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Anti-VEGF drugs are commonly used for treatment of a variety of
cancers in human patients, and they often develop resistance. The
mechanisms underlying anti-VEGF resistance in human cancer
patients are largely unknown. Here, we show that in mouse
tumor models and in human cancer patients, the anti-VEGF drug-
induced kidney hypoxia augments circulating levels of erythro-
poietin (EPO). Gain-of-function studies show that EPO protects
tumor vessels from anti-VEGF treatment and compromises its
antitumor effects. Loss of function by blocking EPO function using
a pharmacological approach markedly increases antitumor activity
of anti-VEGF drugs through inhibition of tumor angiogenesis.
Similarly, genetic loss-of-function data shows that deletion of
EpoR in nonerythroid cells significantly increases antiangiogenic
and antitumor effects of anti-VEGF therapy. Finally, in a relatively
large cohort study, we show that treatment of human colorectal
cancer patients with bevacizumab augments circulating EPO
levels. These findings uncover a mechanism of desensitizing anti-
angiogenic and anticancer effects by kidney-produced EPO. Our
work presents conceptual advances of our understanding of mech-
anisms underlying antiangiogenic drug resistance.
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nti-VEGF-based antiangiogenic drugs are commonly used
for treatment of various cancer types in human patients.
Since the approval of the first anti-VEGF drug, bevacizumab
(Avastin), that is, a neutralizing antibody targeting VEGF, by the
US Food and Drug Administration in 2004 for treatment of met-
astatic colorectal cancer (1), more than 12y of clinical experiences
have shown relatively low therapeutic efficacies of anti-VEGF
drugs owing to several clinically unresolved issues (2). Both in-
trinsic and evasive resistances are major hindrances for beneficial
clinical responses (3-7). Additionally, other issues include the fol-
lowing: defining reliable biomarkers for selection of patient pop-
ulations who are likely to benefit from treatment; minimizing
adverse effects; prolonging timeline of therapy; and understanding
the fundamental mechanism of beneficial effects, especially in
combination with chemotherapeutics (2, 7). At the time of this
writing, these clinically related issues remain largely unresolved.
Cancer patients who receive anti-VEGF treatment often show
intrinsic and acquired resistance. It is speculated that the anti-
VEGF drug-altered tumor microenvironment contributes to
drug resistance. For example, it has been shown that anti-VEGF
treatment increases expression levels of non-VEGF angiogenic
factors, which stimulates tumor angiogenesis through VEGF-
independent mechanisms (8, 9). Further, anti-VEGF drug-
induced tumor hypoxia has been claimed as a trigger for the
compensatory mechanism of anti-VEGF resistance (10). Other
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studies show that anti-VEGF therapy-associated recruitments of
leukocytes and stromal fibroblasts in the tumor microenvironment
also contribute to antiangiogenic resistance (9, 11). However, these
findings are refined in the tumor microenvironment and the global
impact of off-tumor targets of these anti-VEGF drugs in cancer
patients in development of drug resistance is unknown.

Anti-VEGF drugs are systemically delivered to cancer pa-
tients, and these drugs have significant impacts on healthy vas-
culatures distributed in various tissues and organs. For example,
systemic treatment of mice with an anti-mouse VEGF neutral-
izing antibody results in marked regression of microvasculatures
in endocrine organs (12). In thyroid, more than 70% of micro-
vessels are regressed in response to anti-VEGF treatment (12).
Similarly, vascular homeostasis in adrenal gland and pancreatic
islets are also largely dependent on VEGF. Additionally, anti-
VEGF drugs also significantly reduce vascular density in kidney,
liver, ovary, and other organs. Reduction of vascular density in
these tissues and organs may potentially result in tissue hypoxia.
Independent findings with tyrosine kinase inhibitors targeting
VEGFRs show the VEGF-VEGEFR signaling is crucial for vas-
cular homeostasis in various tissues and organs (13).

Significance

Understanding the molecular mechanisms underlying drug re-
sistance of antiangiogenic therapy is crucial to improvement of
therapeutic efficacy in cancer patients. Our data uncover a
mechanism by which the off-tumor targets compromise anti-
VEGF drug sensitivity. The therapeutic implication of our find-
ings poses a concept that blocking the off-tumor targets of
antiangiogenic drugs are crucial for improvement of thera-
peutic efficacy. Based on our findings, modest inhibition of
excessive EPO production is recommended for improvement of
antiangiogenic therapy. Our work will result in a significant
paradigm shift and conceptual advances as to improvement of
both quality-of-life and overall survivals of antiangiogenic
drug-treated cancer patients.

Author contributions: Y.C. designed research; M.N., Y.Z,, Y.Y,, CS., W.Z, G.H, TS, H.I,
L.Y., T.F., and K.H. performed research; B.D., X.L., J.L, G.Y., X.W., and Y.L. contributed
new reagents/analytic tools; T.H. and Y.C. analyzed data; and Y.C. wrote the paper.

The authors declare no conflict of interest.
This article is a PNAS Direct Submission.
Published under the PNAS license.

"To whom correspondence may be addressed. Email: jpli3s@126.com, baohongy@me.
com, qdfywxs@163.com, yizhi_liu@aliyun.com, or yihai.cao@ki.se.

This article contains supporting information online at www.pnas.org/lookup/suppl/doi:10.
1073/pnas.1703431114/-/DCSupplemental.

PNAS | Published online October 23, 2017 | E9635-E9644

wv
=2
=
a
w
<
=
[



http://crossmark.crossref.org/dialog/?doi=10.1073/pnas.1703431114&domain=pdf
http://www.pnas.org/site/aboutpnas/licenses.xhtml
mailto:jpli3s@126.com
mailto:baohongy@me.com
mailto:baohongy@me.com
mailto:qdfywxs@163.com
mailto:yizhi_liu@aliyun.com
mailto:yihai.cao@ki.se
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1703431114/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1703431114/-/DCSupplemental
www.pnas.org/cgi/doi/10.1073/pnas.1703431114

L T

/

1\

=y

Erythropoietin (EPO) is essential for erythropoiesis during through the mechanism of anti-VEGF drug-induced hypoxia in
adulthood, and it is mainly produced by interstitial fibroblasts and  the kidney. High circulating EPO levels significantly contribute
tubular epithelial cells in the kidney (14, 15). EPO exerts its bi-  to anti-VEGF drug resistance. Similarly, exogenously adminis-
ological functions through activation of EPO receptor (EpoR), trated EPO also protects tumor vessels from anti-VEGF therapy.
which is mainly expressed in erythrocyte progenitor cells (16).  Our findings present a concept of anti-VEGF drug resistance by
However, EpoR is also found in a variety of cell types including an off-tumor target mechanism, suggesting that EPO-based
vascular endothelial cells (17, 18). EPO is considered as a multi-  erythropoiesis-stimulating agents (ESA) and anti-VEGF drugs
functional molecule through activation of the Jak-Stat3 signaling  should not be simultaneously used in cancer patients. These data
pathway (19). EPO induces angiogenesis by directly acting on en-  also imply that adequate inhibition of EPO function in cancer
dothelial cells to stimulate their proliferation and migration al-  patients might improve therapeutic efficacy of anti-VEGF drugs.
though it can also induce expression of other angiogenic factors
(15, 20). Similar to VEGF, EPO expression is regulated by hypoxia ~ Results
through the hypoxia-inducible factor (HIF)-regulatory mechanism. Systemic Anti-VEGF Treatment Augments Kidney EPO Production. In
Recently HIF-2a has been shown to be the dominant regulator for  clinical settings, anti-VEGF drugs are systemically administrated
EPO expression (21, 22). to cancer patients. We hypothesized that systemic delivery of these

In this work, we show that systemic treatment of mice with an  antiangiogenic drugs would produce global impacts of nontumor
anti-VEGF drug significantly increases circulating levels of EPO  vasculatures in various tissues and organs. Our previous work
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Fig. 1. Systemic anti-VEGF treatment augments kidney EPO production. (A and B) Kidney cortex CD31* microvessels and hypoxia pimonidazole* signals of
NIlgG- and anti-VEGF-treated tumor-free and LLC tumor-bearing mice. White arrows point to CD31* microvessels. CD31" microvessels and pimonidazole™
signals were randomly quantified from 12 fields (n = 6 samples per group). (C) Western blotting analysis of CAIX in the NlIgG- and anti-VEGF-treated kidney
cortex (n = 5 samples per group). (D) qPCR analysis of Hifla mRNA and Hif2a mRNA expression levels of NllgG- and anti-VEGF-treated kidney cortex of LLC
tumor-bearing animals (n = 5 samples per group). (E) Western blotting analysis of HIF-1a and HIF-2a of the kidney cortex of tumor-free and LLC tumor-
bearing animals (n = 3 samples per group). (F) ELISA measurements of EPO protein levels (n = 5 samples per group). (G) Epo mRNA levels of NIlgG- and anti-
VEGF-treated tumors (n = 6 samples per group). (H) EPO protein staining of NllgG- and anti-VEGF-treated kidney cortex of tumor-free and LLC tumor-bearing
animals. White arrows point to EPO™* staining. Quantification of EPO positive signals (n = 6-8 random fields per group). (/, Left and Center) ELISA analysis of
EPO protein levels and gPCR analysis of Epo mRNA levels of the kidney cortex of tumor-bearing animals (n = 6 tissue samples per group). (I, Right) Epo mRNA
expression levels of livers of LLC tumor-bearing animals (n = 6 tissue samples per group). Data are means + SEM. Animal experiments were repeated twice.
*P < 0.05; **P < 0.01; ***P < 0.001. n.s., not significant. (Scale bars: 50 pm.)
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showed that systemic delivery of an anti-VEGF neutralizing anti-
body (equivalent to bevacizumab) to mice induces vascular re-
gression in kidney (12). To test this hypothesis, we treated
nontumor-bearing healthy mice and Lewis lung cancer (LLC)-
bearing mice with a previously characterized anti-mouse VEGF
neutralizing antibody (VEGF blockade) (23-26). In both healthy
tumor-free and LL.C-bearing mice, systemic treatment with VEGF
blockade caused marked vessel regression in the kidney cortex
(Fig. 14). Quantification of CD31" vascular density showed that
40-50% of microvessels in kidney cortex were regressed after 4-wk
anti-VEGF treatment (Fig. 14). These findings demonstrate that
VEGEF is a crucial survival factor for vascular homeostasis in the
kidney cortex. To further validate these findings, we have used an
independent anti-VEGFR2 neutralizing antibody (DC101) for
treating tumor-free mice. Similar to the anti-VEGF blockade,
DC101 treatment produced very similar vascular regressive effects
as VEGF blockade in the kidney cortex (ST Appendix, Fig. S1 A and
B). Likewise, systemic treatment with DC101 also resulted in a
significant increase of circulating EPO protein to the level com-
parable to the anti-VEGF-treated mice (SI Appendix, Fig. S1C).
Thus, two independent anti-VEGF agents produced nearly iden-
tical vascular regressive effects in the kidney. For convenience, we
have used the VEGF blockade for the rest of our studies.

We further hypothesized that anti-VEGF-induced vascular re-
gression might cause tissue hypoxia in kidney, which could sub-
sequently alter expression levels of hypoxia-inducible genes. Indeed,
systemic treatment of tumor-free and LLC tumor-bearing mice with
VEGEF blockade created severe hypoxia in the kidney cortex (Fig.
1B). In contrast, nonimmune IgG (NIIgG) treatment did not induce
hypoxia in the kidney cortex (Fig. 1B). Consistently, expression of
CAIX protein was markedly elevated in the kidney cortex of anti-
VEGF-treated LLC tumor-bearing mice (Fig. 1C). In concordance
with the increase of tissue hypoxia, expression levels of hypoxia-
inducible factor-lo (Hifla) mRNA were significantly elevated by
systemic delivery of VEGF blockade (Fig. 1D). Similar elevated
levels of Hif2a were also detected in the kidney of VEGF blockade-
treated animals compared with NIIgG-treated controls (Fig. 1D).
Consistent with the elevated mRNA levels, expression levels of
HIF-1a and HIF-2a protein were also elevated accordingly (Fig.
1E). It appeared that anti-VEGF-induced kidney hypoxia and HIF
expression were independent from tumor implantation since tumor-
free and tumor-bearing mice produced very similar responses upon
anti-VEGF treatment.

Since EPO-producing peritubular interstitial cells are ana-
tomically located in the kidney cortex (16) and EPO production
is markedly regulated by hypoxia, we next measured EPO levels
in the kidney and plasma. Notably, systemic anti-VEGF treat-
ment of LLC tumor-bearing mice induced a more than threefold
increase of circulating EPO level relative to NIIgG-treated
tumor-bearing animals (Fig. 1F). Similarly, systemic delivery of
VEGF blockade in tumor-free mice also increased circulating
EPO levels (SI Appendix, Fig. S1D). High EPO protein levels
were also found in tumor tissues of anti-VEGF-treated animals
relative to those of control NIIgG-treated mice (Fig. 1F).

To distinguish kidney-derived EPO from tumor-synthesized
EPO, Epo mRNA levels were measured in tumor tissues. De-
spite high EPO protein levels in tumor tissues, Epo mRNA level
was not significantly altered in anti-VEGF-treated tumors
compared with those in control NIIgG-treated tumor tissues
(Fig. 1G). These findings show that kidney, but not tumor tis-
sues, is the primary site for anti-VEGF-elevated production of
the circulating EPO, and high levels of tumor EPO protein are
derived from kidney. To further validate the kidney source of
EPO production, the anti-VEGF-treated kidney cortex was
stained with a specific anti-EPO antibody as previously described
(18). Expectedly, anti-VEGF treatment increased EPO protein
signals in the kidney cortex (Fig. 1H). Consistent with high levels
of kidney EPO protein, an approximately fourfold increase of

Nakamura et al.

Epo mRNA was also detected in the kidney cortex of VEGF
blockade-treated tumor-bearing mice (Fig. 17), validating the
kidney source of EPO production. Since liver could be a po-
tential site for EPO production, we measured Epo mRNA levels
in NIIgG- and anti-VEGF-treated livers and found no differ-
ence, excluding the possibility of liver source of excessive EPO
production (Fig. 17). Similar findings were also found in tumor-
free animals (SI Appendix, Fig. S1 E and F).

Most cancer types including colorectal cancer (CRC) occur
during adulthood and anti-VEGF drugs are given adult human
patients. To recapitulate clinical relevance and to exclude the
possibility of a specific response to anti-VEGF therapy in younger
mice, we also treated 1-y-old mice that are equivalent to ~50*-
y-old adult humans. Similar to younger mice, VEGF blockade
markedly regressed microvessels in the kidney cortex (SI Appendix,
Fig. S1 G and H). The robust regression in older mice was
equivalently comparable to that in younger mice. Consistently,
circulating EPO level was also significantly increased along with
kidney vessel regression (SI Appendix, Fig. S1I). These findings
show that the anti-VEGF-induced vessel regression occurs in both
younger and older mice through a nonantiangiogenic but rather a
disparaging vascular hemostasis mechanism.

EpoR-Mediated Endothelial Cell Signaling and Functions. Given high
EPO protein levels in anti-VEGF-treated tumor tissues, we de-
fined EPO-targeted cell types in the tumor microenvironment. In
the LLC tumor model, tumor cells completely lacked Epor mRNA
expression, suggesting that these cells lacked responses to EPO
stimulation (Fig. 2 A and B). In contrast to tumor cells, isolated
murine blood vessel endothelial cells expressed Epor mRNA to
the level equivalent to that of primary bone marrow cells (BMCs)
(Fig. 24). Indeed, stimulation of LLC tumor cells with EPO did
not alter tumor cell proliferation (SI Appendix, Fig. S2). EPO
receptor (EpoR) was localized on the surface of primary endo-
thelial cells isolated from the tumor tissues (Fig. 2B). Again, LLC
tumor cells lacked any detectable expression of EpoR. These
findings from immunostaining were further validated by FACS
analysis, showing abundant EpoR signals on vascular endothelial
cells (Fig. 2C). We next performed immunohistochemical staining
on tumor tissues with the anti-EpoR antibody. Interestingly, EpoR
was almost exclusively expressed in endomucin® microvessels in
the tumor microenvironment although other stromal cells have
been claimed to express EpoR (Fig. 2D). These findings show that
vascular endothelial cells are the primary target of EPO protein in
the tumor microenvironment.

Consistent with high EpoR, stimulation of tumor-derived en-
dothelial cells with recombinant EPO protein significantly induced
ERK phosphorylation, an intracellular component mediating
EPO-triggered signaling (Fig. 2 E and F). Stimulation of vas-
cular endothelial cells with EPO significantly increased cell
motility and tube formation (SI Appendix, Fig. S3). Taken to-
gether, these data show that EPO targets endothelial cells but
does not lack an autonomous effect on tumor cells in this lung
cancer model.

Endogenous EPO Compromises Anti-VEGF Effects by Augmenting
Tumor Angiogenesis. We next investigated the involvement of
EPO protein in anti-VEGF response in in vivo tumor models. To
approach the functional impact of EPO in tumor growth and
angiogenesis, we generated a soluble EpoR consisting of the
extracellular domain of human EpoR fused with the Fc portion
of IgG (sEpoR-Fc). In an EPO-dependent UT-7/EPO cell pro-
liferation assay (27), a concentration of 10 ng-mL™" sEpoR-Fc
completely blocked EPO-induced proliferation of UT-7/EPO
cells (Fig. 34), indicating that sEpoR-Fc displays a potent ef-
fect on suppression of EPO-triggered cell functions. With this
available EPO blockade, we treated LLC tumor-bearing mice
with sEpoR-Fc alone or in combination with VEGF blockade by
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Fig. 2. EPO-EpoR-triggered endothelial cell signaling and functions. (A) RT-PCR analysis of Epor mRNA levels in different cell types. Bone marrow cell (BMC)
served as a positive control. (B) Immunocytochemical staining of EpoR-positive signals in mEC cells (Upper) and LLC cells (Lower). (C) FACS analysis of EpoR
expression on mEC cells. (D) Immunocytochemical staining of EpoR positive signals in LLC tumor tissue. (E and F) Western blotting analysis of phospho-ERK,
total-ERK, and p-actin levels of each treated and nontreated samples. Mouse endothelial cells were stimulated with 1 U/mL human recombinant EPO for
indicated time points. Densitometry of p-ERK-positive signals. Experiments were repeated twice. (Scale bars: 50 pm.)

systemic delivery. Intriguingly, treatment of LLC tumors with
sEpoR-Fc alone did not produce any effect on tumor growth
compared with NIIgG-treated control tumors (Fig. 3B). In con-
trast, treatment with VEGF blockade alone significantly inhibited
tumor growth (51% inhibition) (Fig. 3B). Importantly, combina-
tion of VEGF blockade with EPO blockade markedly enhanced
the antitumor activity (88% inhibition) (Fig. 3B).

To further substantiate our findings in LLC tumor models, we
performed a similar experiment using a known anti-VEGF-
resistant human glioma model (28, 29). Anti-VEGF alone pro-
duced a significant antitumor effect compared with those tumors
receiving NIIgG vehicle treatment (SI Appendix, Fig. S44). We
should emphasize that our anti-VEGF antibody neutralizes both
human and mouse VEGF. Most previously published studies
employ anti-human VEGF antibody for treatment of U87 glioma
in immunodeficient mice (28, 29), thus ignoring the role of
stromal cell-derived VEGF in supporting tumor growth. It has
been shown that stroma cell-derived VEGF plays a crucial role in
supporting tumor angiogenesis (24, 30). Clinically approved anti-
VEGF drugs block both tumor cell- and stromal cell-derived
VEGEF. Thus, our anti-VEGF treatment recapitulates the clini-
cal situation. Human U87 glioma also demonstrated a signifi-
cantly enhanced antitumor activity after receiving anti-VEGF
plus soluble EpoR combination treatment compared with the
concurrent anti-VEGF alone (SI Appendix, Fig. S4). Consis-
tently, anti-VEGF plus soluble EpoR also showed a superior
antiangiogenic effect (SI Appendix, Fig. S4). These data dem-
onstrate that anti-EPO and anti-VEGF produce additive anti-
tumor activity.

We have used our standard method to measure hematopoietic
parameters in these mice (18, 31). It should be emphasized that
treatment of tumor-bearing mice with sEpoR-Fc alone or sEpoR-
Fc plus VEGF blockade did not alter red blood cell counts,
hemoglobin, and hematocrits during the experimental period (S/
Appendix, Table S1). Perhaps, the treatment duration was too
short to see hematocrit changes because the lifespan of mouse
red blood cells is relatively long (about 40 d) (32). Prolonged
treatment would most likely alter hematocrit. Another notion is
that tumor-bearing mice had generally lower hematocrit than
tumor-free healthy mice (SI Appendix, Table S1). This is perhaps
not surprising because of the tumor-associated anemia is often
seen in cancer animals and patients.
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Accordant with the enhanced antitumor effect, addition of
sEpoR-Fc to VEGF blockade significantly enhanced the anti-
angiogenic activity in tumor tissues (Fig. 3 C and D). Addition-
ally, tumor blood vessel perfusion was decreased to a minimal
level in animals receiving anti-VEGF and anti-EPO combination
therapy (Fig. 3 C and D). Thus, endogenous EPO significantly
compromises the antiangiogenic effect of anti-VEGF drugs.

Exogenous EPO Compromises Antiangiogenic and Antitumor Effects
of Anti-VEGF Drugs. In some regions of the globe, ESAs are still
commonly prescribed as therapeutic drugs for treatment of
cancer-associated anemia and chemotherapy-related anemia
(33), although it is generally banned in the Western society.
However, the impact of administration of ESAs together with
anti-VEGF drugs such as bevacizumab on tumor growth and
tumor angiogenesis has not been investigated. To address this
important issue, we treated tumor-bearing mice with a combi-
nation of a recombinant EPO protein and VEGF blockade.
Treatment of LLC tumor-bearing mice with EPO alone resulted
in an accelerated tumor growth rate relative to vehicle-treated
tumors (Fig. 3E). The EPO-augmented tumor growth was un-
likely due to its direct effect on LLC tumor cells as these tumor
cells lacked EpoR expression (Fig. 24). Again, treatment with
VEGF blockade produced 53% inhibition of tumor growth in
this lung tumor model (Fig. 3E). However, treatment of EPO
protein together with VEGF blockade completely ablated the
antitumor effect by VEGF blockade (Fig. 3E). In another tumor
model of fibrosarcoma, anti-VEGF treatment also markedly
augmented high levels of EPO production (SI Appendix, Fig.
S5A4). These data were supported by independent experimental
evidence using T241 fibrosarcoma tumor model (SI Appendix,
Fig. S5B).

Reconciling with restoration of vascular density, EPO treat-
ment completely rescued anti-VEGF-decreased vascular perfu-
sion (Fig. 3 F and G). Thus, exogenous administration of EPO
protein compromises anti-VEGF effects by augmenting tumor
angiogenesis. Similar anti-VEGF-resistant effects of EPO pro-
tein were also found in T241 tumors (SI Appendix, Fig. S5 C-E).
Although EPO-induced tumor angiogenesis significantly con-
tributed to anti-VEGEF resistance in suppression of tumor growth
and angiogenesis, other mechanisms could not be completely
excluded. It was plausible that EPO-stimulated hematopoiesis
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also contributed to anti-VEGF resistance. Indeed, EPO treat-
ment increased hematocrits in tumor-bearing mice (SI Appendix,
Fig. S6). Interestingly, EPO plus anti-VEGF further increased
red blood cell count, hemoglobin, and hematocrit relative to
anti-VEGF alone (SI Appendix, Fig. S6). These findings suggest
that EPO and anti-VEGF stimulate hematopoiesis through dif-
ferent mechanisms. However, this possibility was unlikely to
significantly contribute to anti-VEGF resistance because genetic
deletion of EpoR in nonhematopoietic cells in tumor-bearing
mice recovered anti-VEGF sensitivity.

EPO Blockade Enhances Anti-VEGF-Triggered Antiproliferation and
Apoptosis of Tumor Cells. To gain further mechanistic insights of
EPO inhibition-potentiated anti-VEGF sensitivity, VEGF block-
ade-, EPO blockade-, and VEGF blockade plus EPO blockade-
treated tumor tissues were stained with proliferative and apoptotic
markers. Anti-VEGF treatment alone significantly inhibited LLC
tumor cell proliferation, whereas sEpoR-Fc treatment did not
significantly alter tumor cell proliferation relative to Fc-treated
control tumors (Fig. 4 A and D). Notably, treatment of LLC
tumor-bearing mice with combination of anti-VEGF antibody and

Nakamura et al.

sEpoR-Fc produced a markedly inhibitory effect on tumor cell
proliferation (Fig. 4 A and D). These findings show that VEGF
blockade and EPO blockade synergistically inhibit tumor cell
proliferation in an in vivo tumor model. Conversely, anti-VEGF
and anti-EPO combination treatment markedly induced tumor cell
apoptosis (Fig. 4 B and E). After 3-wk treatment with the combi-
nation regimen, nearly 20% of tumor cells underwent apoptosis,
resulting in an exceptionally high apoptosis index (Fig. 4 B, E, and
F). In the anti-VEGF alone-treated LLC tumors, about 10% of
apoptotic tumor cells were detected. Consistent with the synergistic
antiangiogenic effects (Fig. 3), anti-VEGF and anti-EPO combi-
nation markedly induced tumor tissue hypoxia as measured by
CAIX expression (Fig. 4 C and G). Taken together, treatment of in
vivo tumors with a combination of anti-VEGF and anti-EPO drugs
synergistically inhibits tumor cell proliferation, augments tumor
cell apoptosis, and induces severe hypoxia.

EPO Protein Induces Tumor Hyperproliferation, Protection of Apoptosis,
and Improvement of Hypoxia. In contrast to sEpoR-Fc, exogenous
administration of EPO protein to LLC tumor-bearing animals further
stimulated tumor cell proliferation compared with vehicle-treated
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control tumors (Fig. 4 H and K). It should be emphasized that LLC
tumor cells lacked EpoR expression and did not show any pro-
liferative response to EPO in vitro (Fig. 24 and SI Appendix, Fig. S2)
and, thus, EPO promoted tumor cell proliferation in vivo through an
independent mechanism, most likely through its potent angiogenic
effect in vivo. Interestingly, treatment of tumor-bearing mice with
EPO protein alone significantly protected tumor cells from apoptosis
(Fig. 4 I and L). Stimulation of hyperproliferation and antiapoptosis
indicates that EPO is a potent protumorigenic factor that primarily
modulates the tumor microenvironment. Additionally, EPO treat-
ment completely ablated the anti-VEGF-induced antiproliferative
(Fig. 4 H and K) and proapoptotic effects (Fig. 4 I and L). Conse-
quently, EPO treatment reduced the anti-VEGF-augmented apo-
ptotic index to the control level (Fig. 4M). Ultimately, treatment with
EPO protein markedly improved tumor hypoxia (Fig. 4 J and N).
Thus, delivery of EPO protein to LLC tumor-bearing mice neutral-
izes the anti-VEGF-triggered antiproliferative and proapoptotic ef-
fects on tumor cells. These conclusions were further supported by
experimental evidence using an independent T241 fibrosarcoma
model (SI Appendix, Fig. S7).

Genetic Deletion of Epor in Nonhematopoietic Cells Increases Anti-VEGF
Sensitivity. To further strengthen our conclusions, we took a genetic
approach to selectively delete Epor in nonhematopoietic cells in
mice, that is, EpoR (77)::HG1-EpoR strain as previously described

E9640 | www.pnas.org/cgi/doi/10.1073/pnas.1703431114

(34). Implantation of LLC tumors in these EpoR (77)::HG1-EpoR
syngeneic mice did not significantly alter tumor growth rates
compared with wild-type (WT) mice (Fig. 54). Similarly, red blood
cell counts, hemoglobin, and hematocrits in LLC tumor-bearing
EpoR (77):HG1-EpoR mice were nearly identical to those of
tumor-bearing WT mice (Fig. 5B), supporting the fact of non-
hematopoietic deletion of Epor gene in these mice. Interestingly,
anti-VEGF treatment of LLC tumor-bearing EpoR (77):HGI-
EpoR mice resulted in 84% tumor suppression relative to
NIIgG-treated control tumors in the same mice (Fig. 54). In the
WT mice, VEGF blockade only inhibited 59% of tumor growth.
These findings indicate that the nonhematopoietic EpoR signaling
compromises the antiangiogenic and antitumor effects of anti-
VEGEF drugs. In consistence with pharmacological approaches,
genetic deletion of Epor in nonhematopoietic cells also signifi-
cantly enhanced the antiangiogenic effect of VEGF blockade in
the LLC tumor model (Fig. 5 C and D). Accordingly, blood per-
fusion in tumor vessels were markedly decreased in VEGF
blockade-treated LLC-bearing EpoR (7~)::HG1-EpoR mice (Fig.
5 C and E). Thus, enhancement of antiangiogenic activity of
VEGEF blockade by genetic deletion of Epor reconcile with im-
provement of antitumor activity by this drug. Both genetic and
pharmacological approaches support the conclusion that increased
levels of EPO production are responsible for desensitizing anti-
VEGEF drugs for cancer therapy.
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Similar to sEpoR-Fc treatment, deletion of Epor in EpoR
(77):HG1-EpoR tumor-bearing mice markedly improved anti-
proliferative and proapoptotic effects of tumor cells by VEGF
blockade (Fig. 5 F-I and K). Owing to the decreases of vascular
density and blood perfusion, anti-VEGF-treated LLC tumors in
EpoR (’/ 7)::HG1-EpoR mice also encountered a higher degree of
hypoxia relative to anti-VEGF-treated tumors in WT mice (Fig.
5J). Thus, this genetic loss-of-function model reproduced the
findings from the pharmacological loss-of-function experiments.

Chemotherapy in Combination of Anti-VEGF Therapy Elevated EPO
Expression. In clinical settings, anti-VEGF drugs are often com-
bined with chemotherapeutics for treatment of cancer patients.
To recapitulate the clinical situation of combination therapy, we
designed a combination therapy regimen for lung cancer. Cis-
platin and vinorelbine are two commonly used chemotherapeu-
tics for treatment of lung cancers, and these chemotherapeutics
were combined with anti-VEGF treatment (Fig. 64). Expectedly,
a clinically relevant dose of chemotherapy alone significantly
inhibited tumor growth without affecting tumor angiogenesis
(Fig. 6 B-D), endorsing the direct antitumor effect. Indeed,
chemotherapy alone for treatment of lung cancer significantly
inhibited tumor cell proliferation, but markedly induced cellular

Nakamura et al.

apoptosis (SI Appendix, Fig. S8). Additionally, chemotherapy
alone had no impact on vasculatures in the EPO-producing or-
gans such as kidney and liver (Fig. 6 C, E, and F). Addition of
chemotherapeutic to anti-VEGF drugs did not change the anti-
VEGF-induced antiangiogenic effects in tumors, kidney, and
liver (Fig. 6 C-F).

It appeared that chemotherapy plus anti-VEGF treatment
augmented an even higher level of circulating EPO than anti-
VEGF alone (Fig. 6G). Similarly, the combination-treated group
showed a trend of higher EPO production in the kidney (Fig. 6H).
These findings show that EPO expression levels were also elevated
in the chemotherapy plus anti-VEGF—treated tumor-bearing ani-
mals, recapitulating the clinical relevance of our findings.

Bevacizumab Treatment Increases Circulating EPO Levels in Human
Colorectal Cancer Patients. Bevacuizumab is a currently used anti-
VEGEF drug as the first-line and second-line treatment of meta-
static colorectal cancer (mCRC) and is systemically delivered to
cancer patients. The impact of systemic bevacizumab on EPO
production in CRC patients is unknown. To recapitulate our
findings to clinical relevance, we measured circulating EPO levels
in human CRC patients who received bevacizumab treatment for
three cycles. In this study, two arms of patient populations were
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compared. In the first group (n = 34), mCRC patients received
conventional chemotherapy alone. In another group (n = 32),
mCRC patients received bevacizumab plus chemotherapy combi-
nation therapy. Plasma samples were collected and circulation
EPO protein levels were measured by an ELISA. The average
circulating EPO level was significantly higher in the bevacizumab
plus chemotherapy group compared with chemotherapy alone
(Fig. 6] and SI Appendix, Table S2). These pilot clinical findings
validate our data from preclinical cancer models.

Having known high-circulating EPO levels in CRC cancer pa-
tients, we performed a relatively large cohort clinical study on
breast cancer patients, who are often resistant to anti-VEGF
treatment. We recruited 61 patients with localized HER2 negative
breast cancers. These patients received a combination therapy
consisting of docetaxel-epirubicin plus bevacizumab. Again, statis-
tically higher circulating EPO levels were found in the combination-
treated patients, validating the fact that systemic treatment of breast
cancer patients with an anti-VEGF drug augments EPO production
(Fig. &J and SI Appendix, Table S3). These findings provide clinical
evidence that anti-VEGF treatment increases circulating EPO
production in human cancer patients.

Discussion

Antiangiogenic drugs are originally designed to specifically tar-
get the tumor vasculature as physiological angiogenesis rarely
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occurs in healthy adult tissues (35). However, systemic delivery
of anti-VEGF-based antiangiogenic drugs inevitably exposes
drugs to the entire vasculature of all tissues and organs in the
cancer patients. Would the off-tumor targets of antiangiogenic
drugs have any functional impact on cancer patients? The short
answer is definitive. While VEGF is a potent angiogenic factor
under physiological and pathological conditions, it is also a key
factor for maintaining vascular hemostasis in various tissues and
organs. We recently showed that systemic treatment of tumor-
free healthy mice with an anti-VEGF neutralizing antibody
produces broad impacts on vascular regression in various tissues
and organs. For example, substantial vascular regression is ob-
served in anti-VEGF-treated kidney, thyroid, pancreas, liver,
adrenal gland, intestinal villi, and ovary (12). An independent
study using axitinib, a tyrosine kinase inhibitor (TKI) targeting
VEGFRs, produces very similar vascular regression in these
tissues and organs (13). However, TKIs are often nonspecific for
VEGFRs and block phosphorylation of many other kinases. For
example, axitinib inhibits all three types of VEGFRs, PDGFRs,
c-Kit, and other kinases (36).

We originally hypothesized that anti-VEGF treatment-induced
vascular regression in the kidney cortex would induce tissue
hypoxia, which alters gene expression profiles. Our experimen-
tal data support this hypothesis, and HIF-la and HIF-2a are
significantly up-regulated in the anti-VEGF-treated kidneys.
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Among hypoxia-regulated genes, Vegf, Epo, and Glucose trans-
porter 1 (Glut-1) are a few direct targets of HIFs (37). Unlike
many other factors, production of EPO hormone is specifically
restricted to kidney and a limited number of other organs. An-
other study shows that delivery of a soluble VEGFR by an ad-
enovirus increases EPO production in the liver but not in the
kidney (38). It is known that systemic delivery of an adenovirus
preferentially infects liver cells because of the abundant ex-
pression of adenoviral receptors in hepatocytes (38). Thus, this is
a local delivery approach rather than a systemic expression. With
this approach, it is perhaps unsurprising that kidney EPO pro-
duction is not altered. EPO displays broad biological functions
on various cell types other than hematopoietic lineage-committed
erythroblasts. EPO is a potent angiogenic factor that stimulates
tumor growth and invasion (18). Interestingly, EpoR is predomi-
nately expressed in vascular endothelial cells, supporting the
robust angiogenic function of hormone. Several phase 3 clinical
trials with EPO for treatment of cancer-associated anemia
showed significant shortening of patient survival (39, 40), con-
cluding prohibition of ESA treatment in cancer patients. Despite
this fact, ESA is still used in some countries for treatment of
cancer-associated anemia in human patients (33). Taking glob-
alization of anti-VEGF drugs for cancer therapy into consider-
ation, the impact of simultaneous treatment of anti-VEGF drugs
and ESA on patient survival is completely overlooked. Therefore,
our work provides evidence that EPO desensitizes antiangiogenic
and anticancer effects of anti-VEGF drugs. In addition to exog-
enously administrated EPO protein, we show that kidney-derived
endogenous EPO significantly compromises anti-VEGF drug
sensitivity in two tumor models (Fig. 7). The mechanism does not
involve its hematopoietic function because deleting Epor gene
in nonhematopoietic cell types completely abrogates the EPO-
mediated effect.

If these findings from genetic mouse models can be extended
to clinical therapy, targeting nonhematopoietic EpoR would
offer an attractive approach to improve drug sensitivity and
clinical benefits of anti-VEGF therapy. Based on our findings,
we reasonably propose that modest inhibition of EPO function
or decrease of circulating EPO levels would be potentially ben-
eficial for cancer patients who receive anti-VEGF treatment.
Perhaps, low doses of EPO neutralizing agents and anti-VEGF
drugs should be simultaneously given to cancer patients to
maximize anticancer effects. If so, bone marrow hematopoiesis
would not be significantly affected by the low-dose anti-EPO
agents. Conversely, measurement of circulating EPO levels
would potentially predict therapeutic outcome, and EPO serves
as a surrogate marker for anti-VEGF treatment. This possibility
warrants future clinical validation. Our preclinical findings are
relevant to clinical situations. In two independent patient pop-
ulations with CRC and breast cancer, anti-VEGF treatment
significantly elevates similar circulating EPO levels as seen in our
mouse models. Based on preclinical findings, various possible
mechanisms that underlie anti-VEGF drug resistance have been
proposed. These include tumor cell-organized vascular tunnels-
vascular mimicry, tumor vessel remodeling, VEGF-independent
angiogenesis, and vessel cooption (8, 9, 41-46). In the tumor
local microenvironment, anti-VEGF treatment would create a
local hypoxia that serves as an important trigger for up-
regulation of non-VEGF angiogenic factors such as FGFs,
PDGFs, and angiopoietins. These non-VEGF factors may sig-
nificantly contribute to development of anti-VEGF drug re-
sistance. In the kidney, exposure of anti-VEGF drugs elevates
EPO expression, which might together with other factors syner-
gistically or additively augment tumor angiogenesis and eventu-
ally development of drug resistance. Thus, blocking EPO
together with other non-VEGEF factors should be considered as
an effective combination therapy.
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Fig. 7. Schematic diagram of systemic anti-VEGF treatment-induced drug
resistance. Systemic administration of anti-VEGF drugs such as bevacizumab
enters into the circulation to target both tumor and healthy vasculatures
such as kidney blood vessels. Anti-VEGF-induced vessel regression in the
kidney cortex leads to tissue hypoxia, which induces HIF-1a and HIF-2a ex-
pressions. HIF-1a and HIF-2a at transcription level target the Epo promoter
for high production of EPO in peritubular interstitial cells in kidney cortex.
Kidney-derived EPO enters the circulation to stimulate angiogenesis and
eventually contributes to antiangiogenic drug resistance. These findings
provide mechanistic insights of off-tumor targets of antiangiogenic drugs in
the cancer patients for development of drug resistance.

Taken together, our findings provide an example of off-tumor
targets of antiangiogenic drugs significantly contribute to devel-
opment of drug resistance. Systemic delivery of antiangiogenic
drugs produces profound impacts of nonmalignant tissues that
significantly alters drug responses in the cancer microenviron-
ment and probably overall survival of cancer patients. Our
findings have also paved potential avenues for defining bio-
markers predicting antiangiogenic responses by detecting gene
expression profiles in noncancer tissues.

Materials and Methods

Tumor Experiment and Treatment. Cultured tumor cells were suspended to
make a final concentration of 1 x 10° or 6 x 10° cells in 100 pL of PBS and
were s.c. injected into the middle region of dorsal back of each mouse.
Tumor sizes were measured with a caliper every other day and were calcu-
lated according to a standard formula (length x width? x 0.52). A rabbit anti-
mouse VEGF-A-specific neutralizing antibody (kindly provided by the Sim-
cere Pharmaceutical Company) and a rabbit nonimmune IgG (catalog no.
10500C; Invitrogen) were intraperitoneally (i.p.) administered twice per
week at a dose of 5.0 mg-kg™" starting at day 4 after tumor injection.
Recombinant EPO was i.p. administered three times per week at a dose of
2,000 U-kg~". sEpoR-Fc protein or control-Fc protein (7 pg per mouse) were
i.p. administered twice a week. In the chemotherapy plus anti-VEGF com-
bination therapy, 8.5 mg-kg~" vinorelbine once per week, 30 mg/kg cisplatin
once per month, and 5.0 mg-kg™" anti-VEGF twice per week, were admin-
istered at day 9 after tumor implantation. At the end of all experiments,
mice were killed with a lethal dose of CO,, followed by cervical dislocation.
Tumor tissues were immediately removed and fixed overnight with 4%
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paraformaldehyde (PFA) at 4 °C or were freshly frozen in liquid nitrogen,
and kept in —80 °C until further use.

Immunoblotting. Proteins from total lysates, along with a protein ladder
(catalog no. SM1811; Fermentas), were subjected to SDS/PAGE (catalog
no. NP0301; Invitrogen), followed by wet transferring onto nitrocellulose
membranes (catalog no. 88018; Thermo Scientific). Membranes were
blocked at room temperature with 5% BSA (catalog no. A8806; Sigma) for
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