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Plasticity in Tumor-Promoting
Inflammation: Impairment
of Macrophage Recruitment

Evokes a Compensatory
Neutrophil Response'?

Abstract

Previous studies in the K14-HPV/E, mouse model of cervical carcinogenesis demonstrated that infiltrating macro-
phages are the major source of matrix metalloproteinase 9 (MMP-9), a metalloprotease important for tumor angio-
genesis and progression. We observed increased expression of the macrophage chemoattractant, CCL2, and its
receptor, CCR2, concomitant with macrophage influx and MMP-9 expression. To study the role of CCL2-CCR2 sig-
naling in cervical tumorigenesis, we generated CCR2-deficient K14-HPV/E; mice. Cervixes of CCR2-null mice con-
tained significantly fewer macrophages. Surprisingly, there was only a modest delay in time to progression from
dysplasia to carcinoma in the CCR2-deficient mice, and no difference in end-stage tumor incidence or burden.
Moreover, there was an unexpected persistence of MMP-9 activity, associated with increased abundance of
MMP-9* neutrophils in tumors from CCR2-null mice. /n vitro bioassays revealed that macrophages produce solu-
ble factor(s) that can suppress neutrophil dynamics, as evidenced by reduced chemotaxis in response to CXCL8,
and impaired invasion into three-dimensional tumor masses grown in vitro. Our data suggest a mechanism whereby
CCL2 attracts proangiogenic CCR2™ macrophages with the ancillary capability to limit infiltration by neutrophils. If
such tumor-promoting macrophages are suppressed, MMP-9™ neutrophils are then recruited, providing alternative
paracrine support for tumor angiogenesis and progression.
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Introduction production, and matrix metalloproteinase 9 (MMP-9) activity, parallel

Cervical cancer is the second most common form of malignancy
among women worldwide [1]. The predominant risk factor for cervical
cancer is the presence of oncogene-encoding DNA from the human
papilloma virus types 16 and 18 (HPV16 and 18) and their high-risk
papillomavirus relatives, which are found in 95% of all human cervical
cancers [2]. A transgenic mouse model of this disease was developed by
expressing the early region genes from HPV16 under the expression of
the human keratin 14 promoter, restricting expression of the viral on-
cogenes to the basal squamous epithelium [3]. Female mice treated
with sustained, low-dose estrogen (K14-HPV/E,) synchronously de-
velop cervical intraepithelial neoplastic (CIN) lesions that progress into
cervical carcinomas, closely mimicking cervical cancer progression in
humans [4]. Other characteristic markers of cervical neoplasias, such
as increased blood vessel density, vascular endothelial growth factor

the human condition [5].
Previous studies have shown that high numbers of tumor-infiltrating
macrophages (TIMs) correlate with poor prognosis in various forms of
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cancer, suggesting a role for these cells in tumor progression [6]. Fur-
thermore, a number of studies have shown that TIMs express a broad
range of tumor-promoting factors [7], and drive tumor angiogenesis
and metastasis in a mouse mammary polyoma middle-T (MMTV-
PyMT) tumor model [8,9]. In K14-HPV/E, mice, TIMs express
abundant MMP-9, a protease known to promote tumor angiogenesis
and growth [10].

Chemokines are a family of secreted proteins that induce cell sur-
vival and migration through specific G-coupled receptors [11]. CCL2
(MCP-1), acting through its only reported receptor, CCR2, induces
the migration and activation of monocytes [12], and it has been im-
plicated in the recruitment of TIMs and their expression of MMP-9 in
several tumor types [13—16]. In human cervical cancer, CCL2 is abun-
dantly expressed in the stroma and associated with macrophage infil-
tration [17]. Recent work by Zijlmans et al. [18] demonstrated that
the absence of CCL2 mRNA expression in human cervical cancer
specimens was associated with decreased macrophage infiltration and
vascular invasion as well as smaller tumor size and increased overall
survival. We therefore hypothesized that suppression of macrophage
recruitment to the neoplastic cervix would lead to reduced MMP-9
expression, consequent inhibition of angiogenesis, and impaired tumor
formation and growth.

Herein we report that CCL2 and CCR2 expression increases con-
cordant with TIM-mediated inflammation during cervical carcinogen-
esis in the K14-HPV/E, model. However, when K14-HPV/E, mice
were crossed with CCR2-null mice, the consequent reduction in TIM
numbers failed to alter tumor angiogenesis or growth, but rather re-
sulted in an increase in the number of tumor-infiltrating neutrophils
expressing MMP-9. These data suggest that neutrophils can, in some
circumstances, compensate for macrophage loss in tumors, serving to
similarly facilitate tumor progression.

Materials and Methods

Transgenic Mice

The generation of K14-HPV [4] and CCR2-deficient mice [19]
have been previously described. CCR2-null mice were backcrossed
for six generations with FVB/n mice, then crossed with the K14-
HPV mice to yield CCR2 heterozygous K14-HPV mice. These mice
were then bred to yield CCR2-deficient K14-HPV mice. For these
studies, 1-month-old CCR2-null, CCR2-heterozygous, and wild-
type K14-HPV16 female mice were subcutaneously implanted with
60-day slow-release 17f-estradiol pellets (0.05 mg; Innovative Re-
search, Sarasota, FL) at 1, 3, and 5 months of age (K14-HPV16/
E,) [20] and were maintained in accordance with the University of
California, San Francisco (UCSF) institutional guidelines governing
the care of laboratory mice.

Antibodies

The rabbit MMP-9 antibody was a kind gift from Dr. Z. Werb at
UCSF [21]. The monoclonal rat anti-Meca-32, CD11b, and GR-1
were purchased from BD Biosciences (San Diego, CA). CDG68 anti-
body was ordered from Serotec (Raleigh, NC) and F4/80 antibody
and the PMN antibody, clone 7/4, were obtained from Cedarlane
Laboratories (Ontario, Canada). The rabbit anti-CSF1R was from
Chemicon (Waltham, MA), and the platelet-derived growth factor re-
ceptor (PDGFR) antibody was from eBioscience (San Diego, CA).
Rabbit antimyeloperoxidase was purchased from DAKO (Cambridge-

shire, UK). All secondary antibodies conjugated with either fluorescein
isothiocyanate (FITC), Rhodamine-X, or biotin were purchased from
Jackson ImmunoResearch (West Grove, PA).

Histology and Immunobhistochemistry

Sections for both paraffin wax— and OCT-embedded frozen tu-
mors were cut/prepared, and the antibody dilutions used were as fol-
lows: Meca-32 (diluted 1:200), F4/80 (diluted 1:100), CD68
(diluted 1:500), CD11b (diluted 1:100), CSF1R (1:200), PMN (di-
luted 1:500), GR-1 (1:50), and MMP-9 (diluted 1:400) and staining
was carried out on frozen sections that had been blocked using 4%
normal donkey serum in PBS. For 7/4 staining, sections were treated
for 5 minutes with proteinase K (DAKO, Carpinteria, CA) before
blocking. Tumor spheroid sections were incubated with anti-human
myeloperoxidase for 30 minutes, otherwise all primary antibodies
were incubated for 1 hour at room temperature followed by appro-
priate biotinylated or fluorescently conjugated secondary antibodies
for 30 minutes at room temperature. Coverslips were then mounted
on fluorescently labeled tissue using Vectamount with DAPI (Vector
Laboratories). Fluorescent images were viewed with a 40x/0.75 air
objective (except for blood vessels which were viewed with a 20x/
0.50 air objective), collected using a microscope (AxioScope2 Plus;
Zeiss, Thornwood, NY) with a digital camera (CA742-95; Hamamatsu,
Bridgewater, NJ) and OpenLab software version 3.1.7 (Improvision,
Lexington, MA). Biotinylated antibodies were developed with the stan-
dard elite ABC kit (Vector Laboratories, Burlingame, CA) with fast
DAB (3’3" diaminobenzidine tetrahydrochloride) (Sigma-Aldrich, St.
Louis, MO). Slides were then counterstained with 1% methyl green
and were dehydrated in isobutanol and 100% xylene before coverslips
were mounted in a mounting medium (Cytoseal 60; Fisher Scientific,
Pittsburgh, PA). Colorimetric images were acquired using Axioimager.
A1 bright field microscope, AxioCam MRc5, and Axiovision AC ver-
sion 4.3 (Zeiss) and were viewed through a 10x/0.45 or 40x/0.95 air
objective. Magnifications were further increased using Adobe Photo-
shop version 7.0. Tissues were stained with secondary antibodies as con-
trols, and background staining was minimal unless otherwise noted.

Tumor Evaluation
The characterization of tumor stages (based on hematoxylin and
eosin staining) was performed as previously reported [22].

FACS Analysis

Cell sorting was carried out as previously published [23], using
biotinylated- PDGFRa (eBioscience) with phycoerythrin-conjugated
avidin (BD Biosciences) and FITC-conjugated F4/80 and CD68
antibodies (Serotec).

Real-Time Quantitative Polymerase Chain Reaction Analysis

RNA was isolated from samples using the RNeasy Kit (Qiagen,
Valencia, CA) according to the manufacturer’s directions. One micro-
gram of RNA was denatured and primed at 65°C for 5 minutes with
3-ug random primers (Invitrogen, Carlsbad, CA) and then converted
to cDNA using M-MLYV reverse transcriptase (Promega, Madison, W1I)
in a final volume of 20 pl. For the sorted cell populations, the W~
Ovation RNA Amplification Kit (NuGen, San Carlos, CA) was used
according to the manufacturer’s directions to obtain at least 1 pg
of cDNA for each sample. Real-time quantitative polymerase chain
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reaction analysis (QRT-PCR) was carried out at the UCSF cancer geno-
mics core using commercially available probes for CCL2 and CCR2
from Applied Biosystems (Foster City, CA).

Substrate Zymography

Tissues were processed and analyzed as previously described [24].
All cervical samples were isolated from 4-month-old K14-HPV/E, or
CCR2-null K14-HPV/E, mice. At least five samples were analyzed
per genotype. Ear tissue was isolated from 6-month-old K14-HPV
mice as a positive control. Recombinant MMP-9 was purchased from
Chemicon (Temecula, CA).

Monocyte Isolation

Human buffy coats were obtained from the National Blood Transfu-
sion Service in the UK. This was diluted 1 in 5 calcium and magnesium-
free Hanks’s balanced salt solution (HBSS), and 10-ml aliquots were
added to 250 pl of RosetteSep (Stem Cell, London, UK) solution and
incubated for 20 minutes. Twenty milliliters of HBSS 2% FCS was
added to the blood mixture that was then overlaid onto Ficoil-Paque
Plus (Amersham Biosciences, Uppsala, Sweden) and centrifuged at
1200g for 20 minutes. The monocyte layer was collected, washed twice,
and labeled with CellTracker blue (Molecular Probes, Paisley, UK), be-
fore coculturing with spheroids. Flow cytometry showed that <95% of
these were CD14" monocyrtes.

Neutrophil Isolation

Human peripheral blood from healthy volunteers was treated with
an anticoagulant, 3.8% w/v sodium citrate solution (BDH/AnalaR,
Poole, UK), and then centrifuged at 400¢ for 20 minutes; the upper
serum layer was then removed. The remaining cells were diluted 50:50
with HBSS (BioWhittaker, Berk, UK), overlaid onto Ficoll-Paque Plus
(Amersham Biosciences), and centrifuged at 400g for 40 minutes. The
neutrophil/erythrocyte layer was collected and subjected to hypertonic
lysis to remove erythrocytes. The remaining neutrophils were washed
and routinely found to be more than 95% viable.

In Vitro Neutrophil Migration Assay

Human monocytes or the human breast tumor cell line, T47D,
cells were seeded at 30,000 cells/well in 100 pl of Dulbecco’s mod-
ified Eagle’s medium containing 1% FCS in a 96-well plate for
4 hours and washed; adherent cells were then incubated for 24 hours
(the control medium was incubated for the same period without ei-
ther cell type). Supernatants were then collected, sterile-filtered, sup-
plemented with or without 10 nM CXCLS8, and added to the lower
wells of a 48-well microchemotaxis chamber. A polycarbonate mem-
brane with 3-pum pores was placed on top of the chamber and 50 pl
of 1 x 10° neutrophils/ml in Dulbecco’s modified Eagle’s medium con-
taining 1% FCS was added to the upper wells for 1 hour at 37°C.
The number of neutrophils in the lower chamber was then quantified
by flow cytometry using CellQuest software (BD Biosciences, San
Jose, CA).

Monocyte/neutrophil Infiltration Into Tumor Spheroids
Human tumor spheroids were generated by seeding 5000 human
tumor (HeLa cervical cancer) cells in 100 pl of culture medium in
each well of an agarose-coated 96-well plate and were incubated at
37°C, 5% CO, for 7 to 8 days. Before infiltration with leukocytes,

spheroids were cultured overnight in a 96-well plate with Minimal
Essential Medium with Earl’s salts (MEME), to stimulate intercel-
lular adhesion molecule 1 expression (and thus facilitate monocyte/
neutrophil adhesion and infiltration). Either 6 x 10° neutrophils/ml
(prelabeled with cell tracker red) or monocytes (prelabeled with cell
tracker blue) in serum-free MEME were added to each well and left
for 5 (neutrophils) or 24 hours (monocytes) at 37°C in a 5% CO,
incubator. Spheroids were then removed, washed twice in serum-free
MEME, and resuspended in 100 pl of serum-free MEME. Spheroids
infiltrated with monocytes were cultured for a further 5 hours with
the same concentration of freshly isolated neutrophils (again labeled
red), whereas spheroids infiltrated with neutrophils were cocultured
with freshly isolated monocytes (labeled blue) for a further 24 hours.
A shorter period was used for neutrophil cocultures than those
involving monocyte as they are known to be more labile in culture
than monocytes. Spheroids were then trypsinized in 0.25% trypsin
for 5 to 10 minutes at 37°C, washed, and analyzed by flow cytometry
to estimate the proportion of neutrophils, monocytes, and/or tumor
cells. In parallel cultures, spheroids were fixed with 10% buffered
formalin for 1 hour and were then embedded in a solution of molten
1.5% agarose and 4% formaldehyde (BDH/Merck, Poole, UK),
machine-processed (TP1020; Leica, Wetzler, Germany), and em-
bedded in paraffin wax. Neutrophils and/or monocytes were identi-
fied in sections of tumor spheroids by staining for myeloperoxidase.

Statistical Analysis

F4/80, CD68, CSF1R, PMN, and MMP-9 expressions were de-
termined by counting the staining per field using a custom Adobe
Photoshop Plug-in. At least five fields from each slide (mouse) were
measured with at least four mice for each group and an average/field
determined. These averages, as well as tumor volume, were compared
by nonparametric analysis of variance using InStat Software (Graph-
Pad, San Diego, CA). A chi-square analysis was used to evaluate
tumor incidence. In the cell migration assays, differences between
treatments groups were analyzed using the nonparametric Mann-
Whitney U test.

Results

CCL2 and CCR2 Are Upregulated in the K14-HPV/E, Mouse
Model of Cervical Carcinoma

To assess the expression of CCL2 ligand and CCR2 receptor during
cervical carcinogenesis, real-time quantitative RT-PCR analysis was
performed on cervical tissues from normal (FVB/n) and dysplastic
(3 months old) K14-HPV/E, mice. CCL2 expression was prominently
upregulated at this time point (i.e., 2 months after carcinogenesis
was initiated with sustained estrogen), when macrophage infiltration
of CIN 1/2 lesions becomes prevalent (Figure 14). Likewise, CCR2
exhibited increased expression at this early stage of neoplastic progres-
sion concomitant with macrophage recruitment into tumors (Fig-
ure 1B). In an effort to determine which population of cells was
producing the ligand and receptor, cell sorting was performed. A single
cell suspension from 3-month-old cervixes was sorted into PDGFa"F4/
80"CDG68™ (fibroblasts), F4/80*CD68" macrophages, and other un-
stained cells (a mixed-cell population of epithelial cells, other inflam-
matory cells, and endothelial cells). The RNA from these populations
was amplified, and gRT-PCR was used to analyze CCL2 expression.
Both the fibroblast and mixed-cell populations expressed CCL2 at
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A crossed with the K14-HPV16 transgenic mice to produce CCR2-null
q 357 HPV16 mice. We first analyzed the temporal appearance and progres-
O 30 sion of neoplastic lesions in HPV16/E, female mice that lacked CCR2.
% 25 1 Surprisingly, neither was there a difference in the timing or histologic
2 character of the progressive CIN 1, 2, and 3 lesions (data not shown)
g % 20 1 nor was there a difference in the incidence, tumor burden, or histologic
o % 15 characteristics of cervical carcinomas (Figure 24, and data not shown).
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Figure 1. CCL2 and CCR2 are upregulated during K14-HPV/E, tu- 60
morigenesis. RNA was isolated from the cervix of three estrogen- _E’
treated nontransgenic FVB/n, and K14-HPV mice with dysplasia §
(3 months) and real-time quantitative PCR used to determine (A) m 40
CCL2 and (B) CCR2 expression. Additionally, RNA was isolated 8
from sorted fibroblasts (PDGFRa™), myeloid cells (F4/80" and/or 3 20 A
CD68"), and the remaining unstained cells from a pool of 10 cer- °
vixes from 3-month-old mice and gRT-PCR used to measure CCL2 0 17 KN 8 15 I 17 12 N 11
expression in these po‘pulations (C): CCL2 expression was Q.O7 in 4m 5m ‘ 6m !
the PDGFRa™ population. Expression levels were normalized to
those of the housekeeping gene GUS. Error bars show SEM. OHPY H CCR2Y-HPV [ CCR27 HPV

low/negligible levels compared to macrophages. CCR2, as expected, was
predominantly expressed by the F4/80"CD68" population in tumors
(data not shown).

Effect of CCR2 Deficiency on Tumor Progression
CCR2-deficient mice, originally described by Boring et al. [19], were
backcrossed into the FVB/n background for six generations and then

Figure 2. Absence of CCR2 delays time-to-tumor onset but does not
affect tumor growth or incidence. Tumor incidence and burden were
assessed using hematoxylin and eosin—stained serial sections using
tissue collected from mice at 4 months, between 4.25 and 5 months,
and more than 5 months of age. (A) Tumor volume (growth) was not
significantly different between any genotype at end stage. (B) Tumor
incidence was significantly delayed (P < .001) at the earliest stages
in CCR2-null K14-HPV/E, mice. The n values for each group are dis-
played at the base of each bar.
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levels in one study correlated with a better prognosis [18]; whereas
other undefined variables may influence this correlation, on inference
is that neutrophil substitution was not pronounced or was ineffectual
in this patient population, possibilities that deserve further investiga-
tion in other human population studies.

Additionally, other functional studies in mouse models and correl-
ative/prognostic studies in human tumors have revealed complexity
and, indeed, a dichotomy in the effects of infiltrating macrophages
on tumor phenotypes. In many tumor types, macrophages promote
angiogenesis, tumor growth, and metastasis, and their presence corre-
lates with poor prognosis and survival [6]. In other tumor types, macro-
phages appear to inhibit such phenotypes, perhaps reflecting the effects
of an antigen-presenting macrophage involved in antitumor immune
responses. These conflicting correlations suggest the existence of distinct
macrophage populations genetically determined early in monocyte dif-
ferentiation and/or elicited by the local microenvironment. CCR2 ex-
pression, which has been attributed to inflammatory rather than
resident macrophages [41], may characterize a predetermined set of
macrophages that have proinflammatory and ultimately protumor
properties. Whereas these cells are recruited to sites of inflammation
through CCR2-CCL2 signaling, it seems likely that local factors in the
neoplastic microenvironment instruct these cells to mediate tumor-
promoting functions, including MMP-9 expression and activation.

The cervical microenvironment appears to reflect one class of organ-
specific tumors, in which macrophages are selectively recruited during
neoplastic development, much as in the aforementioned model of
MMTV-PyMT breast cancer [8]. Another mouse model, of pancreatic
islet carcinoma, is characterized by early infiltration of MMP-9—
expressing neutrophils as well as two distinctive classes of MMP-9"
and MMP-9™ macrophage [26,27]. Thus, the neoplastic microenvi-
ronment clearly governs the dynamics of proangiogenic leukocyte in-
filtration. Notably, macrophage inflammation is mild in the pancreatic
islet cancer model, in contrast to the cervix and breast tumor models,
where the macrophage influx is more pronounced. It could be that a
critical density of lesional macrophages is necessary to suppress the in-
flux and persistence of neutrophils.

A related issue involves the source in the cervical neoplasias of the
ligand for CCR2 that mediates macrophage recruitment. By using
FACS and gRT-PCR, we determined that the CCL2-producing cells
in the cervix are myeloid-derived cells recruited to the early neoplas-
tic microenvironment of the cervix through a yet unknown mecha-
nism, presumably a result of expressing the HPV oncogenes in the
epithelium. The recruitment of these CCL2-expressing cells appears
to be independent of CCR2, because there was no decrease in CCL2
expression in the cervix of CCR2-deficient HPV/E, mice (data not
shown). The nature of these proinflammatory myeloid cells, and the
mechanism by which they are recruited to in turn recruit CCR2"
MMP-9" macrophages that promote angiogenesis and tumorigenesis,
deserves future investigation.

In conclusion, this study has revealed a complex interplay between
tumor-infiltrating macrophages and neutrophils that contributes to neo-
plastic progression. The plasticity of leukocyte inflammation revealed in
this study, in which proangiogenic neutrophils replace the functions of
proangiogenic macrophages when the latter are suppressed, has poten-
tial therapeutic implications. If the recruitment of proangiogenic macro-
phages into cervical tumors is blocked pharmacologically, neutrophils
may replace them, thereby minimizing any therapeutic benefit. Thus,
in considering clinical strategies targeting tumor-promoting macro-
phages, it may prove that efficacy will be determined in part by the

capability of certain tissues (and/or tumor types) to affect resistance
through substitution, involving infiltration of compensatory neutrophils
in the context of macrophage suppression.
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