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with anti-VEGFR2 therapy. Furthermore, a gene therapy using a nanoparticle formulated with an siRNA against CX3CL1
reduced Ly6Clo monocyte recruitment and improved outcome of anti-VEGFR2 therapy in mouse CRCs. Our study unveils
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Introduction
Angiogenesis is a hallmark of cancer (1). The VEGF signaling path-
way is a key component of pathological angiogenesis in most can-
cers (2–5). To date, 10 anti-VEGF drugs have been approved by the 
FDA to treat various solid tumors, starting with metastatic colorectal 
cancer (CRC) in 2004 (1). However, the survival benefit from these 
drugs is modest, as tumors develop resistance to these agents (3, 4, 
6–13). The mechanisms of resistance remain far from understood.

The immune microenvironment has drawn great interest for 
its strong influence on tumor growth (7, 8, 10, 12, 14–22). Emerg-
ing data show that the immune system also plays a critical role 
in refractoriness to antiangiogenic therapy (13, 23, 24). Among 
various types of leukocytes, a growing body of evidence suggests 
that immunosuppressive innate immune cells contribute to this 

resistance in addition to cancer cell immune evasion (6, 25–27). 
However, these myeloid cells are a collection of diverse subsets 
of CD11b+ monocytic and granulocytic cells (27–30), which have 
often been studied together rather than as clearly defined subpop-
ulations. Furthermore, Ly6Clo monocytes, also known as nonclas-
sical monocytes, have not yet been clearly characterized or exten-
sively investigated in the context of anti-VEGF cancer therapy. 
Particularly, it is not known whether Ly6Clo monocytes are capa-
ble of promoting immunosuppression in any context.

Moreover, mechanistic studies on the role of chemokines/
chemokine receptors in each specific subpopulation of innate 
immune cells in cancers have not been conducted, even though 
the importance of chemokines in leukocyte trafficking has long 
been widely accepted (31, 32). The lack of suitable methods for in 
vivo longitudinal cellular-level monitoring of leukocytes in CRCs 
of small animal models has limited previous efforts to elucidate 
the highly dynamic immune microenvironment. Thus, the role 
and kinetics of specific subsets of innate immune cells in confer-
ring resistance to anti-VEGF therapy are not known.

Here, we uncover a function of Ly6Clo monocytes — immuno-
suppression — and reveal that they instigate a cascade of immu-
nomodulatory events in response to anti-VEGF therapy. We found 
that anti-VEGF therapy upregulates CX3CL1 expression, which 
facilitates CX3CR1-dependent infiltration of Ly6Clo monocytes. 
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the control, while there were no observable changes in microves-
sel density (MVD) or hypoxia on day 2 (Supplemental Figure 1, 
A–D; supplemental material available online with this article; 
https://doi.org/10.1172/JCI93182DS1). Interestingly, there were 
differences in responses to DC101 between the 2 orthotopic CRC 
models, with SL4 being more sensitive to antiangiogenic therapy 
than CT26. After DC101 monotherapy, the SL4 tumor size was 
approximately 40% of that of the control, while CT26 tumor size 
was approximately 70% (Figure 1, A and B).

Consistent with published data from anti-VEGF therapies 
in other tumor models (23), we found a significant increase in 
CD11b+Gr1+ myeloid cells in our CRC models after DC101 treat-
ment (Supplemental Figure 2A). However, the CD11b+Gr1+ cells 
represent a heterogeneous mixture of monocytic and granulocytic  
myeloid cells (28–30, 35). Although separate analyses for the 
different subpopulations of myeloid cells are essential for better 
understanding of the biology, the definition of CD11b+Gr1+ cell 
subpopulations using surface markers has been ambiguous among 
research groups. Previous studies have focused on Gr1hi (Ly6Chi or 
Ly6G+) myeloid cells (26, 28, 35–43). In this study, we clearly dis-
criminate between Ly6Chi and Ly6G+ myeloid cell subsets based 

These CX3CR1+Ly6Clo monocytes produce CXCL5 to recruit neu-
trophils to the tumors and create an immunosuppressive microen-
vironment. Furthermore, we developed a gene therapy method to 
target CX3CL1, which significantly (P < 0.05) improved the efficacy  
of anti-VEGF cancer therapy by inhibiting CX3CR1+Ly6Clo  
monocyte infiltration. These findings, based on multimodal 
approaches, including genetic ablation of chemokine receptors 
and intravital multiphoton microscopy, offer a mechanistic basis 
to develop novel and efficient immunotherapeutic strategies to 
treat solid cancers.

Results
Anti-VEGFR2 therapy induces accumulation of monocytes and neu-
trophils in CRCs. To examine the role of the immune microenvi-
ronment in CRCs, we utilized 2 syngeneic murine CRC models 
— SL4 and CT26 — orthotopically implanted in C57BL/6 and 
BALB/c mice, respectively. We also studied spontaneous rectal 
tumors in conditional Apc mutant mice (Apcfl/fl Ad-Cre) (33). We 
used DC101, a monoclonal antibody against VEGFR2, to inhibit 
angiogenesis (34). We observed vessel regression and increased 
hypoxia on days 5 and 12 after DC101 treatment compared with 

Figure 1. Anti-VEGFR2 therapy facilitates early infiltration of Ly6Clo monocytes into tumors. (A and B) Tumor volume was measured using a high- 
frequency ultrasound imaging system for orthotopically grown syngeneic SL4 tumors in C57BL/6 mice (A) and CT26 tumors in BALB/c mice (B). Tumors 
were treated with either control rat IgG (control) or monoclonal anti-VEGFR2 antibody DC101 (40 mg/kg, every 3 days). n = 8/group. (C) A representative 
flow cytometry plot depicting the 3 different subsets of myeloid populations. 1, Ly6Clo monocyte; 2, Ly6Chi monocyte; 3, Ly6G+ neutrophil. C57BL/6 WT 
mice bearing SL4 tumors were treated with DC101, and immune cells in the tumor infiltrate were analyzed on day 5 by flow cytometry. Gated on CD45+Lin–

F4/80–CD11c–CD11b+. As these cells are defined as F4/80–, TAMs (F4/80+) are excluded. (D and E) C57BL/6 WT mice bearing SL4 tumors were treated with 
either control rat IgG (C) or DC101. Each subset of myeloid cells in tumor infiltrate was analyzed on day 5 (D) and day 12 (E) by flow cytometry. Top row, 
Ly6Clo monocyte; center row, Ly6Chi monocyte; bottom row, Ly6G+ neutrophil. n = 8/group. (F and G) BALB/c WT mice bearing CT26 tumors were divided 
into 2 different treatment groups (control, DC101), and the myeloid cell subsets in the tumor infiltrate were analyzed on day 5 (F) and day 12 (G) by flow 
cytometry. The graphs depict the absolute number of cells per mg of tumor tissue. n = 8 /group. Data are represented as mean ± SEM. *P < 0.05 versus 
control, 2-tailed t tests. Data are representative of 4 (A and B) or 3 (D–G) independent experiments.
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cant increase in neutrophils (510 ± 100 cells/mg in control vs. 1050 
± 190 cells/mg in DC101) (Figure 1E). Ly6Chi monocytes remained 
at similar levels between treatment groups on day 12 (Figure 1E). 
Given that the average size of the control group tumors harvested 
on day 5 and that of the DC101 group on day 12 were similar, the 
difference in the number of recruited Ly6Clo monocytes between 
2 treatment groups is attributed to the treatment (IgG vs. DC101), 
not to the stage of tumor progression. In CT26 tumors, DC101 
treatment showed similar kinetic response of Ly6Clo monocytes 
and neutrophils (Figure 1, F and G). In spontaneous rectal tumors 
in conditional Apc mutant mice, we also observed Ly6Clo mono-
cytes infiltrating prior to neutrophils (Supplemental Figure 3).

Ly6Clo monocytes progressively infiltrate into tumors over the 
course of anti-VEGFR2 treatment. To investigate the dynamic infil-
tration of Ly6Clo monocytes into orthotopic CRC tumors during 
antiangiogenic treatment, we surgically implanted an abdominal 

on their immunophenotype (i.e., Ly6Chi monocytes and Ly6G+ 
neutrophils, respectively) (Figure 1C) (gated on CD45+Lin–F4/80– 
CD11c–CD11b+). Furthermore, we also identified a Ly6CloLy6G– 
population, Ly6Clo monocytes (Figure 1C), which have not been 
reported in tumors after anti-VEGF therapy. These cells display 
a high level of CX3CR1, while Ly6Chi monocytes and Ly6G+ neu-
trophils (hereafter referred to as neutrophils) express CCR2 and 
CXCR2, respectively (25, 39, 44) (Supplemental Figure 2B).

Anti-VEGFR2 therapy facilitates early infiltration of Ly6Clo mono-
cytes into tumors. Among the 3 myeloid cell subpopulations found 
in SL4 tumors 5 days after DC101 treatment, there was a selective 
increase in Ly6Clo monocytes (380 ± 50 cells/mg) compared with 
the IgG control (180 ± 40 cells/mg), while the other 2 myeloid cell 
subsets did not change significantly (Figure 1D). On day 12, we 
observed a further increase in Ly6Clo monocytes (300 ± 70 cells/
mg in control vs. 700 ± 110 cells/mg in DC101) and also a signifi-

Figure 2. Ly6Clo monocytes require CX3CR1 to infiltrate into tumors during anti-VEGFR2 therapy. (A) Abdominal imaging window on a live mouse bearing 
syngeneic SL4 CRC (red arrow) in the cecum (white arrow). (B and C) Images of crawling CX3CR1+ leukocytes (green) inside the postcapillary venule (red, 
TRITC-dextran) in a normal cecum (B) and in the tumor (C) of a Cx3cr1gfp/+ mouse. Ly6Clo monocytes are labeled with EGFP (green). Ly6Clo monocytes are 
also observed in the tumor (C). (D) Snapshot image taken at 8 seconds of Supplemental Video 1 showing flowing (gray), rolling (yellow), and crawling 
(white) CX3CR1+Ly6Clo monocytes inside the blood vessels in an SL4 tumor. (E) Snapshot image showing CX3CR1+Ly6Clo monocytes undergoing extrava-
sation in an SL4 tumor. Red, TRITC-dextran (blood vessels). (F) Flux of flowing, rolling, and crawling CX3CR1+Ly6Clo monocytes in blood circulation in SL4 
tumor–bearing Cx3cr1gfp/+ mice treated with either control rat IgG (C) or DC101 (D). (G) Flux of flowing, rolling, and crawling Ly6Clo monocytes in blood circu-
lation in SL4 tumor–bearing C57BL/6 WT mice at 5 days after DC101 treatment. Ly6Clo monocytes were isolated from C57BL/6 WT or Cx3cr1–/– mice (KO), 
fluorescently labeled, and adoptively transferred into DC101-treated SL4 tumor–bearing C57BL/6 WT animals. n = 7/group. Data are represented as mean  
± SEM. *P < 0.05, 2-tailed t tests. Data are representative of 3 independent experiments (F and G). Scale bars: 100 μm (B–E).



The Journal of Clinical Investigation   R E S E A R C H  A R T I C L E

3 0 4 2 jci.org   Volume 127   Number 8   August 2017

Ly6Clo monocytes require CX3CR1 to infiltrate into tumors. 
While the CX3CL1/CX3CR1 axis has long been known to be 
important in chemotaxis (31, 53), it has now become questionable 
whether CX3CR1 is important for the process of Ly6Clo monocyte 
recruitment or not (50). There have also been reports suggesting 
that CX3CR1 deficiency influences the survival of monocytes (54, 
55). To determine whether CX3CR1 is critical for Ly6Clo monocyte 
transmigration across the endothelium, we isolated Ly6Clo mono-
cytes from both WT and Cx3cr1–/– mice that were fluorescently 
labeled and adoptively transferred into DC101-treated WT mice 
bearing CRC tumors (Supplemental Videos 2 and 3). Measured by 
intravital microscopy, there was a significant decrease in the num-
ber of crawling Ly6Clo monocytes isolated from Cx3cr1–/– mice 
compared with those isolated from WT mice (Figure 2G). These 
observations suggest that CX3CR1 plays an important role in  
chemotaxis-driven transmigration of Ly6Clo monocytes, especially  
in the process of rolling-crawling transition.

Blockade of VEGF/VEGFR2 signaling upregulates CX3CL1 in 
both human and mouse CRCs. Next, we examined which factors 
contribute to the CX3CR1-dependent attraction of Ly6Clo mono-
cytes after DC101 treatment. CX3CL1, also known as fractalkine, 
is the only known ligand for CX3CR1 (31, 53). Immunohisto-
chemistry showed that CX3CL1 is dramatically upregulated after 
DC101 treatment (Figure 3). Furthermore, biopsies of rectal carci-
nomas from patients before and after bevacizumab treatment (56, 
57) also showed a significant increase in CX3CL1 expression after 
bevacizumab treatment (Figure 3, A–C).

By measuring protein levels, we found an increase in CX3CL1 
in tumor tissues from day 2 onwards after DC101 treatment (Fig-
ure 3, D and E). Furthermore, we found increased CX3CL1 expres-
sion in endothelial cells isolated from tumors treated with DC101 
(Figure 3G), consistent with published data showing endothelial 
cells as a source of CX3CL1 (31, 58), while there was no change 
in CX3CL1 expression in nonendothelial cells (Supplemental 
Figure 8I). Interestingly, endothelial cells treated with recombi-
nant VEGFA protein to activate VEGF/VEGFR2 signaling in vitro 

imaging window. (Figure 2A and Supplemental Figure 4). Unlike 
in previous windows (45, 46), the coverslip was removable for 
aspirating accumulated fluid, allowing clearer imaging of the gut 
for over 4 weeks using a custom-built video-rate multiphoton 
microscope (47) (Figure 2, A–F, and Supplemental Figure 4B). 
Ly6Clo monocytes expressed a high amount of CX3CR1 compared 
with other myeloid cell subsets (Supplemental Figure 2B), and 
CX3CR1+ cells in the bloodstream were predominantly monocytic 
(48–50). Thus, we used Cx3cr1gfp/+ knockin mice implanted with 
SL4 tumors in which Ly6Clo monocytes express EGFP (50–52). 
In animals treated with DC101, we frequently observed EGFP+ 
monocytes freely flowing in the blood that then began to inter-
act with the vessel wall — either rolling or crawling (Figure 2, D 
and F, and Supplemental Figure 5; Supplemental Video 1). Some 
of the crawling cells subsequently extravasated from the blood 
vessel (Figure 2E). We found that DC101 significantly increased 
the number of rolling and crawling EGFP+Ly6Clo monocytes com-
pared with the control on day 6 (Figure 2F). There was no signif-
icant change in the leukocyte-endothelial cell interaction in the 
control tumors over time (Figure 2F). These results show that the 
blood serves as the source of tumor-infiltrated Ly6Clo monocytes, 
rather than local proliferation of Ly6Clo monocytes in the tumor 
parenchyma, that interact with the tumor vessels and subsequently  
transmigrate across the endothelium in a time-dependent man-
ner during antiangiogenic treatment.

Figure 3. Blockade of VEGF/VEGFR2 signaling upregulates CX3CL1 in 
both human and mouse CRCs. (A and B) Representative images showing 
CX3CL1 (fractalkine) expression in human tissue sections from patients 
with rectal carcinomas (total 7 pairs) before (A) and after (B) bevacizumab 
treatment. Scale bar: 100 μm. (C) Averaged percentage of CX3CL1+ area 
out of total area from tissue sections of 7 rectal cancer patients before 
and after bevacizumab treatment. n = 7/ group. *P < 0.05 versus before, 
2-tailed t tests. (D) CX3CL1+ area percentage of total viable area from SL4 
tumors treated with either control rat IgG (C) or DC101 analyzed on day 12.  
n = 7/group. *P < 0.05 versus control, 2-tailed t tests. (E) CX3CL1 protein 
levels measured from tissue lysates of tumors treated with either control 
rat IgG (C) or DC101 (D). n = 5/group. *P < 0.05 versus control, 2-tailed t 
tests. (F) Western blot analysis of CX3CL1 protein expression in endothe-
lial cells in vitro. Serum-starved endothelial cells were treated with either 
recombinant VEGFA protein, DC101, or VEGFA protein plus DC101, and 
CX3CL1 protein levels were measured from cell lysates. The blockade of 
VEGF/VEGFR2 signaling stimulates upregulation of CX3CL1 in endothelial 
cells. Three independent experiments showed similar findings. (G) BALB/c 
WT mice bearing orthotopically grown syngeneic CT26 CRCs were treated 
with either control rat IgG (C) or DC101 (D). Relative Cx3cl1 mRNA expres-
sion levels in endothelial cells isolated from CT26 tumors were determined 
on day 2 after treatment by quantitative real-time PCR, normalized 
against Gapdh. n = 8/group. Data are represented as mean ± SEM.
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monocytes in SL4 tumors growing in Cx3cr1–/– mice when com-
pared with WT mice (Figure 4, A, B, and E). In Ccr2–/– mice, there 
was an approximately 90% depletion of Ly6Chi monocytes (Fig-
ure 4, C and F). Finally, we used an anti-Ly6G neutralizing anti-
body to pharmacologically deplete the Ly6G+ neutrophils (with a 
depletion efficiency of ~80%) (Figure 4, D and G). Interestingly, 
DC101-treated tumors in Cx3cr1–/– mice showed not only a lack 
of Ly6Clo monocytes, but also significantly reduced infiltration 
of neutrophils compared with WT animals (Figure 4E). On the 
other hand, administration of an anti-Ly6G antibody selectively  
depleted Ly6G+ neutrophils without affecting Ly6Clo monocytes 
(Figure 4G and Supplemental Figure 3B). These data indicate that 
early infiltration of Ly6Clo monocytes during anti-VEGFR2 treat-
ment promotes subsequent recruitment of neutrophils to tumors.

Ly6Clo monocytes attract neutrophils via CXCL5 during 
anti-VEGFR2 treatment in CRCs. We then investigated the under-
lying mechanisms of how Ly6Clo monocytes attract neutro-
phils. Ly6Clo monocytes grown in vitro significantly increased 
the number of neutrophils that migrated to the bottom part of a 
Boyden chamber, while Ly6Chi monocytes did not (Figure 4H). 
DC101-treated tumors, characterized by abundant infiltration 

showed reduced expression of CX3CL1 (Figure 3F). The reduc-
tion in CX3CL1 levels was recovered by using DC101 to block 
VEGF/VEGFR2 signaling (Figure 3F). These results suggest that 
CX3CL1 is produced by endothelial cells and that production is 
regulated by VEGFR2 signaling. Furthermore, since the elevation 
of CX3CL1 expression precedes the induction of hypoxia (Figure 
3E and Supplemental Figure 1D), this process may not be hypoxia  
dependent, although we cannot rule out the contribution of 
hypoxia in the later time points. Thus, blockade of VEGF/VEGFR2 
signaling stimulates robust upregulation of CX3CL1 and causes 
active recruitment of CX3CR1+Ly6Clo monocytes to tumors.

Ly6Clo monocyte infiltration during anti-VEGFR2 treatment 
recruits neutrophils. Based on these results, we hypothesized that 
DC101 treatment facilitates early infiltration of Ly6Clo monocytes 
(day 5), which subsequently recruit neutrophils to these tumors 
(day 12) (Figure 1). To test this hypothesis, we selectively inhib-
ited the infiltration of each myeloid cell subset by taking advan-
tage of the unique expression of specific chemokine receptors on 
their surface, which are critical for their migration (i.e., CX3CR1 
on Ly6Clo monocytes, CCR2 on Ly6Chi monocytes) (32, 59) (Sup-
plemental Figure 2B). There was nearly 80% depletion of Ly6Clo 

Figure 4. Ly6Clo monocyte infiltration during anti-VEGFR2 treatment recruits neutrophils via CXCL5. (A–D) Representative flow cytometry plots 
depicting subset-specific depletion of myeloid cells in (A) WT control, (B) Cx3cr1–/– (Ly6Clo monocyte), (C) Ccr2–/– (Ly6Chi monocyte), and (D) anti-Ly6G 
antibody–treated mice (Ly6G+ neutrophil). (E–G) Monocytes and neutrophils in SL4 tumors. C57BL/6 Cx3cr1–/– (E), Ccr2–/– (F), or WT (E–G) mice bearing SL4 
tumors were treated with either control rat IgG (C), anti-Ly6G antibody (G), DC101 (D), or anti-Ly6G antibody plus DC101 (G+D). Each subset of myeloid cells 
in tumor infiltrate was analyzed on day 12 by flow cytometry. n = 8/group. Comparison between groups was made using ANOVA with Holm-Šídák post-hoc 
test. *P < 0.05. The graphs depict the absolute number of cells per mg of tumor tissue (E–G). Data are representative of 3 independent experiments. (H) 
In vitro migration assay. Neutrophils isolated from tumors were seeded in the upper chamber, and their migration to the bottom part of the chamber was 
measured. The lower chamber included either tumor-isolated Ly6Clo monocytes, Ly6Chi monocytes, or their conditioned media with or without neutralizing 
antibodies for the chemokine/chemokine receptor as indicated. n = 9/group. Comparison between groups was made using ANOVA with Holm-Šídák post-
hoc test. *P < 0.05 versus control (first bar); #P < 0.05 versus Ly6Clo monocytes (second bar). Data are represented as mean ± SEM. FOV, field of view.
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of Ly6Clo monocytes compared with the control (Figure 1, D–G), 
had a significantly higher level of CXCL5, a chemokine known to 
attract CXCR2+ cells (Supplemental Figure 2D). Ly6Clo monocytes 
secreted high levels of CXCL5 compared with Ly6Chi monocytes 
(Supplemental Figure 2, B and C). Since neutrophils expressed 
CXCR2 on their surface (Supplemental Figure 2B), we hypothe-
sized that CXCL5 from Ly6Clo monocytes is a main chemoattrac-
tant for neutrophil recruitment. To verify this, we used anti-CX-
CR2 and anti-CXCL5 neutralizing antibodies and measured 
impaired neutrophil migration toward Ly6Clo monocytes (Figure 
4H). Other chemokines known to bind to CXCR2 (e.g., CXCL1 
and CXCL2) did not seem to be crucial for attracting neutrophils 
in our models (Figure 4H). These results support our hypothe-
sis that Ly6Clo monocytes secrete CXCL5 to recruit neutrophils 
expressing CXCR2.

Blockade of CX3CR1-dependent infiltration of Ly6Clo monocytes 
improves efficacy of anti-VEGFR2 therapy. We next determined 
the in vivo function of each myeloid cell subset by utilizing the 
aforementioned strategies to specifically inhibit their infiltra-
tion to tumors (Figure 4). In Cx3cr1–/– mice, which have reduced 
tumor infiltration of Ly6Clo monocytes and neutrophils (Figure 
4E), DC101 monotherapy exerted an enhanced antitumor effect 
compared with the same treatment in WT mice (Figure 5A and 
Supplemental Figure 6A). On the other hand, depletion of Ly6Chi 
monocytes in Ccr2–/– mice did not change the treatment efficacy of 
DC101 compared with WT mice (Figure 5B and Supplemental Fig-
ure 6B). Administration of an anti-Ly6G antibody, causing a sig-
nificant reduction in Ly6G+ neutrophils, enhanced the antitumor 
effect of DC101, independent of monocyte infiltration (Figure 5C 
and Supplemental Figure 6C). Taken together, we conclude that 
the hindrance of either DC101-induced early infiltration of Ly6Clo 
monocytes or subsequent recruitment of neutrophils is sufficient 
to improve the antitumor efficacy of anti-VEGFR2 therapy.

Adoptive transfer of Ly6Clo monocytes abrogates improved effi-
cacy of anti-VEGFR2 therapy in Cx3cr1–/– mice. We next carried out 

a series of adoptive transfer experiments to test whether Ly6Clo 
monocytes could “rescue” the phenotype in Cx3cr1–/– mice. Tumor 
weight of DC101-treated Cx3cr1–/– mice that received adoptive 
transfer of WT Ly6Clo monocytes was significantly higher than that 
in DC101-treated Cx3cr1–/– mice without cell transfer (Figure 5D). 
We confirmed that the adoptive transfer increased the numbers of 
Ly6Clo monocytes and neutrophils in the tumors in Cx3cr1–/– mice 
(Supplemental Figure 6, D–F). We also adoptively transferred Ly6Clo  
monocytes isolated from Cx3cr1–/– mice. Since Ly6Clo monocytes 
from Cx3cr1–/– mice lack CX3CR1 expression on their surface, these 
adoptively transferred cells did not infiltrate into tumors and tumor 
weights were not increased (Figure 5D and Supplemental Figure 
6D). Also, adoptive transfer of Ly6Chi monocytes did not increase 
the tumor weight compared with the DC101-treated Cx3cr1–/– mice 
without cell transfer (Figure 5D). These data suggest that CX3CR1 
signaling is the key mechanism driving Ly6Clo monocyte infiltra-
tion in CRCs and that Ly6Clo monocytes influence tumor growth.

Ly6Clo monocytes drive immunosuppression during anti-VEGFR2 
treatment in CRCs. We next asked how antiangiogenic therapy–
induced Ly6Clo monocyte infiltration supports tumor growth. As 
shown in Supplemental Figure 1C, we observed vessel regression 
on days 5 and 12 after DC101 treatment without any rebound of 
vessel density, suggesting that tumor-infiltrating Ly6Clo mono-
cytes or neutrophils do not seem to promote tumor angiogenesis. 
Consistent with this, we did not observe any significant difference 
in levels of Bv8 expression — previously implicated in the antian-
giogenesis therapy resistance process by promoting angiogenesis 
(23) — between DC101-treated and control tumors in our models 
(Supplemental Figure 1, E and F).

We next asked whether the tumor-infiltrated Ly6Clo mono-
cytes are able to modulate the tumor immune microenvironment. 
We found that expression levels of immunosuppressive cytokines 
(i.e., IL-10 and TGF-β1) were high in both Ly6Clo monocytes and 
neutrophils in vitro (Supplemental Figure 2, B and C). In vivo, 
we measured higher levels of immunosuppressive cytokines in 
DC101-treated tumors, which are abundantly infiltrated by Ly6Clo 
monocytes and neutrophils, than in the control. Further, immuno-
stimulatory cytokines (i.e., TNF-α and IL-2) were downregulated 
upon DC101 treatment (Figure 6A and Supplemental Figure 2D). 
Flow cytometry analyses showed that DC101-treated tumors have 

Figure 5. Blockade of CX3CR1-dependent infiltration of Ly6Clo monocytes 
improves efficacy of anti-VEGFR2 therapy. (A) SL4 tumors were grown 
in C57BL/6 WT mice or Cx3cr1–/– (Cx3cr1 KO) mice and treated with either 
control rat IgG (C) or DC101. Tumor weight was measured on day 12 after 
treatment (A–D). (B) SL4 tumors were grown in C57BL/6 WT mice or Ccr2–/– 
(CCR2 KO) mice and treated as indicated. (C) SL4 tumor–bearing C57BL/6 
WT mice were treated with either control rat IgG (C), anti-Ly6G antibody 
(G), DC101 (D), or anti-Ly6G antibody plus DC101 (G+D). Data are represented 
as mean ± SEM. n = 8/group. Comparison between groups was made using 
ANOVA with Holm-Šídák post-hoc test. *P < 0.05. Data are representa-
tive of 3 independent experiments (A–C). (D) DC101-treated Cx3cr1–/– mice 
received adoptive transfer of either tumor-isolated WT Ly6Clo monocytes 
(Ly6Clo), WT Ly6Chi monocytes (Ly6Chi), or Ly6Clo monocytes isolated from 
tumors of Cx3cr1–/– mice (KO Ly6Clo) twice a week from the beginning of 
DC101 treatment. Data are represented as mean ± SEM. n = 8/group. Com-
parison between groups was made using ANOVA with Holm-Šídák post-hoc 
test. *P < 0.05 versus without cell transfer (black bar); #P < 0.05 versus 
Cx3cr1–/– control mice without cell transfer (blue bar).
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significantly fewer effector CD4+ and CD8+ T cells compared 
with control (Figure 6, B and C). Interestingly, lymphocytes in 
DC101-treated tumors expressed more PD-1, while lymphocytes 
in control-treated tumors showed more granzyme B expression 
(Figure 6, D and E, and Supplemental Figure 7A). Furthermore, 
tumors from DC101-treated Cx3cr1–/– mice, which showed delayed 
tumor growth (Figure 5A), had higher numbers of CD4+ and CD8+ 
T cells, with more granzyme B and less PD-1 expression, compared 
with DC101-treated WT animals (Figure 6, B–E, and Supplemen-
tal Figure 7A). Importantly, the higher numbers of CD4+ and CD8+ 
T cells in Cx3cr1–/– mice were ablated when we adoptively trans-
ferred WT Ly6Clo monocytes into Cx3cr1–/– mice (Figure 6, B–E). 
These data strongly support the mechanism that Ly6Clo mono-
cytes are directly involved in the regulation of adaptive immunity 

and suggest that DC101-treated tumors became skewed toward 
an immunosuppressive phenotype by infiltration of Ly6Clo mono-
cytes (Figure 6, A–E, and Supplemental Figure 7).

Ly6Clo monocytes and neutrophils produce IL-10 and inhibit 
T lymphocyte proliferation. Since Ly6Clo monocytes and neutro-
phils were more abundant in tumors with an immunosuppres-
sive microenvironment, we further evaluated their capacity to 
suppress the proliferation of activated T lymphocytes. An in vitro 
CFSE assay revealed that both Ly6Clo monocytes and neutrophils 
inhibited CD8+ T cell proliferation (Figure 6F). Ly6Clo mono-
cytes also prevented the proliferation of CD4+ T lymphocytes 
(Figure 6G). Furthermore, motivated by the findings that Ly6Clo 
monocytes and neutrophils express a high amount of IL-10 (Sup-
plemental Figure 2, B and C), we found that treatment with an 
anti–IL-10 neutralizing antibody prevented Ly6Clo monocytes 
and neutrophils from inhibiting T cell proliferation (Figure 6, F 
and G). Thus, we hypothesize that DC101-induced recruitment 
of Ly6Clo monocytes and neutrophils producing IL-10 inhibits 
effector T cell activation, leading to a shift of the tumor microen-
vironment toward immunosuppression and thus to an attenuated 
immune response against the tumor.

In vivo nanoparticle delivery of siCX3CL1 inhibits Ly6Clo mono-
cyte infiltration and enhances efficacy of anti-VEGFR2 therapy. To 
determine whether CX3CL1 is an initiating molecule to DC101 
tumor resistance, we developed a gene therapy method that can 
be potentially translated into an effective adjunct to anti-VEGF 
therapy in the clinic using nanoparticles (7C1) delivering siRNA to 
target endothelial cells in vivo (60) (Figure 7A).

To validate whether the application of 7C1 nanoparticles was 
feasible for targeting endothelial cells in the tumor microenvi-
ronment, we first used nanoparticles formulated with siTIE2, 
which has already been proven to be efficacious in silencing Tie2 
mRNA in several tissues (60). There was a significant decrease in 
TIE2 expression levels after 7C1-siTIE2 treatment in CRCs (Sup-
plemental Figure 8A). Next, we needed to harness specific siRNA  

Figure 6. Ly6Clo monocytes drive immunosuppression during anti- 
VEGFR2 treatment in CRCs. (A) C57BL/6 WT mice bearing syngeneic 
orthotopic SL4 tumors were treated with either control rat IgG or DC101. 
Protein levels were measured on day 12 after treatment from tumor tissue 
lysates (Supplemental Figure 2D). (B and C) Flow cytometric analysis 
of CD4+ (B) and CD8+ T cells (C) in SL4 tumors as indicated. White bar, 
WT mice bearing SL4 tumors treated with control rat IgG; black bar, WT 
mice bearing SL4 tumors treated with DC101; blue bar, Cx3cr1–/– mice 
bearing SL4 tumors treated with DC101 without cell transfer; gray bar, 
DC101-treated Cx3cr1–/– mice received adoptive transfer of tumor-isolated 
WT Ly6Clo monocytes. The graphs depict data for the absolute number 
of cells per mg of tumor tissue (B and C). The lymphocyte infiltrate in the 
tumor was analyzed on day 12 by flow cytometry. (D and E) Flow cyto-
metric analysis of CD8+ T cells. The graphs depict data for granzyme B+ 
(D) or PD-1+ (E) populations relative to total CD8+ T cells. The lymphocyte 
infiltrate in the tumor was analyzed on day 12 by flow cytometry. n = 8/
group. Data are represented as mean ± SEM. *P < 0.05. (F and G) CFSE-
based T cell proliferation assays. CellTrace-labeled splenic CD8+ (F) or 
CD4+ T cells (G) from syngeneic mice were activated and coincubated with 
either tumor-isolated Ly6Clo monocytes, Ly6Chi monocytes, or neutrophils 
with or without anti–IL-10 neutralizing antibody as indicated. n = 3/group. 
Data are represented as mean ± SEM. (B–G) Comparison between groups 
was made using ANOVA with Holm-Šídák post-hoc test. *P < 0.05. Data 
are representative of 3 independent experiments.
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no difference between the DC101 group and 7C1-siLUC plus 
DC101 group (Supplemental Figure 8, D and E). We found that 
treating with 7C1-Axo-siCX3CL1 significantly enhanced the 
antitumor effect of anti-VEGFR2 therapy, even though there 
was negligible effect with 7C1-Axo-siCX3CL1 alone (Figure 7F 
and Supplemental Figure 8F). We confirmed that treatment of 
7C1-Axo-siCX3CL1 markedly reduced DC101-induced upregu-
lation of CX3CL1 in endothelial cells by measuring both mRNA 
and protein levels (Figure 7, C and D). We also observed that 
in vivo knockdown of Cx3cl1 mRNA significantly inhibited the 
infiltration of Ly6Clo monocytes into DC101-treated tumors and 
that subsequent tumor growth was delayed compared with con-
trol with only DC101 treatment (Figure 7, E and F). Consistent 
with our experiments using Cx3cr1–/– mice, 7C1-Axo-siCX3CL1–
treated tumors also showed subsequent decrease in Ly6G+ neu-
trophils, but did not alter Ly6Chi monocytes (Figure 4E and Sup-
plemental Figure 8, G and H). These data confirm that CX3CL1 
is an important chemoattractant for Ly6Clo monocytes and con-
tributes to the process of anti-VEGF therapy resistance.

sequences with superior knockdown efficacy against CX3CL1 
(siCX3CL1), especially when applied in vivo. We performed in vitro 
screening with 12 candidate sequences, identified as lead siRNA 
molecules by in silico predictions of target specificity and activity 
(Figure 7B). The best duplex with sequence 5′-gcuuGcGAGAGG-
GuuuAAAdTsdT-3′ (sense) (where upper-case letters represent 
unmodified RNA [2’-OH] residues and lower-case letters repre-
sent residues with 2’-O-methyl modification) and 5′- UUuAAAC-
CCUCUCGcAAGCdTsdT-3′ (anti-sense) was selected for large-
scale synthesis and subsequent nanoparticle formulation (Figure 
7B and Supplemental Figure 8B). Importantly, when we compared 
the knockdown efficiency of our siCX3CL1 (hereafter referred to as 
Axo-siCX3CL1) and another siRNA against CX3CL1 from a recent 
publication (61), there was a dramatic enhancement in silencing 
efficiency for Axo-siCX3CL1 (Supplemental Figure 8C).

Next, we examined the effect of 7C1-Axo-siCX3CL1 in 
combination with DC101 in CRCs. Treatment with the neg-
ative control 7C1-siLUC (silencing luciferase mRNA) did not 
change tumor growth or immune cell infiltration, and there was 

Figure 7. In vivo nanoparticle delivery of siCX3CL1 inhibits Ly6Clo monocyte infiltration and enhances efficacy of anti-VEGFR2 therapy. (A) Schematic 
of 7C1 nanoparticle formulated with siRNA. (B) In vitro screening of siCX3CL1 candidate duplexes. Relative Cx3cl1 expression level normalized to siLUC 
(luciferase) control is plotted for candidate duplexes in 0.1 nM or 10 nM. Each siRNA was transfected twice, and mRNA analysis was run in triplicate. Red 
box indicates the best duplex selected for large-scale synthesis and subsequent nanoparticle formulation. Black box indicates siRNA control that targets 
luciferase. (C–F) C57BL/6 WT mice bearing orthotopically grown syngeneic SL4 CRCs were treated with either control rat IgG (C), 7C1-Axo-siCX3CL1 (7C1), 
DC101 (D), or 7C1-Axo-siCX3CL1 plus DC101 (7+D). (C) Relative Cx3cl1 mRNA expression levels in endothelial cells isolated from SL4 tumors were determined 
by quantitative real-time PCR, normalized against Gapdh. Data are represented as mean ± SEM. n = 8/group. Comparison between groups was made using 
ANOVA with Holm-Šídák post-hoc test. *P < 0.05. (D) Western blot analysis of CX3CL1 protein expression in SL4 tumors treated as indicated. CX3CL1 
protein levels were measured on day 12 after treatment. (E) Ly6Clo monocytes in SL4 tumors treated as indicated. Ly6Clo monocytes in tumor infiltrate were 
analyzed on day 12 after treatment by flow cytometry. n = 8/group. The graphs depict the absolute number of cells per mg of tumor tissue. (F) Tumor vol-
ume of SL4 measured on day 12 after treatment. n = 8/group. Data are represented as mean ± SEM. Comparison between groups was made using ANOVA 
with Holm-Šídák post-hoc test. *P < 0.05.
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Furthermore, we find that immunosuppression, rather than 
angiogenesis, in the tumor microenvironment is the key mecha-
nism conferring resistance to anti-VEGF therapy exerted by Ly6Clo  
monocytes. Previous reports implicated proangiogenic functions 
of myeloid cells or monocytes (i.e., CD11b+Gr1+ cells or Ly6G+ 
granulocytes) in anti-VEGF therapy resistance in some tumors, 
not their immune-regulatory functions.

Some reports show that low doses of anti-VEGF therapy can 
induce vascular normalization and improve antitumor immunity 
(63, 64). It is also known that high dose or prolonged treatment of 
anti-VEGF therapy promotes hypoxia and immunosuppression in 
the tumor microenvironment in both clinical and preclinical stud-
ies (1, 6, 24, 65–68). The latter case explains one mechanism of 
anti-VEGF therapy resistance in patients, which is consistent with 
our observations in CRC models. Indeed, the therapeutic dose 
of bevacizumab currently used in the clinic is often considered 
as a high dose (69), which is comparable to the dose we used in 
our study (maximum effective dose). These findings imply that 
immune resistance may hinder responsiveness to anti-VEGF/
VEGFR therapy. Here, we claim that high-dose anti-VEGFR2 ther-
apy induces immunosuppression and that this occurs via an endo-
thelial CX3CL1/Ly6CloCX3CR1+ monocyte mechanism.

In this study, we clearly distinguished 3 different innate 
immune cell subpopulations based on their immunophenotype 
(i.e., Ly6C and Ly6G) (Figure 1C). Although Ly6Clo monocytes 
have been described and characterized in previous publications, 
studies on their roles in vivo have been mostly in noncancer set-
tings (32, 48, 49). Interestingly, Hanna et al. recently reported that 
patrolling Ly6Clo monocytes are important in recruiting NK cells to 
prevent cancer metastasis in the lung, which is characterized by an 
exceptionally abundant NK cell population compared with other 

Discussion
Here we report, for what we believe is the first time, the immuno-
suppressive functions of Ly6Clo monocytes and identify them as 
an important driver of resistance during anti-VEGFR2 treatment 
in CRCs. To date, studies have divided Gr1+ myeloid-derived sup-
pressor cells (MDSCs) into 2 different subpopulations, monocyt-
ic and granulocytic (also known as polymorphonuclear) MDSCs 
(25–27, 42, 62). However, Gr1 is not a single surface marker, but 
rather a complex of proteins Ly6C and Ly6G. Due to the complex-
ity of Gr1, previous studies that utilized Gr1 staining were not able 
to provide a clear separation of the subpopulations (62). Recent 
reports that adopted Ly6C and Ly6G for subpopulation separation 
focused only on Gr1hi myeloid cells, which include Gr1+ (Ly6Chi) 
monocytes and granulocytes (39). Moreover, the definition of 
the myeloid cell subpopulations using surface markers has been 
ambiguous among research groups (35–38, 42, 43). Unlike Gr1+ 
monocytes and granulocytic cells (6, 23, 24), Ly6Clo monocytes 
represent a distinct cell population that has never been studied for 
its role in conferring resistance to anti-VEGF therapy.

As described above, there have been reports on the presence 
of several myeloid cells (i.e., Gr1+, Ly6Chi, or TIE2+ monocytes and 
granulocytic cells) and their respective roles in resistance to anti-
angiogenic cancer therapy. However, our data show that Ly6Clo 
monocytes along with their immunosuppressive functions form a 
distinct population of myeloid cells, which are immunophenotypi-
cally different from the Gr1+ or TIE2+ monocytes and granulocytic 
cells described previously. We identified Ly6Clo monocyte infiltra-
tion after anti-VEGFR2 therapy, and these cells were not observed 
in previous reports on anti-VEGF cancer therapy. Our study is the 
first report, to our knowledge, that investigates the ability of Ly6Clo  
monocytes to confer resistance to anti-VEGF cancer therapy.

Figure 8. Proposed mech-
anism of antiangiogenic 
therapy–induced immuno-
suppression. Anti-VEGFR2 
therapy upregulates the 
expression of CX3CL1 that 
recruits CX3CR1+Ly6Clo 
monocytes (center, early 
phase), which subsequent-
ly attracts neutrophils via 
CXCL5 (right, late phase), 
resulting in the formation 
of an immunosuppressive 
microenvironment with 
a reduction of cytotoxic T 
lymphocytes in the tumor. 
The multistep process 
provides multiple points 
of intervention to prevent 
immune resistance and 
improve the effectiveness 
of anti-VEGF therapy. Red 
arrows indicate steps in 
the immunosuppressive 
cascade, which can be  
targeted as demonstrated 
in this study (blue inhibi-
tion arrow).
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therapeutic benefits observed in this study, we look forward to 
further applications of 7C1 nanoparticles for treatment strate-
gies of various diseases.

While it is clear that endothelial cells in the CRC microen-
vironment produce and upregulate CX3CL1 expression upon 
anti-VEGFR2 treatment, it is conceivable that there may be other  
cell types expressing CX3CL1 in the tumor microenvironment. 
Here, we demonstrate that targeting CX3CL1 in endothelial cells 
is sufficient to block the infiltration of Ly6Clo monocytes and 
improve survival (Figure 7). These data indicate endothelial cell–
derived CX3CL1 plays a key functional role in the recruitment of 
Ly6Clo monocytes in CRCs during anti-VEGFR2 treatment.

It could be argued that the recruitment of Ly6Clo monocytes 
might be explained by the antibody opsonization of the endothelial 
cells that express VEGFR2. However, we think this is not the case, as 
the increase in tumor infiltration of Ly6Clo monocytes was mimicked 
by the treatment of an antibody blocking VEGF (data not shown).

Tumors often escape antitumor immune responses through 
critical immune checkpoint molecules. The recent approval of 
drugs targeting PD-1 or CTLA-4 shows the potential for inhib-
iting these pathways. However, this strategy is effective only in 
some tumor types and in only a portion of patients. Recently, 2 
studies revealed that inhibition of granulocyte recruitment into 
tumors improves the efficacy of the immune checkpoint block-
ade (35, 41). Our data describing the immunosuppressive func-
tions of Ly6Clo monocytes identify another path for the develop-
ment of therapeutic strategies that can create synergy with the 
FDA-approved immune checkpoint inhibitors.

In addition, our cecum-imaging window, developed in this 
study, enabled quantification of dynamic mobilization of Ly6Clo  
monocytes with various types of behaviors over time, unveiling 
their CX3CR1-dependent infiltration into the tumor from the blood. 
The cecum window allowed longitudinal imaging for over 4 weeks, 
unparalleled by other imaging windows for the gut, that are applica-
ble only for acute or short-term monitoring. The cecum window can 
be more broadly applied for investigations of both malignant and 
nonmalignant chronic diseases of the gut, such as inflammatory 
bowel disease and disorders related to the gut microbiota.

In summary, we found that Ly6Clo monocytes are important 
drivers of resistance to antiangiogenic therapy in CRCs through 
their immunosuppressive functions. Moreover, the increase in 
CX3CL1 after antiangiogenic therapy in mouse models mirrored 
the findings in human tumor specimens. This supports our model  
that CX3CL1 upregulation results in the recruitment of Ly6Clo 
monocytes, which attract neutrophils to the tumor via CXCL5 and 
inhibit effector T cell formation (Figure 8). The multistep process 
provides multiple points of intervention to prevent immune sup-
pression and improve the effectiveness of anti-VEGF therapy by 
modulating the immune microenvironment.

Methods
For more details, see Supplemental Methods.

Animals. Cx3cr1gfp/gfp mice were originally provided by Dan R. Lit-
tman (New York University School of Medicine, New York, New York, 
USA) (51). Ccr2–/– mice were purchased from Jackson Laboratories 
(stock number 004999). Homozygous Cx3cr1gfp/gfp mice were used for 
the Cx3cr1-deficient model. Cx3cr1gfp/+ mice were obtained by breeding 

tissues (70). However, the immunosuppressive functions of Ly6Clo  
monocytes have not been reported in any context, especially  
in primary tumors during the process of antiangiogenic therapy 
resistance. Of note, we observed only a negligible number of NK 
cells in our CRC models (Supplemental Figure 7A), similar to other 
tumor models available in our laboratory.

In our CRC models, the expression levels of immunosuppres-
sive cytokines (i.e., IL-10 and TGF-β1) were high in both Ly6Clo 
monocytes and neutrophils. DC101-treated tumors, abundantly 
infiltrated by Ly6Clo monocytes and neutrophils, were composed 
of significantly (P < 0.05) fewer effector CD4+ and CD8+ T cells, 
and those T cells that were present expressed more PD-1 and less 
granzyme B. This phenotype was ablated in Cx3cr1–/– mice. An in 
vitro CFSE assay revealed that Ly6Clo monocytes inhibited CD4+ 
and CD8+ T cell proliferation, a phenotype reversed by using an 
anti–IL-10 neutralizing antibody (Figure 6, F and G). Thus, DC101- 
induced recruitment of IL-10–producing Ly6Clo monocytes and neu-
trophils shifted the tumor microenvironment toward immunosup-
pression, leading to less infiltration of cytotoxic effector T lympho-
cytes. Recently, our group showed that modulation of innate immune 
cells (i.e., tumor-associated macrophages[TAMs]) subsequently reg-
ulates the activity of cytotoxic T cells in breast cancer models and that 
depletion of the cytotoxic T cells using anti-CD8 neutralizing anti-
body abrogated the effect of TAM modulation (63). Therefore, if we 
deplete CD8+ T cells in our colon cancer model after blocking Ly6Clo 
monocyte infiltration, we would expect abrogated antitumor immu-
nity even with decreased numbers of Ly6Clo monocytes in tumors.

By genetically or pharmacologically depleting one specific  
subset of myeloid cells at a time, we found that Ly6Clo mono-
cyte infiltration promoted subsequent neutrophil recruitment 
during anti-VEGFR2 treatment (Figure 4). We also confirmed 
that the adoptive transfer of Ly6Clo monocytes alone increased 
the numbers of both Ly6Clo monocytes and neutrophils in tumors 
of Cx3cr1–/– mice. Furthermore, these early infiltrating Ly6Clo 
monocytes overexpressed the chemokine CXCL5, which attracted 
CXCR2+ neutrophils. Other chemokines known to bind to CXCR2 
(i.e., CXCL1 and CXCL2) did not seem to be important in attract-
ing neutrophils in our models (Figure 4H, Figure 6A, and Supple-
mental Figure 2D), even though CXCL1 was previously proposed 
as a neutrophil attractant secreted from Ly6Clo monocytes in non-
tumor models (49).

Based on our findings, we sought to develop a therapeutic 
strategy with the potential for clinical translation. We hypothe-
sized that therapeutic targeting of CX3CL1 would selectively and 
potently block the infiltration of Ly6Clo monocytes and improve 
the efficacy of anti-VEGF/VEGFR2 cancer therapy. To specifi-
cally and effectively silence CX3CL1, we utilized a gene-therapy  
approach, taking advantage of the recent advances in siRNA 
design and chemistry that allow the identification of specific and 
highly potent sequences with minimal immune stimulation and 
maximal siRNA stability. We further benefited from the utiliza-
tion of nanoparticle formulations capable of efficacious siRNA 
delivery to tumor endothelial cells with clinically suitable delivery 
materials (7C1).

Tumor growth was significantly (P < 0.05) delayed in com-
bined 7C1-Axo-siCX3CL1 and DC101–treated mice compared 
with the DC101 single-treatment group. Based on the promising 
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heated platform. Abdominal hair was removed, and the exposed skin 
was covered with ultrasound gel. The probe was applied to the skin, 
and images were acquired. Tumor tissue in abdominal cavity was 
identified as a low echoic mass on ultrasound image. The long diame-
ter (LD) and short diameter (SD) were measured. Tumor volume was 
calculated using the following formula: tumor volume = (LD × SD2)/2.

Statistics. The measured values are presented as mean ± SEM. 
Comparison between groups was made using ANOVA with Holm-
Šídák post-hoc test. Two-tailed t tests were used between data com-
paring only 2 groups. Statistical significance was defined as P < 0.05.

Study approval. All animal procedures followed US Department of 
Health & Human Services Public Health Service on Humane Care of 
Laboratory Animals guidelines and were approved by the Massachu-
setts General Hospital Institutional Animal Care and Use Committee.

Author contributions
KJ, ADL, RL, DGA, RKJ, and DF designed research. KJ, TH, OFK, 
PSK, JI, NNR, and EC performed research. JWC and CGW con-
tributed reagents. KJ, TH, OFK, ADL, SHY, TPP, RKJ, and DF ana-
lyzed data. KJ, SHY, TPP, RKJ, and DF wrote the paper.

Acknowledgments
This work was supported by National Cancer Institute (NCI) pro-
gram project grant P01-CA080124 (to RKJ and DF) and also in part 
by NCI grants R01-CA126642, R35-CA197743 (to RKJ) and R01-
CA096915 (to DF); the NCI/Federal Share Proton Beam Program 
Income (to RKJ); NIH DP2 OD008780 and R00 CA137167 (to TPP); 
Department of Defense W81XWH-10-1-0016 (to RKJ); and an 
Executive Committee on Research Tosteson Fund for Medical Dis-
covery Fellowship (to KJ). We thank Peigen Huang, John D. Martin, 
Sylvie Roberge, Carolyn Smith, Tsion Hbatmu, Anna Khachatryan, 
Shan Chin (Steele Laboratories, MGH, Boston, MA USA), Jennie 
Zhao and Danny Cao (Wellman Center for Photomedicine, MGH, 
Boston, MA USA) for experimental assistance, and Hyunsung Park 
(Harvard School of Engineering and Applied Sciences, Cambridge, 
MA USA) for technical help in microscopy. We also thank Seong-Ik 
Hwang (The Boston Dental Hospital, Cheonan, Republic of Korea) 
for help in illustration.

Address correspondence to: Rakesh K. Jain or Dai Fukumura, 100 
Blossom Street, Cox 7, Massachusetts General Hospital, Boston, 
Massachusetts 02114, USA. Phone: 617.726.8143; Email: jain@
steele.mgh.harvard.edu (R.K. Jain); dai@steele.mgh.harvard.edu 
(D. Fukumura).

EC’s present address is: Department of Medical System Engineer-
ing and School of Mechatronics, Gwangju Institute of Science and 
Technology, Gwangju, Republic of Korea.

Cx3cr1gfp/gfp mice with C57BL/6 WT mice. Cx3cr1gfp/+ mice have 1 Cx3cr1 
allele replaced with cDNA encoding Egfp. Mice were 8 to 10 weeks old.

CRC cell preparation. SL4 (71) murine CRC cells were cultured in 
DMEM/F12 1:1 mixture medium supplemented with 10% FBS, and 
CT26 (72) murine CRC cells were cultured in RPMI-1640 medium 
supplemented with 10% FBS prior to implantation. Subconfluent SL4 
or CT26 cells were harvested, washed with PBS, and counted. Tumor 
cell suspension was mixed with Matrigel (catalog 354262, Corning) in 
a 1 to 1 proportion by volume.

Orthotopic CRC and spontaneous rectal tumor model and treat-
ment regimen. For the orthotopic CRC model, 8- to 10-week-old male 
C57BL/6J (for SL4 implantation) and BALB/c (for CT26) mice were 
anesthetized with intraperitoneal injection of ketamine (100 mg/kg) 
and xylazine (10 mg/kg). Abdominal hair was removed, and a 10-mm 
midline incision was made. The cecum was exteriorized, and 5 × 105 
cells in 10 μl of PBS/Matrigel complex were injected into the cecal wall 
between the serosa and mucosa from the serosal side using an insu-
lin syringe with a 27-gauge needle (71, 72). The cecum was returned 
to the abdominal cavity, and the abdominal wall was closed with 5-0 
polysorb sutures (Covidien), followed by skin closure with surgical 
staples. Tumor size was monitored either by measuring the activity of  
secreted Gaussia luciferase (GLuc) (73, 74) or by imaging with ultra-
sound twice a week. For the spontaneous rectal tumor model, condi-
tional Apc knockout mice were used as described previously (33).

When tumor diameter reached 4 mm, tumor-bearing mice were 
randomly assigned into different treatment groups and treated accord-
ingly. Every 3 days, 40 mg/kg of DC101 (ImClone Systems/Eli Lilly), 
a monoclonal anti-VEGFR2 antibody, was administrated intraperito-
neally. Control mice received 40 mg/kg of rat IgG intraperitoneally 
every 3 days. To deplete neutrophils, 5 mg/kg of anti-Ly6G antibody 
(BioXCell, clone 1A8, catalog BE0075-1) was administered intraperito-
neally every 3 days. To silence Tie2 mRNA, 1 mg/kg of 7C1-siTIE2 was  
injected intravenously. To silence Cx3cl1 mRNA, 1 mg/kg of 7C1- 
Axo-siCX3CL1 was administered intravenously every 3 days. Either 
5 or 12 days after treatment, mice were sacrificed and tumor samples 
were taken, measured, weighed, and used for further analyses.

Blood GLuc assay. In order to monitor SL4 tumor size in the 
orthotopic implantation model, blood GLuc activity was measured 
as described previously (73, 74). In short, the SL4-GLuc cell line was 
established by transduction of lentivirus encoding the GLuc gene and 
the cells were implanted orthotopically. Blood was collected from the 
tumor-bearing mice twice a week, and blood GLuc activity was mea-
sured using a GloMax 96 Microplate Luminometer (Promega).

Ultrasound imaging. Ultrasound imaging was performed to mea-
sure tumor size twice a week until the end of the study using the Vevo 
2100 System (VisualSonic) with MS550S probe (frequency 40 MHz). 
Tumor-bearing mice were anesthetized with intraperitoneal injection 
of ketamine (100 mg/kg) and xylazine (10 mg/kg) and secured to a 
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