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(Fig. 2A). The baseline of NK-cell infiltration was lower (5%–

10%). However, when NOX-A12 was added to the spheroids, the
NK-cell infiltration rate increased up to 8-fold (Fig. 2B).

To analyze whether enhanced T-cell infiltration would boost
the efficacy of checkpoint inhibition, we used a bioluminescent
PD-1/PD-L1 blockade reporter bioassay that we have adapted to

Figure 1.

Effect of NOX-A12 treatment on immune-cell infiltration into tumor–stroma spheroids. Spheroids consisting of CXCL12-expressing MS-5 stromal cells and
PSN-1 pancreatic adenocarcinoma cells were generated. Peripheral blood mononuclear cells (A) or isolated primary human pan T cells (B–D) were added to
the spheroids in the presence of various concentrations of NOX-A12. The next day, immune cell infiltration was quantified by flow cytometry (A, B). Alternatively,
spheroids were paraffin-embedded for H&E or immunostaining (C, D). The tumor cell marker PanCK (pan-cytokeratin) revealed a homogeneous distribution
of stromal and tumor cells in the spheroid which colocalized with the presence of CXCL12 (C). NOX-A12 increased the amount of CD3þ T cells (brown spots)
in both tumor–stroma spheroid models (PSN-1 and HT-29). Bar graphs indicate the numbers of CD3þ T cells (mean � SD) in sections of three different
spheroids per group, counted by three individual analysts (D). Data are representative of three or more independent experiments.
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the 3D format by generating spheroids consisting ofMS-5 stromal
cells with the CHOPD-L1 cancer cell line. JurkatPD-1/luc T cells were
incubated with these spheroids in the presence or absence of
NOX-A12. As expected, we found increased T-cell infiltration after
CXCL12 inhibition by 10 nmol/L NOX-A12, whereas anti–PD-1

treatment did not influence T-cell trafficking (Fig. 3A). Macro-
scopically, enhanced T-cell migration into the spheroids was
suggested by a reduced number of surrounding T cells (Fig.
3B). NOX-A12 treatment alone dose-dependently increased Jur-
kat T-cell activation, whereas the effect of treatmentwith anti–PD-

Figure 2.

NOX-A12 increases NK- and T-cell infiltration in various tumor–stroma spheroid models. Spheroids composed of MS-5 stromal cells and various cancer cell
lines (PSN-1 pancreatic ductal adenocarcinoma, HT-29 colorectal carcinoma, H1299 non–small cell lung cancer, and U251MG glioblastoma) were treated with
various concentrations of NOX-A12 and exposed to isolated primary human T cells (A) or NK cells (B) from healthy donors. After incubation overnight, infiltrated
lymphocytes were quantified by flow cytometry. Results indicate immune cell infiltration relative to input cell counts representing the mean � SD values of
triplicates. Data are representative of three or more independent experiments. �, P < 0.05; �� , P < 0.01; ��� , P < 0.001.

Figure 3.

NOX-A12 synergizes with PD-1
checkpoint inhibition in vitro. A
reporter-based PD-1/PD-L1 blockade
bioassay was adapted to the 3D
format: Spheroids consisting of MS-5
stromal cells and CHOPD-L1 cancer cells
were incubated with NOX-A12 and
exposed to JurkatPD-1/luc T cells in the
presence or absence of anti–PD-1
antibody. The next day, T-cell
infiltration was quantified by flow
cytometry (A) and visualized by light
microscopy (B). T-cell activation was
quantified by incubating the spheroids
with BioGlo substrate (C). T-cell
activation (relative luminescence) was
normalized to untreated spheroids.
The mean� SD values of triplicates are
shown. Data are representative of
three independent experiments.
Combination index below 1 indicating
synergy was calculated using
CompuSyn software. � , P < 0.05;
�� , P < 0.01; ��� , P < 0.001.

CXCL12 Inhibition Synergizes with PD-1 Checkpoint Inhibition

www.aacrjournals.org Cancer Immunol Res; 5(11) November 2017 953

on March 26, 2019. © 2017 American Association for Cancer Research. cancerimmunolres.aacrjournals.org Downloaded from 

Published OnlineFirst September 28, 2017; DOI: 10.1158/2326-6066.CIR-16-0303 

http://cancerimmunolres.aacrjournals.org/


1 alone was rather weak. This is likely due to the fact that most of
the T cells were located outside the anti–PD-1-treated spheroid
whereas NOX-A12 facilitated the physical contact between effec-
tor and target. Consequently, the combination of anti–PD-1 with
NOX-A12 synergistically increased T-cell activation (Fig. 3C),with
a combination index of 0.001 (14).

The in vivo efficacy of NOX-A12/anti–PD-1 combination treat-
ment was assessed in the murine syngeneic CT-26 colon cancer
model. Mice treated with anti–PD-1 alone showed a nonsignif-
icant reduction in tumor growthbyday20 (P¼0.104)withonly 2
out of 8mice responding (Fig. 4A and B).NOX-A12monotherapy
did not significantly reduce tumor growth (P¼ 0.564 vs. vehicle).
However, when NOX-A12 treatment was combined with anti–
PD-1 treatment, efficacy was enhanced with significantly reduced
tumor volumes compared with either vehicle (P ¼ 0.002) or
anti–PD-1 monotherapy (P¼ 0.024). In fact, in this group, 5 of 8
mice responded to the treatment (Fig. 4A and B). The experiment
was repeated at another independent contract research organiza-
tion (Oncodesign) with similar results. This result confirms
the potential of CXCL12-inhibition to enhance the efficacy of
anti–PD-1 treatment.

Discussion
The success of immune checkpoint inhibitors in a subset of

cancer patients has raised interest in combining these therapies
with other agents to broaden their applicability (4, 15). Check-
point inhibitors are only able to unleash antitumor T-cell
responses in an immunogenic TME. Therefore, turning an
immunosuppressive tumor into an immunogenic tumor is
necessary for successful cancer immunotherapy (2). Several
combination therapies have been proposed that combine
checkpoint inhibitors with other checkpoint inhibitors, inhi-
bitors of suppressive metabolites, vaccines, targeted therapies,
cytotoxics, and/or radiotherapy (16). Manipulation of T-cell
trafficking into the tumor has rarely been addressed (3). Here,
we provide evidence for the use of the CXCL12 inhibitor NOX-
A12 to improve checkpoint inhibitor efficacy by enhancing
T- and NK-cell migration into the tumor.

We used tumor–stroma spheroids in order to assess immune-
cell infiltration. This approach allows a quantitative assessment of
immune cell trafficking by flow cytometry. A similar spheroid
model was used previously to evaluate NK-cell infiltration (17);
however, we included CXCL12-expressing stromal cells in our

Figure 4.

NOX-A12 synergizes with PD-1 checkpoint inhibition in vivo. Mice were subcutaneously inoculated with CT-26 colon cancer cells. Treatment with NOX-A12
(20 mg/kg s.c., every other day) and anti–PD-1 (10 mg/kg i.p. twice weekly) was initiated at days 5 and 7, respectively. A, Mean tumor volumes (� SEM, n ¼ 8 per
group) of mice treated with vehicle (black squares), anti–PD-1 (green crosses), NOX-A12 (blue diamonds), or anti–PD-1/NOX-A12 combination (red circles).
� , P < 0.05. B, Tumor volumes of individual mice prior to anti–PD-1 treatment (day 7) and at the end of experiment (day 20). Mice with stable or reduced tumor
volumes below 200 mm3 were considered as responders. The experiment was repeated at another independent contract research organization (Oncodesign,
Dijon, FR) with similar results.
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tumor spheroids to investigate the role of this chemokine in
immune cell trafficking. We assessed immune cell infiltration by
all main components of PBMCs and observed that CXCL12
inhibition enhanced infiltration of CD8þ T cells, CD4þ T cells,
andNK cells, and to a lesser extent Treg andB cells into the tumor–
stroma spheroids. We found that NOX-A12, which facilitates
physical contact of T cells with their targets by inhibiting CXCL12,
complements checkpoint inhibition and thus synergized with
anti–PD-1 in the spheroid model.

The synergy of anti–PD-1 with NOX-A12 was corroborated
in vivo, thus validating our spheroid approach. The CT-26 model
was chosen because it contains cancer-associated fibroblasts
which contribute to tumor growth (18) and is not controlled by
anti–PD-1 treatment. The improved efficacy of anti–PD-1 therapy
when delivered in combination with NOX-A12 is comparable
with the results reported for combined PD-1 and CTLA-4 check-
point inhibition in this model (19). The combined checkpoint
inhibitor approach has been translated into the clinic, but is
associated with increased toxicity (20). A combination of
NOX-A12 with checkpoint inhibitors may thus improve cancer
immunotherapy (21) due to both itsmode of action and the good
safety profile seen so far for other NOX-A12 combinations in
clinical trials (12, 13).

NOX-A12 dose dependently increased immune cell infiltration
up to a point. At very high NOX-A12 concentrations, fewer
lymphocytes were observed in the spheroids. Of note, NOX-
A12 did not alter the spheroid composition of cell types, as we
have not observed any toxicity or viability decrease of tumor,
stroma, or immune cells in the presence of high NOX-A12 con-
centrations in vitro. The eventual decrease of immune cell infil-
tration could thus be explained by the nonlinear effects of
CXCL12, which attracts T cells at low to intermediate concentra-
tions but repels them at high concentrations (22–24). We there-
fore hypothesize that by partially neutralizing CXCL12 in the
outer areas, NOX-A12 generates a CXCL12 gradient within the
spheroid which immune cells can follow, whereas at high NOX-
A12 concentrations, all CXCL12 is blocked and therefore less
migration occurs. The generation of CXCL12 gradients that lead
into the dense tumor structure differentiates agents that directly
target CXCL12 from CXCR4 antagonists that may enhance T-cell
infiltration particularly in cases of high local CXCL12 concentra-
tions (6, 25). On the contrary, the generation of chemotactic
gradients by CXCL12-neutralizing agents may enhance T-cell
infiltration into tumors for which the CXCL12 expression level
is low enough to attract T cells but too homogeneous to give a
directional clue to the lymphocytes. Clinical development of

NOX-A12 as an inhibitor of CXCL12 is running concurrently
with clinical development of various antagonists of the receptor
CXCR4.

In conclusion, we have shown in vitro and in an animal model
that inhibition of CXCL12 by NOX-A12 can help to overcome
the resistance to anti–PD-1 treatment. We anticipate that this
concept can also be extended to inhibition of other checkpoints
such as CTLA-4, TIM-3, and LAG-3, because NOX-A12 appears to
break through the immune-privileged status of the TME, thereby
paving the way for T-cell migration into the tumor. Considering
NOX-A12 enhanced infiltration by not only T cells but also NK
cells, which mediate antibody-dependent cellular cytotoxicity, a
combination therapy that includes antibodies targeting immune
checkpoints on cancer cells (e.g., PD-L1) seems reasonable.
Furthermore, NOX-A12 has the potential to increase the efficacy
of a variety of immuno-oncology approaches, including tumor
vaccines, bispecific T-cell–engaging antibodies or modified
immune cells, such as CAR-T and CAR-NK cells or TCR-modified
T cells. A phase I/II clinical trial is currently ongoing to study the
effects of combining NOX-A12 and anti–PD-1 treatment in
patients with late-line colorectal cancer and pancreatic ductal
adenocarcinoma (NCT03168139).
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