
Research Article

Inhibition of host NOX1 blocks tumor growth and
enhances checkpoint inhibitor–based immunotherapy
Jimmy Stalin1,2 , Sarah Garrido-Urbani1, Freddy Heitz3, Cédric Szyndralewiez3, Stephane Jemelin1, Oriana Coquoz2,
Curzio Ruegg2,* , Beat A Imhof1,4,*

NADPH oxidases catalyze the production of reactive oxygen species
and are involved in physio/pathological processes. NOX1 is highly
expressed in colon cancer and promotes tumor growth. To in-
vestigate the efficacy of NOX1 inhibition as an anticancer strategy,
tumors were grown in immunocompetent, immunodeficient, or
NOX1-deficient mice and treated with the novel NOX1-selective in-
hibitor GKT771. GKT771 reduced tumor growth, lymph/angiogenesis,
recruited proinflammatory macrophages, and natural killer T lym-
phocytes to the tumor microenvironment. GKT771 treatment was
ineffective in immunodeficient mice bearing tumors regardless of
their NOX-expressing status. Genetic ablation of host NOX1 also
suppressed tumor growth. Combined treatment with the checkpoint
inhibitor anti-PD1 antibody had a greater inhibitory effect on colon
carcinoma growth than each compound alone. In conclusion, GKT771
suppressed tumor growth by inhibiting angiogenesis and enhancing
the recruitment of immune cells. The antitumor activity of GKT771
requires an intact immune system and enhances anti-PD1 antibody
activity. Based on these results, we propose blocking of NOX1 by
GKT771 as a potential novel therapeutic strategy to treat colorectal
cancer, particularly in combination with checkpoint inhibition.
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Introduction

Colorectal carcinoma is the second leading cause of cancer-related
mortality in developed countries (1). Surgical resection is currently
the treatment of choice. However, ~30% of node-positive patients
develop local recurrence or distant metastasis within 5 yr of surgery
and die of the disease (2). Dysregulated expression of proin-
flammatory cytokines and growth factors contributes to the devel-
opment of colorectal tumors and tumor progression by stimulating
tumor angiogenesis and recruiting tumor-promoting immune cells.
The release of proinflammatory cytokines in response to surgery
further promotes tumor progression (3). Tumor angiogenesis, that is,

the de novo formation of tumor-associated vessels, is crucial for
tumor progression, whereas in the absence of angiogenesis, tumors
remain dormant as microscopic dormant lesions that can persist for
years (4). In addition to tumor cells, stromal cells and immune cells,
including bonemarrow–derivedmonocytes can induce angiogenesis
through a process called angiogenic switch. This is the result of an
imbalance in the production of pro- versus anti-angiogenic factors,
eventually leading to the sprouting of activated endothelial cells
from the preexisting, quiescent vasculature (5, 6). Many angiogenic
factors (e.g., VEGF and FGF) and their receptors (e.g., VEGFR-2 and FGF-
Rs) have been identified as therapeutic targets, and inhibitors of
these molecules (e.g., bevacizumab and sunitinib) are currently in
clinical use or under development as novel anti-angiogenic agents to
suppress cancer progression (7).

NADPH oxidases (NOXs) catalyze the production of reactive oxygen
species (ROS). ROS are involved in different physiological and
pathological processes, including cancer, and their effect depends
on concentration and cellular localization (8). The NOX family of
enzymes, which comprises seven isoforms (NOX1, NOX2, NOX3, NOX4,
NOX5, DUOX1, and DUOX2), transports electrons across the cell
membrane during the production of superoxide through the re-
duction of oxygen (9). NOX enzymes play a major role in numerous
cellular processes such as apoptosis, host defense against patho-
gens, intracellular signal transduction, and angiogenesis (10). NOX1,
NOX2, and NOX4 expression in cancer cells promotes tumor growth
and metastasis in several cancers, including melanoma, gastric,
pancreatic, and colon tumors (11). The NOX1 isoform is up-regulated
in colon cancer (12), and its overexpression correlates with in-
flammation rather than tumorigenesis (13, 14). NOX1 is highly
expressed in colon cancer cell lines and promotes proliferation
(15). Small hairpin RNA-mediated NOX1 silencing suppresses tumor
growth in mouse models of colon cancer, and inhibition of NOX
activity with pharmacological pan-NOX inhibitors decreases cancer
cell proliferation without inducing apoptosis (16, 17).

NOX1 is expressed in epithelial cells, pericytes, endothelial cells,
vascular smooth muscle cells, and immune cells (18, 19, 20, 21).
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However, the role of NOX1 in tumor-associated immune cells remains
to be fully characterized. NOX1/2 KO mice show an enhanced
proinflammatory macrophage signature and increased frequency of
M1 proinflammatory macrophages in tumors growing in these mice
(22). Whether this effect is mediated directly and exclusively by NOX1
remains unclear. Furthermore, in the aortic sinus of diabetic ApoE−/−
mice, NOX1-derived ROS promote macrophage accumulation and
inflammation, suggesting that NOX1 modulates macrophage re-
cruitment and may contribute to vascular pathologies (23).

NOX1 is involved in immune-related disorders or immune cell
regulation. NOX1 is up-regulated in blood vessels in an in vivo
model of hypertension and is overexpressed in the atherosclerotic
plaque of patients with cardiovascular diseases or with established
diabetes mellitus (24). These reports are consistent with the ob-
servations that combined inhibition of NOX1 and NOX4 with
pharmacological inhibitors in mice leads to dose-dependent athe-
roprotection (25). Taken together, these findings suggest that NOX1 is a
promising therapeutic target for the management of immune/
inflammatory events in cancer and vascular pathologies.

Here, we show that GKT771, a novel, potent, and highly selective
pharmacological inhibitor of NOX1, or genetic deletion of NOX1 inmice
reduced tumor growth in preclinical models of colorectal cancer and
melanoma in immunocompetent mice. NOX1 inhibition decreased
tumor angiogenesis and lymphangiogenesis and modulated the
composition of tumor-associated immune cells in colorectal cancer
by promoting the recruitment of immune/inflammatory cells con-
sistent with the observed decrease in tumor growth. The immu-
nostimulatory function of GKT771 was essential for its antitumor
activity and combination treatment with GKT771, and anti-PD1 anti-
body showed enhanced inhibition of tumor growth.

Results

GKT771 inhibits tumor growth, angiogenesis, and
lymphangiogenesis in MC38-derived colon carcinoma

We and others previously showed that broad-spectrum NOX in-
hibitors targeting several NOX isoforms decrease the growth of ex-
perimental tumors (16, 17). However, because of the lack of specificity
of the currently available inhibitors, the contribution of each indi-
vidual NOX isoform to tumor growth and progression remains un-
determined. A potent and highly selective NOX1 inhibitor (GKT771) has
been developed by GenKyoTex. As shown in Fig S1A, GKT771 inhibits
NOX1 with an inhibitory constant Ki of 60 ± 6 nM. It is highly selective
over NOX4 (Ki = 4,000 ± 400 nM) and is inactive against all other NOX
isoforms. Moreover, GKT771 shows to be inactive on all counterscreen
assays, including xanthine oxidase, glucose oxidase, and scavenging
assays (data not shown). Together with the availability of NOX1-
deficient mice, GKT771 provides a unique opportunity to investigate
selective NOX1 inhibition as a potential anticancer strategy. To this
end, we used two syngeneic tumor models based on MC38 colon
carcinoma and B16-F10 mouse melanoma subcutaneously trans-
planted into immunocompetent C57/BL6 animals. In these two
models, NOX1 and NOX4 expression was different among the cell
lines and conditions: NOX1 expressionwas higher in B16F10 cells both
in vitro and in vivo, whereas NOX4 expression was higher in MC38

cells in vitro but similar to B16F10 in vivo (Fig S1A and 1B). When tumor
size reached approximately 50mm3, mice were randomly assigned to
five groups and treated by oral gavage with the NOX1-specific in-
hibitor GKT771, the broad-spectrum inhibitor GKT831, or the anti–
VEGFR-2 blocking antibody DC101. Treatment with the specific
inhibitor GKT771 suppressed MC38 and B16-F10 tumor growth com-
pared with vehicle (VL) alone (Figs 1A and B, and S1C). Treatment with
the previously available NOX1/NOX4 inhibitor GKT831 also sup-
pressed B16-F10 tumor growth, whereas it had only a weak effect on
MC38 tumors (Figs 1A and 1B, and S1D). Anti-angiogenic treatment
with the DC101 antibody also decreased tumor growth (Fig 1A).

Because NOXs regulate tumor angiogenesis (13, 15, 24), the number
of blood vascular and lymphatic endothelial cells was quantified in
tumor cell suspensions by flow cytometry in the CD45-negative cell
fraction using antibodies against CD31 and GP38 (Fig S1E). The GKT771
inhibitor and DC101 antibody reduced the number of CD45−/CD31+/
GP38− blood vascular and CD45−/CD31+/GP38+ lymphatic endothelial
cells (Fig 1C and D). Combined GKT771/DC101 treatment showed
marginal additive effects over treatment with GKT771 alone.

GKT771 inhibits endothelial cell proliferation and angiogenesis
directly and indirectly

Angiogenesis of tumor blood or lymphatic vessels can be inhibited
directly by affecting endothelial cells or indirectly through the
modulation of pro-angiogenic factors produced by tumor cells or
cells of themicroenvironment. To determinewhether NOX1 inhibition
acts via direct or indirect pathways, the effect of GKT771 was first
tested using an ex vivo aortic ring angiogenesis assay. Both NOX1 and
dual NOX1/4 inhibitors significantly decreased the branching area of
sprouting vessels, a surrogate parameter for angiogenesis (Fig 1E).
This result is consistent with a direct effect on endothelial cells. To
test whether GKT771 also inhibits angiogenesis in vivo, a Matrigel plug
assay was performed by injecting bFGF-loaded Matrigel sub-
cutaneously. At 1 wk after injection, de novo blood vessels were
detected by in vivo staining of blood vessels with FITC-lectin and
monitoring fluorescence in plug sections. Treatment with GKT771
significantly decreased the vascularization of plugs (Fig 1F).

To examine the anti-angiogenic mechanism of GKT771, its po-
tential direct effect on endothelial cell proliferation was tested.
Assessment of BrdU incorporation in cultured mouse primary lung
microvascular endothelial cells (mMVEC-L) treated with GKT771
showed significant inhibition of cell growth in a concentration-
dependent manner (Fig 1G). To determine whether NOX inhibitors
could block angiogenesis indirectly by decreasing the production of
pro-angiogenic factors, we measured VEGF-A and PLGF (Placental
Growth Factor) levels by ELISA in the plasma of tumor-bearing mice
and in the supernatant of cancer cells treated in vitro with NOX
inhibitors. The results showed that both GKT771 and GKT831 de-
creased the plasma concentration of VEGF-A and PLGF in MC38 and
B16-F10 tumor-bearing mice (Figs 1H and S1F). NOX inhibitors also
decreased the secretion of VEGF-A and PLGF by MC38 and B16-F10
cancer cells in vitro (Fig 1H). DC101 treatment in vivo increased the
levels of both vascular growth factors, consistent with a positive
adaptive response (Fig S1G). Treatment with GKT771 also decreased
the concentration of the lymphangiogenic factor VEGF-C in the
plasma of tumor-bearingmice (Fig 1I). GKT771 and GKT831 significantly
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inhibited lymphatic endothelial cell growth in a dose-dependent
manner (Fig 1J) and significantly inhibited cell proliferation by ap-
proximately 20% at 10 μM (Fig 1K). The wide-spectrum NOX/DUOX
inhibitor DPI served as a positive control. The inhibitory effects
correlated with an increased number of dead cells (Fig S1H). However,
analysis of VEGF-A mRNA expression in cancer cells treated in vitro
with GKT771 or GKT831 showed no decrease in expression. In contrast,
VEGF-A mRNA measurement in tumors treated in vivo with GKT771
showed a trend towards decreased levels (data not shown). This
suggests that the decrease of VEGF-A in supernatant and mouse
plasma is related to a decreased cell proliferation in vitro and a
decreased tumor growth in vivo.

Taken together, these results indicate that the specific NOX1 in-
hibitor GKT771 suppressed tumor growth and blocked angiogenesis
and lymphangiogenesis in melanoma and colorectal syngeneic
cancer models. These effects were mediated by decreased pro-
duction of angiogenic factors by cancer cells and direct inhibition of
endothelial cell proliferation and sprouting.

GKT771 inhibits growth of MC38 colon carcinoma and B16F10
melanoma tumors in a clinically relevant model

Starting treatment at 50 mm3 tumor size may overestimate the
potential effects on larger tumors. We, therefore, repeated ex-
periments with GKT771 by starting treatment at tumor sizes of
around 200 mm3, for both MC38 and B16F10 tumor models, which
can be considered more representative of tumors in clinical set-
tings. Mice were treated during 4 d compared with 10 d in the
previous protocol. Under these new experimental conditions, the 4-d
GKT771 treatments inhibited tumor growth (measured as tumor
volume and tumor weight at the end of the experiment) by 35% for
MC38 (Fig 1L and M) and 50% for B16F10 (Fig S1I and J).

These results indicate that GKT771 is efficient in inhibiting growth
of well-established tumors, as it is the case in clinical situations.

NOX1-deficient mice show reduced angiogenesis and do not
respond to GKT771

To determine the involvement of NOX1 endogenously expressed by
host cells in promoting tumor growth, B16-F10 and MC38 cancer
cells were transplanted into wild-type (WT) or NOX1-deficient mice,

followed by treatment with GKT771. Both tumors grew at a slower
rate in NOX1 KO mice compared with WT mice (Figs 2A and S2A).
GKT771 treatment had no additional antitumor effects in NOX1 KO
mice (Figs 2B and S2B).

To confirm the antitumor properties of GKT771, the direct effect
of the compounds on tumor cells was tested in vitro. The two
inhibitors decreased the proliferation of MC38 colon and B16-F10
melanoma cancer cells without affecting cell viability (data not
shown). This was consistent with previous reports showing that
inhibition of NOXs leads to decreased cancer cell proliferation
without inducing apoptosis (17). These results confirmed that
GKT771 is a specific inhibitor of host NOX1 and displays minor
effects on cancer cell viability.

By contrast, the anti-VEGFR-2 antibody DC101 decreased tumor
growth, and the effect was significantly stronger in NOX1-deficient
mice than in WT mice (Fig 2C and D). This suggests that VEGFR-2 and
NOX1 promote tumor growth through different mechanisms of
action. Quantification of endothelial cells in MC38 tumors in NOX1-
deficient mice showed significantly lower numbers of CD31+GP38−

blood vascular and CD31+GP38+ lymphatic endothelial cells in
NOX1-deficient mice compared with WT mice (Fig 2E).

To directly test the angiogenic potential of host NOX1, an ex vivo
aortic ring assay was performed by comparing the branching area
of rings derived from WT and NOX1-deficient mice treated in vitro
with GKT771 or vehicle only (control DMSO). The results showed that
the branching area of aortic rings was smaller in NOX1-deficient
mice compared with WT mice and GKT771 inhibited the branching
area of aortic rings in WT mice, whereas it had no effect on NOX1-
deficient mice (Fig 2F).

To determine whether the reduced angiogenic potential in
NOX1-deficient mice was caused by a general decrease in the
number of endothelial cells or a specific angiogenic deficit, we
first determined the number of endothelial cells in lungs and
MC38 tumors in WT and NOX1 KO mice by flow cytometry. The
numbers of blood vascular (CD45−/CD31+/GP38−) and lymphatic
endothelial (CD45−/CD31+/GP38+) cells were significantly lower in
tumors from NOX1-deficient mice than in those from WT mice.
Such a difference was not observed in the lungs of the same
animals (Figs 2G and H, and S2C and D). The number of CD45+/
CD11b+/F4-80+ activated macrophages in lungs and tumors of
NOX1-deficient and WT mice remained unchanged (Fig 2I).

Figure 1. GKT771 inhibits MC38 colon carcinoma tumor growth by targeting angiogenesis and lymphangiogenesis.
Mice with established MC38 tumors were treated with GKT771 (NOX1 inhibitor, n = 12), GKT831 (NOX1/4 inhibitor, n = 12), DC101 (anti–VEGFR-2 antibody, n = 6), and
the corresponding IgG (n = 9) or vehicle (VI) (n = 14). (A) Tumor size was measured in vivo using a caliper (D-0 to D-15) every 5 d. (B) Tumor size and mass were measured ex
vivo at the end of the experiment at day 15. (C, D) Tumors from each mouse were isolated, and blood vascular endothelial cells (CD45−/CD31+/GP38−) and
lymphatic endothelial cells (CD45−/CD31+/GP38+) were analyzed by flow cytometry. The percentages of blood vascular cells (C) and lymphatic endothelial cells (D) in the
differently treated groups are shown. (E) Aortic rings from C57/BL6 mice were stimulated with mouse rVEGF-A in the presence of GKT771 or GKT831 (1 or 10 μM) and
compared with the vehicle DMSO-treated group as the negative control (n = 7) (0). Images show the rings with vascular branches and the graph shows the results of
quantification of the branching area (right). (F) Vascularization in angioreactors as assessed by the FITC-lectin detection system. Mice implanted with angioreactors
premixed with (VL, GKT771) or without (Sham) angiogenic-modulating factors were treated with vehicle (Sham, VL) or GKT771 at 1 and 3 mg/kg/d for 15 d (n = 12).
(G) Inhibition of cell proliferation in VEGF-treatedmMVEC-L cells. Concentration-dependent inhibition of cell proliferation by GKT771 inmMVEC-L cells treated with VEGF (20
ng/ml) for 24 h. Data represent the results from three experiments expressed as the mean ± SD of percentages of the controls (without VEGF treatment). Statistical
analysis was performed using the unpaired t test *P < 0.05. Scale bars were added in the aortic ring images by using Image J software. White scale bar have a size
of 1,000 μm. (H) Plasma of mice bearing MC38 tumors and the supernatants of MC38 cancer cells in culture were collected after GKT771, GKT981, or vehicle
treatment and VEGF-A or PLGF was quantified by ELISA. (I) Quantification of VEGF-C in the plasma of mice bearing MC38 tumors after treatment with GKT771 or vehicle.
(J) Proliferation of lymphatic endothelial LyEnd.1 cells in the presence of graded concentrations of GKT771 or GKT981. (K) Inhibition of LyEnd.1 cell proliferation in
the presence of 10 μM GKT771, 10 μM GKT831, or 10 μM of the broad-spectrum NOX inhibitor DPI. Mice with established MC38 tumors were treated at 200 mm3 with GKT771
(NOX1 inhibitor, n = 10) vehicle (VI) (n = 10). (L, M) Tumor size were measured in vivo using a caliper (D-0 to D-15) (L), and tumor mass was measured ex vivo at the end of the
experiment at day 15 (M).
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Figure 2. NOX1-deficient mice do not respond to GKT771 and exhibit reduced tumor growth, angiogenesis, and lymphangiogenesis.
C57/BL6 and NOX1-deficient mice with established MC38 tumors were treated with GKT771 (n = 11), DC101 (n = 6), rat IgG (n = 6), or vehicle (n = 13). (A, B) Tumor size
was measured in vivo using a caliper (D-0 to D-15) every 5 d. (C, D) Tumor size and mass were measured ex vivo at the end of the experiment. (E) Tumors from C57/BL6
and NOX1-deficient mice were isolated, and blood vascular endothelial cells (CD45−/CD31+/GP38−) and lymphatic endothelial cells (CD45−/CD31+/GP38+) were
analyzed by flow cytometry (n = 13 and n = 11, respectively). The percentages of blood vascular cells and lymphatic endothelial cells in WT and KOmice are shown. (F) Aortic
rings from WT and NOX1-deficient mice were stimulated with mouse rVEGF-A and exposed to GKT771 or DMSO as the negative control (n = 7). Branching areas were
quantified and graphed. (G–I) Absolute numbers of blood endothelial cells (CD45−/CD31+/GP38−) (G), lymphatic endothelial cells (CD45−/CD31+/GP38+), (H) and
macrophages (CD45+/CD11b+/F4-80+) in lungs and tumors (I) were determined after sorting by cytometry fromWT or KOmice (n = 4). (J–L) Plasma of WT and KOmice bearing
MC38 tumors treated with GKT771 or DMSO was used to quantify VEGF-A (J), PLGF (K), and VEGF-C (L) by ELISA.
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The angiogenic components of the host environment were further
investigated by determining the plasma concentrations of the an-
giogenic factors VEGF-A and PLGF in NOX1-deficient versus WT mice
bearing MC38 or B16F-10 tumors. The results showed that the con-
centrations of both factors were lower in NOX1 KO than in WT tumor
mice. Treatment with GKT771 had no further effect in NOX1-deficient
animals (Figs 2J and K, and S2E). Plasma VEGF-Cwas also decreased in
NOX1-deficient versus WT MC38 tumor-bearing mice (Fig 2L).

Taken together, these results suggest that host NOX1 contributes
to tumor growth, angiogenesis, and lymphangiogenesis. NOX1 de-
ficiency affects tumor angiogenesis but not developmental angio-
genesis and macrophages in healthy organs. Therefore, host NOX1
emerges as an attractive target for antitumor treatment.

Host macrophages are not a main target for GKT771 antitumor
effects

The macrophage signatures in NOX1/2 double KO mouse tumors
differ from those in WT mice (22). Although no changes in total
macrophage counts were observed in NOX1 KO animals, considering
their angiogenic potential, we nevertheless investigated whether
GKT771 treatment affected the phenotype of macrophages in tumors.
FACS analysis of CD45+ cells harvested from dissociated MC38

colorectal tumors detected a slight but significant increase of MHC
class II+/Ly6C+, type I inflammatory macrophages (Fig 3A). DC101
treatment substantially increased the number of inflammatory
macrophages in tumors, which nearly doubled in response to
combination treatment with GKT771. However, GKT771 or DC101 alone
or in combination did not affect the ratio of mature (CD45+/CD11b+/
F4-80+) and immature (CD45+/CD11b+/F4-80−) macrophages or the
frequency of total–tumor-associated macrophage (TAM) populations
(CD45+/CD11b+/CD68+/F4-80+ and CD45+/CD11b+/CD68+/F4-80−) (Fig
3B and C).

To determine whether inflammatory macrophages are essential
for the antitumor effect of GKT771, the macrophage population was
depleted in C57Bl6/J mice using clodronate liposomes (26).
Clodronate treatment started before the grafting of MC38 carci-
noma cells and continued through the entire experimental period.
When tumors reached 50 mm3 in volume, the mice were treated
with GKT771 or vehicle alone. The results showed that depletion of
macrophages had no effect on the antitumor activity of GKT771 (Fig
3D–F).

These results indicate that NOX1 inhibition increases the
number of MHC class II+/Ly6C+ proinflammatory macrophages in
tumors, but this increase is not essential for the antitumor effect
of GKT771.

Figure 3. GKT771 increases proinflammatory macrophages in tumors, although they are not essential for its antitumor effect.
(A–C) MC38 tumors from C57/BL6 mice were excised and proinflammatory TAM (CD45+/MHC2+/Ly6C+), total macrophages (CD45+/CD11b+/F4/80+), and TAM (CD45+/CD68+/
F4/80+) were stained with the corresponding antibodies and analyzed by flow cytometry (n = 11 for the vehicle, GKT771, and rat IgG groups and n = 6 for DC101 and
DC101+GKT771 groups). The percentages of proinflammatory TAM (A), total macrophages (B), and TAM (C) from the differently treated groups of animals are shown.
(D) C57/BL6 mice were treated with clodronate liposomes before tumor cell engraftment. When tumors were established, the mice were treated with GKT771 (n = 10 mice
per group) and the size of tumors was measured with a caliper. (E, F) Tumor size and mass were measured ex vivo at the end of the experiment.

NOX1 inhibition suppresses tumor growth Stalin et al. https://doi.org/10.26508/lsa.201800265 vol 2 | no 4 | e201800265 6 of 16

https://doi.org/10.26508/lsa.201800265


The immune system contributes to the antitumor effect of GKT771

To determine whether immune system cells other than macro-
phages contribute to the antitumor effect of GKT771, MC38 tumor
growth was examined in immunodeficient NOD SCID Gamma (NSG)
mice. These mice lack T and B lymphocytes and NK cells. GKT771
treatment had a minor and insignificant antitumor effect in these
animals (Fig 4A and B). To confirm that the antitumor effect of
GKT771 was not directly dependent on NOX1 expression in cancer
cells, we studied the effect of GKT771 on the growth of DLD1 and
LoVo cells, two human colon cancer cell lines expressing different
levels of NOX1 (Fig S3A), grafted onto NSG mice. Although GKT771
treatment did not decrease tumor growth in these immunodeficient
mice (Fig 4C–F), GKT771 suppressed cancer cell growth in vitro (Fig
S3B and C) without inducing cancer cell death (Fig S3D). As shown
for MC38 cells, the effect of GKT771 on DLD1 cell growth was dose
dependent (Fig S3E).

GKT771 treatment decreased the percentage of vascular endo-
thelial cells in DLD1 tumors (Fig 4G), whereas it had no effect on
lymphatic endothelial cells and macrophages (Fig 4H and I). The
total number of endothelial cells in the healthy lungs of NSG tumor-
bearing mice was comparable with that in immunocompetent mice
(Fig 4J–L).

Taken together, these results indicate that the host immune
system contributes substantially to the antitumor effect of GKT771,
whereas effects on angiogenesis and cancer cells do not or only
marginally contribute to decreasing tumor growth in these models.

GKT771 tumor blocking effects depend, at least in part, on
interferon γ activity

The cytokine IFN-γ produced by activated T lymphocytes is essential
for stimulating antitumor immunity (27, 28). We, therefore, in-
vestigated the effect of blocking IFN-γ on the antitumor effect of
GKT771. Immunocompetent, MC38 tumor-bearing mice were treated
with a blocking anti–IFN-γ antibody or GKT771 alone and in com-
bination. Analysis of the kinetics of MC38 tumor growth and tumor
size showed that anti–IFN-γ antibody treatment increased tumor
growth and partially reduced the antitumor effect of GKT771 (Fig 5A
and B). Similar results were obtained using NOX1 KO mice treated
with anti–IFN-γ antibody (Fig 5C).

Taken together, these results demonstrate that the effect of the
NOX1 inhibitor GKT771 on decreasing tumor growth is, at least in
part, dependent on IFN-γ.

GKT771 enhances the antitumor activity of the immune checkpoint
inhibitor anti–PD-1 antibody

Tumors possess the ability to turn off antitumor immunity by
decreasing the recruitment and activation of tumor-infiltrating
T-lymphocytes (TILs) and by changing their phenotype (29).
Moreover, anti-angiogenic drugs modulate tumor endothelial cells
by allowing differential infiltration and activation of immune cells,
thereby promoting antitumor immunity (30, 31). As NOX1 inhibition
increased tumor infiltration by inflammatory macrophages, we
tested the effect of GKT771 on TILs and tumor-associated natural
killer T cells (NKT) cells, two cell types with potent antitumor

activities (32, 33). FACS analysis of the effects of GKT771, DC101, and
combination thereof on immune cells infiltrating MC38 tumors,
showed that GKT771 treatment did not change the percentages of
CD4+ and CD8+ T cells or B lymphocytes, whereas DC101 antibody
treatment decreased CD4+ and increased CD8+ T cells (Fig 6A–C).
Both compounds increased the percentage of NKT cells when used
as single agents, whereas in combination, they had no additive
effects (Fig 6D).

Checkpoint blockade anti-PD1, anti–PD-L1, and anti-CTLA/4 an-
tibodies promote both CD4+ and CD8+ T cell activation (34). However,
their therapeutic efficacy is often limited, especially when used
alone (35). Their antitumor activity in vivo increases when used in
combination with drugs targeting tumor angiogenesis or other
pathways (30, 31, 36). We, therefore, combined GKT771 tumor
treatment with anti-PD1 antibody. This combination blocked MC38
tumor growth more efficiently than GKT771 or anti–PD-1 alone, and
two animals out of seven were rendered completely tumor free (Fig
6E and F).

To determine whether lymphocytes were responsible for the
tumor blocking effect, populations of TILs were analyzed in com-
bined and single drug-treated animals. Compared with GKT771,
anti–PD-1 antibody greatly increased the CD8+ T lymphocyte frac-
tion within TILs, resulting in a relative decrease in the numbers of
CD4+ T lymphocytes. This effect was maintained when anti–PD-1
antibody was combined with GKT771 (Fig 6G and H). In B lympho-
cytes, no relevant differences were detected in response to
monotherapy, whereas combination treatment drastically in-
creased the number of these cells (Fig 6I). Both compounds in-
creased NKT cells when used alone, and the combined treatment
potentiated this effect (Fig 6J). The same potentiating effect was
observed in inflammatory macrophages (Fig 6K) despite the effect
of PD-1 antibody treatment on decreasing TAM percentages in
tumors (Fig S4A and B). The potentiating effect of host NOX1 in-
hibition and anti–PD-1 antibody treatment on tumor growth was
confirmed in NOX1-deficient mice treated with anti–PD-1 antibody
(Fig 6L).

In conclusion, combination treatment with a NOX1 inhibitor and
anti-PD1 antibody was more effective for blocking tumor growth
than single agent therapy, and the effect was confirmed in NOX1-
deficient mice. Combined treatment was associated with increased
numbers of B cells, NKT cells, and inflammatory macrophages in the
tumor microenvironment.

Discussion

NOX1 and other NOX isoforms are involved in promoting tumor
development (11, 12, 13, 14, 15, 16, 17). However, because NOX in-
hibitors tested in oncological models block several NOX isoforms, it
was difficult to identify the NOXmoleculemost relevant for targeted
tumor treatment. This is important because NOX family members
can compensate for the decreased activity of a specific isoform, and
this can cause downstream effects that counteract the desired
therapeutic activity, including the induction of invasive phenotypes
through the overexpression of metalloproteases (37). In addition,
broad inhibition of multiple NOX isoforms may cause unwanted
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systemic effects by reducing ROS production in cells of the innate
immune system, leading to increased susceptibility to infectious
diseases. One example is defective NOX2 leading to chronic

granulomatous disease (38). To prevent these damaging effects, we
developed a novel NOX1 inhibitor called GKT771, which possesses an
excellent combination of selectivity and potency. Pharmacological

Figure 4. The antitumor effect of GKT771 is suppressed in immunodeficient mice.
(A) Immunodeficient NSG mice with established MC38 mouse colorectal tumors were treated with GKT771 or vehicle (n = 7). Tumor sizes were measured in vivo with
a caliper during the course of the experiment. (B) MC38 tumor size and mass were measured ex vivo at the end of the experiment. (C) Immunodeficient NSG mice
with established human LoVo colorectal tumors were treated with GKT771 or vehicle (n = 8 per group) (C). (D) NSG mice with established human DLD1 colorectal tumors
were treated with GKT771 (n = 21), GKT831 (n = 14), or vehicle (n = 19) (D). Tumor sizes were measured in vivo by a caliper during the course of the experiment. (E, F) Tumor
size and mass were measured ex vivo at the end of the experiment. (G–I) Tumors from NSG mice bearing DLD1 colorectal tumors were isolated and blood vascular
endothelial cells (CD45−/CD31+/GP38−), lymphatic endothelial cells (CD45−/CD31+/GP38+), andmacrophages (CD45+/CD11b+/F4/80+) were analyzed by flow cytometry (n = 19
for the vehicle group and n = 21 for the GKT771 group). The percentages of blood vascular cells, lymphatic endothelial cells, and macrophages in GKT771 or vehicle
treated mice are shown. (J–L) Absolute numbers of blood endothelial cells, lymphatic endothelial cells, and macrophages in the lungs and tumors from C57/BL6 and NSG
mice analyzed by flow cytometry (n = 5).

NOX1 inhibition suppresses tumor growth Stalin et al. https://doi.org/10.26508/lsa.201800265 vol 2 | no 4 | e201800265 8 of 16

https://doi.org/10.26508/lsa.201800265


in vitro assays using cell membranes and whole cell lysates con-
firmed that GKT771 blocks the activity of NOX1 without interfering
with other NOX isoforms.

In this work, we investigated the efficacy of this novel compound
in two experimental mouse tumor models. A colon carcinoma
model was used because NOX1 is expressed at low level in normal
colon epithelial cells and is highly up-regulated in colon adeno-
carcinoma, which, therefore, represents an ideal tumor target for
colorectal cancer treatment (12). In addition, we used a melanoma
model because melanoma cells tend to express low levels of NOX1
(data not shown) and may not respond to NOX1 inhibition. Col-
lectively, we showed that NOX1 inhibition had potent antitumor
effects in both models, and this effect was dependent on an intact
immune system and required the inhibition of host NOX1.

The first important finding of the present work is that tumor NOX1
is not critical for the overall in vivo antitumor effects of GKT771. This
is an unexpected result, as NOX1 gene silencing experiments
demonstrated that NOX1 promotes colorectal carcinoma cell
proliferation and cell cycle progression leading to increased tumor
growth (15, 17, 39). In line with these results, in vitro treatment of
cancer cells with GKT771 reduced tumor cell growth and cell cycle
progression. However, the in vivo antitumor effect of GKT771 was not
related to the presence or absence of NOX1 expression in cancer
cells (i.e., DLD1 and LoVo cells). Rather, it was dependent on host
NOX1 expression. Importantly, tissue expression of NOX1 in colon
carcinoma patients has no prognostic value regarding survival (40).
The observations that the therapeutic effects of GKT771 are dis-
sociated from NOX1 expression levels in cancer cells seems at odd
with previously published data. For this apparent discrepancy, we
have no definitive explanation. However, there is a major difference
between the experimental setting of these experiments: we acutely
inhibited NOX1 function with a drug in established tumors, whereas
the reported experiments were performed by injecting cancer cells
with constitutively silenced NOX1 expression. The latter conditions
may be more stringent than ours but does not reflect the clinical

conditions in which treated tumors are already well established. We
will address this issue in future experiments, for example, with
pharmacokinetics studies in tumormodels. Indeed, it will be of interest
to determine the amount of GKT771 present in tumors and healthy
tissues/organs to assess its biodistribution and tumor penetration.

NOX1 inhibition in tumor cells in vitro decreased the production
of VEGF-A and PLGF, two important angiogenic factors associated
with tumor growth and progression (41, 42). We did not observe any
inhibitory effect of GKT771 on VEGF-A mRNA expression levels,
suggesting that the decreased VEGF-A secretion by cells in vitro due
to NOX1 inhibition may involve post-translational regulation, such
as proteinmaturation, transport, and secretion, or could be due to a
decrease in cell number. However, although GKT771 reduced the
plasma concentrations of PLGF and VEGF-A and suppressed blood
vessel and lymphatic angiogenesis, this was not the main mech-
anism by which NOX1 suppressed tumor growth. NOX1-deficient
mice showed reduced tumor angiogenesis, thereby validating the
effects observed with pharmacological NOX1 inhibition but still
supported tumor growth. GKT771 may inhibit angiogenesis through
a dual mechanism: directly by suppressing endothelial pro-
liferation and sprouting, and indirectly by affecting angiogenic
factor production. The latter mechanism is supported by previous
work showing that NOX1 activity contributes to VEGF-A expression
and secretion. However, assessment of the effect of GKT771 in
immunodeficientmice showed that despite significantly decreasing
tumor angiogenesis (Fig 4J), GKT771 treatment was not effective at
reducing tumor growth (Fig 4E–F). Thus, the anti-angiogenic effect
of GKT771 is not sufficient to explain the global antitumor effects of
NOX1 inhibition. This is the second important conclusion of our
work. In parallel with the effects on angiogenesis, GKT771 decreased
tumor lymphangiogenesis and reduced the concentration of the
lymphatic growth factor VEGF-C in the plasma of tumor-bearing
mice. A small, insignificant reduction of tumor lymphangiogenesis
was observed in NOX1-deficient mice, suggesting the involvement
of tumor-derived and NOX1-regulated factors. The lack of an

Figure 5. The antitumor effect of NOX1 inhibition partially depends on IFN-γ.
Mice with established MC38 tumors treated with GKT771, an anti–IFN-γ antibody, or combination thereof and the corresponding controls (n = 6/8 mice per group)
are shown. (A) Tumor size was measured in vivo with a caliper during the course of the experiment. (B) Tumor size measured ex vivo at the end of the experiment.
(C) C57/BL6 WT and NOX1-deficient mice with established MC38 tumors were treated with anti–IFN-γ antibody or the corresponding IgG (n = 8 mice per group). Tumor
size was measured ex vivo at the end of the experiment.
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Figure 6. GKT771 increases the efficacy of anti–PD-1 antibody immunotherapy in MC38 colorectal carcinoma.
(A–D) MC38 tumors of C57/BL6 mice were isolated, stained with the indicated antibodies, and analyzed by flow cytometry. (A–D) CD4+ and CD8 T+ lymphocytes
([CD4+/CD3+/CD45+] or [CD8+/CD3+/CD45+]), (C) B lymphocytes (CD45+/CD3−/B220+), and (D) NKT cells (CD45+/CD3+/NK1.1+). The percentages of cells in the differently
treated groups are shown. (E, F) Mice with established MC38 tumors were treated with GKT771 (n = 6), anti-PD1 antibody (n = 7), combinations thereof (n = 6), or the
corresponding controls (n = 8) are shown. (E, F) Tumor size was measured in vivo with a caliper during the experiment. (G) Tumor size was measured ex vivo at the end of
the experiment. (G–K) Tumors were isolated, and the percentages of CD4+ T lymphocytes (G), CD8+ T lymphocytes (H), B lymphocytes (I), NKT cells (NKT) (J),
and proinflammatory macrophages (K) were determined by flow cytometry. C57/BL6 WT and NOX1-deficient mice with established MC38 tumors were treated with anti-PD1
antibody or the corresponding IgG (n = 6/8 mice per group). (L) Tumor size was measured ex vivo at the end of the experiment (L).
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additional GKT771 effect on angiogenesis in NOX1-deficient mice
confirmed the specificity of GKT771 for NOX1 and supported that
NOX1 expressed by host cells constitutes a major target of GKT771.
As tumor angiogenesis and lymphangiogenesis are important local
events that promote regional and systemic dissemination (43, 44),
in future studies, it will be important to test whether these effects of
GKT771 translate into reduced regional and distant metastases.

The third important finding of this study is that the antitumor
effect of NOX1 requires an intact immune system. Host immune
cells in tumors contribute to antitumor effects in many types of
tumors (45). In contrast to the antitumor effect observed in the
immunocompetent syngeneic murine model, GKT771 had no anti-
tumor effects in immunodeficient mice bearing human or mouse
CRCs. This suggests that the immune system provides an essential
contribution to the antitumor effects of NOX1 inhibitors. NOX1 is
expressed by various immune cell populations, including macro-
phages and lymphocytes (46). In addition, numerous inflammatory
cytokines such as INF-γ affect the expression levels of NOX1, and
INF-γ itself is involved in the recruitment of hemopoietic cells (47),
suggesting that NOX1 contributes to immune cell recruitment in the
tumor microenvironment. Macrophages are among the immune
cells whose phenotype is regulated by NOX1 expression. Double
deletion of NOX1 and NOX2 induces polarization of macrophages
towards the M1 proinflammatory phenotype (22). However, whether
deletion of NOX1 alone is sufficient to induce M1 polarization re-
mains unclear. To investigate this hypothesis, we used different
cellular markers to quantify the number of total macrophages
(CD11b+/F4-80+), TAMs (CD11b+/CD68+/F4-80+), or proinflammatory,
M1 like macrophages (MHC II+/Ly6C+) in tumors treated with GKT771
or tumors growing in NOX1-deficient mice. Interestingly, our results
showed that blocking NOX1 increased the number of proin-
flammatory macrophages in the tumors. This effect was also ob-
served by genetic deletion of NOX1 in the host. In addition to its
effect on macrophages, GKT771 increased the number of NKT cells
infiltrating the tumor. This finding is interesting as NKT cells have
antitumor activity and can activate immune cells, particularly,
CD8+/CD4+ T and B lymphocytes, TAMs, and also NK cells (32). Of
further interest is the fact that combined GKT771 and DC101
treatment increased CD8+ T cell recruitment to the tumor. The
critical role of the immune system in the GKT771 antitumor activity is
further supported by the observation that blocking IFN-γ with a
monoclonal antibody partially reduced the efficacy of GKT771
therapy. This is consistent with the previously reported correlation
between NOX1 and IFN-γ expression in colon epithelial cells (28).

The fourth important result was that blocking the T-cell
checkpoint inhibitor PD-1 with an anti-PD1 antibody in combination
with GKT771 enhanced the antitumor activity of these compounds as
single agents. Such combinatorial use of the anti-PD1 antibody with
other antitumor drugs targeting different molecular mechanisms
was reported for other therapeutic compounds. For example, anti-
PD1 treatment combined with anti–angiopoietin-2 or anti-CSF1
antibodies suppresses tumor development in several mouse
models (48, 49). It will be of clinical relevance to test whether
tumors refractory to anti-PD1 therapy may be sensitized by NOX1
inhibition.

In conclusion, we showed that blocking NOX1 with the novel
small-molecule inhibitor GKT771 inhibits tumor growth in mice. We

showed that host NOX1 is critical for this effect. Stimulation of the
innate immune system, in particular, proinflammatory macro-
phages and NKT cells, and inhibition of angiogenesis and lym-
phangiogenesis are events associated with the antitumor activity of
GKT771. As the antitumor effects of GKT771 requires an intact im-
mune system, we propose that GKT771 elicit immunomodulatory
effects essential for its antitumor activity. Consistent with this
notion, combination of GKT771 with the immune cell checkpoint
inhibitor anti-PD1 resulted in a mutual enhancement of the anti-
tumor activity of each single agent. NOX1 inhibition, alone or in
combination with checkpoint inhibitors, may, therefore, represent a
promising antitumor strategy in colorectal cancer (Fig 7).

Materials and Methods

Inhibitors

GKT771 and GKT831 NOX inhibitors were developed by GenKyoTex
S.A. using recombinant cells transfected with the NOX1 to NOX5
isoforms. Activity of compounds against the different NOX isoforms
was measured as previously described (50). Briefly, membranes
prepared from the different recombinant cell lines were incubated
in PBS with Amplex Red, HRP, and appropriate cofactors. ROS
production was induced by the addition of NADPH. Inhibitory ac-
tivity of compounds was measured in the presence of increasing
concentrations ranging from 1 nM to 100 μM. After 20 min of in-
cubation at 37°C, ROS levels were measured using a BMG Labtech
microplate reader.

Cell culture

Mouse primary lung microvascular endothelial cells (mMVEC-L)
were grown in complete mouse endothelial cell medium using a
kit (M1168-Kit; Cell Biologics). Human dermal lymphatic endothelial
cells were grown in Endothelial Cell Growth Medium from Pro-
moCell. Human colon cancer cell lines SW620 (CVCL_0547), DLD1
(CVCL_0248), Caco-2 (CVCL_0025), and LoVo (CVCL_0399) were cul-
tured in DMEM (Life Technologies) supplemented with FCS (10%), PS
(1%), L-glutamine (1%), and sodium pyruvate (1%). Mouse immor-
talized lymphatic endothelial cells (LyEnd.1), mouse melanoma
cancer cell lines B16-F10 (CVCL_0159), and B16-F0 (CVCL_0604) and
the mouse colorectal cancer cell line MC38 (CVCL_B288) were
cultured in DMEM (Life Technologies) supplemented with FCS (10%),
PS (1%), L-glutamine (1%), and sodium pyruvate (1%). The cells were
grown in a humidified atmosphere with 5% CO2 at 37°C. Absence of
mycoplasma contamination from the different cell lines used
during the experiments was performed by using the PCR myco-
plasma Test Kit I/C (PromoCell).

BrdU incorporation assay

mMVEC-L cells were treated with DMSO as vehicle or GKT771 for 1 h
at 37°C. Cells were stimulated or not with recombinant murine VEGF
(Catalog No. 450-32 – Lot #010899; Peprotech) at 20 ng/ml for 24 h at
37°C.
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The cells were then labeled with BrdU for 2 h at 37°C, after which
the medium was removed and the cells were fixed by addition of
FixDenat solution for 30 min at room temperature. After FixDenat
removal, the cells were incubated with anti–BrdU-POD for 1.5 h at
room temperature. The cells were then washed three times for
5 min at room temperature, incubated with the substrate for 3 min at
room temperature on a shaker, and chemiluminescence was mea-
sured using a fluorimeter within 10 min after adding the reagent.

Cell proliferation assay

Cells (106) were plated in six-well plates overnight followed by drug
exposure for different time periods. Adherent cells were detached
from the plate using trypsin, followed by addition of PBS without
Ca2+/Mg2+. Suspended cells were centrifuged at 1,500 rpm for 5 min
by using AWEL centrifuge (C48) and swing out rotor (SO400), and
resuspended in PBS/10% FCS before counting. Dead and living cells
were counted with the Countess II FL Automated Cell Counter
(Thermo Fisher Scientific) after adding trypan blue.

ELISA

VEGF-A, VEGF-C, and PLGF measurement in platelet-diminished
plasma was performed using mouse blood subjected to two
steps of centrifugation (3,500 rpm for 15 min) and cell culture
supernatant prepared using one centrifugation step (10,000 rpm for
10 min). ELISA was performed using the mouse VEGF-A/mouse PLGF
DuoSet ELISA (R&D Systems) or the mouse VEGF-C ELISA kit from
CusaBio following the manufacturer’s protocols.

Quantitative polymerase chain reaction

Cell line and tumor RNA was extracted using the RNeasy Mini kit
(QIAGEN) according to the supplier’s instructions. The extracted
RNA was assayed using NanoDrop at 260 nm (Thermo Fisher Sci-
entific). RT was performed by adding 1 μg of RNA to 10 μl of amixture
(RT buffer DNX 25×, 100 mM; RT random primers 10×; MultiScribe
Reverse Transcriptase; and H2O [Applied Biosystems]). RT was
performed in a thermocycler at 25°C for 10min, 37°C for 2 h, 85°C for
5 min, and then 4°C. cDNA (50 ng/μl) was mixed with 24 μl of a
mixture of SYBR Green (Agilent, Stratagene), right and left primers,
and H2O. PCR was then performed using the Stratagene Mx 3000 Pro
QPCR (Agilent Technologies) according to the following profile: one
cycle of 10 min at 95°C, and then 40 cycles of 30 s at 95°C and 1 min
at 60°C. The results were analyzed using MxPro software (Stra-
tagene). Human GAPDH (NM_002046.3; AB Applied Biosystems) was
used as an internal control. The qRT-PCR were routinely performed
with two technical replicates and three biological replicates. The
qRT-PCR data were presented as delta Ct values of the investigated
genes relative to GADPH.

Animal procedures

C57Bl6-J immunocompetent and NSG immunodeficient (NOD.Cg-
Prkdcscid Il2rgtm1Wjl/SzJ) mice were purchased from The Jackson
Laboratory and bred in-house. NOX1-deficient mice (B6.129X1-
Nox1tm1Kkr/J) were purchased from The Jackson Laboratory. All
animal procedures were performed in accordance with the In-
stitutional Ethical Committee of Animal Care in Geneva and the
Swiss Cantonal Veterinary Office (Authorization numbers: Ge93/14
and Ge17/16). Male and female mice between 5 and 7 wk were used.

Mouse aortic ring assay

The thoracic aorta was dissected from 6–8-wk-old C57BL/6 mice,
NSG mice, and NOX1 KO mice (51). Adipose tissue surrounding the
aorta was removed. After the cleaning step, the aortas were cut into
0.5-mmwide rings with a scalpel, and the rings were then incubated
in serum-free OptiMEM (Life Technologies) overnight at 37°C in 5%
CO2. The next day, the rings were embedded in 1 mg/ml type I
collagen (Millipore) and maintained at 37°C in a 5% CO2, 95% hu-
midity incubator in OptiMEM supplemented with 2.5% FCS, 100 U/ml
penicillin/streptomycin, and 30 ng/ml VEGF165 (Peprotech). Aortic
rings were cultured in the presence of the different NOX inhibitors
(GKT771 and GKT831). Microvessel outgrowth was imaged daily by
phase-contrast microscopy (ImageXpress; Molecular Devices) and
subsequently quantified with MetaMorph (Molecular Devices). The
nonsprouting fragments were excluded from the quantification.

Tumor growth studies

Mouse and human tumors were produced by subcutaneous in-
jection of tumor cells diluted in PBS (1 × 106 for DLD1, 5 × 105 for
MC38, and 1 × 106 for B16-F10 and LoVo). When tumors reached 50 or
200 mm3 depending of the experiments, the mice were subjected to
intraperitoneal administration of purified antibodies twice per
week at a dose of 600 μg per injection per mouse for DC101; gavage
twice daily for the NOX1 inhibitor GKT771 at 10 mg/kg, or once daily
for the NOX1/4 inhibitor GKT831 at 20 mg/kg; or Vehicle (VL) (i.e.,
methylcellulose and Tween 80) until the mice were euthanized.
Tumor size was measured with a caliper and tumor volume was
determined according to the following equation: (length × width ×
thickness) × 0.5236. Tumor size and mass were also evaluated ex
vivo at the end of the experiment after the animals were eutha-
nized. Before being euthanized, the animals were anesthetized with
a mix of ketamine and xylasizne (80 mg/kg and 10 mg/kg, re-
spectively) before intratracheal instillation of 10% formalin to fix
tumors and organs. After paraffin embedding, the samples were cut
into sections at five distinct levels. For flow cytometry analysis,
tumors were removed without fixation with PFA.

Figure 7. Schematic model proposed for the impact of NOX1 and NOX1-combined treatments on tumor host cell composition.
The composition in tumor-associated host blood vessels, lymphatic vessels, and immune cells of nontreated tumors and corresponding treated tumors is represented.
The amount of tumor-associated blood and lymphatic vessels is decreased in treated tumors compared with nontreated tumors. The infiltration of proinflammatory
and antitumor immune cells is increased in NOX1, VEGFR-2, and PD-1 monotherapy treatedtumors. These effects are more pronounced in NOX1/VEGFR-2 and
NOX1/PD-1 combined therapy compared with each treatment alone and nontreated tumors.
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All therapeutic monoclonal antibodies (mAbs), including anti-
mouse PD-1 (clone RMPI-14 IgG2a; 10 mg/kg) and anti–IFN-γ (clone
XMG1.2 IgG1; 10 mg/kg), were obtained from BioXCell and admin-
istered two times per week.

Macrophage depletion in tumors was achieved by injection of
mice with clodronate liposomes two times per week. Clodronate
liposomes and control liposomes were obtained from
LIPOSOMA.

Flow cytometry

After dissection, the tumors and lungs were cut with razor blades
and digested using gentleMACS Dissociators with the corre-
sponding mouse and human dissociation kit from Miltenyi Biotec
following the manufacturer’s protocols. Single-cell suspensions for
both tumor and lung samples were obtained by straining through a
70-μm mesh filter, and the cells were washed twice in FACS buffer
(PBS/Fetal Calf Serum 5%/5 mM EDTA). The cells were incubated
with fluorescent antibodies for 30 min at 4°C to prevent Fc receptor
binding and washed once with FACS buffer. Then, the cells were
stained with the indicated fluorophore-conjugated antibodies and
analyzed using the Gallios flow cytometer (Beckman Coulter) or
sorted with the FACSARIA II flow cytometer (BD).

In vivo angiogenesis assay

Angiogenesis was assessed in male C57BL/6 mice (20–22 g) ordered
fromElevage Janvier. Angioreactors ordered from Amsbio (directed in
vivo angiogenesis assay ref 3450-048-K) were prepared according to
the kit instructions. Briefly, implant-grade silicone cylinders closed at
one end, called angioreactors, are filled with 20 μl of Trevigen’s
PathClear basement membrane extract premixed with or without
angiogenic-modulating factors. A mix of VEGF (10 μg) and FGF (50 μg)
obtained from PeproTech was used. Two angioreactors per mouse
were then implanted subcutaneously in the dorsal flank of mice. At
the onset of angiogenesis, vascular endothelial cells grow into the
basementmembrane extract and formvessels in the angioreactor. As
early as 15 d postimplantation, there were enough cells to determine
an effective dose response to angiogenic-modulating factors using
an FITC-lectin detection system. Micewere treatedwith GKT771 by oral
gavage (10 ml/kg/d) from D-0 to D-14.

Statistical analysis and expression of results

Data were expressed as mean values ± SEM of the indicated
number of experiments. Statistical analysis was performed with
Prism software (GraphPad Software Inc.). The variance between
different groups was estimated before statistical analysis. When
comparing more than two groups, nonparametric one-way ANOVA
followed by Dunn’s multiple comparison test was used. Significant
differences between two groups were determined using the un-
paired t test or Mann–Whitney test. A P-value ≤0.05 was consid-
ered significant. In animal studies, the investigator was blinded to
the group allocation and mice were distributed at random into
separate groups.

Supplementary Information

Supplementary Information is available at https://doi.org/10.26508/lsa.
201800265.

Acknowledgements

This work was supported by grants from the Swiss National Science
Foundation (310030_153456) and ONCOSUISSE and Sigrid Juselius Founda-
tion to BA Imhof, the Medic Foundation and the Swiss National Science
Foundation (31003A_135738 and 31003A_179248) to C Ruegg.

Author Contributions

J Stalin: conceptualization, data curation, formal analysis, valida-
tion, investigation, visualization, methodology, project adminis-
tration, and writing—original draft, review, and editing.
S Garrido-Urbani: data curation, formal analysis, investigation, and
methodology.
F Heitz: data curation, formal analysis, investigation, and
methodology.
C Szyndralewiez: data curation, formal analysis, investigation, and
methodology.
S Jemelin: data curation, formal analysis, and investigation.
O Coquoz: data curation, formal analysis, investigation, and
methodology.
C Ruegg: conceptualization, supervision, funding acquisition, vali-
dation, investigation, visualization, methodology, project admin-
istration, and writing—original draft, review, and editing.
BA Imhof: conceptualization, supervision, funding acquisition, vali-
dation, investigation, visualization, methodology, project adminis-
tration, and writing—original draft, review, and editing.

Conflict of Interest Statement

F Heitz and C Szyndralewiez are employed by GenKyoTex. The other authors
declare no conflicts of interest.

References

1. Jemal A, Siegel R, Ward E, Hao Y, Xu J, Thun MJ (2009) Cancer statistics. CA
Cancer J Clin 59: 225–249. doi:10.3322/caac.20006

2. Kobayashi H, Mochizuki H, Sugihara K, Morita T, Kotake K, Teramoto T,
Kameoka S, Saito Y, Takahashi K, Hase K, et al (2007) Characteristics of
recurrence and surveillance tools after curative resection for colorectal
cancer: A multicenter study. Surgery 141: 67–75. doi:10.1016/
j.surg.2006.07.020

3. Forget P, Simonet O, De Kock M (2013) Cancer surgery induces
inflammation, immunosuppression and neo-angiogenesis, but is it
influenced by analgesics? F1000Research 2: 102. doi:10.12688/
f1000research.2-102.v1

4. Kerbel RS (2006) Tumor angiogenesis. N Engl J Med 358: 2039–2049.
doi:10.1056/NEJMra0706596

5. Naumov GN, Akslen LA, Folkman J (2006) Role of angiogenesis in human
tumor dormancy: Animal models of the angiogenic switch. Cell Cycle 5:
1779–1787. doi:10.4161/cc.5.16.3018

NOX1 inhibition suppresses tumor growth Stalin et al. https://doi.org/10.26508/lsa.201800265 vol 2 | no 4 | e201800265 14 of 16

https://doi.org/10.26508/lsa.201800265
https://doi.org/10.26508/lsa.201800265
https://doi.org/10.3322/caac.20006
https://doi.org/10.1016/j.surg.2006.07.020
https://doi.org/10.1016/j.surg.2006.07.020
https://doi.org/10.12688/f1000research.2-102.v1
https://doi.org/10.12688/f1000research.2-102.v1
https://doi.org/10.1056/NEJMra0706596
https://doi.org/10.4161/cc.5.16.3018
https://doi.org/10.26508/lsa.201800265


6. Adams RH, Alitalo K (2007) Molecular regulation of angiogenesis and
lymphangiogenesis. Nat Rev Mol Cell Biol 8: 464–478. doi:10.1038/
nrm2183

7. Ferrara N, Kerbel RS (2005) Angiogenesis as a therapeutic target. Nature
438: 967–974. doi:10.1038/nature04483

8. Lin S, Li Y, Zamyatnin AA Jr, Werner J, Bazhin AV (2018) Reactive oxygen
species and colorectal cancer. J Cell Physiol 233: 5119–5132. doi:10.1002/
jcp.26356

9. Bedard K, Krause KH (2007) The NOX family of ROS-generating NADPH
oxidases: Physiology and pathophysiology. Physiol Rev 87: 245–313.
doi:10.1152/physrev.00044.2005

10. Jiang F, Zhang Y, Dusting GJ (2011) NADPH oxidase-mediated redox
signaling: Roles in cellular stress response, stress tolerance and tissue
repair. Pharmacol Rev 63: 218–242. doi:10.1124/pr.110.002980

11. Juhasz A, Ge Y, Markel S, Chiu A, Matsumoto I, Van balgooy J, Roy K,
Doroshow JH (2009) Expression of NADPH oxidase homologues and
accessory genes in human cancer cell lines, tumors and adjacent
normal tissues. Free Radic Res 43: 523–532. doi:10.1080/
10715760902918683

12. Fukuyama M, Rokutan K, Sano T, Miyake H, Shimada M, Tashiro S (2005)
Overexpression of a novel superoxide-producing enzyme, NADPH
oxidase 1, in adenoma and well differentiated adenocarcinoma of the
human colon. Cancer Lett 221: 97–104. doi:10.1016/j.canlet.2004.08.031

13. Szanto I, Rubbia-Brandt L, Kiss P, Steger K, Banfi B, Kovari E, Herrmann F,
Hadengue A, Krause KH (2005) Expression of NOX1, a superoxide-
generating NADPH oxidase, in colon cancer and inflammatory bowel
disease. J Pathol 207: 164–176. doi:10.1002/path.1824

14. Laurent E, McCoy JW 3rd, Macina RA, Liu W, Cheng G, Robine S, Papkoff J,
Lambeth JD (2008) Nox1 is over-expressed in human colon cancers and
correlates with activating mutations in K-Ras. Int J Cancer 123: 100–107.
doi:10.1002/ijc.23423

15. De Carvalho DD, Sadok A, Bourgarel-Rey V, Gattacceca F, Penel C,
Lehmann M, Kovacic H (2008) NOX1 downstream of 12-lipoxygenase
controls cell proliferation but not cell spreading of colon cancer cells.
Int J Cancer 122: 1757–1764. doi:10.1002/ijc.23300

16. Garrido-Urbani S, Jemelin S, Deffert C, Carnesecchi S, Basset O,
Szyndralewiez C, Heitz F, Page P, Montet X, Michalik L, et al (2011)
Targeting vascular NAPDH oxidase 1 blocks tumor angiogenesis through
a PPARα mediated mechanism. PLoS One 6: e14665. doi:10.1371/
annotation/a392bbef-b0ec-4c70-b403-74a7bad85178

17. Yamamoto T, Nakano H, Shiomi K, Wanibuchi K, Masui H, Takahashi T,
Urano Y, Kamata T (2018) Identification and characterization of a novel
NADPH oxidase1 (Nox1) inhibitor that suppresses proliferation of colon
and stomach cancer cells. Biol Pharm Bull 41: 419–426. doi:10.1248/
bpb.b17-00804

18. Al-Eisa A, Dhaunsi GS (2017) NOX-mediated impairment of PDGF-
induced DNA synthesis in peripheral blood lymphocytes of children with
idiopathic nephrotic syndrome. Pediatr Res 82: 629–633. doi:10.1038/
pr.2017.122

19. Manea A, Raicu M, Simionescu M (2005) Expression of functionally
phagocytetype NAD(P)H oxidase in pericytes: Effect of angiotensin II and
high glucose. Biol Cell 97: 723–734. doi:10.1042/bc20040107

20. Lassegue B, Sorescu D, Szocs K, Yin Q, Akers M, Zhang Y, Grant SL,
Lambeth JD, Griendling KK (2001) Novel gp91(phox) homologues in
vascular smooth muscle cells: nox1 mediates angiotensin II-induced
superoxide formation and redox-sensitive signaling pathways. Circ Res
88: 888–894. doi:10.1161/hh0901.090299

21. Ago T, Kitazono T, Kuroda J, Kumai Y, Kamouchi M, Ooboshi H, Wakisaka
M, Kawahara T, Rokutan K, Ibayashi S, et al (2005) NAD(P)H oxidases in rat
basilar arterial endothelial cells. Stroke 36: 1040–1046. doi:10.1161/
01.str.0000163111.05825.0b

22. Xu Q, Choksi S, Qu J, Jang J, Choe M, Banfi B, Engelhardt JF, Liu ZG (2016)
NADPH oxidases are essential for macrophage differentiation. J Biol
Chem 291: 20030–20041. doi:10.1074/jbc.m116.731216

23. Di Marco E, Gray SP, Chew P, Kemmedy K, Cooper ME, Schmidt H,
Jandeleit-Dahm KA (2016) Differential effects of NOX4 and NOX1 on
immune cell-mediated inflammation in the aortic sinus of diabetic
ApoE-/- mice. Clin Sci 130: 1363–1374. doi:10.1042/cs20160249

24. Rivera J, Sobey CG, Walduck AK, Drummond GR (2010) Nox isoforms in
vascular pathophysiology: Insights from transgenic and knockout
mouse models. Redox Rep 15: 50–63. doi:10.1179/
174329210x12650506623401

25. Gray SP, Jha JC, Kennedy K, van Bommel E, Chew P, Szyndralewiez C, Touyz
RM, Schmidt HHHW, Cooper ME, Jandeleit-Dahm KAM (2017) Combined
NOX1/4 inhibition with GKT137831 in mice provides dose-dependent
reno- and atheroprotection even in established micro- and
macrovascular disease. Diabetologia 60: 927–937. doi:10.1007/s00125-
017-4215-5

26. Kuonen F, Laurent J, Secondini C, Lorusso G, Stehle JC, Rausch T, Faes-
Van’t Hull E, Bieler G, Alghisi GC, Schwendener R, et al (2012) Inhibition of
the Kit ligand/c-Kit axis attenuates metastasis in a mouse model
mimicking local breast cancer relapse after radiotherapy. Clin Cancer
Res 18: 4365–4374. doi:10.1158/1078-0432.ccr-11-3028

27. Bhat P, Leggatt G, Nigel Waterhouse N, Frazer IH (2017) Interferon-γ
derived from cytotoxic lymphocytes directly enhances their motility and
cytotoxicity. Cell Death Dis 8: e2836. doi:10.1038/cddis.2017.67

28. Kamizato M, Nishida K, Masuda K, Takeo K, Yamamoto Y, Kawai T,
Teshima-Kondo S, Tanahashi T, Rokutan K (2009) Interleukin 10 inhibits
interferon gamma- and tumor necrosis factor alpha-stimulated
activation of NADPH oxidase 1 in human colonic epithelial cells and
the mouse colon. J Gastroenterol 44: 1172–1184. doi:10.1007/s00535-009-
0119-6

29. Whiteside TL (2008) The tumor microenvironment and its role in
promoting tumor growth. Oncogene 27: 5904–5912. doi:10.1038/
onc.2008.271

30. Seaman S, Zhu Z, Saha S, Zhang XM, Yang MY, Hilton MB, Morris K, Szot C,
Morris H, Swing DA, et al (2017) Eradication of tumors through
simultaneous ablation of CD276/B7-H3-positive tumor cells and tumor
vasculature. Cancer Cell 31: 501–515.e8. doi:10.1016/j.ccell.2017.03.005

31. Schmittnaegel M, Rigamonti N, Kadioglu E, Cassará A, Wyser Rmili C,
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