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ARTICLE INFO ABSTRACT

Keywords: Here we used three different murine mammary carcinomas to study the immune environment associated with
Murine mammary carcinoma early tumor sites. While it was not surprising that the early immune response was predominated by macrophages
4T1 and neutrophils, there were some novel findings at this early stage of disease. For instance, the macrophages and
EMT6 neutrophils expressed a mixed cytokine profile with TNF-a and TGF-$ both produced at appreciable levels.
168 hile the cells retained their phagocyti i duction of reacti ies by th
Macrophages Moreover, while the cells retained their phagocytic capacity, production of reactive oxygen species by the
Neutrophils macrophages and neutrophils was in decline. Alterations in the metabolic profile of the tumor associated

macrophages were also evident with a decrease in the ATP production rate, and a higher dependence on oxi-
dative phosphorylation for ATP production. Collectively, these data indicate a mixed phenotype of tumor-as-
sociated macrophages and neutrophils evident within hours of murine mammary carcinoma delivery.

1. Introduction

Myeloid cells are among the first cells to arrive at a tumor site, and
the importance of having a thorough understanding of these cells is
underscored by clinical data which reveal that tumor associated mac-
rophages and neutrophils correlate with poor prognosis [1-10], and
negatively impact efficacy of checkpoint inhibitor therapy in patients
with cancer [11-14].

Tumor associated macrophages may fall into two broad categories;
M1 are generally considered beneficial in the immune response against
cancer and express factors such as iNOS, IL-12, and TNF-a [15], while
M2 are generally considered pro-tumorigenic and express factors such
as arginase, MMP-9, and TGF-f [15], and investigations are underway
to determine how to selectively deplete and/or convert M2 to M1
macrophages [16-19]. The ability to maximize the beneficial aspects of
M1 macrophages, and minimize the detrimental aspects of M2 macro-
phages in a cancer setting could benefit from a greater understanding of
how macrophages are polarized. While there is a good understanding of
how to polarize these cells in vitro [20], exactly when, and how M2
macrophages arise in murine cancer models or patients with cancer has
yet to be well-defined. While studies have reported that factors such as
oncostatin M and mTOR signaling, as well as hypoxia, contribute to M2
polarization [21,22], the impact of the microenvironment on metabo-
lism and effector function is another active area of investigation
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[23-25]. However, there remains a paucity of information about mac-
rophages that arrive at early tumor sites, which is unfortunate because
the earlier one intervenes, the more likely it is that polarization or the
pro-tumor phenotype can be prevented or reversed. As a case in point,
Kim et al. [26] showed that myeloid derived suppressor cells can re-
cover their antigen presenting cell activity if treated with retinoic acid
early, but they could not be rescued at later stages of disease progres-
sion.

Some investigations also support the contention that tumor asso-
ciated neutrophils should be categorized into two types, where N1 are
considered beneficial in the immune response against cancer since they
are cytotoxic and express factors such as iNOS, IL-12 and TNF-a, while
N2 are considered pro-tumorigenic and contribute to angiogenesis, in-
vasion, and immune suppression by expressing factors such as arginase,
CCL2, CCL5, and IL-10 [27]. Similar to macrophages, the neutrophil
response may depend upon tumor type and stage of disease progression.
For example, in the RIP-TAG model depleting neutrophils resulted in
slower tumor growth, likely a consequence of depleting a major source
of MMP-9 thus preventing the angiogenic switch [28].

Although tumor associated macrophages and neutrophils can con-
tribute to cancer progression, most of what we know about their role in
cancer comes from analysis of these cells isolated from advanced tu-
mors, or the periphery of humans or mice at advanced stages of disease.
These studies have largely led to a model in which tumor progression
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over time creates an environment that leads to the generation of pro-
tumor macrophages and neutrophils which then further potentiates
tumor progression. However, alterations in myeloid cells are underway
at early stages of tumor growth, before a tumor is even palpable, in-
dicating a need for more information about phenotype and function of
macrophages and neutrophils at early tumor sites. Remarkably, analysis
at an early time point is practical, to some extent, in patients. For ex-
ample, ductal carcinoma in situ (DCIS) has been used to investigate
characteristics of the site that correlate with disease progression
[29-31], and McKee et al. [32] reported almost 20 years ago that the
presence of macrophages were among the characteristics for high grade
DCIS. More recently, Degnim et al. [33] found macrophages were
among the most common infiltrating white blood cells in many DCIS
specimens, and Campbell et al. [34] reported CD8+ T cells and mac-
rophages were associated with risk of recurrence. While studies further
characterizing macrophages at sites of DCIS are ongoing, Hung et al.
[35] found M1 and M2 macrophages in the circulation of patients with
DCIS supporting the contention that these cells are present at early
stages of disease. Yet, unfortunately, we still do not have a clear un-
derstanding of what the macrophages are doing at this early stage of
disease.

Although it is hard to capture and characterize macrophages from
early tumor sites, several animal studies support the contention that
pro-tumor macrophages are present at early tumor sites. For instance,
Riabov et al. [36] used matrigel to capture macrophages 7 days after
tumor delivery and found a mixture of M1 and M2 phenotypes. And,
Carron et al. [37] used a p53-/-mammary carcinoma model and re-
ported an increase in pro- and anti-tumor macrophages before the
tumor was even palpable. Notably, the authors also reported that
macrophages present at this early stage of disease contributed to tumor
progression [37]. What is more, a pro-tumor phenotype at these early
time points cannot be explained by a hypoxic environmental (the tu-
mors are not yet 2-3 mm®) or chronic inflammation; factors often at-
tributed with the generation of macrophages with a pro-tumor pheno-
type. These data underscore the need to gain a stronger foundational
understanding of myeloid cells that arrive early at tumor sites.

In this study we used a gelfoam model [38-40] to capture macro-
phages and neutrophils from early tumor sites (24-72 h post injection)
to gain information about their phenotype, function, and metabolism.
Our data indicate that distinct innate immune profiles to different
murine mammary carcinomas are evident within hours of tumor de-
livery, and that the macrophages and neutrophils display a mixed
phenotype that incorporates both pro- and anti-tumor characteristics at
early tumor sites regardless of the aggressiveness or immunogenicity of
the tumor.

2. Material and methods
2.1. Cells and mice

4T1, EMT6, and 168 murine mammary carcinomas were maintained
in complete RPMI (cRPMI) (RPMI 1640, Lonza, Walkersville, MD)
supplemented with 10% heat-inactivated fetal bovine serum (Lonza),
glutamine (2 mM, Lonza), penicillin (100 U/mL, Lonza), streptomycin
(100 pg/mL, Lonza), nonessential amino acids (Sigma, St. Lois, MO), 2-
mercaptoethanol (5 x 10> M, Sigma), and sodium pyruvate (1 mM,
Lonza). Balb/c mice were bred on site and were housed in a thoren
caging system (Thoren Caging Systems Inc., Hazelton, PA). Food and
water were provided ad libitum. All mice were used in accordance with
an Institutional Animal Care and Use Committee approved protocol that
followed the guidelines for ethical conduct in care and use of animals.

2.2. Gelfoam implantation, injections, and recovery

Mice were anesthetized in a chamber with 2-3% isoflurane for
5min and then maintained on isoflurane throughout the surgery via
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nosecone delivery. Once anesthetized the mice were shaved, wiped
with alcohol and iodine pads, and a small incision was made in the back
of the animals. Gelfoam (~10 mm X 10 mm, Pfizer, New York, NY) was
inserted under the skin, wounds clips were used to seal the wound, and
all mice were monitored for full recovery. Two days later the mice were
anesthetized once again and HBSS (Lonza) or the tumor cells (5x10*
4T1, 1 X 10° EMTS6, or 2 X 10° 168) were delivered into the gelfoam
implant. Twenty four to 72 h later the gelfoam implants were removed
and digested in a collagenase cocktail (1 mg/ml collagenase type IV,
10U/ml hyaluronidase, 20 mg/L DNase, Worthington Biochemical
Corp, Lakewood, NJ) for 2h at room temperature while rocking. The
cells were filtered through 50 uM nytex and following red blood cell
lysis, the cells were counted.

2.3. Cell staining and flow cytometry

Following isolation from the early tumor sites cells were labeled
with antibodies for macrophages (F4/80 (PE)), neutrophils (Ly6G
(FITC), natural killer cells (CD49b (PE)), helper T cells (CD3 (FITC)/
CD4 (PE)), and cytotoxic T cells (CD3 (FITC)/CD8 (PE)). Separate
samples were treated with the appropriate isotype controls. All anti-
bodies were purchased from BD Biosciences (San Diego, CA). For la-
beling, cells were resuspended in staining buffer (1 X phosphate buf-
fered saline, 2% fetal bovine serum, 0.09% sodium azide) and
1 x 10° cells/tube were incubated with Fc block (anti-CD16/CD32, BD
Biosciences) for 15 min on ice. Next, 1 ug of the specific antibodies were
added and the cells were incubated for 30 min on ice. Following a wash
with staining buffer the cells were resuspended in 0.5ml HBSS and
analyzed on a BD FACS Melody flow cytometer.

2.4. Intracellular cytokine analysis

For intracellular cytokine analysis cells were treated with GolgiPlug
(BD Biosciences) for 6 h at 37 °C, washed with staining buffer, and then
resuspended in 1 ml staining buffer and treated with Fc block for 15 min
on ice. After surface staining with antibodies for Ly6G (BV711, BD
Biosciences) and F480 (APC, BioLegend, San Diego, CA) for 30 min on
ice, the cells were washed two times, resuspended in 250 pl fixation/
permeabilization buffer (BD Biosciences) and incubated for 20 min on
ice. Following two washes with perm/wash buffer (BD Biosciences) cells
were labeled with antibodies for TNF-a (APC-Cy7, BD Biosciences), TGF-
B (BV421, BD Biosciences), iNOS (Alexa-488, ThermoFisher, Waltham,
MA), Arginase (PE, R&D Systems, Minneapolis, MN) or the appropriate
isotype controls for 30 min on ice. Following one wash with perm/wash
buffer the cells were incubated with 3.7% paraformaldehyde (Sigma) for
10 min on ice, washed again, and then resuspended in 0.5 ml HBSS. The
samples were sent for analysis to the Cell Science Core Facility at Penn
State College of Medicine, Hershey Medical Center.

2.5. ROS assay

For analysis of reactive oxygen species 1 x 10° cells were resuspended
in 1 ml of staining buffer, 10 pul of 2’,7’-Dichlorodihydrofluorescein dia-
cetate (DCFDA, 2 uM final concentration, VWR) was added, and the cells
were incubated for 30 min at 37 °C. Following two washes with staining
buffer the cells were incubated with Fc block for 5min on ice and then
anti-Ly6G (PE) or anti-F4/80 (PE) antibodies for 20 min on ice. Next, the
cells were washed one time with staining buffer, resuspended in 0.5 ml
staining buffer, and then analyzed on a BD FACS Melody flow cytometer.

2.6. Phagocytosis assay

For analysis of phagocytosis 1 x 10° cells were resuspend in 1 ml of
staining buffer, 10ul E. coli bioparticles (Alexa-488 conjugated,
ThermoFisher) were added, and the cells were incubated for 30 min at
37°C. Following two washes with staining buffer the cells were
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Fig. 1. Capturing cells from early tumor sites. (A, B) 4T1, EMT6 and 168 murine mammary carcinomas are not palpable within the first few days after tumor delivery.
(C) A gelfoam model was used to capture and analyze white blood cells infiltrating control (saline) and early tumor sites 24 to 72 h after delivery. The majority of
cells were F4/80" and Ly6G ™ with little to no NK (CD49 %) cells or T cells. Five mice were used for each group for each experiment at each time point, and all data

represent the average and standard error of at least three separate experiments.

incubated with Fc block for 5min on ice, and then anti-Ly6G (PE) or
anti-F4/80 (PE) antibodies for 20 min on ice. Next, the cells were wa-
shed one time with staining buffer, resuspended in 0.5ml staining
buffer, and then analyzed on a BD FACS Melody flow cytometer.

2.7. Seahorse assays

To hydrate the XFp sensor cartridge (Agilent Technologies, Cedar
Creek, TX), each well of the plate and the surrounding moats were filled
with 200 uL and 400 pL of sterile distilled water respectively. The car-
tridge/utility plate assembly was incubated in a humidified non-CO,
37 °C incubator overnight. On the day of assay, 45 min prior to loading
drug ports, the water in the wells and moats was replaced with the XF
Calibrant (Agilent Technologies) of the same volume and allowed to
equilibrate in a non-CO, 37 °C incubator. The assay media was prepared
a day prior to the assay by adding 1 mM sodium pyruvate (Lonza),
2mM i-glutamine (Lonza), and 10 mM glucose (Sigma Aldrich, St.
Louis, MO) to pre-warmed XF DMEM pH 7.4 media (Agilent
Technologies). The Seahorse Glycolytic Rate Assay (Agilent
Technologies) was combined with an additional injection of oligomycin
A (Abcam, Cambridge, MA) in order to enable calculation of glycolytic
rates and ATP production rates from the OXPHOS and glycolysis
pathways. The oligomycin A stock was prepared by resuspending in
ethanol to 100 uM and subsequently diluting in Seahorse assay media to
a final concentration of 1.5 uM per well. The rotenone plus antimycin A
(Rot/AA) stock of 25 uM was diluted in Seahorse assay media to a final
concentration of 0.5uM per well, and the 2-deoxy-p-glucose (2-DG)
stock of 500 mM was diluted in Seahorse assay media to a final con-
centration of 50 mM per well. The drugs were loaded into the drug ports
on the Seahorse cartridge, with oligomycin going into port A (20 pL),

Rot/AA into port B (22 pL), and 2-DG into port C (25 pL). On the day of
the assay, cells were resuspended at 2 x 10° cells/well in Seahorse
assay media in a total volume of 180 uL and seeded onto the Seahorse
XFp cell culture miniplates. The plates were then centrifuged at 335x g
for 2 min and checked for confluency. Next, the cell culture plates were
incubated in a humidified non-CO, 37 °C incubator 45 min to remove
residual acid traces from external sources of CO,. The samples were run
using the Seahorse XFp Analyzer (Agilent Technologies) with a mod-
ification to the ATP production rate assay protocol. After the initial
calibration, three measurement cycles were performed to determine
basal rates of glycolysis and OXPHOS. The first injection was oligo-
mycin, followed by an injection of Rot/AA, and then a final injection of
2-DG. Three measurement cycles were conducted after each set of in-
jections, and measurements lasted 18 min, for a total assay run time of
1h 24 min. Data from the XFp Analyzer were exported as Wave soft-
ware files as well as EXCEL files. Data analyses were performed on
Wave Version 2.6.0.31 to extract information on the rates of
Extracellular Acidification Rate (ECAR) (mpH/min) and Oxygen
Consumption Rate (OCR) (pmol O,/min). In the Seahorse ATP pro-
duction rate report generator, further calculations were performed to
determine the glycolytic proton efflux rates (glycoPER) and relative
rates of ATP production from the glycolysis and OXPHOS pathways.

3. Results

3.1. The gelfoam system can be used to capture cells associated with early
tumor sites

Analysis of the immune response to cancer is often accomplished by
capturing white blood cells that infiltrate solid tumors, or isolating cells
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Fig. 2. Significant differences in cell numbers are evident at early tumor sites. Flow cytometric analysis was used to determine the percent of F4/80" (A, B) and
Ly6G* (C, D) cells present at the tumor sites 24 to 72 h after delivery. Five mice were used for each group for each experiment at each time point, and all data
represent the average and standard error of at least three separate experiments. (A, C) Where indicated significant differences were found between control and tumor
sites (*), and between different tumor sites () p < 0.05 using a Student’s t-Test. (B, D) Where indicated ( ) there were significant changes in cell number over

time p < 0.05 using ANOVA.

Table 1
Cytokine expression by F4/80% cells.
control M$ 4TI M EMT6 M§ 168 M
24 h 2.6+0.4 24+0.5 1.1+£0.7 0.6+0.1*
iNOS
72 h 14+1.1 20£1.0 33+19 0.8+£0.2
2uh 47+1.1 43+02 2.0+04% 3.0£0.9
arginase
72 h 3.0+0.3 53+1.7 44+0.5 3.3+0.6
24 h 22.8+0.8 245+3.7 9.3+£2.8% 13.6+£3.7
TGF-B
72 h 17.2+£3.0 18.7£6.5 269+1.2 153+3.4%
24 h 24.1+3.7 25.6+5.4 124+3.7 17.8+3.0
TNF-o.
72 h 27.5+1.0 22.7+£29 41727+ 31.1+6.2

Red font indicates statistically significant difference (P < 0.05) between 24 to
72h.

*Statistically significant difference (P < 0.05) relative to control.
*Statistically significant difference (P < 0.05) relative to 4T1 M.
"\Statistically significant difference (P < 0.05) relative to EMT6 M¢.

in the periphery of tumor-bearing humans or mice. One difficulty with
studying the early immune response to cancer is obtaining enough
white blood cells for analysis. As a result there is a paucity of in-
formation about the very immune response to cancer; before a tumor is

Table 2
Cytokine expression by Ly6G ™ cells.
control PMN 4T1 PMN EMT6 PMN 168 PMN
iNOS 24 h 1.0 + 0.3 0.9 + 0.0 0.3 + 0.1° 0.3 = 0.1°
72h 05 = 03 0.8 £ 0.3 0.1 = 0.1 0.3 = 0.0
arginase 24h 1.4 + 0.4 1.8 £ 02 09 + 02 0.6 + 0.1°
72h 09 = 0.1 1.6 = 0.3 33 + 1.1 0.4 + 0.2'
TGF-B 24h 84 + 1.1 72 1.1 2.8 + 0.4%° 4.7 = 0.6
72 h 54 = 1.1 5.0 = 1.8 8.1 + 2.7 3.5 = 09
TNF-a 24 h 6.9 = 0.5 85 + 2.0 7.3 £ 0.8 6.2 = 0.1
72h 79 + 1.2 82 + 1.2 10.1 + 1.8 5.0 + 1.9

* Statistically significant difference (P < 0.05) relative to control.
* Statistically significant difference (P < 0.05) relative to 4T1 PMN.
T Statistically significant difference (P < 0.05) relative to EMT6 PMN.

palpable. As a case in point three commonly used murine mammary
carcinoma models (4T1, EMT6, 168) are not palpable within the first
few days after tumor delivery (Fig. 1A), and it is generally around day 7
before the tumors can be reliably measured (Fig. 1B). In order to study
the early immune response to these tumors we employed a gelfoam
model [38-40]. In short, mice received a gelfoam implant and two days
later saline as a control or tumor cells were injected into the implants.
The gelfoam was then removed to capture and analyze the infiltrating
white blood cells. For this study we focused on the immune response
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evident within the first 72h following tumor delivery. Antibody la-
beling revealed that the majority of white blood cells infiltrating early
tumor sites, as well as control sites consisted of F4/80" and Ly6G™
cells (Fig. 1C). Natural killer cells, CD4*, and CD8™" T cells were not
detected at appreciable levels. These data show that the early tumor
immune environment was predominated by macrophages and neu-
trophils, and that the gelfoam system can be used to capture cells from
early tumor sites for further analysis.

3.2. The number of macrophages and neutrophils at early tumor sites

Analysis of the number of cells infiltrating early tumor sites revealed
several significant differences. With respect to macrophages (F4/80%
cells), several of the tumor sites showed fewer macrophages than the
control site. For instance, at the 24 h time point there were significantly
fewer macrophages at the 4T1 and EMT6 tumor sites compared to the
control site, although the trend was reversed at the 48h time point
(Fig. 2A). Significant differences between the tumor sites were also
evident. For instance, at the 24h time point both the 4T1 and 168
tumor sites had significantly more macrophages than the EMT6 tumor
site (Fig. 2A). In looking at changes over time there was a significant
increase in the number of macrophages at the EMT6 tumor site, and a
significant decrease in number of macrophages at the 168 tumor site
from 24 to 72 h (Fig. 2B). With respect to neutrophils (Ly6G™* cells), by
72h all of the tumor sites had more neutrophils than the control site,
with significant differences at the 4T1 and EMT6 tumor sites (Fig. 2C).
Significant differences across the tumor sites were also evident. For
instance, at the 24 and 48 h time points the number of neutrophils at
the 168 tumor site was greater than the number of neutrophils at the
4T1 tumor site (Fig. 2C). In looking at changes over time there was a
significant decrease in the number of neutrophils at the control, EMT6,
and 168 tumor sites (Fig. 2D). Although there were no major trends

(A)

250K 250K
200K =

200K —

150K = 150K =

SSC-A

100K = 100k =

50K = 50K o

isotype (APC) F4/80 (APC)

(B)

250K =

200K =

150K =

SSC-A

100K

50K =f

isotype (BV711) Ly6G (BV711)

Cellular Immunology 346 (2019) 103929

evident at all three murine mammary carcinoma sites, these data show
that within hours of tumor delivery there were several significant dif-
ferences in the number of macrophages and neutrophils present be-
tween the control and tumor sites, and also between the different tumor
sites.

3.3. Macrophages and neutrophils at early tumor sites display alterations in
effector function

Although there were some significant differences in the number of
macrophages and neutrophils present at the early tumor sites, of more
significant interest was whether these cells displayed differences in pro-
or anti-tumor phenotypes. In order to address this we assessed cytokine
production, phagocytic activity, and production of reactive oxygen
species (ROS). With the exception of neutrophils from the control site at
24 h, TNF-a was the most predominant cytokine expressed by macro-
phages and neutrophils at all sites at 24 and 72 h (Tables 1 and 2). For
example, 12-25% of macrophages from the 24h tumor sites were
making TNF-a, and the numbers were mostly elevated at the 72h time
point with 22-41% of macrophages making TNF-a (Table 1). Although
the cell numbers were lower, a similar pattern was evident for neu-
trophils. Somewhat surprisingly, a large number of cells also produced
TGF-f, and a significant number of macrophages produced both TNF-a
and TGF-P, a pattern that may signify undifferentiated cells (Tables 1
and 2, Fig. 3). The number of cells producing iNOS and arginase was
quite low at the early tumor sites (Tables 1 and 2). While there were
some statistically significant differences in cytokine production be-
tween control and tumor sites, and between the different tumor sites,
the most notable change in cytokine expression was evident in mac-
rophages at the EMT6 tumor site. At the EMT6 tumor site there was a
significant increase in the number of macrophages making arginase,
TGF-B and TNF-a between 24 and 72h (Table 1). At the 24 h EMT6

Fig. 3. Intracellular cytokine analysis of mac-
rophages and neutrophils at early tumor sites.
Cells were collected from early tumor sites and
stained with antibodies specific for F4/80,
Ly6G, TNF-a, and TGF-B. The cells were gated
on F4/80" cells (A) and then assessed for TNF-a
and TGF-P staining, or gated on Ly6G ™" cells (B)
and then assessed for TNF-a and TGF-f staining.
The data shown are from the 24h 4T1 tumor
site with cells pulled together from five mice,
and the data represent one of three separate
experiments. Similar staining was evident at the
72 h time point and at the other tumor sites.
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Fig. 4. Phagocytic activity at early tumor sites. Cells were collected from early tumor sites, incubated with fluorescently tagged bioparticles, and then stained with
antibodies specific for F4/80 or Ly6G. F4/80*bioparticle® cells (A) were gated on to assess how many macrophages phagocytosed the bioparticles, and
Ly6G " bioparticle* cells (B) were gated on to assess how many neutrophils phagocytosed the bioparticles. To assess total phagocytic activity we used the GeoMFI of
F4/80 * bioparticle* (C), and Ly6G+bi0particle+ (D) cells. Each experiment was conducted with five mice/set at each time point. All data are the average and
standard error of at least three separate experiments. Where indicated (*) significant differences were found between control and tumor sites p < 0.05 using a
Student’s t-Test. Where indicated () there were significant changes in cell number over time p < 0.05 using ANOVA.

tumor site 2% of macrophages were producing arginase, 9% were
producing TGF-f, and 12% were producing TNF-a, and these numbers
increased to 4%, 26%, and 41% respectively at the 72 h time point.

In order to assess macrophage and neutrophil phagocytic activity
we used fluorescently labeled bioparticles. While there were a couple
significant differences in the number of phagocytic cells at the tumor
sites relative to the control site, the only significant change over time
was seen in the number of phagocytic macrophages at the EMT6 tumor
site which showed a decrease between 24 and 72 h (Fig. 4A). This was
interesting since the number of macrophages at the EMT6 tumor site
increased over time (Fig. 2B). To assess phagocytic capacity we ana-
lyzed the geometric mean fluorescence intensity (GeoMFI) of the
macrophages and neutrophils that had phagocytosed the bioparticles.
Here we found that while macrophages at the control site exhibited a
significant decrease in phagocytic capacity over time (Fig. 4C), there
were no significant changes in the phagocytic capacity of the macro-
phages or neutrophils at any of the tumor sites over time (Fig. 4C, D).
Collectively, these data indicate that myeloid cells at the early tumor
sites were capable of phagocytosis, and retained this phagocytic capa-
city over time while macrophages at the control site exhibited a de-
crease in their phagocytic capacity.

Next, we looked at ROS production. In general at 72h there were
fewer ROS™ macrophages and neutrophils than there were at 24 h
(Fig. 5A, B). However, the results were only significant for macrophages
at 168 tumor site, and neutrophils at the control and 168 tumor sites
(Fig. 5A, B). On the contrary, there was a significant increase in the
number of ROS* macrophages at the EMT6 tumor site (Fig. 5A). The
most striking finding with respect to ROS production came from ana-
lyzing how much ROS the cells were producing which was determined

using GeoMFI of the ROS™ macrophages and neutrophils. While at 24 h
the amount of ROS the macrophages and neutrophils from the tumor
sites were making was comparable to the amount of ROS made by
macrophages and neutrophils at the control site, by 72h ROS produc-
tion was significantly lower at most of the tumor sites compared to the
control sites (Fig. 5C, D). Moreover, most of the macrophages and
neutrophils at the tumor sites exhibited a significant decrease in ROS
production over time (Fig. 5C, D).

3.4. Macrophages at early tumor sites display alterations in metabolism

Finally, because alterations in metabolism of tumor associated
macrophages has been reported [6-8,41,42], and because alterations in
metabolism are expected to precede alterations in effector function
[43], we assessed the metabolic profile of macrophages from the early
tumor sites. Assessment of the glycolytic proton efflux rate (GlycoPER)
and oxygen consumption rate (OCR) revealed metabolic differences
between macrophages at the control and tumor sites. While macro-
phages at the control site showed increases in the GlycoPER and OCR
between 24 and 72 h (Fig. 6A, B), the GlycoPER from macrophages at
the tumor sites remained relatively stable over time (Fig. 6A), while the
OCR increased in macrophages at the tumor sites (Fig. 6B). Using these
data we calculated the ATP production rate and percentage of cells
using oxidative phosphorylation (OXPHOS) for their ATP production.
There was a significant increase in ATP production from macrophages
at the control and 168 tumor sites, but ATP production by macrophages
at the 4T1 and EMT6 tumor sites remained unchanged (Fig. 6C). By
72h ATP production by macrophages at each of the tumor sites was
significantly lower than ATP production by macrophages at the control
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Fig. 5. Production of reactive oxygen species at early tumor sites. Cells were collected from early tumor sites and stained with DCFDA to analyze reactive oxygen
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standard deviation of five separate mice from each group at each time point. Where indicated (*) significant differences were found between control and tumor sites
p < 0.05 using a Student’s t-Test. Where indicated ( ) there were significant changes in cell number over time p < 0.05 using ANOVA.

site (Fig. 6C). With respect to how much OXPHOS was used for ATP
production, macrophages at the EMT6 tumor site had the highest level
of OXPHOS at the 24 h time point, but only showed a modest increase
over time (Fig. 6D). At the 24 h time point OXPHOS in macrophages at
two of the tumor sites was significantly higher than OXPHOS in mac-
rophages at the control site, and by 72 h OXPHOS by macrophages at all
three of the tumor sites was significantly higher than OXPHOS in
macrophages at the control site (Fig. 6D). Due to a lack of sufficient cell
recovery a similar analysis of neutrophils was not conducted.

3.5. Assessment of alterations in the context of tumor immunogenicity and
aggressiveness

Altogether we found evidence supporting the contention that mye-
loid cells at sites of early murine mammary carcinomas could not be
clearly classified as pro- or anti-tumor. To determine whether changes
correlated with tumor aggressiveness or immunogenicity we compiled
the most significant findings at the early tumor sites (Fig. 7). Given the
4T1 tumor is considered poorly immunogenic, yet highly metastatic,
and the EMT6 tumor is non metastatic but more immunogenic [44,45]
one may expect to see myeloid cells with the most pro-tumor phenotype
at the 4T1 tumor site, and myeloid cells with the most anti-tumor
phenotype at the EMT6 tumor site. Yet, this did not turn out to be the
case.

Although the phagocytic capacity of macrophages at the control site
significantly decreased over time, the phagocytic capacity of macro-
phages and neutrophils at the early tumor sites showed no significant
changes over time (Fig. 7A). Thus, phagocytic capacity of the tumor

associated macrophages and neutrophils was retained at each of the
early tumor sites regardless of tumor aggressiveness or
munogenicity. Cytokine expression was only increased at the EMT6
tumor site (Fig. 7B) suggesting that cytokine expression may be corre-
lated with immunogenicity of the tumor, although this conclusion was
complicated by the fact that there was an increase in both pro- (TGF-p)
and anti-tumor (TNF-a) cytokines. While control cells showed a slight
increase in ROS production, there was a significant decrease over time
in ROS production by neutrophils at all three tumor sites and macro-
phage at two of the tumor sites (Fig. 7C) suggesting that these changes
were unrelated to aggressiveness and immunogenicity of the tumors.
Similarly, there was a significant increase in OXPHOS by 72h post
tumor delivery, at all three tumor sites relative to the control site
(Fig. 7D), once again suggesting that these changes were unrelated to
aggressiveness or immunogenicity of the tumors. The compiled data
also supports the contention that metabolic alterations preceded
changes in effector functions in these murine mammary carcinoma
models.

im-

4. Discussion

Our initial hypothesis was that macrophages and neutrophils asso-
ciated with early tumor sites would display an anti-tumor phenotype.
Indeed, it has been proposed that anti-tumor macrophages predominate
at early stages of cancer and pro-tumor macrophages at later stages
[46], and that neutrophils switch from an anti- to a pro-tumor pheno-
type during cancer progression [47]. The classification of macrophages
and neutrophils as pro- or anti-tumor is often based upon several
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different parameters including expression of surface markers, cytokines,
transcriptional factors, as well as effector function and metabolic pro-
file. We assessed some of these parameters in this study and found a
mixed pro- and anti-tumor phenotype, and that some cells showed
evidence of moving toward a more pro-tumor phenotype within hours
of tumor delivery.

With regard to cytokine expression, macrophages and neutrophils
present at the early tumor sites could not be classified as M1/M2 or N1/
N2. Within days of tumor delivery macrophages and neutrophils were
predominantly producing TNF-a and TGF-f with a minor population of
cells producing iNOS and arginase. Surprisingly, the most immunogenic
of the tumors (EMT6) showed a significant increase in both pro- and
anti-tumor cytokine (arginase, TNF-a, TGF-P) expression within 72 h of
tumor delivery. Cytokine expression by myeloid cells at the 4T1 and
168 tumor sites was similar to cytokine expression by myeloid cells at
the control site suggesting that cytokine expression at these tumor sites
was not influenced by the presence of the tumors. These data indicate
that polarization of cytokine expression was not an early event at these
murine mammary carcinoma sites. However, while arginase and TGF-f3
are considered prototypical immune suppressive factors, and iNOS and
TNF-a pro-inflammatory factors, the distinction is not always so clear
cut. For instance, although TNF-a can help suppress M2 macrophage
generation [48], TNF-a can also drive myeloid-derived suppressor cell
activity [49], and together with TGF-f} induce epithelial-mesenchymal
transition [50]. Collectively, these data underscore the difficulty of
characterizing myeloid cell phenotype based upon cytokine expression
alone.

Phagocytic activity is categorized as an anti-tumor effector function,
and inhibition of macrophage-mediated phagocytosis is a characteristic
of tumor-induced immune suppression [51,52]. Here we found that
only macrophages at the control site exhibited a significant decrease in
phagocytic activity. These data may indicate that the presence of the

tumors maintained the phagocytic ability of myeloid cells at the early
tumor sites, and that inhibition of phagocytic activity is a consequence
of later stages of tumor progression.

Similar to phagocytic activity, ROS production has been categorized
as an anti-tumor effector function [53], and the majority of myeloid
cells at the early tumor sites were ROS*. However, for neutrophils ROS
production may also be considered a pro-tumor marker since release of
ROS by neutrophils can suppress T cell proliferation and activation
[54], and macrophages become immunosuppressive if treated with ROS
[55]. These data illustrate the difficulty of using ROS production to
categorize myeloid cells as pro- or anti-tumor. Regardless, here we
found that while the majority of macrophages and neutrophils at the
early tumor sites were ROS*, the amount of ROS being produced by
these cells was generally lower at 72h compared to 24 h after tumor
delivery. It is interesting to speculate that the decrease in ROS pro-
duction may be related to alterations in metabolism of the myeloid
cells. To address whether there were changes in metabolism we con-
ducted seahorse analysis.

Most data support the contention that M1 macrophages rely more
on glycolysis and M2 macrophages rely more on OXPHOS [6-8,41,42].
Using the PyMT mouse breast cancer model Carmona-Fontaine et al.
[56] reported that tumor metabolites established gradients of oxygen
and lactate that impacted macrophage phenotype. Similarly, Mu et al.
[57] reported that lactate from the tumor environment drives the
generation of M2 macrophages. Additional factors associated with the
tumor environment that can alter macrophage metabolism and function
include mTOR [58], HIF1 a [59], PPARy [60], and glutamine [41].
Data are also accumulating that CD36, which has been used as a marker
for M2 macrophages [61], contributes to the generation of pro-tumor
macrophages. Huang et al. [62] reported free fatty acid (FFA) uptake
via CD36 leads to M2 polarization, and the presence of FFA during
macrophage differentiation increased levels of M2 markers such as IL-
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10, the mannose receptor, PPAR y and arginase-1, while there was a
decrease in markers associated with M1 macrophages [63]. Sig-
nificantly, our data show that within 72h of tumor delivery the mac-
rophages already rely more on OXPHOS than glycolysis. It will be
particularly interesting to decipher the mechanism responsible for al-
tered metabolism of the macrophages since we do not anticipate HIF-a,
alterations in glutamine, or FFA to be particularly elevated within the
first few days after tumor delivery. We are in the process of following
expression of a panel of genes that encode proteins associated with
glycolysis (IDH, PKM2, HIF1 a) and OXPHOS (AMPK, CARKL, ATP6V,
PGC1-b) in an attempt to delineate markers for the early metabolic
alterations. It will also be interesting to pursue similar studies in early
neutrophils since altered metabolism in neutrophils has been reported
in tumor bearing mice and patients with cancer. Using the 4T1 model,
Rice et al. [64] reported that low glucose levels contributed to an in-
crease in OXPHOS in tumor associated neutrophils, and they also
showed that neutrophils from the blood of patients with ovarian cancer
exhibited elevated OXPHOS levels.

In future studies further phenotypic characterization of the early
macrophages and neutrophils is warranted. While we focused on F4/80
and Ly6G markers in this study, our preliminary data showed that the
majority of early macrophages were Ly6C*, F4/80% (a more un-
differentiated phenotype), and that there was an appreciative level
(~20%) of cells that may be categorized as more differentiated mac-
rophages based on morphology and surface staining (F4/80", Ly6C).
We concentrated on F4/80% and Ly6G™ cells to capture as many
macrophages and neutrophils as possible from the early tumor sites to
allow sufficient numbers for functional and metabolic analysis. Yet,
since the cytokine, ROS, and phagocytic assays were conducted using

flow cytometry we were able to assess whether there were differences if
the cells were gated on F4/80", F4/80", Ly6GM, and Ly6G" sub-
populations. We found cytokine expression was similar in all sub-
populations, while cells expressing high levels of these markers gen-
erally expressed more ROS and phagocytic activity than cells expressing
low levels of these markers (data not shown). At the very least, future
studies need to include additional markers such as CD11b, CD206, and
Ly6C for macrophages, and Ly6G in combination with CD11b for
neutrophils to delineate when different phenotypic subpopulations of
macrophages and neutrophils appear at the early tumor sites.

In addition to elucidating changes in phenotype, function, and
metabolism of subsets of macrophages and neutrophils, additional
studies need to address whether the macrophages and neutrophils at
these early tumor sites impact disease progression. For this purpose
adoptive transfer studies or in vivo depletion of the cells using anti-
bodies or reagents such as clodronate liposomes would help determine
the impact of myeloid cells that arrive at these early tumor sites. Future
studies also need to address phenotype, function, and metabolism be-
yond the 72 h time point, as well as include a more in depth analysis of
the macrophages, neutrophils and other white blood cells. For instance,
at later time points T cells can be captured and assessed for effector
function such as IL-2 production and CTL activity, and co-culture ex-
periments can be used to determine at what point the myeloid cells
suppress T cell effector functions. These studies would be particularly
interesting because Schietinger et al. [65], using a tamoxifen inducible
liver cancer model, reported early (day 8) T cell dysfunction which was
not driven by chronic inflammation.

In summary, while a great deal is known about myeloid cells at later
stages of disease burden, less is known about these cells at early tumor
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sites. This is unfortunate because the early innate immune response to
cancer can significantly affect the subsequent adaptive immune re-
sponse to cancer which is the focus of many immunotherapies. Indeed,
the importance of having a thorough understanding of early myeloid
cells is underscored by clinical data which reveal macrophages corre-
late with poor prognosis [1-10], and negatively impact efficacy of
checkpoint inhibitor therapy in patients with cancer [11-14]. Our data
reveal that distinct innate immune responses to three different murine
mammary carcinomas are evident within hours of tumor delivery, and
that a mixed phenotype that includes both a pro- and anti-tumor phe-
notype is evident. Determining when macrophages and neutrophils
become fully polarized, and when they begin to contribute to tumor
progression may have significant ramifications for monitoring in-
dividuals at risk for breast cancer and/or patients diagnosed at early
stages of disease.
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