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ABSTRACT

Tumor-infiltrated macrophages were potential targets of the immune therapy for patients with colon cancer.
Colony stimulating factor 1 (CSF1) is a primary chemoattractant and functional regulator for macrophages,
and therefore would be a feasible intervention for the macrophage-targeting therapeutics. However, the
expression of CSF1 in colon cancer microenvironment and its roles in cancer development is largely
unknown. In the present study, we found that CSF1 was over-expressed exclusively in colon cancer cells and
was correlated with macrophages infiltration. The high CSF1 expression and macrophages infiltration were
related to the tumor-node-metastasis (TNM) stage of colon cancer, and suggested to be positively associated
with survival of colon cancer patients. In the in vitro studies based on an indirect Transwell system, we found
that co-culture with macrophage promoted CSF1 production in colon cancer cells. Further investigation on
regulatory mechanisms suggested that CSF1 production in colon cancer cells was dependent on PKC
pathway, which was activated by IL-8, mainly produced by macrophages. Moreover, colon cancer cell-derived
CSF1 drove the recruitment of macrophages and re-educated their secretion profile, including the augment
of IL-8 production. The mice tumor xenografts study also found that over-expression of CSF1 in colon cancer
cells promoted intratumoral infiltration of macrophages, and partially suppressed tumor growth. In all, our
results demonstrated that CSF1 was an important factor in the colon cancer microenvironment, involving in
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the interactions between colon cancer cells and tumor-infiltrated macrophages.

Abbreviations: CCL, chemokine (C-C motif) ligand; CM, conditioned medium; CSF1, colony stimulating factor 1; IL,
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Introduction

Colorectal cancer ranks top three of the most commonly
diagnosed cancer and cancer-related death worldwide." The
incidence rate of colorectal cancer increases rapidly in east-
ern Asia over the recent years.” In spite of the improved
therapeutic strategies based upon the classical TNM system,
with resection of primary tumor as the first choice, there
are still 10% of patients with stage I/II disease, and up to
30% of patients with stage III disease develop recurrence
after curative resection and die of it.” The high recurrence
rate in early stage indicates that the conventional TNM
staging has limitations. One possible explanation is that
tumor progression is more than an autonomous process
concerning only cancer cells, but a dynamic process incor-
porating the interactions between cancer cells and microen-
vironment.* There are emerging interests to investigate the
reciprocal interactions occur in tumor tissue, trying to
develop innovative prognostic predictors and therapeutic
strategies.

Immune cells are highly represented in the colorectal
cancer microenvironment. The in situ immunocytes

infiltration profoundly modulates the outcome of patients,’
underlining the importance of local immune contexture in
therapeutic interventions. The most abundant immune cells
infiltrating in solid tumor are macrophages, representing up
to 50% of all tumor mass.® In colorectal cancer, about 70%
of all patients exhibited high macrophages infiltration in
tumor tissue.” However, despite the high infiltration rate,
the functions of macrophages in colorectal cancer are still
controversial. Although some reports indicate that tumor-
infiltrating macrophages induce progression and metasta-
sis,>* others argue by demonstrating a high survival advan-
tage of intratumoral macrophages to colorectal cancer
patients,”'® Such inconsistency is comprehensible, consider-
ing that tumor-infiltrated macrophages are heterogeneous,
composed of both tumor-killing and tumor-promoting sub-
populations.'”'? Based on the above observations, a macro-
phage-targeting immune therapy would be effective for
colorectal cancer, if their antitumor activities are enhanced
to overwhelm the tumor-promoting potential. Great efforts
have been made to explore feasible strategies for such func-
tional modulation.
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CSF1 is a major lineage modulator for the survival, dif-
ferentiation and chemotaxis of macrophages. The overex-
pression of CSFI1 is found in various types of cancer, and
associated with higher macrophages infiltration.”*"> A
recent study also reported CSF1 expression in more than
half (56.7%) of patients with colorectal cancer.'® The above
observations suggest that CSF1 intervention would be a fea-
sible strategy for macrophage-related immune therapy
against colon cancer. However, despite of the well-acknowl-
edged correlations between CSF1 level and number of mac-
rophages, there are still debates about the roles of CSF1 in
cancer development.'” Based on in vitro observations, oppo-
site CSF1-targeting strategies, such as recombinant CSFI
and CSF1 inhibitor, has been applied in a range of mice
models and some cases of patients.'®** These therapeutics
exhibit clinical benefits depending on types of cancer, adju-
vant interventions and patient status, which bring more
confusion to clinical applications of CSF1. The above obser-
vations suggest that a throughout investigation about CSF1
in tumor microenvironment is necessary, before CSF1-rele-
vant strategies are applied in colon cancer. In this study, we
investigated the expression pattern and clinical value of
CSF1 in patients with colon cancer, and the regulatory
mechanisms by which the high CSF1 microenvironment
was formed. We also preliminarily explored the effects of
colon cancer-derived CSF1 on biological functions of intra-
tumoral macrophages.

Results

CD68 and CSF1 expression in colon cancer and their
correlation

In order to analyze macrophages infiltration in colon cancer,
tumor specimens from 46 patients diagnosed with colon cancer
were stained for CD68, a marker of human macrophages. As
shown in Fig. 1A, CD68" cells were present throughout the
stroma of tumor tissue, and predominantly clustered in peritu-
moral stroma along the invasive front. Most CD68™ cells were
closely adjacent to tumor cells. Significantly higher numbers of
CD68™" cells were observed in both intratumoral and peritu-
moral stroma compared with normal colon mucosa. The num-
ber of CD68™ cells in tumor was correlated with the number in
peritumoral stroma (r = 0.665, p < 0.001), but not in normal
tissue (Fig. 1B).

We next explored CSF1 expression in colon cancer
patients. CSF1 was observed to distribute homogenously
and exclusively in colon cancer cells. The staining intensity
was significantly higher compared with peritumoral tissue
(Fig. 1C) or normal tissue (data not shown). We further
semiquantitatively scored the immunoreactivity of CSFI in
normal colon mucosa and tumor by a well-established sys-
tem described in the Materials and Methods, and all the
cases were classified into low and high expression groups
according to the score. The results demonstrated that 50.0%
(23 cases) of tumor specimens was considered CSF1 highly
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Figure 1. The CD68 and CSF1 expression in colon cancer tissue. (A) Numbers of CD68™" cells in normal mucosa, peritumoral or intratumoral stoma of 46 cases of primary
colon cancer. Each symbol represented one tissue sample. (B) The correlation of infiltrated CD68™ cell number between normal tissue and intratumoral stroma (upper)
and peritumoral and intratumoral stroma (down). (C) (Upper) A typical view of CSF1 expression in peritumoral and tumor tissue in colon cancer (small: 100x; large:
400x). (Down) The percentage of CSF1-high cases in normal and tumor samples. (D) A typical CD68 and CSF1 expression in two consecutive sections (small: 100x; large:
400x). (E) The correlation between CD68™ cell numbers and CSF1 expression score in each tumor sample. **p < 0.01



expressed, while only 17.4% (8 cases) of normal tissue was
in high group (p < 0.001, Fig. 1C).

The correlation of CD68" cells and CSF1 expression in
colon cancer were also investigated. As shown in Fig. 1D, little
CD68" cells were positive for CSF1 staining, and CSF1-
expressing tumor cells were also negative for CD68. However,
there was a correlation between number of tumor-infiltrated
CD68" cells and CSF1 immunoscore in colon cancer (r =
0.509, p < 0.001. Fig, 1E).

CSF1 expression and macrophages infiltration are
associated with prognosis of colon cancer patients

We went on to investigate the relationship of CSF1 expression
and macrophages infiltration with prognosis by a tissue micro-
array (TMA) analysis consisting of 90 colon cancer cases that
underwent primary surgery. The 5-y overall survival (OS) was
45.6% for the total population. Univariate analysis revealed
that number of involved lymph nodes, TNM stage, grade and
growth pattern of tumor were significant prognostic factors for
survival (p < 0.05, Table 1).

The total study population was divided into CSF1 low/high
and CD68 low/high subgroups, based on the model described
in the Materials and Methods. Here, we found that CSF1 high
group had a significant survival advantage compared with

Table 1. 5-y overall survival according to clinicopathological parameters.

Variable Patients (n) 5-y OS rate (%) p°
Gender
Male 45 46.7 0.243
Female 45 444
Age
<60 21 429 0.847
6070 31 613
>70 38 342
Location
Ascending colon 36 389 0.250
Transverse colon 5 20.0
Descending colon 49 53.1
Tumor (T)
1-2 6 100.0 0.300
3 70 443
4 14 357
Lymph node (N)
0 55 52.7 0.003
1 26 385
2 9 222
Metastasis (M)
0 89 46.1 0.505
1 1 0.0
Stage
-l 55 52.7 0.002
Ni-1v 35 343
Grade
Poor 3 66.7 < 0.001
Poor-moderate 73 46.6
Moderate-well 1 45.5
Well 3 0.0
Tumor type
Non-mucinous 78 474 0.190
Mucinous 12 333
Growth pattern
Infiltrating 72 431 0.042
Pushing 18 55.6

Abbreviations: OS, overall survival; a: log-rank p value.
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CSF1 low group (p = 0.028, Fig. 2A). This survival advantage
was also shown in CD68 high group (p = 0.032, Fig. 2A).
Finally, we generated a prognostic score based on CSF1 and
CD68 expression. This prognostic score categorized colon can-
cer patients into low (CSF1,CD68),), intermediate
(CSF,,CD68,,;/CSF1,;CD68,,) and high (CSF1,;CD68y;) groups.
As shown in Fig. 2B, the prognostic score composed of CSF1
and CD68 had more significant value in predicting the progno-
sis than one single factor (p = 0.013).

Next, a multivariate analysis was adopted to explore the
importance of CSF1 and CD68 expression in prognostic predic-
tion compared with other clinicopathologic parameters. Signifi-
cant factors in univariate analysis, including tumor stage, grade
and tumor growth pattern were taken into multivariate analy-
sis, along with the CSF1-CD68 prognostic score. The result sug-
gested that the CSF1-CD68 prognostic score remained
independently associated with OS, with relative risks for the
low and intermediate groups of 3.603 (95% CI: 1.289-10.071)
and 3.114 (95% CI: 1.153-8.412), respectively (Table 2).

CSF1 expression and macrophages infiltration correlate to
clinicopathologic parameters of colon cancer patients

Table 3 showed the correlation between CSF1/CD68 expression
and clinicopathologic parameters. When combined the cases in
TMA and primary tumor specimens, CSF1 was found to corre-
late with tumor stage and number of involved lymph nodes (N
stage), while CD68 showed correlation with tumor stage and
tumor infiltration degree (T stage). No correlation was
observed in gender, age, tumor location, metastasis, grade,
tumor type and growth pattern of tumor.

CSF1 expressed by colon cancer cells is promoted by
indirect contact with macrophages

In the above study, we found the over-expression of CSF1 in
colon cancer cells and its positive correlation with macrophages
infiltration. Both CSF1 expression and macrophages infiltration
were predictors for prognosis of colon cancer patients. In order
to explore how the high-CSF1 microenvironment is modulated
and what its pathophysiological activities are, an indirect co-
culture model was established based on Transwell chamber
(Fig. 3A). THP-1-derived macrophages were co-cultured with
colon cancer cell line HT-29 for 12 h or 24 h, then the superna-
tant was collected and CSF1 concentration was measured by
ELISA. The results showed that THP-1-derived macrophages
produced relatively high level of CSF1 (about 2 ng/1 x 10°
cells), while basic CSF1 expression in HT-29 cells was negligible
(Fig. 3B). Interestingly, CSF1 in the supernatant was signifi-
cantly increased after 24 h of co-culture (Fig. 3B). To further
identify the sources of elevated CSF1, we separately measured
CSF1 transcription in THP-1-derived macrophages and HT-29
cells over intended period of co-culture. We found that CSF1
transcription in HT-29 cells was greatly upregulated after the
co-culture, while it was not significantly altered in THP-1-
derived macrophages (Fig. 3C). CSF1 upregulation was also
found in HT-29 conditioned medium (CM) after co-culture
(Fig. 3D). The same co-culture model was also applied to two
other colon cancer cell lines, SW480 and SW620. However,
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Figure 2. Survival of colon cancer patients categorized by CSF1 and CD68 expression. (A) All colon cancer cases in tissue microarray with follow-up data (n=90) were cat-
egorized according to expression of CSF1 (left) and CD68 (right) respectively, and survival analysis between two subgroups was performed. (B) Survival analysis was per-
formed between subgroups based on a prognostic score combined with CSF1 and CD68. Low: CSF1,,CD68,,; Intermediate: CSF,,CD68y,/CSF,;CD68,,; High: CSF1,,CD684,;.
Survival curves were plotted by Kaplan-Meier method and the log-rank test was used to determine statistical significance.

after the co-culture only increase in CSF1 transcription was
found, while the CSF1 secretion of these two cell lines was not
upregulated (Fig. S2).

To determine whether CSF1 upregulation was associated
with numbers of macrophages and cancer cells, HT-29 cells
were co-cultured with increasing amounts of THP-1-derived
macrophages. Here, we found that CSF1 transcription became
increasing at a 2:1 ratio of macrophages to cancer cells. This
upregulation was more significant at 5:1 ratio and started to
decrease at 10:1 ratio (Fig. 3E).

We further explored CSF1 distribution pattern in HT-29
cells by immunofluorescence. As shown in Fig. 3F, CSF1 pro-
tein was restrained to nucleus when cultured alone. However,
the primary expression site of CSF1 changed to cytoplasm after
the co-culture.

Macrophages promoted CSF1 expression in colon cancer
cells via IL-8-PKC pathway

We went on to investigate the mechanisms by which THP-1-
derived macrophages modulated CSF1 expression in HT-29
cells. Interleukin-8 (IL-8 or CXCL8), a proinflammatory che-
mokine highly produced by tumor-associated macrophages,

Table 2. Cox proportional hazard model in 90 colon cancer cases.

Variable Relative risk 95% Cl p

Stage
-1l 0.522 0.268-1.015 0.055
-1 1.000

Grade
Poor 0.209 0.019-2.350 0.205
Poor-moderate 0.162 0.042-0.619 0.008
Moderate-well 0.291 0.064-1.324 0.110
Well 1.000

Growth pattern
Infiltrating 2.496 0.873-7.136 0.088
Pushing 1.000

Prognostic score
Low 3.603 1.289-10.071 0.015
Intermediate 3114 1.153-8.412 0.025
High 1.000

Abbreviations: Cl, confidence interval.

was regarded as an important regulator in the tumor microen-
vironment.”»** Here, we found that THP-1-derived macro-
phages produced high level of IL-8 compared with HT-29 cells,
and its production was even increased after co-culture
(Figs. 4A and 4B). In order to verify whether IL-8 modulated
CSF1 expression in HT-29 cells, IL-8-neutralizing antibody
(IL-8 NAb, 2 ug/mL) was added into the co-culture system.
CSF1 transcription and secretion of HT-29 cells in the co-cul-
ture system was significantly decreased in the presence of IL-8
NADb (Fig. 4C and Fig. 4D).

During the research, we accidentally found that PMA signif-
icantly increased the transcription of CSF1 in HT-29 cells
(Fig. 4E). As PMA is a potent activator of PKC pathway, we
tried to explore whether PKC pathway was involved in the
CSF1 upregulation process. As shown in Fig. 4F, co-culture
with THP-1-derived macrophages significantly increased the
phosphorylation of PKC pathway. The phosphorylation was
significantly decreased when IL-8 NAb was added into the co-
culture system.

Colon cancer cell-derived CSF1 is responsible for
macrophages recruitment and secretion profile redirection

The function of elevated CSF1 expression in colon cancer cells
was further investigated. As CSF1 was reported as a chemotac-
tic factor for monocytes/macrophages, we firstly explored the
recruitment effect of HT-29-derived CSF1 on THP-1-derived
macrophages. First, HT-29 conditioned medium (CM) alone or
co-cultured was analyzed for recruiting potential for THP-1-
derived macrophages by transwell assay. Because SW480 cells
had similar malignancy with HT-29 cells (Duke’s B) and was
negative for CSF1 production, the SW480 CM was used as a
negative control. The number of macrophages recruited by co-
cultured HT-29 CM was significantly higher than HT-29 CM
alone, and also higher than the co-cultured SW480 CM.
(Fig. 5A). In order to verify whether CSF1 was involved in the
recruitment of THP-1-derived macrophages, CSF1-neutralizing
antibody (CSF1 NAb, 100 ng/mL) was added into the HT-29
CM before Transwell assay. The results demonstrated that
CSF1 NAD decreased number of macrophages recruited by the
co-cultured HT-29 CM, while did not significantly alter the



Table 3. Intratumoral CSF1 and CD68 expression in relation to clinicopathological
parameters of colon cancer patients.

CSF1 expression CD68 expression

Variable Low High p Low High p

Gender
Male 32 39 0.605 38 33 0.078
Female 26 39 45 20

Age
<60 25 25 0.130 34 16 0.440
60-70 13 30 25 18
>70 20 23 24 19

Location
Ascending colon 19 27 0.962 25 21 0.329
Transverse colon 4 6 8 2
Descending colon 35 45 50 30

Tumor (T)
1-2 6 10 0.669 5 1 0.036
3 46 58 67 37
4 5 10 10 5

Lymph node (N)
0 26 52 0.027 43 35 0.230
1 23 16 26 13
2 9 10 14 5

Metastasis (M)
0 54 76 0.401 77 53 0.081
1 4 2 6 0

Stage
-l 26 51 0.020 41 36 0.027
n-1v 32 27 42 17

Grade
Poor 9 6 0.523 6 7 0.298
Poor-moderate 38 56 59 35
Moderate-well 6 10 7 9
Well 5 6 8 3

Tumor type
Non-mucinous 51 70 0.739 73 48 0.635
Mucinous 7 8 10 5

Growth pattern
Infiltrating 48 63 0.767 68 43 0.907
Pushing 10 15 15 10

attracting effect of HT-29 CM alone (Fig. 5B). The role of HT-
29-derived CSF1 in macrophages recruitment was further veri-
fied by RNA interference. CSF1 shRNA was transfected into
HT-29 cells before co-culture. As shown in Figure 5C, CSF1
interfering in HT-29 cells significantly attenuated the attracting
effect of the co-cultured HT-29 CM, when compared with
scramble shRNA interfering.

The above results have shown that CSF1 produced by
HT-29 cells promoted the recruitment of THP-1-derived
macrophages. We went on to explore the effects of HT-29-
derived CSF1 on secretion activities of macrophages. THP-
1-derived macrophages were cultured alone or co-cultured
with CSF1 shRNA-interfered HT-29 cells, and transcriptions
of various cytokines and chemokines were measured. Here,
we found that pro-inflammatory cytokines transcription,
such as IL-18, IL-6 and IL-23, was significantly increased in
macrophages, when co-cultured with CSF1 shRNA-inter-
fered HT-29 cells. However, the transcription of anti-
inflammatory cytokines and chemokines, including IL-10,
CCL17 and CCL22, was downregulated (Fig. 5D). In addi-
tion, the transcription of IL-8 in THP-1-derived macro-
phages was also decreased when co-cultured with CSF1
shRNA-interfered HT-29 cells (Fig. 5D).
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CSF1 overexpression in colon cancer cells promotes
macrophages infiltration in xenograft and partially
suppresses tumor growth

The effects of CSF1 expressed by cancer cells on properties of
tumor-infiltrated macrophages were further validated in vivo.
A CSF1 over-expression xenograft model was formed by inject-
ing recombinant adenovirus vector expressing human CSF1
(Ad-hCSF1) into the right tumor of nude mice, which were
bearing HT-29 colon cancer xenografts on bilateral legs
(Fig. 6A). Overexpression of human CSF1 in tumor tissue was
confirmed by qRT-PCR (Fig. 6C). The injection significantly
increased the number of tumor-infiltrated macrophages not
only in the right tumor, but also in the non-injected left tumor
(Fig. 6B). In addition, injection of Ad-hCSF1 also promoted
mouse IL-8 mRNA level in the right tumor compared with con-
trol groups (Fig. 6C).

We further investigated the role of cancer cell-derived CSF1
in tumor growth using the same xenograft model. The right
tumor volume in Ad-hCSF1-treated group became significantly
reduced compared with that in control group after 12 d of
injection. The volume of non-injected left tumor in experimen-
tal group was also slightly smaller than that of control mice,
but only marginal significance (p = 0.099) was reached at the
end of observation (Fig. 6D). The tumor weight analysis was
consistent with tumor volume. Significant difference was only
observed in the right tumor between Ad-hCSF1-injected and
control mice (Fig. 6E).

Discussion

Macrophages are potential therapeutic targets for colon cancer.
CSF1, a major macrophage lineage regulator, would be a feasi-
ble strategy for macrophage-related immune therapy. However,
the roles of CSF1 in colon cancer development are largely
unknown. In this study, we found that CSF1 was overexpressed
in colon cancer cells and its expression was correlated with
numbers of tumor-infiltrated macrophages. Tumor CSF1
expression and macrophages infiltration was associated with
prognosis of colon cancer patients. The in vitro studies sug-
gested that macrophages promoted CSF1 expression in colon
cancer cells through IL-8. Subsequently, colon cancer-derived
CSF1 enhanced macrophages recruitment and regulated their
secretion profile. Taken together, these studies revealed recipro-
cal interactions between tumor-infiltrated macrophages and
colon cancer cells through CSF1. A schematic diagram was
made to depict the above mechanisms (Fig. 7).

There are growing evidences implicating that both tumor-
infiltrated macrophages and macrophage-educating microenvi-
ronment are important players in the process of tumor devel-
opment. In the first part of this study, we found high
macrophages infiltration and CSF1 over-expression in colon
cancer microenvironment, which were consistent with previous
studies.”'®'® Increased macrophages infiltration and CSF1
expression were associated with improved survival of patients.
In addition, a high prognostic score, which contained cases
with both high CSF1 and CD68 expression, was shown to be an
independent prognostic marker by multivariate analysis. Our
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in vivo study, showing that overexpression of human CSF1 in
colon cancer xenografts reduced tumor growth, partially sup-
ported these observations in patients. The above results were
somewhat unexpected, because CSF1 showed dominantly pro-
tumorigenic role in other types of malignancies.'>*>*® How-
ever, it should be noticed that the roles of CSF1 in cancer
development is largely reflected by the function of tumor-infil-
trated macrophages, because it plays not only a potent chemo-
attractant for macrophages, but also functional regulator.””
Previous studies suggested that CSF1 promoted the antitumor
activity of macrophages by enhancing their phagocytosis and
cytotoxicity to cancer cells,”® > but we had not known whether
tumor-derived CSF1 helped to educate such antitumor poten-
tial. In the in vitro study, we found that colon cancer-derived
CSF1 significantly decreased the transcription of some pro-
inflammatory cytokines in macrophages, which was shown as
negative factors for development of colon cancer.’’** Such
immuno-regulatory effects could be more complicated in vivo,
as we found that CSF1 over-expression in xenografts mediated
by adenovirus showed a mixed pro-/anti-inflammatory profile
in host (data not shown). Nevertheless, the above results sug-
gested that tumor-derived CSF1 was involved in the recruit-
ment and re-education of tumor-infiltrated macrophages.
These regulations might support to establish an antitumori-
genic microenvironment in colon cancer.

In the second part of our study, we explored the mecha-
nisms by which the high CSF1 microenvironment in colon can-
cer was formed. Surprisingly, we found that colon cancer cells
HT-29 was negative for CSFI, but the transcription and

secretion of CSF1 was significantly promoted after co-culture
with THP-1-derived macrophages. This result showed recipro-
cal interactions between macrophages and colon cancer cells,
that is, CSF1-responding macrophages recruited into the tumor
tissue supported the overexpression of CSF1 in cancer cells,
creating a unique high-CSF1 tumor landscape. Meanwhile, it
should be noticed that the upregulation of CSF1 in HT-29 cells
required higher density of THP-1-derived macrophages
(Fig. 3D). The recruitment of macrophages by CSF1 might
result in increased macrophage to cancer cell ratio, which fur-
ther promoted CSF1 expression of cancer cells. In addition, the
promoting effects of macrophages on CSF1 production was
supposed to be general, as transcriptional upregulation was also
observed in other colon cancer cell lines, SW480 and SW620
(Fig. S2), and several breast and lung cancer cell lines (data not
shown). However, although co-culture with macrophages sig-
nificantly promoted CSF1 transcription in SW480 and SW620
cells, it did not alter CSF1 secretion. One explanation was the
relatively lower level of basic transcription of CSF1 in SW480
and SW620 cells. In fact, quantitative RT-PCR showed that
CSF1 transcription in HT-29 cells was about 10 times higher
than SW480 and SW620 cells. In addition, it should not be
excluded that post-transcriptional or post-translational modifi-
cations occurred in SW480 and SW620 cells, which need fur-
ther investigation.

During the studies exploring the mechanisms regulating
CSF1 production, we found that IL-8, a pro-inflammatory
cytokines and chemokines largely produced by macro-
phages, was involved in the upregulation of CSF1 in HT-29
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Each bar represents the mean + SD (n = 3, *p < 0.05, “*p< 0.01).

cells. Moreover, secreted IL-8 in co-culture medium acti-
vated PKC pathway, which was responsible for CSF1 tran-
scription in HT-29 cells. There were elegant studies
showing that IL-8 was one of the most significant upregu-
lated chemokines in both serum and tumor site in patients
with colorectal cancer, and associated with poorer out-
comes.”>** Our results provided additional information
about the roles of IL-8 in colon cancer by regulating CSF1
production. In addition, we noticed that cancer cell-derived
CSF1 amplified IL-8 production of macrophages, which was
consistent with previous studies.”*® The interactions
between cancer cell-derived CSF1 and macrophage-derived
IL-8 represented another positive feedback loop in colon
cancer tissue. As both CSF1 and IL-8 were both important
factors with immune-regulating capacity, this feedback loop
might provide a synergetic microenvironment for the func-
tions and migration potential of tumor-infiltrated immune
cells.

The specific mechanisms by which IL-8 promoted CSF1
expression need further investigation when considering the
complexity of the PKC pathway. Fifteen isoforms existed in
the PKCs family, which were divided into three groups
(classical, atypical and novel) according to calcium depen-
dency and activators.”” As a member of phorbol esters,
PMA was well-acknowledged activator of classical PKCs,
including the isoforms «, BI, BII, and y, and novel PKCs

such as isoforms 6§, & 7, and 6. In the present study, we
only explored the total phosphorylation level of all members
of classical and novel PKC isoforms, and found that IL-8 in
the co-culture medium enhanced their phosphorylation.
The specific roles of single PKC isoform in the whole sys-
tem were still not able to distinguish in the present study,
which would be explored in future by isoform-specific
inhibitors and antibodies.

In all, here we tried to explore the clinical value of high-
CSF1 microenvironment in colon cancer and its regulatory
mechanisms. Our results showed that CSF1 was a key medi-
ator in the reciprocal interactions between colon cancer
cells and tumor-infiltrated macrophages, and two positive
feedback loops involving CSF1 were identified in the pres-
ent study: First, tumor-infiltrated macrophages promoted
CSF1 production of colon cancer cells, which subsequently
recruited more macrophages into the tumor microenviron-
ment; Secondly, CSF1 secreted by cancer cells promoted
macrophage-derived IL-8, which in turn supported the for-
mation of a high-CSF1 microenvironment. Therefore, strat-
egies targeting CSF1 might synchronously affect two
primary components in tumor tissue: cancer cells and
tumor-infiltrated macrophages. Further investigations were
still needed to obtain the full view of the biological func-
tions of high-CSF1 microenvironment in colon cancer
before any clinical attempt was performed.
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Figure 5. HT-29-derived CSF1 recruited THP-1-derived macrophages and directed
their cytokines/chemokines production. (A) The CM of THP-1-derived macrophages
and HT-29 cells were applied to Transwell assay, and numbers of THP-1-derived
macrophages recruited by CM were counted. The SW480 CM was used as a nega-
tive control for cancer cell-derived CSF1. (B) The HT-29 CM, alone or co-cultured,
were applied for Transwell assay, with/without CSF1 NAb (100 ng/mL), and
recruited THP-1-derived macrophages were counted. (C) The CM of HT-29 trans-
fected by control or CSF-shRNA were used for Transwell assay. The recruited THP-
1-derived macrophages were counted. (D) THP-1-derived macrophages were co-
cultured with HT-29 cells transfected by control or CSF1-shRNA for 24 h, and the
transcription of typical pro- or anti-inflammatory cytokines/chemokines was mea-
sured. The cytokines/chemokines with significant change were exhibited. M¢-HT-
29: HT-29 CM after 24 h of co-culture; M¢-SW480: SW480 CM after 24 h of co-cul-
ture. The qRT-PCR data were normalized to the control and shown as fold change.
Each bar represents the mean 4= SD (n = 3, *p < 0.05, “*p< 0.01).

Materials and methods
Antibodies, reagents and recombinant adenovirus vectors

Antibodies to CD68 (ab955) and CSF1 (ab52864) for immuno-
histochemistry were purchased from Abcam. Phorbol 12-

myristate 13-acetate (PMA, #79346) was purchased from
Sigma. Monoclonal anti-human CSF1 (AF216) and IL-8
(MAB208) neutralizing antibodies (NADb) were purchased from
R&D Systems. Phosphorylated PKC (pan) (#9739) and S-actin
(#4967) for western blot were purchased from Cell Signaling
Technology. The recombinant adenovirus vector expressing
human CSF1 (Ad-hCSF1) was purchased from ViGene
Biosciences.

Patients and clinical samples

Tumor specimens of 46 patients diagnosed with primary colon
cancer were obtained during the surgical tumor resection at
Qilu Hospital of Shandong University, during the period from
2006 to 2014. None of the patients had received preoperative
radiotherapy. The study was approved by the Ethics Committee
of Qilu Hospital of Shandong University, and informed consent
was obtained from each patient. The histopathologic character-
istics including the TNM stage, grade, tumor type and growth
pattern were determined by established histological criteria.

The TMA-obtained 90 colon cancer cases were purchased
from Shanghai Outdo Biotech Company. The survival data was
collected from 2008 to 2014.

Immunohistochemistry and immunofluorescence

Paraffin-embedded samples were cut into 5-um sections and
then processed for immunohistochemistry. After the incuba-
tion with CD68 and CSF1 antibodies (1:200 of CD68, 1:100 of
CSF1) at 4°C overnight, the specimens were stained with 3’-
diaminobenzidine and the nuclei were counterstained with
hematoxylin. Samples were viewed under the Olympus IX81
microscope and images were produced using DP Controller.

For immunofluorescent staining of CSF1, HT-29 cells were
grown to 80% confluence in six-well plates. Cells were fixed in
cold acetone/methanol (1:1) and permeabilized with 0.1% Tri-
ton X-100 in PBS. The fixed cells were incubated with primary
CSF1 antibodies followed by incubation with FITC-conjugated
anti-rabbit IgG (AP132F, Millipore). 1 pug/mL DAPI (D212,
Dojindo) was used for nuclear counterstaining. The fluores-
cence was monitored on a Nikon Eclipse E600 microscope.
Images were acquired using a SPOT camera and adjusted using
Adobe Photoshop software.

CD68 and CSF1 evaluation

We evaluated CD68 and CSF1 expression in tumor specimens
according to the previous protocols with minor modification.”®
The specimens were scored by two independent observers not
knowing any prognosis or clinicopathologic variables. Dis-
agreements were evaluated a third time by another conclusive
judgment. For CD68 evaluation in primary tumor samples, we
counted the numbers of CD68™ cells in 10 random fields over
the whole section and obtained the mean number per field. For
CD68 evaluation in TMA, the numbers of CD68™ cells in each
tissue core were directly counted. Then the mean number of
CD68™ cells infiltrated in primary samples and tissue cores was
calculated (19.7 per field). All cases with the number < 20 per
field were considered low, the number > 20 considered high.
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*p < 001).

The immunoreactivity of CSF1 was semiquantitatively
scored by a well-established system which incorporated both
the percentage of positive cells and the stain intensity, with
minor modifications.” In short, a mean percentage of positive
cells was determined among five fields at x400 and then
assigned to one of five categories: < 5% (0), 5-25% (1), 25-
50% (2), 50-75% (3), and >75% (4). The mean intensity of
staining was also determined in five fields and scored as: weak
(1), moderate (2), and strong (3). Then the percentage of posi-
tive cells and staining intensity were multiplied to generate a
weighted score for each tumor specimen. We subgrouped the
tumor specimens according to the intensity scores into low
(which included scores 0 to +4) and high (which included
scores +6 to +12) groups. Some typical images of tumor sam-
ples with different intensity scores were provided as Fig. S1.

Cell culture and generation of THP-1-derived macrophages

Human colon cancer cell line HT-29, SW480, SW620 and acute
monocytic leukemia cell line THP-1 was obtained from ATCC.
The cells were cultured in RPMI 1640 medium supplemented
with 10% FBS, 100 U/mL penicillin, and 100 p1g/mL streptomy-
cin at 37°C in incubator with 95% air, 5% CO,.

To generate THP-1-derived macrophages, 1 x 10° THP-1
cells were treated with 100 ng/mL PMA for 48 h ** and adher-
ent cells were collected for further studies. For Transwell cham-
ber co-culture, 2 x 10°> HT-29, SW480 or SW620 cells were
seeded in 2 mL RPMI 1640 medium/10% FBS into each well of
a six-well plate. After 24 h, medium was replaced by 3 mL pre-
warmed fresh medium, and THP-1-derived macrophages were
seeded into the upper well (0.4-pm pores; Millipore) at differ-
ent density. After the co-culture for specific period of time, the
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Figure 7. The schematic diagram depicting interactions between colon cancer cells and tumor infiltrated macrophages depending on CSF1.

co-culture medium and two types of cells were collected respec-
tively. In other studies, colon cancer cells and THP-1-derived
macrophages were separated and cultured alone in 2 mL fresh
medium for another 24 h. Then conditioned medium were col-
lected respectively. A diagrammatic illustration for the co-cul-
ture procedure was provided as Fig. 3A.

Enzymes linked immunosorbent assay (ELISA)

CSF1 (#274967) and IL-8 (#281427) concentration in culture
supernatants were determined by ELISA kits (R&D Systems)
according to the manufacturer’s instructions.

Quantitative RT-PCR

RNA from cell lines and mice tumor xenografts was extracted
by TRIzol Reagent (Invitrogen). cDNA was synthesized by
reverse transcription. Quantitative RT-PCR (qRT-PCR) was
performed on the LightCycler 2.0 Instrument (Roche). GAPDH
was used as an internal control. The primer sequences used in
this study were listed in Table S1.

Migration assay

1 x 10° THP-1-derived macrophages were added into the
upper compartment of the inserts (24-well plate, 8-um pores,
BD Biosciences) in 100 uL of serum-free medium. 600 wL
RPMI 1640 medium containing 10% FBS, or corresponding
conditioned medium was added into the lower chamber of the
Transwell plate. In some cases, IL-8 NAb (2 pug/mL) was added

into the conditioned medium in lower chamber 2 h before
incubation. After incubating at 37°C in 5% CO, for 12 h, the
migrated cells on the lower surface of the filter were fixed by
10% formalin and stained with eosin. Five random fields of
each well were photographed and cell numbers were counted.

shRNA transient transfection

CSF1-targeting shRNA sequences inserted into the GV248 vec-
tor with an eGFP reporter were purchased from Shanghai Gen-
eChem Company. A nonspecific ShRNA was used as a negative
control. HT-29 cells were plated in six-well plates and 60% con-
fluence was reached before transfection. Then cells were trans-
fected with CSF1-shRNA (2ug plasmid) by 5 puL
Lipofectamine™ 2000 (Invitrogen) according to the manufac-
turer’s instructions. The transfection efficiency at 48 h was
more than 90% determined by flow cytometric analysis.

Western blot

Cell lysates containing equal amounts of total proteins were
electrophoresed in 10% SDS-PAGE and then transferred onto a
nitrocellulose membrane. After blocking with TBST (Tris-buff-
ered saline, 0.1% Tween 20) containing 5% nonfat dried milk,
the membranes were incubated with primary antibodies against
pPKC and B-actin overnight at 4°C. Then the membranes were
washed with TBST and incubated with horseradish peroxidase-
conjugated secondary antibody for 1 h. The protein bands were
detected by enhanced chemiluminescence.



Tumor model study

The study procedures were approved by the Animal Care and
Use Committee of Shandong University and conformed to the
legal mandates and national guidelines for the care and mainte-
nance of laboratory animals. Five-week-old male BALB/c nude
mice were purchased from Beijing HFK Bioscience Co. Ltd and
maintained under sterilized conditions. HT-29 cells (1 x 107/
100 uL RPMI 1640 medium) were injected subcutaneously
into bilateral legs of BALB/c nude mice. Tumor length and
width were measured every 3 d by a caliper. Tumor volumes
were calculated by (length x width?®)/2. After 12 d, when the
volume of subcutaneous tumors reached 50-100 mm’, mice
were randomly divided into two groups (n = 5) receiving injec-
tion of the control vector or Ad-hCSF1 (both 5 x 10 vp) into
the right tumor. On day 27, mice were sacrificed, and tumors
were isolated and weighted. One portion of tumor was proc-
essed for paraffin embedding and stained by CD68 antibody to
evaluate the density of macrophages. The remainder was proc-
essed for RNA extraction and qRT-PCR. A diagrammatic illus-
tration for the tumor model study was provided as Fig. 6A.

Statistical analysis

Data were presented as the mean £ SD, based on triplet experi-
ments. Student’s t test and ANOVA were used for statistical
comparisons. To determine the correlation between two varia-
bles, nonparametric Spearman correlation was performed. For
the determination of the differences of clinicopathological
parameters between different groups, cross-tabulations were
analyzed with x2-test or Fisher’s exact test. To estimate the
cancer-specific survival, Kaplan-Meier analysis was used and
comparisons between groups were done with the log-rank test.
Factors associated with cancer-specific survival with a p value
lower than 0.05 were further tested in multivariate analysis by
Cox model. All statistical analysis was performed using SPSS
software version 13.0. p value less than 0.05 was considered sta-
tistically significant.

Disclosure of Potential Conflicts of Interest

No potential conflicts of interest were disclosed.

Funding

This work was supported by the National Natural Science Foundation of
China (grant number 31300752, 31470885, 31270971, 81072406 and
81300510).

References

1. Jemal A, Bray F, Center MM, Ferlay J, Ward E, Forman D. Global can-
cer statistics. CA Cancer ] Clin 2011; 61:69-90; PMID:21296855;
http://dx.doi.org/10.3322/caac.20107

2. Center MM, Jemal A, Smith RA, Ward E. Worldwide variations in
colorectal cancer. CA Cancer J Clin 2009; 59:366-78; PMID:19897840;
http://dx.doi.org/10.3322/caac.20038

3. Kobayashi H, Mochizuki H, Sugihara K, Morita T, Kotake K, Tera-
moto T, Kameoka S, Saito Y, Takahashi K, Hase K et al. Characteris-
tics of recurrence and surveillance tools after curative resection for

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

ONCOIMMUNOLOGY e1122157-11

colorectal cancer: a multicenter study. Surgery 2007; 141:67-75;
PMID:17188169; http://dx.doi.org/10.1016/j.surg.2006.07.020

. Hanahan D, Weinberg RA. Hallmarks of cancer: the next generation.

Cell 2011; 144:646-74; PMID:21376230; http://dx.doi.org/10.1016/j.
cell.2011.02.013

. Fridman WH, Pages F, Sautes-Fridman C, Galon J. The immune con-

texture in human tumours: impact on clinical outcome. Nat Rev Can-
cer 2012; 12:298-306; PMID:22419253; http://dx.doi.org/10.1038/
nrc3245

. Solinas G, Germano G, Mantovani A, Allavena P. Tumor-associated

macrophages (TAM) as major players of the cancer-related inflamma-
tion. J Leukoc Biol 2009; 86:1065-73; PMID:19741157; http://dx.doi.
0rg/10.1189/j1b.0609385

. Forssell J, Oberg A, Henriksson ML, Stenling R, Jung A, Palmqvist R.

High macrophage infiltration along the tumor front correlates with
improved survival in colon cancer. Clin Cancer Res 2007; 13:1472-9;
PMID:17332291; http://dx.doi.org/10.1158/1078-0432.CCR-06-2073

. Etoh T, Shibuta K, Barnard GF, Kitano S, Mori M. Angiogenin expres-

sion in human colorectal cancer: the role of focal macrophage infiltra-
tion. Clin Cancer Res 2000; 6:3545-51; PMID:10999742

. Hong F, Wu BX, Li Z. Molecular regulation of macrophages in

unleashing cancer-related inflammation. Oncoimmunology 2014; 3:
€27659; PMID:24778928; http://dx.doi.org/10.4161/0nci.27659
Chaput N, Svrcek M, Auperin A, Locher C, Drusch F, Malka D, Taieb
J, Goere D, Ducreux M, Boige V. Tumour-infiltrating CD68+ and
CD57+ cells predict patient outcome in stage II-IIT colorectal cancer.
Br J Cancer 2013; 109:1013-22; PMID:23868006; http://dx.doi.org/
10.1038/bjc.2013.362

Qian BZ, Pollard JW. Macrophage diversity enhances tumor progres-
sion and metastasis. Cell 2010; 141:39-51; PMID:20371344; http://dx.
doi.org/10.1016/j.cell.2010.03.014

Noy R, Pollard JW. Tumor-associated macrophages: from mecha-
nisms to therapy. Immunity 2014; 41:49-61; PMID:25035953; http://
dx.doi.org/10.1016/j.immuni.2014.06.010

Smith HO, Anderson PS, Kuo DY, Goldberg GL, DeVictoria CL, Boo-
cock CA, Jones JG, Runowicz CD, Stanley ER, Pollard JW. The role of
colony-stimulating factor 1 and its receptor in the etiopathogenesis of
endometrial adenocarcinoma. Clin Cancer Res 1995; 1:313-25;
PMID:9815987

Behnes CL, Bremmer F, Hemmerlein B, Strauss A, Strobel P, Radzun
HJ. Tumor-associated macrophages are involved in tumor progression
in papillary renal cell carcinoma. Virchows Arch 2014; 464:191-6;
PMID:24327306; http://dx.doi.org/10.1007/s00428-013-1523-0
Wryckoff JB, Wang Y, Lin EY, Li JF, Goswami S, Stanley ER, Segall JE,
Pollard JW, Condeelis J. Direct visualization of macrophage-assisted
tumor cell intravasation in mammary tumors. Cancer Res 2007;
67:2649-56; PMID:17363585; http://dx.doi.org/10.1158/0008-5472.
CAN-06-1823

Liu H, Zhang Z, Tabuchi T, Wang S, Wang J. The role of pro-inflam-
matory cytokines and immune cells in colorectal carcinoma progres-
sion. Oncol Lett 2013; 5:1177-82; PMID:23599759

Hume DA, MacDonald KP. Therapeutic applications of macrophage
colony-stimulating factor-1 (CSF-1) and antagonists of CSF-1 recep-
tor (CSF-1R) signaling. Blood 2012; 119:1810-20; PMID:22186992;
http://dx.doi.org/10.1182/blood-2011-09-379214

Jakubowski AA, Bajorin DF, Templeton MA, Chapman PB, Cody BV,
Thaler H, Tao Y, Filippa DA, Williams L, Sherman ML et al. Phase I
study of continuous-infusion recombinant macrophage colony-stimu-
lating factor in patients with metastatic melanoma. Clin Cancer Res
19965 2:295-302; PMID:9816172

Mizutani K, Takeuchi S, Ohashi Y, Yakushiji M, Nishimura H, Taka-
hashi T, Maruhashi T, Ueda K, Noda K, Watanabe Y et al. Clinical
usefulness of macrophage colony-stimulating factor for ovarian can-
cers: Long-term prognosis after five years. Oncol Rep 2003; 10:127-31;
PMID:12469157

Pyonteck SM, Akkari L, Schuhmacher AJ, Bowman RL, Sevenich L,
Quail DF, Olson OC, Quick ML, Huse JT, Teijeiro V et al. CSF-1R
inhibition alters macrophage polarization and blocks glioma progres-
sion. Nat Med 2013; 19:1264-72; PMID:24056773; http://dx.doi.org/
10.1038/nm.3337


http://dx.doi.org/21296855
http://dx.doi.org/10.3322/caac.20107
http://dx.doi.org/19897840
http://dx.doi.org/10.3322/caac.20038
http://dx.doi.org/10.1016/j.surg.2006.07.020
http://dx.doi.org/10.1016/j.cell.2011.02.013
http://dx.doi.org/10.1016/j.cell.2011.02.013
http://dx.doi.org/10.1038/nrc3245
http://dx.doi.org/10.1038/nrc3245
http://dx.doi.org/19741157
http://dx.doi.org/10.1189/jlb.0609385
http://dx.doi.org/10.1158/1078-0432.CCR-06-2073
http://dx.doi.org/10999742
http://dx.doi.org/10.4161/onci.27659
http://dx.doi.org/23868006
http://dx.doi.org/10.1038/bjc.2013.362
http://dx.doi.org/20371344
http://dx.doi.org/10.1016/j.cell.2010.03.014
http://dx.doi.org/25035953
http://dx.doi.org/10.1016/j.immuni.2014.06.010
http://dx.doi.org/9815987
http://dx.doi.org/10.1007/s00428-013-1523-0
http://dx.doi.org/10.1158/0008-5472.CAN-06-1823
http://dx.doi.org/10.1158/0008-5472.CAN-06-1823
http://dx.doi.org/23599759
http://dx.doi.org/22186992
http://dx.doi.org/10.1182/blood-2011-09-379214
http://dx.doi.org/9816172
http://dx.doi.org/12469157
http://dx.doi.org/24056773
http://dx.doi.org/10.1038/nm.3337

e1122157-12 (&) H.WANG ET AL.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

Strachan DC, Ruffell B, Oei Y, Bissell MJ, Coussens LM, Pryer N,
Daniel D. CSFIR inhibition delays cervical and mammary tumor
growth in murine models by attenuating the turnover of tumor-asso-
ciated macrophages and enhancing infiltration by CD8 T cells.
Oncoimmunology 2013; 2:26968; PMID:24498562; http://dx.doi.org/
10.4161/0nci.26968

Casbon AJ, Lohela M, Werb Z. Delineating CSF-1-dependent reg-
ulation of myeloid cell diversity in tumors. Oncoimmunology
2015; 4:e1008871; PMID:26155427; http://dx.doi.org/10.1080/
2162402X.2015.1008871

Ning Y, Lenz HJ. Targeting IL-8 in colorectal cancer. Expert Opin
Ther Targets 2012; 16:491-7; PMID:22494524; http://dx.doi.org/
10.1517/14728222.2012.677440

Lee YS, Choi I, Ning Y, Kim NY, Khatchadourian V, Yang D,
Chung HK, Choi D, LaBonte MJ, Ladner RD et al. Interleukin-8
and its receptor CXCR2 in the tumour microenvironment pro-
mote colon cancer growth, progression and metastasis. Br J Can-
cer 2012; 106:1833-41; PMID:22617157; http://dx.doi.org/10.1038/
bjc.2012.177

Lin EY, Nguyen AV, Russell RG, Pollard JW. Colony-stimulating fac-
tor 1 promotes progression of mammary tumors to malignancy. ] Exp
Med 2001; 193:727-40; PMID:11257139; http://dx.doi.org/10.1084/
jem.193.6.727

Lin EY, Gouon-Evans V, Nguyen AV, Pollard JW. The macro-
phage growth factor CSF-1 in mammary gland development
and tumor progression. J] Mammary Gland Biol Neoplasia
2002; 7:147-62; PMID:12465600; http://dx.doi.org/10.1023/
A:1020399802795

Chockalingam S, Ghosh SS. Macrophage colony-stimulating factor
and cancer: a review. Tumour Biol 2014; 35:10635-44;
PMID:25238879; http://dx.doi.org/10.1007/s13277-014-2627-0
Grugan KD, McCabe FL, Kinder M, Greenplate AR, Harman BC,
Ekert JE, van Rooijen N, Anderson GM, Nemeth JA, Strohl WR
et al. Tumor-associated macrophages promote invasion while
retaining Fc-dependent anti-tumor function. J Immunol 2012;
189:5457-66; PMID:23105143; http://dx.doi.org/10.4049/jimmunol.
1201889

Sanda MG, Bolton E, Mule J], Rosenberg SA. In vivo administration of
recombinant macrophage colony-stimulating factor induces macro-
phage-mediated antibody-dependent cytotoxi