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We tested cis-Apc®”"%/Smad4*’~ and cis-Apc*”"¢/Smad4*’~ Kras®'??
mice, which recapitulate key genetic abnormalities accumulating
during colorectal cancer (CRC) tumorigenesis in humans, for re-
sponsiveness to anti-VEGF therapy. We found that even tumors
in cis-Apc*”'%/Smad4*’~ Kras®'?" mice, although highly aggressive,
were suppressed by anti-VEGF treatment. We tested the hypoth-
esis that inflammation, a major risk factor and trigger for CRC, may
affect responsiveness to anti-VEGF. Chemically induced colitis (CIC)
in cis-Apc®7"%/Smad4*’~ and cis-Apc®”'%/Smad4*~ Kras®'*® mice
promoted development of colon tumors that were largely resis-
tant to anti-VEGF treatment. The myeloid growth factor G-CSF was
markedly increased in the serum after induction of colitis. Anti-
bodies blocking G-CSF, or its target Bv8/PROK2, suppressed tumor
progression and myeloid cell infiltration when combined with
anti-VEGF in CIC-associated CRC and in anti-VEGF-resistant CRC
liver metastasis models. In a series of CRC specimens, tumor-
infiltrating neutrophils strongly expressed Bv8/PROK2. CRC pa-
tients had significantly higher plasma Bv8/PROK2 levels than
healthy volunteers and high plasma Bv8/PROK2 levels were in-
versely correlated with overall survival. Our findings establish
Bv8/PROK2 as a translational target in CRC, in combination with
anti-VEGF agents.
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ntiangiogenesis represents a validated therapeutic strategy
for a variety of disorders. The anti-vascular endothelial
growth factor (VEGF)-A monoclonal antibody (Mab), bev-
acizumab (Avastin) was first approved by the Food and Drug
Administration (FDA) for treatment of metastatic colorectal
cancer (CRC) in February 2004 and was subsequently approved
for several additional solid tumor types and currently ranks
among the most widely used cancer therapeutics (1). In addition
to the anti-VEGF-A Mab, other inhibitors of the VEGF path-
way, including several small molecule tyrosine kinase inhibitors,
a chimeric soluble receptor, and an anti-VEGFR2 antibody,
have been approved for cancer therapy (1-3). In early studies,
bevacizumab was shown to confer a significant survival advan-
tage on patients with previously untreated metastatic CRC, when
combined with fluoropyrimidine-based chemotherapy (4). In addi-
tion to first-line (4) and bevacizumab-naive second-line treatment
(5), maintenance of VEGF inhibition with bevacizumab plus
second-line chemotherapy has clinical benefits also for patients
with metastatic CRC that progressed on bevacizumab treatment
(6). Although bevacizumab results in overall survival benefits,
some patients have little or no response. This primary or de novo
treatment resistance is a problem common to many oncological
treatments, including the most recent therapies (2).
Resistance to anti-VEGF therapy is often attributed to an-
giogenic escape, potentially through activation of alternative
proangiogenic pathways or blood vessel cooption (3). Angiogenic
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factors include, besides VEGF-A, acidic and basic fibroblast
growth factor (aFGF and bFGF), placenta growth factor (PIGF),
VEGF-C, hepatocyte growth factor (HGF), platelet-derived growth
factors (PDGFs), the Tie-2 ligands Angiopoietin (Ang)-1, Ang-2,
etc. (7, 8).

Unfortunately, despite promising preclinical studies, attempts
at improving outcomes of anti-VEGF therapy in CRC patients
through combination with agents targeting Ang-2, the HGF re-
ceptor cMet, EGFL7, the Hedgehog pathway, or by stimulating
the extrinsic apoptotic pathway with Apo2L/tumor necrosis
factor-related apoptosis-inducing ligand (TRAIL), so far have
not been met with success as reviewed in refs. 2, 3. Therefore, the
key mechanisms of resistance/relapse to anti-VEGF agents in the
clinical setting remain largely unknown.

The tumor microenvironment is a complex system comprised
of several cell types, including vascular endothelial cells, fibroblasts,
and immune cells. The cellular composition of the microenvironment
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is tumor specific and may profoundly affect therapeutic responses to
anticancer agents (9). Indeed, the various cell types communicate
through cytokine/chemokine networks that may suppress or promote
tumor progression (10). In CRC, it has been proposed that the
density of infiltrating lymphocytes inside tumor tissues or “immune
score” can predict clinical outcomes (11). These findings led to the
hypothesis that activating T cell function by blocking programmed
death ligand 1 (PD-L1) or programmed death 1 (PD-1) signaling
may be an effective treatment for advanced CRC patients. However,
studies with anti-PD-L1 or PD-1 antibodies so far have not dem-
onstrated significant benefit to CRC patients, although these agents
conferred durable benefits on subsets of patients with other solid
tumor types (12). Recently, it was reported that microsatellite in-
stability (MSI) in CRC predicts responses to immunotherapy (13).
However, MSI-high patients account for only 15% of total CRC
patients (14).

Here we report that treatment with an anti-VEGF antibody
significantly suppressed tumor angiogenesis and growth in mice
harboring key genetic mutations associated with human intesti-
nal cancer. Since inflammation is involved in sporadic and her-
itable CRC, as well as in ulcerative colitis-associated cancers
(15), we tested the hypothesis that colitis may affect respon-
siveness to anti-VEGF. Indeed, chemically induced colitis (CIC)
caused by dextran sulfate sodium (DSS) promoted the devel-
opment of colonic tumors that were largely unresponsive to anti-
VEGF antibody, although small intestinal tumors in the same
animal were still responsive. We sought to dissect the mecha-
nisms of such resistance to anti-VEGF therapy.

Results

Anti-VEGF Treatment Suppresses Tumor Formation and Prolongs
Survival in Intestinal Cancer Genetically Engineered Mouse Models
(GEMMs). It has been reported that treatment with an anti-
VEGEF antibody suppresses tumor growth and prolongs survival
of adenomatous polyposis coli (4pc)*"™" mice (16), which carry
a heterozygous truncation allele at codon 850 of Apc and serve
as a model of familial adenomatous polyposis (FAP) (17).
However, these findings do not predict whether malignant can-
cer responds to anti-VEGF antibody treatment because Apc
mutations alone lead to benign adenomas with few malignant
adenocarcinomas (18). Namely, additional mutations in Kras,
p53, or loss of heterozygosity at chromosome 18q (including
Smad2/4) appear to be involved in adenoma-carcinoma pro-
gression. To determine whether the cross-species reactive
anti-VEGF-A neutralizing monoclonal antibody B20-4.1 (19)
(anti-VEGF hereafter) has inhibitory effects on intestinal cancer,
we took advantage of a GEMM carrying cis-compound muta-
tions in Apc and Smad4 (cis-Apc/Smad4) that develops sponta-
neous invasive intestinal cancers ;18), compared with the
intestinal adenoma model with Apc®”?® mutation.

In agreement with earlier findings (16), tumor formation and
growth were significantly suppressed in Apc?”/% mice treated with
anti-VEGF (tumor numbers 7.6 + 2.6 vs. 13.4 + 2.2, P < 0.01;
tumor area, 3.8 + 1.6 vs. 28.7 + 11.5 [mmz], P < 0.01, Student’s
t test) (SI Appendix, Fig. S1 A-D). Tumor growth was also sup-
pressed in cis-Apc/Smad4 mice (Fig. 1 A and B and SI Appendix,
Fig. S1E). Namely, when cis-Apc/Smad4 mice were treated with
anti-VEGF for 6 wk or 9 wk from 13 wk old on, both tumor
numbers and total tumor areas were significantly reduced (tumor
number of 6-wk treatment 14.1 + 4.2 vs. 17.7 + 2.8, P < 0.05;
tumor area of 6-wk treatment, 8.9 + 3.6 vs. 69.8 + 25.9 [mm?],
P < 0.01; tumor numbers of 9-wk treatment 12.0 + 3.9 vs. 21.4 +
9.1, P < 0.05; tumor area of 9-wk treatment, 9.1 + 5.0 vs. 91.3 +
38.9 [mm?], P < 0.01, Student’s ¢ test) (Fig. 1B). Mice with in-
testinal tumors showed pale paws due to anemia caused by
mucosal bleeding, which often resulted in death. Anti-VEGF
maintained hematocrit levels in a normal range (6-wk treat-
ment 54.3 + 2.9 vs. 35.0 + 8.3 [%], P < 0.01; 9-wk treatment
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573 + 2.6 vs. 30.3 + 4.0 [%], P < 0.01, Student’s ¢ test) (S/
Appendix, Fig. S1F). Anti-VEGF also suppressed tumor invasion
and progression in tumor malignancy grades (Fig. 1C). More-
over, anti-VEGF improved mouse survival in a dose-dependent
manner (isotype IgG 186 + 11.9, anti-VEGF 10 mg/kg/week
250 + 18.4, anti-VEGF 20 mg/kg/week 333 + 24.4 [days], P <
0.01, log-rank test) (Fig. 1D).

We also added an oncogenic Kras mutation G12D, controlled
by loxP stop cassette (LSL-Kras®'?”/*) (20) and villin-Cre
transgene (21) to the cis-Apc/Smad4 mutation mice (cis-Apc/
Smad4 Kras®T?P"n)y Expression of intestinal epithelial cell-
specific Cre in villin-Cre mice was confirmed by mating with
Gt(ROSA26)AC B 1dTomato-EGEP mice (ST Appendix, Fig. $2 A and
B). As anticipated, cis-Apc/Smad4 Kras®"?P®"") mice had a
short lifetime of about 8 to 14 wk after birth, due to highly in-
vasive intestinal tumors (SI Appendix, Fig. S2C). Nevertheless,
cis-Apc/Smad4 Kras®?POUn) mice treated with anti-VEGF had
smaller tumor areas (40.7 + 23.2vs. 79.1 + 22.2 [mm?], P < 0.01,
Student’s ¢ test), showed longer survival (95.0 + 3.3 vs. 73.0 + 4.3
[days], P < 0.01, log-rank test), and the tumors were less invasive,
although tumor numbers were not much affected (29.0 + 13.6 vs.
35.0 = 11.8, P = 0.33) (Fig. 1 E-G). Collectively, these results
indicated that anti-VEGF treatment suppressed tumor growth
and invasion in mouse models for spontaneous intestinal cancer,
leading to increased survival.

Colorectal Tumors Associated with CIC in cis-Apc/Smad4 and cis-Apc/
Smad4 Kras®'?(€®*? Mice Are Resistant to Anti-VEGF Therapy. In-
flammation is one of the key events in the pathogenesis of cancer
(22) and CRC is strongly associated with inflammation (15).
Although polyps in patients with hereditary CRC such as FAP or
Lynch syndrome rarely show clear signs of chronic inflammation,
tumorigenesis can be prevented or suppressed by long-term ad-
ministration of antiinflammatory drugs (23). It has been reported
that CIC induced by short-term DSS feeding causes colorectal
tumor formation in Apc*"™" mice (24). Cis-Apc/Smad4 mutant
mice, as well as Apc* 6 mice, also showed tumor formation in
the colorectum after only 1-wk administration of DSS (tumor
number 11.1 + 5.0 vs. 1.5 + 0.8, P < 0.01; tumor area 86.8 + 40.0
vs. 12.9 + 7.8 [mm?], P < 0.01, Student’s  test) (Fig. 2.A—-C and SI
Appendix, Fig. S34), which recapitulated invasive human CRC
with Apc and Smad4 mutations (Fig. 2D and SI Appendix, Fig.
S3 C and D). In this model, we did not observe any differences in
tumor formation in the small intestine (tumor number 16.5 + 6.1
vs. 16.5 + 3.4, P = 0.62; tumor area 35.7 + 22.6 vs. 56.9 + 26.8
[mm?], P = 0.07, Student’s ¢ test) (Fig. 2C). We treated cis-Apc/
Smad4 mice with anti-VEGF for 6 wk following the induction of
colorectal tumors with DSS, and found that they were refractory
to anti-VEGF treatment (tumor number 9.5 + 4.1 vs. 11.1 + 5.0,
P = 0.45; tumor area 66.0 + 40.2 vs. 86.8 + 39.8 [mm?], P = 0.25,
Student’s ¢ test) (Fig. 2C). On the other hand, small intestinal
tumors still responded even after DSS feeding (tumor area
13.6 + 7.6 vs. 35.7 + 22.6 [mm?], P < 0.01, Student’s ¢ test)
(Fig. 2C). Since we could not design the DSS feeding in cis-Apc/
Smad4 Kras®"?P"") mice due to their short lifespan of 100 d or
less, we bred mice carrying CDX2P-CreER™ transgene (25) in-
stead of villin-Cre in order to induce Cre activation by tamoxifen
administration (4 consecutive days at 9 wk of age intraperito-
neally) only in colorectal epithelial cells (SI Appendix, Fig. S2 A
and B) and added it to cis-Apc/Smad4 mice to generate cis-Apc/
Smad4 Kras®?P(€PX2) mice. DSS administration following Cre
activation by tamoxifen significantly promoted colorectal tumor
formation in cis-Apc/Smad4 Kras®'?P(“PX2) mice (Fig. 2.A-C and
SI Appendix, Fig. S3E). We treated cis-Apc/Smad4 Kras©1?P(€PX2)
mice with anti-VEGF for 3 wk following the induction of colo-
rectal tumors with tamoxifen and DSS and found that they were
refractory to anti-VEGF treatment as well (tumor area 281 + 40
vs. 242 + 63 [mm?], P = 0.21, Student’s ¢ test) (Fig. 2C).

PNAS | September 1,2020 | vol. 117 | no.35 | 21599

MEDICAL SCIENCES


https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2008112117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2008112117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2008112117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2008112117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2008112117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2008112117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2008112117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2008112117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2008112117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2008112117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2008112117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2008112117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2008112117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2008112117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2008112117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2008112117/-/DCSupplemental

A isotype lgG cis-Apc/Smad4 anti-VEGF B cis-Apc/Smad4
Tumor numbers Total area (mm?)
%
50 * 200 =
°
40 150 A
]
30 1
100

20 A

1

°
* ook 1 f

I —— 0 -

13 19 22 13 19 22

age (weeks) age (weeks)

@ jsotypelgG @ anti-VEGF

O before treatment

%) cis-Apc/Smad4

ici’.! o D cis-Apc/Smadd
2 1.0 — isotypelgG
i
e — anti-VEGF (10) |
2 50 i
'S 0.8 — anti-VEGF (20)
2 *
- 2

0= z 0.6

(%) o % 0.4

100 ~ 5
o a
K 0.2
o
5 _ .
g 0 — 0.0
f; 0 100 200 300 400 500
& g4

Low High Ca. days

[ isotypelgG I anti-VEGF

E cis-Apc/Smad4 Kras®'2otiin!

F (9%) cis-Apc/Smad4 Kras®'20im!

G

cis-Apc/Smad4 Kras®'2owii

Tumor numbers Total area (mm?) 100 1.0
80 120 -
ns a 0.8
° u
60 { © g 50 2
: 80 z T 06
=3 o
4 £ S
0 % 0 E 0.4 4
" 40 Ts T1 T2 T3 a3 — isotype IgG
& . [ isotypelgG [l anti-VEGF 0.2 1 — anti-VEGF
0 0 i
00| |
® isotypelgG e anti-VEGF 0 20 40 60 80 100 120

Fig. 1.

days

Anti-VEGF antibody treatment suppressed tumor formation and prolonged survival. (A) Representative images of small and large intestinal sections

of cis-Apc/Smad4 mice treated with isotype IgG control or anti-VEGF antibody for 6 wk. White arrowheads, Payer’s patches; yellow arrowheads, tumors. (Scale
bar, 5 mm.) (B) Chronological changes in intestinal tumor numbers and total tumor areas in cis-Apc/Smad4 mice treated with control or with anti-VEGF
antibody. (n = 10 in each group. *P < 0.05, **P < 0.01, Student’s t test). (C) Quantification of the depth of tumor invasion (Left Upper) and morphology (Left
Lower) at age 22 wk (9-wk treatment). Right show representative tumors of each indicated invasion depth. n = 3 in each group. Tis/T1/T2/T3, TNM classi-
fication of the American Joint Committee on Cancer; low, low grade adenoma; high, high grade adenoma; Ca, adenocarcinoma. *P < 0.05; **P < 0.01,
Student’s t test. (Scale bar, 200 um.) (D) Kaplan-Meier estimates of cis-Apc/Smad4 mice treated with isotype IgG control (black line), 10 mg/kg/week of anti-
VEGF (blue line), or 20 mg/kg/week of anti-VEGF (red line). n = 10 in each group; **P < 0.01, log-rank test. () Quantification of tumor numbers and total
tumor areas of cis-Apc/Smad4 Kras®'?PV"n) mice treated with isotype IgG control or anti-VEGF for 4 wk (from 6 to 9 wk old). n = 10 in each group; ns, not
significant; **P < 0.01, Student'’s t test. (F) Quantification of the depth of tumor invasion at age 10 wk after 4-wk treatment with isotype IgG control or anti-
VEGF. n = 4 in each group; *P < 0.05, Student’s t test. (G) Kaplan-Meier estimates of cis-Apc/Smad4 Kras®'?PV"" mice treated with isotype IgG control (black

line, n = 12) or 20 mg/kg/week of anti-VEGF (red line, n = 11). **P < 0.01, log-rank test.

Higher Serum Granulocyte-Colony Stimulating Factor (G-CSF) Levels
in Mice Harboring Anti-VEGF Resistant Colorectal Tumors. To inves-
tigate the differences between the small intestinal and colorectal
tumors in DSS-treated cis-Apc/Smad4 mice, we performed im-
munohistochemistry (IHC) for p-Catenin and Smad4. However,
both small intestinal and colorectal tumors of Apc*”’® mice
showed nuclear accumulation of p-Catenin and Smad4, whereas
those of cis-Apc/Smad4 mice had only f-Catenin accumulation in
the nuclei lacking Smad4 expression in tumor epithelial cells (S/
Appendix, Fig. S3 C and D). Although it has been reported that
DSS causes some inflammation in the small intestine, clearly its
major effects are in the colon and rectum (26) (SI Appendix, Figs.
S3B and S4A4). Thus, we examined a panel of inflammation-
related genes in the colorectal tumor tissue of DSS-treated
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mice as compared with small intestinal tumors, and found that
most of them were indeed up-regulated (SI Appendix, Fig. S4B).
We also tried to determine whether there are any differences in
CIC colorectal tumors among genetic backgrounds by comparing
tumor tissues from Apc*”’®, cis-Apc/Smad4, and cis-Apc/Smad4
Kras®12P(€PX2) mice treated with DSS. However, we found only
minor differences in terms of inflammatory and angiogenic fac-
tor expression among the various backgrounds (SI Appendix, Fig.
S4C). It is worth noting that release of cytokines/chemokines into
the systemic circulation is essential for an effective communi-
cation between the tumor and bone marrow. Therefore, we
compared serum cytokine profiles between DSS-treated and
nontreated cis-Apc/Smad4 mice using cytokine protein arrays (S/
Appendix, Fig. S5 A-D). The results showed increased levels of
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Fig. 2. DSS in drinking water promoted formation of colorectal tumors in GEMM, which were resistant to anti-VEGF treatment. (A) Schematic representation
of DSS feeding, tamoxifen administration (2 mg in 100 pL corn oil, 4 consecutive days intraperitoneally) and anti-VEGF treatment. (B) Colorectum images from
mice with or without DSS feeding and anti-VEGF (or isotype IgG control). (Scale bar, 5 mm.) (C) Comparison of tumor numbers and total tumor areas of cis-
Apc/Smad4 and cis-Apc/Smad4 Kras®'?P(€PX2) mice with or without DSS feeding, followed by treatment with anti-VEGF or isotype IgG control. Upper show
tumors in small intestine, and Lower show those in colorectum. n = 10 in each group, *P < 0.05; **P < 0.01. ns, not significant, Student’s t test. (D) Rep-
resentative images of invasive adenocarcinomas from cis-Apc/Smad4 (Left) and cis-Apc/Smad4 Kras®'?P(©PX2) (Right) with tamoxifen after CIC. (Scale bar, 5
mm.) Pie charts indicates tumor invasion ratios for each genotype. Center numbers indicate mice analyzed for invasion status. (E) Chronological changes in
serum CXCL13 and G-CSF levels. Black short bars inside each graph showed the period of DSS treatment (for 1 wk at age 11 wk). n =5 in each group. (F) Serum
CXCL13 (Left) and G-CSF (Right) levels at age 18 wk of the mice with indicated treatment. n = 8 in each group; *P < 0.05. **P < 0.01; ns, not significant,

Mann-Whitney u test.

C-X-C motif chemokine ligand (CXCL)13 and G-CSF (among
40 cytokine/chemokines) in DSS-fed mice, with or without anti-
VEGF treatment. To analyze these cytokines in a more quanti-
tative manner, we collected serum samples chronologically and
performed ELISA. Serum G-CSF levels increased in a biphasic
manner; shortly after DSS treatment (initial peak), and after
recovery within 2 wk, they gradually increased again, coincident
with colorectal tumor growth (secondary peak). The G-CSF
levels in cis-Apc/Smad4 mice were elevated significantly 6 wk
after DSS feeding (water with isotype 0.16 =+ 0.05, water with
anti-VEGF 0.36 + 0.09, DSS with isotype 1.42 + 0.85, DSS with
anti-VEGF 1.33 = 0.74 [ng/mL]), whereas they stayed at the
baseline in wild-type mice (water on wild-type 0.09 + 0.05, DSS
on wild-type 0.10 + 0.06, P = 0.66 [Student’s ¢ test] and P = 0.60
[Mann—Whitney u test]) (Fig. 2 E, Right and Fig. 2 F, Right). On
the other hand, CXCL13 levels did not show any transient up-
regulation shortly after DSS treatment, but they increased
gradually throughout the observation period (Fig. 2 E, Left and
Fig. 2 F, Left). Interestingly, serum CXCL13 levels also increased
even in tumor-free wild-type mice after DSS treatment (water on
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wild-type 0.45 + 0.15, DSS on wild-type 0.72 + 0.16 [ng/mL], P <
0.01 [Student’s f test and Mann-Whitney u test]), suggesting that
this change was caused by the recovery from acute colonic in-
flammation, rather than by the tumor growth.

G-CSF Causes Neutrophil Infiltration into Tumor Stroma to
Up-Regulate Bv8/Prokineticin 2 (PROK2) and Promote Angiogenesis
in Colorectal Tumors Refractory to Anti-VEGF Antibody. Next we
tried to determine the source(s) of G-CSF and CXCL13. We
determined their mRNA levels in the colon tumors and adjacent
normal tissues. Csf3 (encoding G-CSF) and its receptor Csf3r
were up-regulated dramatically in colorectal tumor tissues from
cis-Apc/Smad4 mice treated with DSS (Fig. 34). On the other
hand, Cxcl13 and its receptor Cxcr5 were expressed mainly in the
normal colon tissues (Fig. 34).

Among the cytokines that are highly expressed in colorectal
tumors of DSS-treated cis-Apc/Smad4 mice (SI Appendix, Fig.
S4B), IL17a is known to stimulate G-CSF expression in the tu-
mor microenvironment (27). Taking advantage of a recently
described method (28), we cultured colorectal cancer stem cells
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Fig. 3. G-CSF mRNA was expressed in tumor tissues, but G-CSF does not directly affect tumor cell growth. (A) Relative mRNA expression of Csf3/G-CSF, its
receptor Csf3r, Cxcl13, its receptor Cxcr5, Bv8/PROK?2, its receptors Prokr1 and Prokr2, and //17a. mRNA was collected from colorectal tumor and adjacent
normal colon tissues of DSS-treated mice, with or without anti-VEGF treatment. Experiments were repeated three times. **P < 0.01, Student’s t test. (B)
Immunocytostaining of primary spheroid culture cells from colorectal tumors of DSS-fed mice. All spheroid cells expressed E-cadherin, whereas no cells
expressed a-SMA. (Scale bar, 50 pm.) (C) Csf3/G-CSF mRNA expression and its protein expression from tumor spheroid culture. Experiments were repeated
three times. **P < 0.01, Student’s t test. (D) IHC for Bv8/PROK2 and MPO in tumor tissues of cis-Apc/Smad4 mice with DSS. Red arrowheads, polynuclear
neutrophils. (Scale bar, 50 um.) (E) A representative “score 3" (see also S/ Appendix, Fig. S6G) Bv8/PROK2 IHC from a human CRC specimen. (Scale bar, 40 pm.)
(F) Relative expression of Bv8/PROK2 mRNA from peripheral neutrophils with or without treatment with 10 ng/mL of G-CSF for 4 h in Hank'’s balanced salt
solution (HBSS) buffer with 0.5% bovine serum albumin (BSA). Experiments were repeated three times. Triplicate experiments, repeated three times. **P <
0.01, Student’s t test. (G) Cell proliferation assay (WST-1 reagent) in primary spheroid cells from colorectal tumors of DSS-treated mice. Fetal bovine serum and
EGF were used as positive controls. Experiments were repeated three times; *P < 0.05, Student’s t test.

as spheroids and treated them with recombinant IL17a (Fig. 3B Apc/Smad4 mice showed significant up-regulation of BvS/PROK2
and C). Both mRNA and protein levels of G-CSF were signifi-  expression (Fig. 3F). We also tested the possibility that the mol-
cantly up-regulated in the IL17a-treated colorectal tumor ecules that we targeted may have direct effects on tumor cell
spheroids (Fig. 3C). These results suggest that IL17a induced in  proliferation, we incubated tumor spheroids with IL17a, G-CSF,
the tumor microenvironment may stimulate G-CSF production = CXCL13, Bv8/PROK2, endocrine gland-derived vascular endo-
in colorectal tumor cells. thelial growth factor (EG-VEGF) (structurally related to Bv8/
We previously reported that Bv8/PROK2 is expressed in PROK2) or VEGF-A and found that none of these molecules had
CD11b*Gr-1* myeloid cells, and that it regulates myeloid cell-  stimulatory effects (Fig. 3G).
dependent tumor angiogenesis (29). In the present study, we We next investigated whether G-CSF expression in tumor
found that Bv8/PROK? and its receptors Prokrl and Prokr2 (30)  tissues affected neutrophil infiltration into the tumor stroma by
were also highly up-regulated in the colorectal tumor tissues immunofluorescent staining for Ly-6G (a marker of mouse
of DSS-treated cis-Apc/Smad4 mice (Fig. 34), suggesting that  neutrophils). Anti-VEGF treatment alone promoted neutrophil
G-CSF from colorectal tumors stimulated production of Bv8/ infiltrations into the stroma of small intestine tumors in cis-Apc/
PROK? within the tumor. In order to confirm expression of Bv8/  Smad4 mouse, even without CIC (S Appendix, Fig. S6 C and E).
PROK?2 within the colorectal tumor tissues, we performed im-  DSS-induced CIC dramatically recruited neutrophil infiltration
munohistochemistry for Bv8/PROK2 and myeloperoxidase (MPO).  into the stroma of colorectal tumors, but not in small intestinal
We found that polynuclear granulocytes in the tumors of DSS-  tumors (SI Appendix, Fig. S6 C and E).
treated mice expressed both antigens (Fig. 3D and SI Appendix, We determined vascular densities in CIC-associated colorectal
Fig. S64), as well as human CRC tissues (Fig. 3E), consistent with ~ tumors by anti-CD34 immunohistochemistry (SI Appendix, Fig.
the finding that tumor tissues had higher expression of BvS/ S6 D and F). When treated with anti-VEGF, the tumor micro-
PROK2 mRNA compared with adjacent normal tissue (Fig. 34).  vessel density of mice without DSS treatment was very low.
To further validate Bv8/PROK2 expression in granulocytes/neu-  These results are consistent with those that anti-VEGF alone
trophils, we isolated peripheral neutrophils from tumor-bearing  almost completely suppressed tumor formation of cis-Apc/Smad4
mice with anti-Ly-6G beads (SI Appendix, Fig. S6B), and treated  mice without DSS (Fig. 1 A and B). In contrast, CIC-associated
them with recombinant mouse G-CSF. After stimulation with  colorectal tumors contained abundant microvessels even in
10 ng/mL G-CSF, peripheral neutrophils from DSS-treated cis- mice treated with anti-VEGF (SI Appendix, Fig. S6 D and F),
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suggesting that anti-VEGF antibody alone was unable to sup-
press tumor angiogenesis, and that other angiogenic factors such
as Bv8/PROK2 contributed to the resistance against anti-
angiogenic agents in this mouse model.

Plasma Bv8/PROK2 Levels Predicted Patient Overall Survival in Human
Unresectable CRC in Response to Irinotecan, 5-Fluorouracil,
Leucovorin (IFL). It has been reported that serum G-CSF levels
are correlated with staging in human CRC (31). In order to
further validate the findings of our mouse studies, we sought to
assess Bv8/PROK?2 expression in human CRC specimens by IHC
using tissue microarrays (Fig. 3E and SI Appendix, Fig. S6G).
THC results were scored in the range of 0 to 3 based on the
number of cells detected in the tumor area (SI Appendix, Fig.
S6G). Fig. 3E illustrates a representative sample with score 3. As
shown in SI Appendix, Fig. S6H, most of the CRC patients had
the highest score of Bv8/PROK2-positive cells.

Since Bv8/PROK?2 is a secreted protein, we sought to determine
whether its plasma levels have any correlation with the presence of
CRC. Indeed, we found that Bv8/PROK?2 levels were significantly
higher in CRC patients compared with age- matched healthy
donors (Fig. 44). We also sought to assess whether there is a
correlation between plasma Bv8/PROK2 levels and survival of
CRC patients. Plasma samples were available from a total of 120
patients from the IFL (irinotecan, 5-fluorouracil, leucovorin)
regimen arm of trial AVF2107 (NCT00109070) (4). As shown in
Fig. 4B, plasma Bv8/PROK2 was associated with poor overall
survival (OS). Namely, patients with higher than the median value
of 38.1 pg/mL plasma Bv8/PROK2 level (n = 68) had a median
OS of 13 mo, whereas those with lower (n = 52) had 17.2 mo,
leading to a hazard ratio of 1.77 (95% confidence interval 1.23 to
2.55, unstratified log-rank P < 0.01).

In Combination with Anti-VEGF Antibody, Anti-IL17a, Anti-G-CSF, or
Anti-Bv8/PROK2 Suppressed Growth of Refractory Tumors, but Not
anti-CXCL13 or Anti-PD-L1. To further validate the significance of
G-CSF, Bv8/PROK?2, and CXCL13 on anti-VEGF therapy in
refractory CRC, we treated mice with anti-IL17a, anti-G-CSF,
anti-Bv8/PROK2, or anti-CXCL13 antibody, in the absence or
presence of anti-VEGF, for 3 wk after CIC (Fig. 4C). We also
administered anti-PD-L1 antibody as an additional treatment
group. This is because tumor-associated neutrophils (TANs)
and/or granulocytic myeloid-derived suppressor cells (MDSCs)
have been reported to suppress anticancer immunity through
expression of PD-L1 (33, 34). In fact, expression of tumor im-
mune factors such as Pdl, Pdll, Ctla4, Foxp3, and Argl in CIC-
associated colorectal tumor tissues from cis-Apc/Smad4 mice was
up-regulated compared to small intestinal tumor tissues, whereas
CD8a expression was down-regulated (SI Appendix, Fig. S7A4).
As anticipated, IHC revealed infiltration of Foxp3-positive cells
in CIC-associated colorectal tumors, whereas CD8a-positive cell
infiltration was observed in small intestinal tumor tissues from
the same mice (SI Appendix, Fig. STB).

Anti-G-CSF treatment, with or without anti-VEGF, sup-
pressed neutrophil counts in peripheral blood (SI Appendix, Fig.
S84), whereas other antibodies did not. Consistent with the
above findings, 3-wk treatment with anti-VEGF alone did not
reduce colorectal tumor formation in cis-Apc/Smad4 mice with
CIC (tumor number, isotype 7.2 + 3.2 vs. anti-VEGF 6.9 + 3.0,
P = 0.85; tumor area, isotype 36.3 + 15.9 vs. anti-VEGF 33.6 +
17.4 [mmz], P = 0.73, Student ¢ test) (Fig. 4 C-E). Anti-IL17a,
anti-G-CSF, anti-Bv8/PROK?2, anti-CXCL13, or anti-PD-L1 did
not show any significant effects when tested as monotherapy in
both cis-Apc/Smad4 mice (tumor number, anti-IL17a 7.9 + 3.0,
anti-G-CSF 5.6 + 2.2, anti-Bv8/PROK2 8.6 + 3.0, ant-CXCL13
9.7 + 5.2, anti-PD-L1 5.9 + 2.0; tumor area, anti-IL17a 37.8 +
20.6, anti-G-CSF 35.1 + 14.6, anti-Bv§/PROK2 47.5 + 15.2, anti-
CXCLI13 53.4 + 32.4, anti-PD-L1 34.9 + 16.9 [mm?]) and cis-
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Apc/Smad4 Kras®'?P(©PX2) mice (tumor area, anti-G-CSF 286.5
+ 57.2, anti-Bv8/PROK2 295.1 +49.0, anti-PD-L1 237.2 + 54.8
[mm?]) with CIC (Fig. 4 C-E and SI Appendix, Fig. S8 D and E).
However, when tested in combination with anti-VEGF to DSS-
fed mice, anti-IL17a, anti-G-CSF or anti-Bv8/PROK?2, but not
anti-PD-L1, antibody significantly reduced the lesion areas and/
or numbers of colorectal tumors cis-Apc/Smad4 mice with CIC
(tumor numbers, anti-VEGF + anti-IL17a 4.9 + 3.8, vs. isotype
P =021, anti-VEGF + anti-G-CSF 3.4 + 2.0, vs. isotype P <
0.01, anti-VEGF + anti-Bv8/PROK2 4.1 + 2.5, vs. isotype P <
0.01; tumor area, anti-VEGF + anti-IL17a 17.9 + 16.2 [mmz], Vs.
isotype P < 0.05, anti-VEGF + anti-G-CSF 12.0 + 9.0 [mm?], vs.
isotype P < 0.01, anti-VEGF + anti-Bv§/PROK2 13.6 + 8.9
[mm~], vs. isotype P < 0.01, Student’s ¢ test) (Fig. 4 C-E). We
also confirmed that anti-G-CSF (or anti-Bv8/PROK?2) neutrali-
zation in combination with anti-VEGF significantly su Z%ressed
colorectal tumor formation in cis-Apc/Smad4 Kras®'?P(CPX2)
mice (tumor area, anti-VEGF + anti-G-CSF 165 + 60 [mm?], vs.
isotype P < 0.01, anti-VEGF + anti-Bv8/PROK2 168 + 37
[mm~], vs. isotype P < 0.01, Student’s ¢ test) (SI Appendix, Fig.
S8 D and E). These results suggest that neutralization of both
VEGF and IL17a or VEGF and G-CSF/Bv8/PROK?2 is required
to suppress tumor formation after CIC in cis-Apc/Smad4 mice
and cis-Apc/Smad4 Kras®'?P(€PX2 mjce. Treatment of cis-Apc/
Smad4 mice with anti-CXCL13 resulted in a trend toward in-
creases in colorectal tumor formation. Although this increase did
not fully reach statistical significance (tumor numbers, anti-
CXCL13 9.7 + 5.2, vs. isotype P = 0.22; anti-VEGF + anti-CXCL13
12.0 £ 4.9, vs. isotype P = 0.02. tumor area, anti-CXCL13 53.4 +
32.4 [mm?], vs. isotype P = 0.15; anti-VEGF + anti-CXCL13
62.2 + 35.6 [mm?], vs. isotype P = 0.05, Student’s ¢ test), we
noted that some of the largest tumors in this study were in the
anti-CXCL13 groups (Fig. 4 C-E). Remarkably, in small in-
testinal tumors of cis-Apc/Smad4 mice and cis-Apc/Smad4
Kras®?P(€PX2) mice with CIC, anti-VEGF monotherapy
achieved significant tumor suppression (SI Appendix, Fig.
S8 B and ().

In DSS-treated cis-Apc/Smad4 mice receiving these combina-
tion therapies, we also confirmed neutrophil infiltration and
angiogenesis in colorectal tumors by immunofluorescent staining
(Fig. 5 A and C). Anti-G-CSF treatment, with or without anti-
VEGF, significantly reduced neutrophil infiltration inside the
tumor microenvironment, consistent with the peripheral white
blood cell counts (Fig. 5 A and C and SI Appendix, Fig. S84).
Anti-IL17a and anti-Bv8/PROK?2 treatment also had similar ef-
fects, suppressing local neutrophil infiltration, without signifi-
cantly affecting peripheral neutrophil counts (Fig. 54 and C and
SI Appendix, Fig. S84). Angiogenesis in the colorectal tumors
was dramatically suppressed when DSS-fed cis-Apc/Smad4 mice
were treated with anti-IL17a, anti-G-CSF, or anti-Bv8/PROK2
antibody in combination with anti-VEGF (Fig. 5 B and D). In
contrast, none of the monotherapies with anti-IL17a, anti-G-
CSF, or anti-Bv8/PROK2 antibody caused such angiogenesis-
suppressive effects inside colorectal tumors, which is consistent
with the results of tumor suppression described above.

G-CSF Expression Confers Resistance to Anti-VEGF Therapy in a Mouse
Allograft Model of CRC Liver Metastasis. CRC becomes lethal when
it metastasizes to distant organs, the liver being the most com-
mon. Therefore, we sought to verify the above results using al-
lograft models of CRC liver metastasis. Anti-VEGF therapy was
effective when MC38 mouse CRC cells were grown in the liver of
C57BL/6 syngeneic mice following injection in the spleen, as
assessed by liver weight (isotype 3.5 = 2.0 vs. anti-VEGF 1.2 +
0.4 [g], P < 0.05, Student’s ¢ test) (SI Appendix, Fig. S9 A and B).
We transduced Gesf into MC38 cells (SI Appendix, Fig. S9C).
Lentiviral transduction of Gesf significantly increased G-CSF
expression from cancer cells, leading to increased serum G-CSF
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Fig. 4. Plasma Bv8/PROK2 levels and survival correlations and treatment of anti-IL17a/G-CSF/Bv8/PROK2 axis in combination with anti-VEGF in cis-Apc/Smad4

mice with DSS. (A) Plasma Bv8/PROK2 levels of CRC patients and age-matche

d healthy volunteers. **P < 0.01, Mann-Whitney u test. (B) Kaplan-Meier es-

timates of the subpopulation from the cohort of AVF2107 trial (4, 32). Patients from the IFL arm were divided into two groups, one with plasma Bv8/PROK2
levels higher than median value (= 38.1 pg/mL) and the other with lower value. **P < 0.01, log-rank test. (C) Representative images of colorectum from wild-
type or cis-Apc/Smad4 mice, with or without DSS administration, followed by the indicated antibody treatments. (Scale bar, 5 mm.) Red arrowhead, colorectal
tumors. (D and E) Comparison of tumor numbers (D) and total tumor areas (E) of cis-Apc/Smad4 mice with DSS, followed by indicated antibody treatments.
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levels and recruitment of polynuclear neutrophils expressing Bv8
in liver metastatic foci (Fig. 6B and SI Appendix, Fig. S9D).
Importantly, G-CSF expressing MC38 cells acquired resistance
to anti-VEGF (MC38-empty 1.1 + 0.17 vs. MC38-Gesf 1.54 +
0.58 [g], P < 0.05, Student’s ¢ test) (Fig. 64), and neutralization
of G-CSF/Bv8 cascade with anti-G-CSF/anti-Bv8 antibodies in
combination with anti-VEGF abrogated the acquired resistance
in G-CSF-expressing tumors (isotype 1.9 + 0.93 [g], anti-VEGF
+ anti-G-CSF 1.0 = 0.25, vs. isotype P < 0.05; anti-VEGF +
anti-Bv8 0.97 + 0.18, vs. isotype P < 0.05, Student’s ¢ test)
(Fig. 6C). The treatments including anti-G-CSF antibody sup-
pressed peripheral neutrophil counts in this model, whereas
other treatments did not (Fig. 6D). Another CRC metastasis
allograft model with CT26 cells derived from BALB/c mouse
showed essentially the same results (SI Appendix, Fig. S9 E-H).

We established a spontaneous liver metastasis model in ac-
cordance with a previous report, with minor modifications (35).
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eft. *P < 0.05; ns, not significant, Student’s t test.

As expected, mice with Kras™"=S--912P and Pten°* transgene
driven by villin-Cre (Kras®"?" Pten/*"°*) showed both intestine
and liver tumors (Fig. 6 E-G). We confirmed that liver tumors in
this mouse model derived from intestinal epithelial cells by
adding Gt(ROSA26)"B-1dTomato-EGEP gene (Fig, 6 F and G and
SI Appendix, Fig. S9I). As reported, both intestinal primary tu-
mor and liver metastasis tumors showed Wnt and Erk activation
in cancer cells, which is a common feature of advanced CRC (S7
Appendix, Fig. S97) (35). Metastatic liver tumors in this model
demonstrated prominent up-regulation of Csf3 and Prok2 ex-
pression, and histological examination revealed significant re-
cruitment of polynuclear neutrophils with Bv8/PROK2 expression
in the liver tumors (Fig. 6 H and I). Collectively, these results
demonstrate that the G-CSF/Bv8/PROK?2 axis played an impor-
tant role in eliciting resistance to anti-VEGF therapy for CRC
liver metastasis, and that blockade of G-CSF/Bv8/PROK2 can
become a therapeutic target for such tumors.

Itatani et al.


https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2008112117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2008112117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2008112117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2008112117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2008112117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2008112117/-/DCSupplemental
https://www.pnas.org/cgi/doi/10.1073/pnas.2008112117

A co

100 4

[ isotype lgG W anti-VEGF

Ly-6G*/CD11b*
w
o

@)

isotype IgG anti-IL17a anti-G-CSF

+isotype IgG

+anti-VEGF

B (%) 0O isotype lgG B anti-VEGF
10 1§
28
5
< 61
2
2 44
2
[
W e
2
0 4
ati- AR B T2 E "B ER2S
go Y2 doegoY@®gdo
s = v = & g = v < &
2 o} 2 O
anti-Bv8 anti-CXCL13

anti-PD-L1

Ly-6G/CD11b/DAPI

D isotype IgG anti-IL17a anti-G-CSF

+ isotype lgG

+ anti-VEGF

anti-Bv8 anti-CXCL13 anti-PD-L1

CD34/DAPI

Fig. 5.

Neutrophil infiltration and microvascular development in the stroma of ClC-associated colorectal tumors. (A) Quantification of Ly-6G* cells proportion

within CD11b™* cells inside the tumor stroma shown in C. n = 3 in each group. (B) Quantification of microvessel density within the tumor stroma shown in D.
n = 3 in each group. (C) Immunofluorescent staining of Ly-6G (green) and CD11b (red) cells in colorectal tumor tissues of cis-Apc/Smad4 mice with DSS
followed by indicated treatment. (Scale bar, 200 um.) (D) Immunofluorescent staining of CD34 (green) in colorectal tumor tissue of cis-Apc/Smad4 mice with
DSS followed by indicated treatment. (Scale bar, 200 pm.) White arrowhead, major vessels in muscle layer.

Discussion

We investigated the mechanisms of resistance to anti-VEGF in
GEMMs of CRC and evaluated their relevance to clinical out-
comes in human patients. In our mouse models, administration of
anti-Bv8/PROK?2, anti-G-CSF, or anti-IL17a antibody in combina-
tion with anti-VEGF effectively suppressed colorectal tumor for-
mation on GEMM with CIC, although anti-IL17a antibody
appeared slightly less effective than the other treatment groups. In
the clinical setting, bevacizumab is typically used in combination
with cytotoxic chemotherapy agents that typically cause neu-
tropenia. Anti-G-CSF antibody may exacerbate chemotherapy-
induced neutropenia, which may cause critical infectious diseases.
Moreover, in addition to G-CSF, GM-CSF and IL10 can also
stimulate Bv§/PROK?2 expression in human neutrophils/monocytes
(36). On the other hand, Bv8/PROK2 is a downstream target of
G-CSF (30), and anti-Bv§/PROK2 treatment did not cause neu-
tropenia in our mouse model (Fig. 6D and SI Appendix, Fig. S84).
Therefore, targeting Bv§/PROK2 may be a safer approach.

We found a biphasic increase in serum G-CSF levels after
treatment with DSS in cis-Apc/Smad4 mice (Fig. 2F). The initial
peak was observed almost immediately after DSS exposure, both
in cis-Apc/Smad4 and wild-type mice, which may have been
caused by the acute inflammation. However, DSS-treated cis-
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Apc/Smad4, but not DSS-treated wild-type mice, showed a
gradual increase in serum G-CSF levels, with or without anti-
VEGEF treatment. These increased G-CSF levels were accom-
panied by colorectal tumor growth (Fig. 2F). The main source of
this secondary G-CSF peak was the tumor tissue itself (Fig. 34),
suggesting that tumor-derived G-CSF played an important role
in recruiting neutrophils (TAN and/or granulocytic-MDSC) to
the tumor site. The spontaneous liver metastasis model with
Kras®?P Pten/"°% also revealed that G-CSF expression from
metastatic tumors was associated with recruitment of neutrophils
at the metastatic sites. It is believed that neutrophils play an
important role in tumorigenesis for many types of cancers, al-
though their role is complex and possibly tumor dependent and
may result in tumor promotion or suppression (37, 38). For ex-
ample, a high preoperative neutrophil-to-lymphocyte ratio (NLR)
from peripheral blood cell counts has been correlated with overall
survival in CRC (39) or in other types of cancers (40, 41). Recent
studies reported that NLR may predict chemotherapy outcomes in
advanced cancers (42, 43). NLR has been also reported to predict
benefit from bevacizumab therapy in patients with advanced
CRC (44, 45). In addition to systemic neutrophils as a marker
of inflammatory, neutrophilic/granulocytic lineage cells inside
the tumor microenvironment such as TAN or their precursors,
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resentative images of MC38 liver metastasis following treatment with indicated neutralizing antibodies. (Scale bar, 1 cm.) (B) IHC for Bv8/PROK2 in tumor
tissues of MC38 liver metastasis with or without G-CSF expression. (Scale bar, 200 pm.) (C) Comparison of liver weights from MC38 liver metastasis model
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granulocytic MDSCs, are also thought to play a major role in tu-
mor immunity (46). However, it is as yet unclear whether neutro-
phils inside the tumor microenvironment promote or suppress
tumor progression (37). In fact, while some of the previous clinical
reports showed that presence of neutrophils inside tumors was an
independent poor prognostic factor for several types of cancers (34,
47), others showed that neutrophils can play antitumoral roles (48).

IL17a, mainly produced by Th17 helper lymphocytes, is one of
the key players of inflammation, including inflammatory bowel
disease (IBD). In addition to IBD, IL17a plays a critical role in
the pathogenesis of colitis-associated cancers (49). In the present
study, we demonstrated that IL17a stimulate G-CSF expression
from cancer cells, which recruits neutrophils in the tumor mi-
croenvironment. Among several possible explanations of how
neutrophils promote tumor growth, angiogenesis represents an
attractive possibility (37, 50). We have previously reported that
tumor-infiltrating CD11b*Gr-1% cells with neutrophilic/granu-
locytic phenotype produced the Bv8/PROK2 protein, which
resulted in refractoriness to anti-VEGF therapy (29, 51, 52).
However, most of these studies were performed in tumor
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mice. Experiments were repeated three times. §, undetectable level.

allograft/xenograft models that may not accurately reflect the
complexity of the tumor microenvironment.

In the present study, we used CIC to stimulate colonic tu-
morigenesis in an intestinal cancer GEMM (cis-Apc/Smad4 and
cis-Apc/Smadd4 Kras“'?P(“PX2))Colorectal tumors with CIC and
metastatic liver tumors in our models contained abundant neu-
trophils in their stroma, which also reflects human CRC (48).
Without DSS, cis-Apc/Smad4 mice showed tumors mainly in
small intestine, and they received a marked benefit from anti-
VEGEF therapy. On the other hand, DSS-treated cis-Apc/Smad4
mice developed tumors also in the colorectum that showed re-
sistance to anti-VEGF antibody, suggesting that CIC triggered
escape mechanisms. Interestingly, even in DSS-treated cis-Apc/
Smad4 mice and cis-Apc/Smad4 Kras®?P(€PX2) mice, small in-
testinal tumors were still responsive to anti-VEGF therapy
(Fig. 2C and SI Appendix, Fig. S8 B and C), suggesting that in-
flammation is important for resistance to antiangiogenesis since
DSS causes inflammation primarily in the colon (SI Appendix,
Figs. S3B and S4A4). These findings raise the possibility that
heterogeneity in the tumor responses to anti-VEGF may be, at
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least in part, related to different degrees of inflammation in
different regions/sites, even within the same tumor. To identify
factors potentially implicated in such resistance, we focused our
analysis on serum samples because systemically released factors
are likely implicated in the recruitment of inflammatory cells
from the bone marrow or the systemic circulation into the inflamed
colon. Analysis of mouse sera by cytokine arrays demonstrated that
only G-CSF and CXCL13 were significantly elevated in DSS-
treated mice compared to controls (SI Appendix, Fig. S5 A and
D). As for CXCL13, it was increased also in the DSS-treated wild-
type mice that never showed intestinal tumors, arguing against a role
of this chemokine in tumor growth (Fig. 2G). CXCL13 is a
CXC chemokine originally implicated in the recruitment and de-
velopment of B cells through interaction with CXCRS (53). The
significance of CXCL13 in tumor biology has been somewhat con-
troversial. Bindea et al. reported that patients with high CXCL13
expression in colorectal cancer show better survival than those with
low expression (54) and hypothesized that CXCL13 plays an im-
portant role in anticancer immunity. However, other studies have
reported a stimulatory role of CXCL13 for various tumor cell types,
including colorectal cancer cells (55, 56), raising the possibility that
this chemokine may be a therapeutic target in cancer. Our findings
seem consistent with the hypothesis that CXCL13 represents a ho-
meostatic mechanism limiting tumor growth (54) since tumors in
anti-CXCL13-treated groups tended to be the largest.

Anti-PD-L1 antibody treatment, with or without anti-VEGF,
did not cause tumor suppression, which is consistent with the
lack of clinical efficacy in CRC patients without MSI (13). In-
terestingly, combination of an anti-PD-L1 antibody with bev-
acizumab has yielded promising results in multiple malignancies
(57-59), but there are no reports that such combination en-
hances the efficacy of bevacizumab in CRC.

There are four consensus molecular subtypes (CMSs) of CRC
(60). Among these, CMS4, with activation of TGF-f and an-
giogenesis, predicts the worst prognosis. The CIC CRC mouse
models we used here may truly reflect the clinical setting of
aggressive CMS4 CRC, because CRC tissues from cis-Apc/
Smad4 mice showed up-regulation of Tgfbl and some angiogenic
factors such as Bv8/PROK?2 and Plgf (SI Appendix, Fig. S4B). In
addition, it was reported that serum G-CSF levels are strongly
correlated with tumor stage in colorectal cancer patients (31).
Further evidence for the CRC mouse models reflecting real
clinical setting comes from the high frequency of Bv8/PROK2-
positive neutrophils observed in human CRC (Fig. 44 and SI
Appendix, Fig. S6H). Moreover, plasma Bv8/PROK?2 levels were
associated with poor prognosis in this disease, providing a po-
tential strategy to target Bv8/PROK2 as a suitable candidate
for therapeutic intervention. We used cis-Apc/Smad4 mice as
the CIC CRC model because expression profile from tumor
tissues of either Apc?”’S, cis-Apc/Smad4, or cis-Apc/Smad4
Kras©1?P(€PX2) essentially showed little difference between each
other (SI Appendix, Fig. S4C).

We also found that liver tumors in a spontaneous metastasis
model with Kras®'?P Pten"°* driven by villin-Cre transgene
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showed significant increases in Csf3 and Bv8/Prok2 expression
(Fig. 61). We did not attempt to treat these mice with targeted
antibodies since it has been reported that the frequency of liver
metastasis is only 25%, and that some of the metastases take over
1y to be detectable (35). Therefore, it could be challenging to
generate statistically significant data in a timely fashion. Neverthe-
less, this model provides support for our hypothesis as it shows that
metastatic foci in the liver express abundant amounts of G-CSF,
with recruitment of Bv8-expressing polynuclear granulocytes.

In conclusion, on the basis of the GEMM findings reported in
this manuscript, we provide a validation of the potential role for
the G-CSF/Bv8/PROK2 axis as a therapeutic target in human
colorectal cancer. A challenge in developing anti-Bv8 therapy
was the difficulty in identifying an antibody that fully blocked
Bv8 function, hence the need to combine two antibodies, in this
and in earlier studies (29, 52). Hopefully, our findings will renew
interest in developing reagents more suitable for clinical trials.

Materials and Methods

Cytokine Array. Serum samples were diluted 10-fold and applied to the mem-
branes of Mouse Cytokine Array Panel A (R&D Systems), according to the
manufacturer’s protocol. After incubation with biotinylated detection antibody
mixture, membranes were treated with streptavidin-conjugated IRDye800CW
(LI-COR Biosciences), and fluorescent intensity was detected by Odyssey (LI-COR).

Quantitative Reverse Transcription PCR (qRT-PCR). Total RNA was extracted
using RNeasy Plus Mini Kit (Qiagen) according to the manufacturer’s protocol.
<DNA was generated using High Capacity cDNA Reverse Transcription Kit
(Applied Biosystems), followed by quantification with TagMan Fast Advanced
Master Mix (Thermo Fisher Scientific) using ViiA 7 (Applied Biosystems). Ex-
pression levels for mouse genes listed in S/ Appendix, Supplementary Table
were normalized by mouse Actb. The AACt method was used for quantifica-
tion of gene expression levels.

ELISA. Mouse sera were diluted fivefold, and G-CSF and CXCL13 levels were
measured using specific ELISA kits (MCS00 and MCX130 respectively, R&D
Systems). For G-CSF ELISA in conditioned media of mouse CRC cell lines, 1.0 x
10° cells were seeded in six-well plates with 1 mL of Dulbecco’s Modified
Eagle Medium containing 10% fetal bovine serum, and cultured for 24 h.
The absorbance was measured at 450 nm using the plate reader SpectraMax
M5 (Molecular Devices). For human Bv8/PROK2, assay plates were coated
with anti-Bv8/PROK2 antibody (1 pg/mL, clone 3B8) at 4 °C overnight, and
after a brief wash with wash buffer (0.05% Tween-20 in phosphate-buffered
saline), human plasma samples were applied and incubated for 2 h. Anti-
Bv8/PROK2 (clone 3F1) was used as detection antibody. Animal studies were
approved and performed in compliance with guidelines by the University of
California San Diego (UCSD) Institutional Animal Care and Use Committee.

Data Availability. All data are included in the article and supporting information.
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