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Abstract: The complement system has demonstrated roles in regulating tumor growth, although
these may differ between tumor types. The current study used two murine breast cancer models
(EMT6 and 4T1) to investigate whether pharmacological targeting of receptors for complement
proteins C3a (C3aR) and C5a (C5aR1) is protective in murine breast cancer models. In contrast
to prior studies in other tumor models, treatment with the selective C5aR1 antagonist PMX53
had no effect on tumor growth. However, treatment of mice with a dual C3aR/C5aR1 agonist
(YSFKPMPLaR) significantly slowed mammary tumor development and progression. Examination
of receptor expression by quantitative polymerase chain reaction (qPCR) analysis showed very low
levels of mRNA expression for either C3aR or C5aR1 by EMT6 or 4T1 mammary carcinoma cell lines
compared with the J774 macrophage line or bone marrow-derived macrophages. Moreover, flow
cytometric analysis found no evidence of C3aR or C5aR1 protein expression by either EMT6 or 4T1
cells, leading us to hypothesize that the tumor inhibitory effects of the dual agonist are indirect,
possibly via regulation of the anti-tumor immune response. This hypothesis was supported by flow
cytometric analysis of tumor infiltrating leukocyte populations, which demonstrated a significant
increase in T lymphocytes in mice treated with the C3aR/C5aR1 agonist. These results support an
immunoregulatory role for complement receptors in primary murine mammary carcinoma models.
They also suggest that complement activation peptides can influence the anti-tumor response in
different ways depending on the cancer type, the host immune response to the tumor and levels of
endogenous complement activation within the tumor microenvironment.

Keywords: complement C5a; complement C3a; complement receptors; mammary carcinoma; im-
munoregulation; tumor infiltrating leukocytes

1. Introduction

Breast cancer is the most common cancer diagnosed in women world-wide, accounting
for 25% of all cancers and 15% of cancer deaths in women [1]. Despite significant advances
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in understanding the underlying biology, some forms of disease remain resistant to current
treatments—in particular, triple-negative breast cancers [2]. Chronic inflammation is linked
to the development and progression of many cancers [3,4]. As powerful mediators of
inflammation, complement proteins have been implicated for a role in tumorigenesis [5],
with elevated complement regulatory proteins and activation fragments identified as
biomarkers and prognostic indicators for many cancers, including breast cancer [6–8].

Comprising more than 40 plasma- and membrane-bound proteins, the overall func-
tion of the complement system is to regulate inflammation, facilitate immune defense
mechanisms and maintain tissue homeostasis [9]. The complement system has long been
recognized to contribute to anti-tumor defense mechanisms via complement-dependent
cytotoxicity (CDC) [10] and antibody-dependent cell-mediated cytotoxicity (ADCC) [11].
The upregulation of complement inhibitory proteins is thought to be an important mech-
anism by which cancer cells evade complement-mediated destruction [12–14]. There is
also increasing evidence of a role for the complement activation products C3a and C5a
in regulating tumor growth and metastasis. C3a and C5a are small polypeptides with
36% homology [15]. C5a is one of the most potent inflammatory proteins and chemoat-
tractant for neutrophils, monocytes and macrophages [16]. It binds two specific receptors,
C5a receptor (CD88/C5aR1) and C5a receptor-like 2 (C5L2/C5aR2), of which the former
(G-protein coupled C5aR1) is thought to be the predominant driver of biological activ-
ity [17,18]. C3a binds a single receptor, C3aR1, which like C5aR1 is a G-protein-coupled
receptor expressed primarily by cells of myeloid origin [15]. Originally thought to have
similar pro-inflammatory effects to C5a, C3a is now known to exert a range of appar-
ently contradictory immunomodulatory functions—attenuating neutrophil mobilization in
response to injury [19] but inducing production of pro-inflammatory cytokines [20].

Kim and co-workers [21] were the first to show a direct role for complement C5a in
regulating breast cancer growth, demonstrating that over-expression by EMT6 mammary
tumor cells protected against tumor growth in mice. Tumor inhibitory effects of comple-
ment proteins were confirmed by Bandini et al., who showed in an autochthonous mam-
mary carcinoma model that Her2/neu-driven carcinogenesis is accelerated in C3-deficient
mice [22]. Conversely, Vadrevu and co-workers found no effect of C5aR1 deficiency on
primary tumor growth, but metastatic tumor burden was reduced in the murine 4T1 breast
cancer model [23]. Moreover, C5a-C5aR1 signaling has been associated with cancer pro-
gression and poor prognosis in breast cancer patients [8,23]. Tumor-promoting effects
of C5a have also been reported in other murine cancer models, including cervical [24],
lung [25], ovarian [26] and melanoma [27]. Less is known about the role of C3a in tumor
growth, although our laboratory and others have demonstrated that inhibition of C3aR
signaling inhibits the growth of murine melanoma, colon, breast [28], intestinal [29] and
lung cancer [30]. Whilst most of these studies have identified indirect (immune-mediated)
mechanisms responsible for regulating tumor growth, tumor-intrinsic effects have also
been reported [21,31]. Other effects are also possible. For example, there is evidence that
C5a promotes vascularization of ovarian tumors [26], while C3a has been demonstrated to
promote leptomeningeal metastasis by disrupting the blood-cerebrospinal fluid barrier [32].

To further explore the effects of the complement receptors in mammary cancer, we
used two syngeneic murine mammary carcinoma models: EMT6, which is weakly estrogen
receptor (ER)-positive [33], and 4T1, a model of triple-negative breast cancer [34]. Mice
were treated with a selective C5aR1 antagonist (AcF-[OPdChaWR]; PMX53) [35], which has
been demonstrated to effectively reduce C5a-mediated inflammatory responses in animal
disease models [36–38], including murine melanoma [27], cervical [24] and lung [25]
cancers. Because there are no selective agonists for mouse C5aR1 suitable for in vivo
application, and native C3a and C5a proteins are highly susceptible to proteolysis by serum
carboxypeptidases [39], mice were treated with a dual C3aR/C5aR1 agonist (YSFKPMPLaR;
EP54) [40]. Although we found no effect of C5aR1 inhibition on tumor growth, treatment
with the dual C3aR/C5aR1 agonist inhibited tumor development and progression. The
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results suggest that the anti-tumor effects are indirect, possibly due to enhancement of the
T lymphocyte-mediated anti-tumor response.

2. Materials and Methods
2.1. Drugs

The dual C3aR/C5aR1 agonist YSFKPMPLaR (EP54) and the cyclic peptide C5aR1
antagonist AcF-[OP(D-Cha)WR] (PMX53) were synthesized in-house using previously
described methods [41–43]. Drugs for injection were diluted in either 5% glucose or
0.9% saline.

2.2. Cell Culture

Tumorigenic mouse mammary carcinoma EMT6 (ATCC CRL-2755) and 4T1 (ATCC
CRL-2539) as well as J774A.1 macrophage (ATCC TIB-67) cell lines were obtained from
the American Type Cell Culture Collection. EMT6 cells were maintained in Waymouths
medium (Invitrogen, Carlsbad, CA, USA) containing 10% heat-inactivated fetal calf serum
(FCS; Moregate, Brisbane, QLD, Australia). 4T1 and J774 cells were grown in RPMI 1640
medium (Invitrogen) + 10% FCS.

Bone marrow-derived macrophages (BMDM) were prepared by flushing femurs of 8-
to 12-week-old mice with phosphate buffered saline (PBS). Bone marrow cells were seeded
onto untreated culture plates and cultured for 7 days in RPMI + 10% FCS containing mouse
colony stimulating factor (mCSF)-1 (50 ng/mL; BioLegend, San Diego, CA, USA). All cells
were maintained at 37 ◦C in an atmosphere of 5% CO2 in air (Invitrogen).

2.3. Animals

Female BALB/c mice (Monash Animal Services, Melbourne, Aust), 6–8 weeks of age,
were housed 4/cage in the UQBR animal facility, University of Queensland, with lighting
schedules of a 12 h light/dark cycle, and water and standard rodent diet provided ad
libitum. All procedures were approved by the University of Queensland Animal Ethics
Committee Guidelines and conformed to the Australian Code of Practice for the Care and Use
of Animals for Scientific Purposes (8th Edition, 2013).

Tumor Cell Injections and Drug Treatments

BALB/c mice (bodyweight approximately 20–25 g; n = 7–8 animals/group) were
lightly anesthetized with isofluorane (1.5% in oxygen) and the left mammary fat pad
injected with 0.5 × 106 of either EMT6 or 4T1 cells in a total volume of 0.05 mL serum-free
medium. Mice commenced daily sub-cutaneous (s.c.) injections with EP54 (1 or 3 mg/kg
bodyweight), PMX53 (1 mg/kg bodyweight) or vehicle only (5% glucose or 0.9% saline
solution), either from the time of tumor injection (day 0) or once tumors became palpable
(approximately day 7). These drug doses were previously shown to be effective in other
mouse models of disease [43,44].

Mice were monitored daily and once tumors became palpable (at approximately day 7),
tumor areas were measured daily by the same individual using digital Vernier calipers.
Since it was not possible to measure tumor height accurately, and area measurements have
been shown to correlate well with the mass of small tumors [45], tumor width and length
were measured, and tumor areas calculated [46]. Once the largest tumor area had reached
approximately 200 mm2, mice in all groups were euthanized and tumors removed from
each mouse. Excised tumors were weighed, then processed for flow cytometric analysis.

2.4. RNA Extraction and Quantitative Polymerase Chain Reaction (qPCR)

Total RNA was isolated from EMT6, 4T1 mammary carcinoma cells (n = 3), BMDM
(n = 3) and J774 macrophages (n = 2) using the RNeasy plus Mini Kit (Qiagen, Hilden,
Germany). RNA quality was determined and quantified by spectrophotometer (Nanodrop
ND1000; Thermo Scientific, Waltham, MA, USA). Total RNA (1 µg) was then converted
to cDNA using the iScript™ cDNA synthesis kit (Bio-Rad, Hercules, CA, USA). Taqman
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probes for C3 (Mm01232779_m1), Hc (C5; Mm00439275_m1), C3aR (Mm02620006_s1) and
C5ar1 (Mm00500292_s1) (Applied Biosystems, Foster City, CA, USA) were used to amplify
the target genes. Relative target gene expression to reference gene hypoxanthine guanine
phosphoribosyl transferase (Hprt; Mm03024075_m1) was determined using the formula:
2−∆CT, where ∆CT = (Ct (Target gene) − Ct (Hprt)).

2.5. Calcium Mobilization Assay

Cells were seeded at 3 × 104 cells/well into 96-well, black-walled, clear-bottom plates
(Nunc™, Thermo Fisher Scientific) and allowed to attach overnight. Cells were loaded with
Fluo-4 dye (Invitrogen), then transferred to a FlexStation III microplate reader (Molecular
Devices, San Jose, CA, USA) before addition of EP54 (5 × 10−4 to 5 × 10−9 mol/L), and
changes in fluorescence (λex = 485 nm; λem = 525 nm) were measured at 3 s intervals.

2.6. Flow Cytometric Analysis

EMT6, 4T1 and J774 cells were detached from culture dishes by trypsinization or
aspiration with ice-cold Dulbecco’s phosphate buffered saline (D-PBS; Ca and Mg free).
Single cell suspensions were prepared from excised tumors by mechanical disaggregation,
followed by filtration through 70 µm nylon cell strainers, and resuspended (0.5–2.0 × 106

cells/mL) in calcium- and magnesium-free PBS containing 0.1% bovine serum albumin and
0.1% sodium azide (PBA). Cells were dispensed into 96-well plates (0.5–2.0 × 105 viable
cells/well) and pre-incubated with anti-CD16/32 (2.4G2; BioLegend) for 15 min to block Fc
receptors. Cultured cells were incubated with fluorescein isothiocyanate (FITC)-conjugated
rat anti-mouse C3aR (14D4; Hycult, Uden, NL, USA) or control Ig for 1 h. Cells from
excised tumors were incubated with fluorophore-conjugated rat monoclonal antibodies for
mouse surface leukocyte markers: CD45, CD11b, F4/80, Gr-1, CD25, CD3, CD4 and CD8a
(all from BioLegend). To identify regulatory T cells (Tregs), cells were surface-stained, then
fixed and permeabilized (FoxP3 Fix/Perm kit; BioLegend) for intracellular staining with
anti-Foxp3 (BioLegend). To identify Th1, Th2 and Th17 subsets, cells were stimulated with
phorbol 12-myristate 13-acetate (PMA; 50 ng/mL; Sigma) and ionomycin (10-6 M; Sigma)
in the presence of Brefeldin A (5 µg/mL; BioLegend) for 4 h at 37 ◦C, surface-stained with
anti-CD3 and CD4, then fixed, permeabilized and stained with antibodies to intracellular
cytokines interleukin (IL)-4, interferon (IFN)-γ or IL-17A (BioLegend). Cell viability was
determine using DRAQ7 (Cell Signaling, Danvers, MA, USA). Cells were analyzed on an
Accuri C6 or LSR Fortessa X-20 flow cytometer (BD Biosciences, Franklin Lakes, NJ, USA)
followed by data analysis with FlowJo software (Tree Star, Inc., Ashland, OR, USA). Gating
strategies are shown in Supplementary Figure S1.

2.7. Statistical Analysis

All experiments were performed a minimum of two times, and values expressed as
mean ± standard deviation (SD). Tumor growth was analyzed by two-way analysis of vari-
ance (ANOVA). All other data were analyzed using unpaired Student’s t-test, or one-way
ANOVA followed by Dunnett’s multiple comparison tests and Bonferroni post-test (Graph-
Pad Software Inc., San Diego, CA, USA). A p-value of <0.05 was considered significant.

3. Results
3.1. Effects of Pharmacological Modulation of C3aR/C5aR1 Signaling on Mammary Carcinoma
Growth in Mice

To determine the influence of C3aR/C5aR1 signaling on tumor development, mice
were injected with EMT6 mammary carcinoma cells. On the same day (day 0), mice
commenced daily injections with either C5aR1 antagonist, PMX53 (1 mg/kg/day), dual
C3aR/C5aR1 agonist, EP54 (1 mg/kg/day) or vehicle (control). Tumors became palpable
at approximately day 7 (Figure 1A). Caliper measurements showed that PMX53 had no
significant effect on the growth of EMT6 tumors, but tumor growth was slowed by EP54
treatment (p < 0.01; Figure 1A). Excised tumor weight at day 14 was also significantly
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reduced in mice treated with EP54 (0.07 ± 0.05 g) compared with the control group
(0.25 ± 0.1 g; p < 0.01; Figure 1A’). Health assessment scores showed that treatment with
EP54 was associated with significantly less deterioration in general health of the mice and
there was no significant change in body weight for any group: body weights for EP54-
treated mice were 19.1 ± 1.6 g on day 1 and 19.2 ± 1.4 g at day 14 post-tumor induction,
compared with 19.9 ± 1.7 g and 19.5 ± 2.2 g respectively, for the control (vehicle-treated)
group. The reduction in tumor growth was not significantly enhanced by a higher dose of
EP54 (3 mg/kg/day; data not shown), indicating that a dose of 1 mg/kg/day is sufficient.
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Figure 1. Effect of pharmacological modulation of C3aR/C5aR1 signaling on growth of murine mammary carcinomas.
Tumor areas (mm2) (A–C) and excised tumor weights (g) at the end of trial (day 14) (A’–C’) in female BALB/c mice injected
with (A,A’) EMT6 tumor cells and treated by daily sub-cutaneous (s.c.) injection with vehicle alone (5% dextrose, •), dual
C3aR/C5aR1 agonist (EP54; 1 mg/kg/day, �) or C5a antagonist (PMX53; 1 mg/kg/day, N), commencing day 0. (B,B’) 4T1
tumor cells treated by daily s.c. injection with vehicle alone or EP54 (1 mg/kg/day), commencing day 0. (C,C’) Established
EMT6 tumors treated by daily injection of EP54 from day 7 after tumor cell injection. Data expressed as mean ± standard
deviation (SD). Results are representative of two separate experiments (n = 6–7/group); ** p < 0.01; * p < 0.05.

A similar trend was observed in mice injected with 4T1 tumors (Figure 1B,B’), with
EP54 treatment slowing tumor growth (p < 0.01; Figure 1B). Excised tumor weights in
the EP54-treated group (0.011 ± 0.016 g) were also significantly lower than the control
group (0.037 ± 0.017 g; p < 0.05) (Figure 1B’). Having shown that EP54 treatment inhibits
tumor initiation, we next investigated its effect on established EMT6 tumors. For these
experiments, mice were injected with EMT6 cells, and once tumors were established
(day 7), daily s.c. injections of EP54 (1 mg/kg/day) or saline alone (vehicle control) were
commenced. As shown in Figure 1C,C’, tumor growth was significantly slowed (p < 0.01),
and excised tumor weights were smaller in EP54-treated mice (0.16 ± 0.09 g) compared
with the control group (0.24 ± 0.1 g; p < 0.05). For all experiments, there were no signs of
drug toxicity, and mice showed no significant changes in bodyweight.

3.2. Expression of Complement Receptors C5aR1 (CD88) and C3aR by EMT6 and 4T1 Mammary
Carcinoma Cell Lines

Having established that C3a/C5aR1 agonism is effective in inhibiting mammary
tumor growth in mice, we next explored possible mechanisms responsible for the anti-
tumor effects. Since Kim and co-workers [21] suggested that C5a may act directly on tumor
cells, we first investigated receptor expression by cultured EMT6 and 4T1 cells. Analysis
by qPCR showed that both cell lines expressed mRNA for C3aR and C5aR1, but at levels
600–750-fold lower than J774 cells and 300–500 times lower than BMDMs. Neither cell line
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expressed Hc (C5), but C3 expression by EMT6 cells was more than 7-fold higher than J774
macrophages and 30-fold higher than BMDM (Figure 2A). Flow cytometric analysis found
no detectable expression of C3aR or C5aR1 protein by either tumor cell line, whereas J774
macrophages and BMDM expressed high levels of both receptors (Figure 2B).
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Figure 2. Complement receptor expression by mouse mammary carcinoma cell lines. (A) Quantitative polymerase chain
reaction (qPCR) analysis shows relative expression of mRNA for C3aR1, C5aR1 and C3 by cultured EMT6 (n = 3) and 4T1
(n = 3) mammary carcinoma cell lines compared to J774 macrophages (n = 2) and bone marrow-derived macrophages
(BMDM; n = 3). Data are normalized to the reference gene, Hprt, and expression is shown relative to J774 cells (mean ± SD).
(B) Flow cytometric analysis shows C3aR and C5aR1 expression by EMT6 and 4T1 cell lines compared with J774 macrophages.
(C) Dose-response to dual C3aR/C5aR1 agonist EP54 and phosphate buffered saline (PBS; negative control) for EMT6
and 4T1 mouse mammary carcinoma cells and J774 macrophages (positive control). Intracellular calcium levels were
measured in real time using Fluo-4 dye, with change in relative fluorescence units (RFU) indicative of intracellular calcium
flux. RFU was measured for 160 s with drug addition at 15 s. Results are representative of data collected from three
separate experiments.

Although we found very low or undetectable expression of C3aR and C5aR1 by either
EMT6 or 4T1 cell lines, we investigated whether these cells might be capable of signal
transduction in response to the dual C3aR/C5aR1 agonist, EP54. Although EP54 elicited a
dose-dependent calcium response in J774 macrophages, it failed to mobilize intracellular
calcium in either EMT6 or 4T1 cells (Figure 2C). Similarly, neither EP54 (10 µmol/L),
recombinant mouse C3a (100 nmol/L) nor recombinant C5a (10 nmol/L) activated mitogen
activated protein kinase (MAPK) signaling, as indicated by the inability to induce the
phosphorylation of extracellular signal-regulated kinases (ERK) 1/2 (data not shown).
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3.3. Leukocyte Response to Pharmacological Modulation of C3aR/C5aR1 in Tumor-Bearing Mice

Having found no evidence of receptor expression or signal activation by mammary
carcinoma tumor cells, we next investigated whether EP54 may be acting on immune cells.
Differential blood counts revealed that treatment with EP54 (1 mg/kg/day) resulted in
a slight but significant increase in circulating leukocytes to 13.08 ± 0.42 × 106 cells/mL
compared with 12.19 ± 0.01 × 106 cells/mL in vehicle-treated (control) mice (p < 0.05).
There was no difference in neutrophil or monocyte numbers between groups, but lympho-
cytes were significantly increased in mice receiving EP54 (11.48 ± 0.51 × 106 cells/mL)
compared with vehicle-treated control mice (9.91 ± 0.581 × 106 cells/mL; p < 0.05).

To further investigate the effect of EP54 on immune cells, we used the 4T1 model to
analyze tumor infiltrating leukocyte populations by flow cytometry. As shown in Figure 3,
there was a slight (but not significant) increase in total (CD45+) leukocytes infiltrating
4T1 tumors from EP54-treated mice. Although there were no differences in myeloid cell
populations (myeloid derived suppressor cells (MDSC) or macrophages) between EP54-
and control (vehicle)-treatment groups, the percentage of total (CD3+) T lymphocytes was
significantly higher following EP54 treatment (8.3% ± 5.6%) compared with the control
group (5.3%± 2.6%; p < 0.05), as was the percentage of CD4+ T cells (3.6%± 1.5% compared
with 2.6% ± 0.9%; p < 0.05). Moreover, the proportions of CD4+ T cell subsets, Th1 and
Th17, were increased within EP54-treated tumors. There was also a slight increase in the
proportion of CD8+ T cells and reduction in Tregs, although these were not significant.
Taken together, these results suggest that EP54 may inhibit mammary tumor growth by
promoting an effective T cell-mediated response.
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Figure 3. Effect of EP54-treatment on leukocyte sub-populations in mice with established 4T1 mammary tumors. Flow
cytometric analysis of leukocyte sub-populations in tumor tissue from BALB/c mice treated with vehicle (control) • or
EP54 �: total leukocytes (CD45+), myeloid derived suppressor cells (MDSC; CD11b+Gr-1+), macrophages (F4/80+), total
(CD3+), CD4+ and CD8+ T lymphocytes; CD4+ T lymphocyte subsets: Treg (CD4+CD25+FoxP3+), Th1 (CD4+IFNγ+), Th2
(CD4+IL4+) and Th17 (CD4+IL17+). Results of three independent experiments (n = 6–8/group). Data expressed as %
positive cells (mean ± SD); ** p < 0.01; * p < 0.05, Student’s t-test.

4. Discussion

Chronic inflammation plays a critical role in the development and progression of
cancer [47]. As key mediators of inflammation [48], the complement proteins C3a and
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C5a have been implicated for roles in tumorigenesis. Our laboratory and others have
demonstrated that C3a and C5a promote tumor growth in a number of murine cancer
models, including cervical [24], lung [25,30], ovarian [26], colon and melanoma [27,28].
However, the few studies investigating the role of these proteins in breast cancer models
have produced conflicting results. Thus, the current study sought to clarify the role of
complement proteins in murine syngeneic breast cancer models, EMT6 and 4T1.

In accordance with the previous study by Vadrevu and co-workers, we found no effect
of PMX53 on primary EMT6 mammary tumor growth [23]. However, treatment with a
dual C3aR/C5aR1 agonist (EP54) inhibited development and growth of both EMT6 and
4T1 mammary tumors. These results are in agreement with the work of Kim et al., who
demonstrated a protective role for C5a in the EMT6 mammary cancer model [21]. They
are also in accordance with those of Bandini et al. [22], who showed that C3-deficiency
(in which both C3a and C5a are lacking) accelerated tumor growth in a transgenic mouse
model of mammary adenocarcinoma. This raises the question of whether the anti-tumor
effects are mediated solely by C5a or whether C3a may also play a role. Our previous
demonstration that C3aR signaling promotes 4T1 tumor growth, along with the evidence
from Kim and co-workers that C5a alone has a protective role in EMT6 tumors, suggest
that C5a is primarily responsible for the observed protective effects.

Another question still to be resolved is the mechanism by which EP54 exerts its
anti-tumor effects. Kim and co-workers showed that C5a-expressing EMT6 tumors had
high rates of apoptosis and cell cycle progression was blocked. Although this group
demonstrated C5aR1 expression by EMT6 cells, we found that both C3aR and C5aR1 were
undetectable on EMT6 and 4T1 cells at the protein level, suggesting that the anti-tumor
effects of EP54 are indirect. Indeed, Kim and co-workers also showed that mice whose
tumors regressed were immune to subsequent challenge with unmodified tumors (i.e., not
expressing C5a), suggesting that at least some of the effects of C5a were indirect, via
enhancement of the anti-tumor immune response. Moreover, Bandini et al. showed that
mammary tumors from C3-deficient mice have a more immunosuppressive microenviron-
ment [22]. The present study supports the premise that the tumor inhibitory effects of EP54
are due to immunoregulatory mechanisms, with EP54-treated mice showing increased
tumor infiltration by T lymphocytes, in particular CD4+ T cell subsets, Th1 and Th17.
While the presence of Th1 cells is linked to favorable prognoses in many cancers, the role
of Th17 remains controversial [49]. However, Th17 cells have recently been identified as
the most favorable prognostic indicator for triple-negative breast cancers with low T cell
infiltrate [50]. Thus, the increased Th1–Th17 response in EP54-treated tumors suggests that
these cells contribute to the anti-tumor response. Our results are in contrast to previous
reports demonstrating that inhibition of C5aR1 signaling in MDSC favors Th1 and Th17
responses [23,51]. Although we found no significant difference in the proportions of tumor-
infiltrating myeloid cells, qualitative differences are possible. For example, Markiewski and
co-workers showed in the TC-1 cervical cancer model that C5a regulates the production
of reactive oxygen and nitrogen species by MDSC [24]. In addition to immunoregulation,
other effects are possible. For example, Nunez-Cruz and co-workers [26] demonstrated a
primary role for C5a in neovascularization of ovarian cancers. Although beyond the scope
of the present study, future studies could determine more precisely the mechanisms by
which C3aR/C5aR1 agonism influences breast cancer growth, including potential effects
on the function of myeloid and lymphocyte cell populations, and the ability to regulate
tumor angiogenesis.

The few studies investigating the role of complement proteins in mammary tumor
models have yielded results that are in contrast to the majority of studies in other murine
cancer models which show that pharmacological blockade of C5aR1 or C3aR inhibits tumor
progression by limiting recruitment of immunosuppressive myeloid cells and Tregs into the
tumor and promoting effective T cell responses [24,25,27,28,30]. The reasons for differing
effects of complement proteins on different tumor types are yet to be determined, but likely
include intrinsic differences in tumor mutational load, immunogenicity of tumor lines and
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immune profiles of the host mice [52]. One possible reason for differing responses between
tumors is the variability in expression of complement receptors. Although we found no
evidence of C3aR or C5aR1 expression by EMT6 or 4T1 mammary tumor cells, expression
of these receptors has been reported for a range of human and mouse tumor cells, including
melanoma [27], lung [53] and ovarian [31] cancers—all of which are inhibited by C3aR or
C5aR1 receptor antagonism. While the lack of C3aR or C5aR1 expression by EMT6 and 4T1
tumor cells precludes direct effects of complement proteins on tumor growth, direct effects
are possible for other (receptor-expressing) tumor models.

Compared with other common tumor models, 4T1 and EMT6 tumors are relatively im-
munogenic, with high levels of immune infiltration [54,55]. Our own experience shows that
4T1 mammary tumors have higher percentages of tumor-infiltrating leukocyte populations
than poorly immunogenic B16.F0 melanoma tumors [28]. The site of tumor cell injection
may also influence the response, due to tissue-specific variation in resident immune cells,
differences in vascularization and the ability of immune cells to infiltrate the site [56]. The
nature of the immune infiltrate is also likely to depend on the immune profile of the host
strain. Most previous studies showing tumor-promoting effects of complement C3a and/or
C5a have utilized tumor models syngeneic in C57Bl/6 mice whose immune system is
skewed towards a Th1-M1 response [24–28,57]. Conversely, mammary tumor (EMT6 and
4T1 and the spontaneous neuT transgenic) models are on a BALB/c background in which
Th2-M2 responses are dominant [58].

Differences in levels of complement proteins within the tumor microenvironment are
also possible. Although C57Bl/6 and BALB/c mice have normal complement function [59],
complement activation levels may differ, and tumor intrinsic complement production may
also vary. As demonstrated in this study, both EMT6 and 4T1 cells express C3 mRNA,
and at levels that are relatively higher than other murine cell lines, such as B16 melanoma,
MC38 colon carcinoma and Lewis lung carcinoma (LLC) [55]. As suggested by Gunn and
co-workers [57], differing levels of tumor-derived complement proteins could contribute
to observed differences in immune responses to the tumor, with low C5a levels inhibiting
tumor growth by promoting Th1 cell differentiation, and high levels promoting Treg
differentiation and stimulating tumor growth. Clearly, further work is required to clarify
the roles of complement receptors in different tumor types, and how this is influenced by
factors such as tumor immunogenicity, tumor site and the immune status of the host.

5. Conclusions

The present study demonstrated a protective role for C3aR/C5aR1 agonism in murine
models of mammary carcinoma and suggests that this may be due to an enhanced T
cell response. The results provide further evidence that complement proteins can ex-
ert distinct responses depending on the cancer type, possibly due to differences in the
host’s immune response to the tumor. They also suggest that in the mammary tumor
environment, exogenous C3a/C5a stimulation is required to trigger tumor inhibitory mech-
anisms. As proposed by Pio et al. [60], the immune system establishes a balance between
tumor-promoting and tumor-inhibitory elements. By modulating the levels of complement
activation, the balance may be altered towards a more (or less) favorable outcome. Thus,
before complement-regulating drugs can be developed for clinical application, it is impor-
tant to understand the mechanisms by which they exert their effects, and how this varies
with cancer type.

Supplementary Materials: The following are available online at https://www.mdpi.com/2073-446
8/10/1/2/s1, Figure S1: Gating strategies for flow cytometric analysis of the tumor inflammatory
infiltrate.
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