations after the combined treatment compared with those
following sham treatment ormonotherapy. IHC analysis (Fig. 5C
and D) revealed significant (grade 4) lymphocyte infiltration
progressing inward from the outer layers to the central regions
of the tumors, with more intense staining and clearer infiltration
observed at the central regions of the lesions from mice that
received combined treatment relative to that from mice that
received monotherapy.

B7-H4 and KDM5B differentially affect T-cell function
We further applied the phased regimen to a model involving

the adoptive transfer of autologous tumor-infiltrating lympho-
cytes (TIL) to examine the effect of treatment on T cells. After
tumor inoculation and drug administration, CFSE-labeled

CD8þ T cells were transferred into the mice carrying xenograft
tumors. At 1 hour and 5, 7, and 15 days after transfer, cells
obtained from PDXs were harvest and gated by CFSE fluores-
cence for analysis of proliferation. We observed no significant
division by the T cells at 1 hour. However, on days 5 and 7,
T-cell expansion was observed following anti–B7-H4 mono-
therapy or combined treatment, as well as following CPI-455
monotherapy, albeit to a far lesser degree than that observed
following anti–B7-H4 therapy. On day 15, the majority of the
CD8þ T cells had undergone at least one cycle of division in
response to anti–B7-H4 monotherapy and combined treat-
ment, whereas some of the T cells remained inactivated after
CPI-455 monotherapy, as well as those that were untreated
(Fig. 6A). This suggested that targeting B7-H4 facilitated the
proliferation of adoptively transferred CD8þ T lymphocytes
and improved antitumor responses.

Because KDM5B neutralization promoted T-cell chemo-
taxis in vitro, we validated this observation in vivo via the
adoptive-transfer model and the phased regimen. CD8þ T
cells were stained with DiR and injected into mice. For the
imaging of T-cell trafficking and distribution, the mice were
dorsally, right laterally, and ventrally viewed at 1 hour and 5,
7, and 15 days after T-cell injection. Shortly after injection
(less than 3 days), T cells were randomly distributed in the
spleen, lymph nodes, and tumor beds following treatment with
each regimen. After more than 7 days, the number of T cells in
tumor tissues increased following CPI-455 and combined
therapy, with this accumulation persisting throughout the
observation period of 15 days. We found that fewer CD8þ

T cells accumulated in tumor sites following anti–B7-H4
monotherapy, with the cell number further decreasing at
later time points in some cases (Fig. 6B and C). Subsequently,
we confirmed via IHC that a large amount of CD8þ T cells
accumulated in tumor tissues from the groups receiving
CPI-455 and combined therapy, but not for those receiving
sham treatment or anti–B7-H4 monotherapy (Fig. 6D and E).
These results suggested that KDM5B neutralization in vivo
promoted CD8þ T-cell trafficking into tumor beds, thus
improving the antitumor activity of adoptively transferred T
lymphocytes.

Our results indicated that tumors in mice that were not sub-
jected to adoptive T-cell transfer grewmore rapidly than those that
were treated with adoptively transferred T cells. Without adoptive
transfer, in most mice, treatment with both agents led to tumor
growth comparable to either single-agent treatment (Supplemen-
tary Fig. S7A and S7B).

Concurrent expression of B7-H4 and KDM5B increases severity
of P. gingivalis infection

Finally, we evaluated the relationship between the concurrent
expression of B7-H4 and KDM5B, the load of P. gingivalis, and
CD8þ T-cell count in ESCC tissues. Biopsies revealed that con-
current B7-H4 and KDM5B expression was detected more fre-
quently in tissues from P. gingivalis–infected patients than that in
tissues from uninfected patients (Fig. 7A; Supplementary
Table S6). The simultaneous expression of B7-H4 and KDM5B
in ESCCs correlated more significantly with the bacterial load
than with their individual expression (Supplementary Fig. S8A).
We also found a negative correlation between coexpression of the
two molecules and CD8þ T-cell count in ESCCs (Fig. 7A; Sup-
plementary Fig. S8B).

Yuan et al.

Cancer Immunol Res; 7(9) September 2019 Cancer Immunology Research1452

on September 19, 2019. © 2019 American Association for Cancer Research. cancerimmunolres.aacrjournals.org Downloaded from 

Published OnlineFirst July 26, 2019; DOI: 10.1158/2326-6066.CIR-18-0709 

http://cancerimmunolres.aacrjournals.org/


Discussion
Cancer-induced immunosuppression allows tumors to evade

immune surveillance, resulting in resistance to immunothera-
py (23). Successful human pathogens have evolved numerous
mechanisms to tolerate adverse conditions in hosts and to evade
immune responses elicited upon infection (7, 24). P. gingivalis is

an anaerobic gram-negative, rod-shaped bacterium, and much
of its pathogenicity is a result of overall immunosuppression
of the host cells (4, 25). This pathogenic mechanism may
stem from its abilities to manipulate complement–Toll-like
receptor cross-talk (26), myeloid-derived suppressor cell expan-
sion (27), Th17/regulatory T-cell (Treg) imbalance (28),
macrophage responsiveness (29), microbiota dysbiosis (30), and

Figure 6.

B7-H4 and KDM5B differentially
affect T-cell function. A, To
determine cell division, the
MACS-purified CD8þ T cells from
a P. gingivalis–positive ESCC
patient were labeled with CFSE
and adoptively transferred into
NSGmice (n¼ 15) that were
engrafted with the same
patient's tumors and
administrated according to the
schema. At 60 minutes and 3, 5,
7, and 15 days after transfer, cell
divisions were measured by
using flow cytometry analysis to
calculate the dilution of CFSE
intensity. B, Visualization of T-
cell migration in vivowith live
imaging analyses. XenoLight
DiR–stained T cells were imaged
with IVIS spectrum at different
time points (60minutes and 5, 7,
and 15 days after transfer). Data
show the dorsal, ventral, and
right lateral images of a single
mouse as a representative of 5
mice/group. The circles indicate
the tumor growth sites. Color
bars represent the signal
intensity scale over the whole
body. C, The signal intensity in
tumor sites of treatment groups
quantified in terms of photons/s/
cm2/sr. D, Human T-cell
accumulation in tumor tissues
was analyzed at 7 and 15 days
after T-cell transfer using IHC
staining with anti-human CD8.
Scale bar, 50 mm. E, The CD8þ T-
cell numbers per high-power
microscope field in the tumor
tissues from 5mice/group. � , P <
0.05; �� , P < 0.001; ��� , P <
0.0001, by a paired t test. Combi,
combination; Ctl or Ctrl, control;
min, minutes.
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IFNg-inducible chemokines release (31) in a manner that
promotes periodontitis and related systemic diseases such as
atherosclerosis, insulin resistance (32), and Alzheimer disease.

We previously identified P. gingivalis in nearly half of the ESCC
lesions and made the clinicopathologic association with this
deadly disease (5, 6). Thus, a hypothesis indicating that
P. gingivalis ensures reduced recognition, as well as its persistence,
in the epithelium by manipulation of key immune-sensing
molecules and related signaling pathways is logical. Such sophis-
ticated immune-escape tactics enable pathogens to evade host
responses, subsequently increasing immunosuppression and
facilitating poor immunogenicity. This cascade renders themuco-
sa more vulnerable to malignant transformation when encoun-

tering hypermutations and allows the progression of the precur-
sor lesions for invasive cancer.

Immunotherapies, such as checkpoint blockade, are rapidly
changing the standard treatment and outcomes for patients with
advanced malignancies (33). However, improvements occur in
only a fraction of patients, as not all cancers respond to immu-
notherapy, especially thoseexhibitingpoor immunogenicity (34).
Microbes have become increasingly recognized as keymodulators
of host immunity (35), raising the possibility that they may
account for the varied responses and failures often observed
during immune-checkpoint blockade. In this study, we examined
how P. gingivalis contributes to the suppression of systemic and
mucosal immunity in the host. Our findings suggest that

Figure 7.

Concurrent expression of B7-H4 and
KDM5B correlates with less dense
infiltrates of CD8þ T lymphocytes and
more severe P. gingivalis infection. A,
Representative images of IHC staining of
B7-H4, KDM5B, and CD8 in two
chronically P. gingivalis–infected and
–uninfected ESCCs (40�). Pg,
P. gingivalis. Scale bar, 50 mm. B, Scheme:
Anti–B7-H4 therapy works at the cellular
level to enhance effective CTL-mediated
killing of infected cells. By contrast,
KDM5B neutralization alters the tumor
microenvironment by favoring the
recruitment and accumulation of
lymphocytes to the tumor bed. These
data highlight the importance of
reciprocal regulation of B7-H4– and
KDM5B-related pathways involved at
different stages in the lymphocyte
compartment during P. gingivalis
infection.
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P. gingivalis may mediate the equilibrium between promoters
and suppressors of anticancer immunity in ESCC-bearing
individuals in ways that shape the response to cancer immuno-
therapy. Therefore, manipulating the gut microbiota to prevent
tolerance to immune-checkpoint inhibitorsmight be feasible. The
ability of B7-H4 neutralization to restore immunogenicity to
P. gingivalis–infected, poorly immunogenic ESCCs remains an
important research focus. Therefore, incorporating these therapies
into more powerful combinations is the next logical step.

Chemokines regulate leukocyte trafficking, thereby making
them attractive candidates for facilitating endogenous immune
priming and T-cell infiltration for improved immunotherapeutic
efficacy (36). HDACi and DNMTi promote the secretion of the
epigenetically repressed chemokines and the subsequent traf-
ficking of immune cells into tumor beds (16, 17). Thus, an
epigenetic modulation that activates the immune system in a
synergistic manner can improve immunotherapy outcomes.
Unfortunately, the use of posttranslational modifications to
modulate immunity has not been extensively studied (22).
KDM5B functions as a repressor by catalyzing demethylation of
H3K4me3 modifications in target gene regions. Although the
demethylation activity of KDM5B has been well demonstrated
clinically, its significance in the regulation of host immunity
has rarely been investigated. Accordingly, KDM5 inhibitors are
potentially efficacious in the context of cancer stem cells and
drug tolerance heterogeneity (37, 38). Our present study
showed that KDM5B participated in epigenetic modification
of chemokine expression as a strategy for enhancing tumor
immunogenicity.

We also investigated individual or combined blockade of
immunomodulatory molecules B7-H4 and KDM5B for enhanc-
ing tumor immunogenicity.NSGmicepermittedboth the transfer
of T cells and the grafting of human tumors, thereby allowing the
rapid progression of subcutaneous tumors. However, the use of
this model is debated due to limitations associated with robust
alloreactivity. In our investigations, we used allogeneic T cells.
Both anti–B7-H4 and CPI-455, as single agents, controlled
allogeneic tumors, and their combined use did not consistently
produce better results. This notion can be demonstrated by
ESCC PDXs used in more sophisticated reconstitution models
involving the repopulation of mice with mature lymphocytes
or CD34þ cells that can differentiate into lymphocytes, fol-
lowed by the tracking of xenograft fate under different treat-
ment regimens. Within this study's limited scope, we found
that concurrent or sequential combined administration of
anti–B7-H4 and CPI-455 did not differ significantly from that
with monotherapy in generating an antitumor response, which
suggests that the efficacy of the combined treatment needs
to be optimized. Although we observed modest responses to
monotherapy, multiple doses of CPI-455 were beneficial when
used with anti–B7-H4 in the phased regimen. Specifically, the
extended phased regimen using CPI-455 at a higher dose
increased complete response by approximately 2-fold, and
these constituted long-lasting remissions, as the mice remained
tumor free after total regression. These results suggest the
importance of evaluating different treatment combinations and
regimens to identify synergistic or antagonistic effects. Our
demonstration of delayed tumor growth following individual
or combined administration of antibodies supports their con-
tinued development in ongoing clinical trials (NCT02437136
and NCT02546986).

Whether neutralization of B7-H4 andKDM5B results in similar
types of immune impairment or differential effects on T-cell
function remains unknown. The respective roles of these proteins
are nonredundant, and their pattern of coexpression results in
reduced efficacy. This phenomenon was illustrated in this study
by the synergistic enhancement in tumor regression and reduction
in bacterial load following dual blockade relative to the results
following monotherapies. In addition, the simultaneous neutral-
ization of B7-H4 and KDM5B did not significantly improve T-cell
proliferation or lymphocyte trafficking compared with those
obtained via blocking of B7-H4 or KDM5B alone. Therefore, the
neutralization of different immunoregulatory factors triggers a
differential restoration of immunity, indicating that synergistic
effects might be characteristic of only specific cytokines. We
suggested that targeting of B7-H4 enhanced tumor immunoge-
nicity by preferentially boosting T-cell expansion, division, and
development. Therefore, anti–B7-H4 therapy worked at the cel-
lular level to enhance effective CTL-mediated killing of infected
cells. By contrast, KDM5Bneutralization altered the tumormicro-
environment by favoring the attraction and accumulation of
lymphocytes in the tumor bed, thereby "waking up" the T cells
in the tumor and activating and sensitizing the immune system to
respond to immunotherapy (Fig. 7B). Our results highlight the
biological significance of B7-H4– and KDM5B-related pathways
involved at various levels in lymphocytes during P. gingivalis
infection.
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