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Anaphylatoxin C5a Creates a Favorable Microenvironment
for Lung Cancer Progression

Leticia Corrales,* Daniel Ajona,* Stavros Rafail,Jr Juan J. Lasarte,]IE Jose 1. Riezu-Boj,Jt
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The complement system contributes to various immune and inflammatory diseases, including cancer. In this study, we investigated
the capacity of lung cancer cells to activate complement and characterized the consequences of complement activation on tumor
progression. We focused our study on the production and role of the anaphylatoxin C5a, a potent immune mediator generated after
complement activation. We first measured the capacity of lung cancer cell lines to deposit C5 and release C5a. C5 deposition, after
incubation with normal human serum, was higher in lung cancer cell lines than in nonmalignant bronchial epithelial cells. Notably,
lung malignant cells produced complement C5a even in the absence of serum. We also found a significant increase of C5a in plasma
from patients with non-small cell lung cancer, suggesting that the local production of C5a is followed by its systemic diffusion. The
contribution of C5a to lung cancer growth in vivo was evaluated in the Lewis lung cancer model. Syngeneic tumors of 3LL cells grew
slower in mice treated with an antagonist of the C5a receptor. C5a did not modify 3LL cell proliferation in vitro but induced en-
dothelial cell chemotaxis and blood-vessels formation. C5a also contributed to the immunosuppressive microenvironment required
for tumor growth. In particular, blockade of C5a receptor significantly reduced myeloid-derived suppressor cells and immunomo-
dulators ARG1, CTLA-4, IL-6, IL-10, LAG3, and PDL1 (B7H1). In conclusion, lung cancer cells have the capacity to generate C5a,

a molecule that creates a favorable tumor microenvironment for lung cancer progression. The Journal of Immunology, 2012, 189:

4674-4683.

he complement system is a central part of the innate

immune response. Complement plays a major role as a first

defense against microbes and unwanted host molecules
(1). Complement also participates in diverse physiological pro-
cesses and contributes to various immune and inflammatory dis-
eases (2). There are three conventional mechanisms of comple-
ment activation, known as the classical, lectin, and alternative
pathways. They differ in the initial activation steps and converge
in the cleavage of C3, which generates its active fragment C3b.
The subsequent steps are the formation of the C5 convertase and
the assembly of the membrane attack complex. During comple-
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ment activation, soluble multifunctional proinflammatory peptide
fragments C3a and C5a are released from C3 and C5, respectively.
These molecules are referred to as anaphylatoxins and play a va-
riety of biological activities in the immune response (3).

There is increasing evidence for the contribution of complement
activation to cancer progression. During carcinogenesis, tumor
cells acquire genetic and epigenetic alterations that dictate their
malignant growth. Because of these alterations, the complement
system can recognize tumor cells, as can be shown by the com-
plement deposition found in different tumors (4-8). However,
cancer cells can resist the harmful effects of complement by dif-
ferent extracellular and intracellular mechanisms (9). In fact, new
findings on the contribution of complement to tumor growth have
challenged the paradigm that complement protects against tumors
(10). One of the first pieces of evidence came from a study
demonstrating that the generation of anaphylatoxin C5a in the
tumor microenvironment leads to significant tumor progression in
a mouse model of cervical cancer. This effect seems to be medi-
ated by the recruitment of myeloid-derived suppressor cells
(MDSCs) and the generation of an immunosuppressive microen-
vironment (11). Complement activation may also be linked to
angiogenesis. The presence of C5a in drusen of patients with age-
related macular degeneration has been associated with the devel-
opment of chronic neovascularization (12). Nevertheless, the role
of C5a in angiogenesis is controversial, and anti-angiogenic ef-
fects of this molecule have also been shown in a model of reti-
nopathy of prematurity (13).

In the current study, we evaluated the implication of C5a in lung
carcinogenesis. Lung cancer is the leading cause of death among all
cancers (14). There are two main histological types of lung cancer:
small cell lung cancer and non-small cell lung cancer (NSCLC),
the latter accounting for 80-85% of all cases. In human lung can-
cers, the immune response strongly influences tumor progression
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(15). Some observations suggest that complement activation is
important in this malignancy. For example, elevated complement
levels correlating with tumor size have been found in lung cancer
patients (16). However, lung tumor cells resist complement attack
by the expression of membrane-bound and soluble complement
regulators (17-20). In this context, we hypothesized that com-
plement activation may contribute to the generation of an in-
flammatory microenvironment that favors lung tumor progression.
We found that lung cancer cell lines are able to generate higher
levels of C5a than those of nonmalignant lung epithelial cells. We
also found a significant increase of C5a in plasma from patients
with NSCLC. Using a murine syngeneic lung cancer model, we
demonstrate the contribution of C5a to lung cancer growth by the
generation of a protumor microenvironment. These results provide
novel information about the relationship between complement
activation and lung cancer, which may influence the development
of future therapeutic strategies.

Materials and Methods

Cell lines and primary cultures

Mouse Lewis lung carcinoma (3LL) and human lung cancer cell lines were
obtained from the American Type Culture Collection. Cells were grown in
RPMI 1640 supplemented with 2 mM glutamine, 10% Fetalclone (Thermo),
100 U/ml penicillin, and 100 pg/ml streptomycin (Invitrogen). Immortal-
ized normal human bronchial epithelial cells (HBECs) were established by
introducing mouse Cdk4 and hTERT into normal HBECs (21, 22). The
genetic alterations introduced in these cells are not sufficient to confer
a full malignant phenotype. Two HBEC lines from two different donors
were used: HBEC3-KT and HBEC10-KT. These cell lines were kindly
provided by Dr. J.D. Minna (University of Texas Southwestern Medical
Center, Dallas, TX). Cells were maintained in keratinocyte serum-free
medium supplemented with human recombinant epidermal growth factor
(EGF) and bovine pituitary extract (Life Technologies). The immortalized
BEAS-2B cells were obtained from American Type Culture Collection and
cultured in DMEM-Ham’s F-12 (1:1) supplemented with human recombi-
nant EGF, insulin, transferrin, epinephrine, triiodothyronine, retinoic acid,
hydrocortisone, gentamicin sulfate/amphotericin-B, and bovine pituitary
extract (Lonza). HUVECs were obtained from Lonza and maintained in
EGM-2MV-EBM-2 medium supplemented with human recombinant EGF,
vascular endothelial growth factor (VEGF), basic fibroblast growth factor
(bFGF), long R3 insulin-like growth factor-1, hydrocortisone, ascorbic
acid, heparin, gentamicin sulfate/amphotericin-B, and 2% fetal bovine
serum (Lonza).

Patients

Plasma samples from 50 patients with advanced lung cancer (adeno-
carcinomas or squamous cell carcinomas at stages IIIB and IV) and from 50
healthy people (matched by age, sex, and smoking exposure) were obtained
from EDTA-treated blood at the Clinica Universidad de Navarra (Pam-
plona, Spain). The study protocol was approved by the institutional ethical
committee, and all patients gave informed consent. Lung tumors were
classified according to the World Health Organization 2004 classification
(23). C5a concentration was quantified in the plasma samples using the
commercial kit Human Complement Component C5a (DuoSet; R&D
Systems), following the manufacturer’s instructions.

Peptides

The cyclic hexapeptide AcF(OP(D)ChaWR) [acetylated phenylalanine—
(ornithine-proline-(p)cyclohexylalanine-tryptophan-arginine)], a C5aR an-
tagonist, was used in in vitro and in vivo experiments to block C5aR activity.
The cyclic hexapeptide AcF(OP(D)ChaA(D)R) [acetylated phenylalanine—
(ornithine-proline-(D)cyclohexylalanine-alanine-(p)arginine)] was used
as control. Both peptides were derived from the C-terminal decapeptide
sequence of C5a, which was modified to produce either antagonists or pep-
tides with no activity (7). Both peptides were synthesized by Peptide-
Synthetics (Fareham, U.K.).

C5 deposition

Cells were detached from culture dishes with trypsin/EDTA, washed, and
resuspended in veronal buffer with magnesium (1.8 mM barbital, 3.1 mM
barbituric acid, 141 mM NaCl, 0.5 mM MgCl,, pH 7.4). Human NSCLC
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and immortalized bronchial cells (2 X 10°) were incubated with 20%
normal human serum (NHS) or heat-inactivated normal human serum (HI-
NHS) for 30 min at 37°C. Mouse 3LL cells were incubated with 40%
normal mouse serum (NMS) or heat-inactivated normal mouse serum (HI-
NMS). In human cells, C5 deposition was assessed using a polyclonal goat
anti-human C5b (Quidel) in binding buffer and FITC-conjugated rabbit
anti-goat IgG (Serotec). In mouse cells, C5 deposition was assessed using
an mAb against mouse-C5 (clone Bb5.1) and Alexa Fluor-conjugated goat
anti-mouse IgG (Invitrogen). After the addition of 7-aminoactinomycin D
(BD Biosciences), cells were washed and analyzed by flow cytometry in
a FACSCalibur with CellQuest software (BD Biosciences). Data were
collected as mean fluorescence intensity.

C5a production in serum-free conditions

Cells were cultured for 24 h in 100 mm?> plates (2 X 10° cells/10 ml) or 24-
well plates (105 cells/0.5 ml). Afterward, cells were washed three times
with PBS, and 10 or 0.5 ml of RPMI 1640 basal medium was added, re-
spectively. Conditioned media were collected after 48 h. C5a concentration
was assessed by ELISA using the commercial kit Human Complement
Component C5a (DuoSet; R&D Systems). Local C5a production by A549
cells was also evaluated in the presence of different inhibitors: compstatin,
inhibitor of complement C3; antithrombin III (Sigma) plus heparin (Rovi),
inhibitor of the coagulation system; lepirudin (Schering AG), inhibitor of
thrombin; GM6001 (Millipore), metalloproteinase inhibitor; E-64 (Sigma),
cysteine protease inhibitor; and serine protease inhibitors aprotinin (Tra-
sylol; Bayer), soybean trypsin inhibitor (SBTI; Sigma), and TLCK (Sigma).
In the case of compstatin, an improved 3-analogue with the sequence D-
Tyr-Ile-[Cys-Sar-Val-Asp-Trp-Ala-His-Trp(1-Me)-Gln-Arg-Cys]-N-Me-1le
and a corresponding control peptide D-Tyr-Ile-[Cys-Val-Trp(1-Me)-Gln-
Asp-Trp-Sar-Ala-His-Arg-Cys]-N-Me-Ile were synthesized as described
(24).

mRNA expression of complement proteins

Total RNA was purified using the RNeasy Kit (Qiagen), following the
manufacturer’s instructions. Reverse transcription was done using 2 pg of
total RNA, SuperScript III (Invitrogen), and random hexamers (Applied
Biosystems). Expression of human complement components Clq, Clr,
Cls, C2, C4, C3, C5, factor B, factor D, and properdin was assessed by
real-time PCR using commercial TagMan probes (Applied Biosystems).
PCR conditions were as follows: 2 min at 50°C, 10 min at 95°C and 40
cycles (15 s at 95°C and 1 min at 60°C). Results were expressed for each
gene as the relative gene expression normalized to the IPO8 mRNA ex-
pression (25).

Expression of C5aR in HUVECs and 3LL cells was studied by con-
ventional PCR using human GAPDH and mouse HPRT as control genes,
respectively. Primers used in conventional PCR are listed in Table I. PCR
reactions were performed using 1 wl cDNA, 10 pl 2X Master Mix buffer
(Promega), and 500 nM sense and antisense primers (Sigma) in a total
volume of 20 pl. For human C5aR and GAPDH, the reactions were per-
formed according to the following conditions: 92°C for 2 min, followed by
30 cycles (30 s at 92°C, 30 s at 51°C, and 30 s at 72°C). For mouse C5aR
and HPRT, the following steps were performed: 92°C for 2 min, followed
by 35 cycles (1 min at 92°C, 1 min at 61°C, 1 min at 72°C). PCR products
were separated on agarose gels and stained with ethidium bromide (Invi-
trogen).

Syngeneic mouse model of lung cancer

Female C57BL/6J mice of 8-12 wk were used (Harlan Laboratories). The
experimental protocols were reviewed and approved by the Institutional
Animal Care and Use Committee of the University of Navarra. Murine
3LL cells (2.5 X 10% were resuspended in 100 pl PBS and mixed with
100 wl growth factor-reduced Matrigel (BD Biosciences). Cells were
injected s.c. in the right flanks. For the pharmacological blockade of C5aR,
mice received an s.c. injection of C5aR antagonist AcF(OP(D)ChaWR)
every 3 d at a dose of 1 mg per kilogram body weight in 200 wl PBS,
starting 24 h before the inoculation of tumor cells. The control peptide AcF
(OP(D)ChaA(D)R) was used with the same administration regimen. For
the blockade of C5 activity, mice received i.p. 1 mg of the anti-mouse C5
mAb Bb5.1 or an IgG control isotype in 100 nl PBS every 3 d, starting 4 h
before the inoculation of cells. In all cases, tumors were measured every
3 d, and the tumor volumes were calculated by the formula (L X WZ)/Z,
where L is the length and W is the width.

Expression of C5aR by flow cytometry

C5aR expression on HUVEC and 3LL cells was detected by flow cytometry.
Cells (2 X 10°) were incubated for 30 min at 4°C with rat anti-mouse C5aR
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(20/70; BioLegend) or mouse anti-human C5aR (S5/1; Serotec) in PBS,
1% BSA, 0.1% azide. After two washes, cells were incubated for 30 min at
4°C with the secondary Abs: FITC-conjugated rabbit anti-rat IgG (Serotec)
or Alexa Fluor-conjugated goat anti-mouse IgG (Invitrogen). Finally, cells
were washed twice and analyzed by flow cytometry on a FACSCalibur
using CellQuest Pro software (BD Biosciences). Data were expressed as
mean fluorescence intensity.

Cell proliferation

The MTT assay was used to study the proliferation of HUVEC and 3LL cell
lines treated with human or murine C5a, respectively. For endothelial cells,
1.5 X 10° HUVECs were seeded in assay medium (EGM-2MV without
rhVEGF and rhFGF) in a 96-well plate. After 24 h of incubation, dilutions
of human C5a (Calbiochem) from 1 ng/ml to 2 pg/ml were added. Wells
without cells were used as background. One hundred percent growth was
established using cells grown in assay medium alone. bFGF at 10 ng/ml
(Sigma) was used as positive control. All treatments were performed in
sextuplicate. After 96 h of incubation, 10 pl of a 5 mg/ml MTT solution
(Sigma) was added to each well. Plates were incubated for 4 h at 37°C,
and then 100 pl of solubilization buffer (10% SDS, 50% N,N-dime-
thylformamide, pH 4.7) was added. Plates were left on the cell incubator
overnight. One day later, absorbance was measured at 540 nm with a ref-
erence wavelength of 690 nm in a Sunrise microplate reader (Tecan). For
3LL cells, 2 X 103 cells were seeded in RPMI 1640 complemented with
0.5% Fetalclone. Next day, dilutions of murine C5a (R&D Systems) from
0.01 to 500 ng/ml were added in basal RPMI. Wells without cells were
used as background. One hundred percent growth was assessed in wells
with no C5a added. Cells were incubated for 48 h at 37°C. The assay was
developed as indicated above.

To measure the percentage of proliferation, the mean value in each
condition was calculated by the formula:

Absorbancereaument concentration — Absorbancepackground
Proliferation(%) = £ X 100.
Absorbance g proliferation — Absorbancebmckgmund

HUVEC migration

For the evaluation of the chemotactic effect of C5a in HUVECs, 7.5 X 10*
cells were cultured in 24-well plates in EBM-2 basal medium on the upper
chamber of Transwells with 8-pwm pore size (Corning-Costar). C5a dilu-
tions ranging from 500 to 0.25 ng/ml were added. EBM-2 medium and
EBM-2 medium with 10% fetal bovine serum were used as negative and
positive control, respectively. Cells were allowed to migrate for 48 h in
a cell culture incubator. Afterward, cells from the upper chambers were
removed by swiping with cotton swabs, and cells adhered to the lower side
of Transwells were fixed with 4% formaldehyde (Panreac) and stained with
0.5% crystal violet (Sigma). Migrated cells on the lower surface of the
filter were visualized and photographed using an inverted microscope
(Leyca DM ILM). At least five fields at X 10 magnification were taken and
counted using ImageJ software (National Institutes of Health).

HUVEC tube formation

C5a ability to promote angiogenesis in vitro was tested using the tube
formation assay. This method is widely used to assess the capacity of
a molecule to inhibit or stimulate angiogenesis (26). Before experiments,
cells were left in EGM-2MV/EBM-2 basal medium (1:1) for 8 h. After-
ward, cells were washed and kept in EBM-2 basal medium overnight. The
next day, 48-well plates were coated with 150 wl growth factor-reduced
Matrigel (BD Biosciences) and allowed to gel for 2 h at 37°C. Matrigel is
a commercial basement membrane matrix derived from the Engelbreth—
Holm-Swarm mouse sarcoma (27). Cells (2.5 X 10% in EBM-2 basal
medium were seeded on the gel and mixed with C5a at 10 ng/ml final
dilution. Cells in EBM-2 medium alone were used as control. At least five
repetitions were done per condition. Plates were incubated at 37°C for 5 h.
Photographs of five random optical fields in the central area of wells were
taken at X 10 magnification with a digital camera coupled to a phase mi-
croscope (Leica DM IL LED). Total tube length was calculated using
Imagel software (National Institutes of Health).

In vivo Matrigel plug assay

The effect of C5aR signaling in angiogenesis was determined in vivo by the
Matrigel plug assay. Female mice at 10-12 wk of age were s.c. injected
with 0.5 ml Matrigel containing 2.5 X 10* 3LL cells and 500 ng/ml C5aR
antagonist [AcF(OP(D)ChaWR)] or control peptide [AcF(OP(D)ChaA(D)
R)]. Peptides were also injected 24 h before and after the inoculation of
plugs, and one additional injection was performed 3 d later. Six days after
inoculation, 25 mg/ml FITC—dextran (Sigma) in 200 wl PBS was injected
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i.v. in the tail vein. Mice were sacrificed 15 min later. The plugs were
extracted and fixed in 4% formaldehyde for 24 h. Photographs of areas
with vessels were taken using a Zeiss Axiovert confocal microscope.

Analysis of splenocyte subpopulations

Spleens from tumor-bearing mice were mechanically disaggregated in 5 ml
PBS using cell strainers with 70-wm pore size (BD Biosciences). Single-
cell suspensions (~5 X 107 splenocytes) were preincubated with an mAb
to mouse CD16-CD32 (Fc block; 2.4G2; BD Pharmingen) and then in-
cubated with a labeled primary Ab against mouse CD4 (RM4-5), CD8a
(53-6.7), CD11b (M1/70), or Ly6C/Gr1 (AL-2) (all from BD Biosciences)
diluted in FACS buffer (PBS, 0.24 uM EDTA, and 5% Fetalclone).
Staining of mouse regulatory T cells was performed using a kit from
eBioscience according to the manufacturer’s instructions.

Expression of immune molecules within the tumors

Portions of ~0.1 cm® (a sphere with 0.6-cm diameter) were cut from the
edge of tumors, frozen in dry ice, and maintained at —80°C until the ex-
traction procedure. Total RNA was extracted and retrotranscribed to
cDNA. Expression of molecules related to the immune response was
performed by real-time PCR using specific primers for each gene (Table II)
as previously described (28).

Statistical analysis

Significant differences were evaluated using the Student 7 test, except in the
case of the immune cells and molecules, for which the differences in ex-
pression were analyzed by the Mann—Whitney U test. Data were analyzed
using GraphPad Prism 5 (GradPad Software). The p values <0.05 were
considered statistically significant.

Results

Lung cancer cell lines produce C5a in vitro

The capacity of lung cancer cells to activate complement C5 was
evaluated in seven human lung cancer cell lines and three non-
fully transformed bronchial epithelial cell lines using NHS as the
source of complement components. The amount of cell-derived
C5a could not be directly quantified due to the presence of C5a in
NHS. Alternatively, C5 deposition on cell membranes was eval-
uated by flow cytometry. C5 deposition was higher in lung cancer
cell lines than in nonmalignant bronchial epithelial cells (Fig. 1A).
In fact, all lung cancer cell lines showed a significant increase in
C5 deposition after incubation with NHS. However, no significant
increase in C5 deposition was observed in the nonmalignant
bronchial epithelial cells.

Previous studies have demonstrated that some cell types are able
to activate complement and release C5a in the absence of serum
(29, 30). Therefore, the next objective was to evaluate the capacity
of lung cancer cells to generate C5a in serum-free conditions.
Previously, the expression of C5 mRNA in these cells was tested
using real-time PCR. All malignant and non-fully transformed
pulmonary cell lines expressed C5 mRNA, although the levels
were appreciably higher in some lung cancer cell lines (Supple-
mental Fig. 1). To analyze the production of C5a, lung malignant
and nonmalignant cells were cultured in serum-free medium for
48 h. Conditioned media were collected, and C5a levels were
determined. All malignant cell lines, except H727, produced de-
tectable C5a levels (Fig. 1B). Conversely, C5a was almost unde-
tectable in nonmalignant bronchial epithelial cells. For A549 and
HBEC-3KT cells, a time course was performed from 12 to 96 h
(Fig. 1C). In A549, C5a levels gradually increased from the be-
ginning to the end of the experiment. However, in HBEC-3KT
cells, the levels of C5a did not increase over time.

The alternative complement pathway has been associated with
a local production of C5a in some cell types (29). The contribution
of this pathway to the production of C5a by lung cancer cells in
the absence of serum was investigated. First, the expression of the
main components of the alternative pathway (C3, factor B, factor
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C5 deposition and local production of C5a by lung cancer and non-fully transformed cells. (A) C5 deposition on cells incubated with NHS.

Deposition was determined by flow cytometry. Results are shown as mean = SEM and represent the ratio of the mean fluorescence intensity between 20% NHS
and 20% HI-NHS. At least three independent experiments were performed for each cell line. In each cell line, statistical differences between cells incubated
with NHS or with HI-NHS were evaluated. A horizontal line at ratio = 1 indicates the baseline. (B) Local production of C5a by lung cancer and nonmalignant
cells in the absence of serum after 48-h incubation in serum-free medium. C5a levels were determined by ELISA. Data represent mean * SEM from three
independent experiments. (C) Time course of the production of C5a by A549 and HBEC-3KT cells. (D) Local production of C5a in the presence of protease
inhibitors: 10 uM compstatin, 0.2 wM antithrombin III (with 10 U/ml heparin), 0.2 uM lepirudin, 25 uM GM6001, 10 uM E-64, 10 U/ml aprotinin, 100 uM
TLCK, or 100 pM SBTI C5a levels in basal medium were set as 100%. In the case of compstatin, 100% C5a production was set in cells incubated with
a compstatin control peptide. Results are expressed as mean = SEM from at least three independent experiments. *p < 0.05, **p < 0.01, ***p < 0.001.

D, and properdin) was examined by real-time PCR (Supplemental
Fig. 2). No apparent association was observed between the ex-
pression of these complement components and the levels of lo-
cally produced CSa. In fact, the expression of properdin was
undetectable in most of the cell lines, and factor B was not
expressed by any lung cancer cell line, except H727, which was
precisely the lung cancer cell line that did not produce C5a. Next,
the potential contribution of the classical complement pathway
was assessed. Expression of the main classical complement fac-
tors (Clq, Clr, Cls, C2, and C4) was analyzed by real-time PCR.
No relation was observed between these elements of the classical
pathway and the local production of C5a. In particular, Clq ex-
pression was not found in any of the cell lines analyzed (Sup-
plemental Fig. 3). To exclude definitively the contribution of C3
convertases, the production of C5a was evaluated in the presence
of compstatin, a molecule that prevents the activation of C3 by C3
convertases (31). No decrease in C5a levels was observed using
compstatin up to 10 uM (Fig. 1D). C5a can be generated in a
complement-independent manner by different proteases (32).
Under serum-free conditions, the production of C5a by A549 cells
was significantly reduced in the presence of antithrombin III and
heparin (Fig. 1D). The effect of other protease inhibitors was also
studied (Fig. 1D). The production of C5a was not affected by the
presence of the thrombin inhibitor lepirudin, the metalloproteinase
inhibitor GM6001, the cysteine protease inhibitor E64, or the
serine protease inhibitor aprotinin. However, SBTI and TLCK,

inhibitors of trypsin-like serine proteases, significantly reduced the
local production of C5a. At the concentrations used, these inhib-
itors did not affect cell proliferation, as determined by MTT assays
(data not shown).

Anaphylatoxin C5a levels are increased in plasma of NSCLC
patients

Generation of C5a by tumor cells may be followed by its systemic
diffusion. Therefore, it can be speculated that C5a can be detected
in peripheral blood from lung cancer patients. The concentration of
C5a in plasma from 50 patients diagnosed with NSCLC was de-
termined and compared with the concentration of this protein in 50
samples from control individuals matched by age, sex, and smoking
exposure (Fig. 2). Cancer patients showed significantly higher C5a
plasma levels than control donors (27.76 = 11.53 versus 14.08 =
8.24 ng/ml; p < 0.001). No statistical differences were found
between adenocarcinomas and squamous cell carcinomas or be-
tween stage IIIB and IV (data not shown).

Blockade of C5aR slows tumor growth in vivo

The influence of C5a on lung tumor progression in vivo was stud-
ied using a syngeneic mouse model of lung cancer. In this model,
3LL cells were injected s.c. in the right flank of C57BL/6J mice.
C5a activity was blocked by the administration of the cyclic hex-
apeptide AcF(OP(D)ChaWR), a C5aR antagonist. Prior to the use of
this in vivo model, the capacity of 3LL cells to deposit C5 when
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FIGURE 2. Quantification of C5a in plasma samples from control
donors and patients with NSCLC. ***p < 0.001.

incubated with mouse serum in vitro was confirmed (Fig. 3A). Then,
3LL cells were injected in the right flank of mice treated with the
C5aR antagonist or with the control cyclic hexapeptide AcF(OP(D)
ChaA(D)R). Blockade of C5aR significantly decreased tumor
growth (Fig. 3B). To support this result further, treatment with an
anti-C5 mAb (Bb5.1) also slowed down tumor growth, although in
this case the results did not reach statistical significance (Supple-
mental Fig. 4). Finally, the addition of C5a to 3LL cells did not
modify their in vitro proliferation (Fig. 3C), suggesting that the
in vivo effect of C5a on tumor growth is mediated by other mech-
anisms.

C5a promotes angiogenesis

To elucidate the mechanisms by which C5a/C5aR supports tumor
growth in vivo, the role of C5a in angiogenesis was studied. First,
the effect of C5a in HUVEC proliferation and migration was
evaluated. The expression of C5aR in HUVECs, both at the mRNA
and protein levels, was verified (Fig. 4A, 4B, Table I). Proliferation
assays were performed in HUVECs cultured for 96 h in the pres-
ence of a wide range of C5a concentrations. No effect of C5a on
HUVEC proliferation was observed (Fig. 4C). The capacity of C5a
to induce HUVEC migration was investigated using the Transwell
chamber assay. HUVECs were plated on Transwells and cultured
during 48 h with different concentrations of C5a. This factor in-
duced HUVEC chemotaxis with a typical bell-shaped dose-re-
sponse curve (Fig. 4D). A significant increase in migration, com-
pared with the untreated cells, was observed within 0.125 and
5 ng/ml of C5a (pg 125 = 0.015; ppas < 0.001; pgs = 0.012; ps <
0.001). The effect of C5a on the formation of tube-like structures on
Matrigel was also tested. HUVECs were plated on gelled Matrigel
in EBM-2 medium. After 5 h of incubation, HUVECS treated with
10 ng/ml C5a showed more numerous tube-like structures than cells
in basal medium (p = 0.001) (Fig. 4E, 4F).

A Matrigel plug assay was performed to evaluate the effect of
C5a on angiogenesis in vivo. Matrigel plugs mixed with 3LL cells
and the C5aR antagonist or the control peptide were injected in the
flanks of C57BL/6J mice. Peptides were injected throughout the
experiment as explained in Materials and Methods. Six days after
inoculation, FITC-conjugated dextran was injected i.v., and ani-
mals were sacrificed within 1015 min. Mice treated with the
C5aR antagonist showed less microvessels within their plugs than
those treated with the control peptide (Fig. 5A).

In explanted tumors from the 3LL syngeneic mouse, the ex-
pression of the angiogenic factors VEGF and bFGF was analyzed
(Fig. 5B). There were no differences in VEGF mRNA levels.
However, there was a significantly lower expression of bFGF
mRNA in tumor extracts from animals treated with the C5aR
antagonist (p = 0.023). However, there were no differences in
tumor vascular density (CD31 staining) between mice treated with
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FIGURE 3. Effect of C5aR blockade on 3LL growth. (A) C5 deposition in
3LL cells, measured by flow cytometry, after incubation of the cells with 40%
NMS (white peak) or HI-NMS (shaded peak). (B) Tumor growth of 3LL cells
injected s.c. in mice treated with a C5aR antagonist or a control peptide (10
mice per group). Tumor volume is expressed as mean = SEM. Data are
representative of two independent experiments. (C) MTT assay with 3LL cells
incubated for 48 h in medium with C5a at different concentrations. The graph
shows one representative experiment of three independent repetitions. Results
show the percentage of viability compared with cells grown in the absence of
C5a. Data are expressed as mean = SEM. *p < 0.05, **p < 0.01.

the C5a antagonist and those treated with the control peptide (data
not shown). In tumors from animals treated with the anti-C5 Bb5.1
mAb, a reduction in the expression of bFGF mRNA, close to
statistical significance, was observed (p = 0.089; Supplemental
Fig. 4).

C5aR blockade reduces immunosuppression

C5a has been proved to be a key factor in the immune regulation
of tumors, mainly by the recruitment of MDSCs (11). The effect
of C5aR blockade in the immune response to the lung tumors
was assessed. For that purpose, splenocyte subpopulations in 3LL
tumor-bearing mice treated with the C5aR antagonist or the
control peptide were analyzed. There were no differences in the
percentages of CD4™, CD8*, and regulatory T cells; however, total
MDSCs were significantly reduced when C5aR was blocked
(p = 0.028; Fig. 6). Both monocytic and granulocytic MDSCs
were reduced, although the differences were statistically signifi-
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FIGURE 4. Effect of C5a on HUVECs. (A) C5aR mRNA expression in HUVECs as determined by PCR (Table I). Detection of GAPDH mRNA was used
as positive control. (B) C5aR expression on HUVECS assessed by flow cytometry. Cells were incubated with (white peak) or without (shaded peak) an anti-
C5aR Ab. (C) Proliferation assay with cells incubated with C5a at different concentrations in basal medium for 96 h. Negative and positive controls were
performed with basal medium or with 10 ng/ml bFGF, respectively. One representative experiment is shown. Results are expressed as mean = SEM and
represent the percentage of viability compared with untreated cells. (D) Effect of C5a on HUVEC migration in the Transwell assay. C5a was added at
different concentrations in basal medium on the lower side of the Transwells. HUVECs were plated in the upper chambers. After 48 h, cells that had
migrated to the underside of the Transwells were fixed and stained with crystal violet. Cell migration in each Transwell was analyzed by counting cells in
eight different fields. Data are collected from three independent experiments and show mean = SEM. *p < 0.05, ***p < 0.001. (E) Effect of C5a on the
formation of tube-like structures by HUVECs. Cells were plated on gelled Matrigel, and C5a was added at 10 ng/ml. After 5 h, photographs were taken.
Representative pictures of tube-like structures taken at original magnification X10 are shown. Scale bars, 100 wm. (F) Quantification of the tube-like
structures was performed examining five high-power fields per well using a X 10 objective. The total length of each picture was measured using ImageJ
software (National Institutes of Health). Mean = SEM is shown. Results are representative of three independent experiments, each one with at least five
wells per condition. **p < 0.01.

cant only in the subpopulation of granulocytic MDSCs (p = 0.095 Discussion
and p = 0.015, respectively). These results suggest that C5a is able In this study, we provide evidence for the contribution of C5a to the

to induce an immunosuppressive microenvironment that can be generation of a tumor microenvironment that favors lung cancer
reversed when the C5a receptor is blocked. To confirm this ob-  progression. Three major observations support this conclusion: i)
servation, an evaluation of the expression of several immune- Lung cancer cell lines are able to generate C5a; ii) the levels of this
related molecules in the tumor microenvironment was carried anaphylatoxin are increased in plasma of NSCLC patients; and iii)
out. Total RNA was extracted from explanted tumors of animals the blockade of C5aR in a murine syngeneic lung cancer model
treated with the C5aR antagonist or the control peptide. Real-time slows tumor growth and reduces angiogenesis and the immuno-
PCR was performed for 22 molecules (Table II). Some of them suppressive tumor microenvironment.

could not be detected (IL-2, IL-4, FOXP3, IFN-vy, IL-12p35, and Lung carcinogenesis is a multistep process in which normal cells
OX40L), and others did not show any change between the two acquire genetic and epigenetic alterations that result in the ex-

treatment groups; namely, IDO, TNF-«, PD1, CCL17, CCL22, pression of many cancer-associated molecules. Our results suggest
GITR, TGF-B, MCP1, granzyme A, granzyme B, and perforin that this neoplastic transformation is accompanied by an increase
(data not shown). However, the expression of ARG1, CTLA-4, IL- in the capacity of malignant cells to activate complement. In par-
6, IL-10, LAG3, and PDL1 was significantly decreased in tumors ticular, we found that lung cancer cell lines are able to deposit C5
from animals treated with the C5aR antagonist (Fig. 7). Most of and generate C5a more efficiently than nonmalignant cells. The

these molecules are commonly associated with an immunosup- generation of C5a within tumors, followed by its systemic diffu-
pressive state. Blockade of C5 with the Bb5.1 mAb confirmed the sion, may explain the increase of C5a found in the plasma of
downregulation of some immune molecules within the tumors patients with NSCLC. Surprisingly, the ability of tumor cells to
(Supplemental Fig. 4). These results confirm that C5a is impli- produce C5a was increased even in the absence of an exogenous
cated in the generation of an immunosuppressive tumor micro- source of complement components (i.e., serum). This capacity had
environment. previously been demonstrated in bone marrow cells (30), APCs,

Table I. Sequences of primers used in conventional PCR

Gene Sense (5’ to 3") Antisense (5’ to 3')
Human C5aR TGCTGACCATACCCTCCTTC CCCTAACCACGGACTCTTCA
Human GAPDH ACTTTGTCAAGCTCATTTCC CACAGGGTACTTTATTGATG
Mouse C5aR TACCACAGAACCCAGGAGGA GCAGGAGGAAGGTGTAGCAG

Mouse HPRT TGACACTGGCAAAACAATGCA GGTCCTTTTCACCAGCAAGCT
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FIGURE 5. Effect of C5a on angiogenesis. (A) Matrigel plugs con-
taining 3LL and 500 ng/ml of the C5aR antagonist or the control peptide
were implanted s.c. in the flanks of C57BL mice. Peptides were also
injected s.c. (at 1 mg/kg of body weight) 24 h before and after implan-
tation of plugs. Six days later, FITC-labeled dextran was injected i.v., and
plugs were extracted and fixed. Visualization of vessels was performed
in a Zeiss Axiovert confocal microscope at original magnification X2.5.
Representative photographs of each group are shown. Arrows in the
control images point to new vessels formed from the preexisting vascu-
lature. Scale bars, 1 mm. (B) Expression of angiogenic factors in 3LL
tumors. Total mRNA was extracted from tumors of mice treated with the
control peptide or the C5aR antagonist. mRNA levels of VEGF and bFGF
were determined by real-time PCR and expressed as relative to the $-actin
mRNA in each tumor. Individual results per animal and mean per group
are shown. *p < 0.05.

and T cells (29). In these cases, cells produce functional C3, factor
B, and factor D and, as a consequence, are able to activate the
alternative pathway of complement. However, in lung cancer cell
lines, the implication of the alternative pathway is unlikely, due to
the absence of any connection between the expression of com-
plement factors and the local production of C5a. In addition, our
results seem to rule out the implication of the classical pathway
and, more generally, the implication of any activation pathway in
which the C3 convertases are involved. On the basis of these
observations, we conclude that C5a is generated by an extrinsic
complement activation mechanism. Several bypass routes have
been shown to trigger complement immune response (33, 34).
Anaphylatoxins can be generated by the action of soluble and
membrane-bound proteases, such as serine proteases of the co-
agulation and fibrinolysis systems or cell-bound proteases in
phagocytic cells (31, 35-37). Our results show that antithrombin
IIT is able to inhibit the production of C5a under serum-free
conditions, suggesting that thrombin would be a potential prote-
ase able to cleave C5 produced by lung cancer cells. However,
lepirudin, a direct thrombin inhibitor, did not affect C5a produc-
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FIGURE 6. Effect of C5aR blockade on splenocyte subpopulations.
Graphs represent data from flow cytometry analyses of splenocytes ob-
tained from 3LL tumor-bearing mice injected subcutaneously with the
control peptide or the C5aR antagonist at a dose of 1 mg/kg of body
weight. Splenocytes were stained with specific Abs to CD4*, CD8*, CD4*
CD25"Foxp3* (Treg), and CD11b*Ly6c* (MDSC). Within the MDSC
population, subpopulations of monocytic (M-MDSC) and granulocytic (G-
MDSC) MDSCs, with high and low expression of Ly6c, respectively, were
also analyzed. Individual results per animal and mean per group are shown.
*p < 0.05.

tion. Apart from thrombin, antithrombin can also inactivate other
proteases involved in blood coagulation, as well as serine pro-
teases that are not involved in the coagulation cascade such as
trypsin (38). It has also been shown that trypsin is able to cleave
CS5 into biologically active C5a-like fragments (39). In our study,
TLCK and SBTI inhibited the production of C5a by A549 cells.
TLCK is a serine protease inhibitor with trypsin-like specificity
(40). SBTI inhibits different proteases, including trypsin. Con-
sidering that A549 cells secrete trypsin-like proteins (41), it can be
suggested that C5a can be generated independently of the estab-
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Table II. Sequences of primers used in real-time PCR

4681

Gene Sense (5’ to 3") Antisense (5’ to 3")
DO CCTTGAAGACCACCACATAG AGCACCTTTCGAACATCGTC
TNF-a CTTCCAGAACTCCAGGCGGT GGTTTGCTCGACGTGGGC
1L-2 TGTTGATGGACCTACAGGAG GTGTTGTCAGAGCCCTTTAG
1L-4 GCTATTGATGGGTCTCAACC TCTGTGGTGTTCTTCGTTGC
FOXP3 GTTTCTCAAGCACTGCCAAG TGTGGAAGAACTCTGGGAAG
PD1 ACTGGTCGGAGGATCTTATG ATCTTGTTGAGGTCTCCAGG
CCL17 TGAGGTCACTTCAGATGCTG GGACAGTCAGAAACACGATG
CCL22 TCATTAGACACCTGACGAGG CTTCCACATTGGCACCATAG
GITR GGAGTCTCAAGGGGATATTG GGAACTGGAAGCTGCAAGC
TGF-B CGGCAGCTGTACATTGAC TCAGCTGCACTTGCAGGAGC
IFN-vy TCAAGTGGCATAGATGTGGAAGAA TGGCTCTGCAGGATTTTCATG
MCP1 ACCAGCCAACTCTCACACTGAAGC CAGAATTGCTTGAGGTGGTTGTG
Granzyme A AAGGAGCCAGAACAACAG TAGGTAGGTGAAGGATAGCC
Granzyme B CAAAGAACAGGAGAAGACCC AGCCACATAGCACACATC
Perforin AATAACGACTGGCGTGTG AGATGAGCCTGTGGTAAG
ARGI1 TGGGGAAAGCCAATGAAGAG AGGAGAAAGGACACAGGTTG
CTLA-4 TCATGTACCCACCGCCATAC TAGACCCCTGTTGTAAGAGG
IL-6 ACAAAGCCAGAGTCCTTCAG TGGATGGTCTTGGTCCTTAG
IL-10 GGACAACATACTGCTAACCG AATCACTCTTCACCTGCTCC
IL—12p35 CACGCTACCTCCTCTTTTTG AGGCAACTCTCGTTCTTGTG
LAG3 CTCTTTGGAGGCAGAAATCG CTCTTTGGAGGCAGAAATCG
PDL1 GATCATCCCAGAACTGCCTG GCTTACGTCTCCTCGAATTG
OX40L AGTGGAAGAAGACGCTAAGG TCCTCACATCTGGTAACTGC
B-Actin CGCGTCCACCCGCGAG CCTGGTGCCTAGGGCG

lished pathways by the action of a trypsin-like protease produced
by lung tumor cells. Some trypsin-like serine proteases, such as
plasmin and urokinase plasminogen activator, have been reported
to be involved in tumor progression and metastasis (42, 43).
Therefore, we speculate that the blockade of this yet unknown
protease may inhibit the capacity of tumor cells to produce C5a,
reducing its tumor promoting effects.

Tumor promoting activities of complement C5a may be asso-
ciated with induction of angiogenesis and generation of an im-
munosuppressive microenvironment. In fact, angiogenesis and
immunosuppression may occur simultaneously in response to di-
verse physiological stimuli (44). Previous reports support the
proangiogenic activity of C5a. The activation of C5aR in endo-
thelial cells causes cell retraction, increased paracellular perme-
ability, and eosinophil transmigration (45). It has also been
demonstrated that C5a induces genes that promote the effects of
VEGEF (46). The effect of C5a in endothelial cell proliferation and
migration has also been proposed (47—49). In our experimental
conditions, C5a enhanced cell migration and formation of tube-
like structures in a gelled matrix, although we observed no effect
of C5a on HUVEC cell proliferation. These results strongly sug-
gest that C5a has angiogenic properties in vitro; however, the role
of C5a in angiogenesis in vivo is still controversial. Some studies
support the proangiogenic potential of C5a, whereas others sustain
the contrary. An anti-angiogenic effect of C3 and C5 has been
demonstrated in a model of retinopathy of prematurity, where C5a
stimulated macrophages toward an angiogenesis-inhibitory phe-
notype (13). On the contrary, the proangiogenic role of C3a and
C5a has been demonstrated in age-related macular degeneration
and in animals submitted to laser-induced choroidal neovascu-
larization (12). Taking together, these results suggest that the
effect of C5a on angiogenesis is influenced by physiological and
timing variables. Consequently, the activity of C5a in cancer may
be affected by the time of analysis. In a mouse model of cervical
cancer, no differences in vascular permeability were observed
when animals were treated with the C5aR peptide antagonist (11).
Similarly, in our lung cancer model, there were no differences in
tumor vascular density at the end of the experiment. Still, the

expression of bFGF, a potent mitogen and chemotactic factor for
endothelial cells (50), was significantly reduced within the tumors
of the animals treated with the C5aR antagonist. Besides, the
C5aR antagonist had an inhibitory effect in the formation of
vessels in Matrigel plugs of 3LL cells after 6-d incubation, sug-
gesting that C5a may be important in the promotion of angio-
genesis in the early steps of tumor formation.

The immunosuppressive capacity of complement C5a has also
been addressed in this work. The pharmacological blockade of
C5aR diminished the population of MDSCs in the spleen of tumor-
bearing mice. MDSCs are a heterogeneous population of myeloid
progenitor cells and immature myeloid cells with an immuno-
suppressive function in tumor immunity (51). This result is in full
agreement with previous observations. The MDSC population is
increased in the spleen of tumor-bearing mice and in blood of
patients with cancer (52). Markiewski et al. (11) found that in
a cervical cancer model, the generation of C5a in the tumor mi-
croenvironment enhanced tumor growth by the recruitment of
MDSCs and the suppression of the antitumor T cell-mediated
response. In the current study, we characterized the expression
of immune-related molecules in the tumor microenvironment
generated by the inhibition of C5aR. The blockade of C5a sig-
naling downregulated the expression of key immunosuppressive
molecules within the tumors. These molecules included ARGI,
IL-10, IL-6, CTLA-4, LAG3, and PDL1. Most of these immune
regulators are mediators of regulatory T cell activity (53). Besides,
many of them have been associated with the development of lung
cancer (54), and some of them have been found elevated in blood
of patients with NSCLC (55-57). Using the 3LL lung carcinoma
model, Rodriguez et al. (58) reported a production of ARGI1 by
myeloid cells in the tumor microenvironment, which impaired
T cell function and favored tumor growth. IL-10 transgenic mice
injected with 3LL cells developed larger tumors than control mice,
suggesting that the production of IL-10 prevents the development
of an effective immune response against the tumor cells (59). IL-6
is a pleiotropic cytokine that may have proinflammatory or anti-
inflammatory effects. In the tumor microenvironment, IL-6 pro-
motes immunosuppression through the induction of immunosup-
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FIGURE 7. mRNA expression in 3LL tumors of molecules related to the
immune response. Total mMRNA was extracted from tumors of mice treated
with the control peptide or the C5aR antagonist. mRNA levels were de-
termined by real-time PCR and expressed as relative to the B-actin mRNA
in each tumor. Individual results per animal and mean per group are shown.
*p < 0.05, ¥*p < 0.01.

pressive molecules, such as B7-H4 (60). CTLA-4 inhibits T cell
activation when it binds to CD80 and CD86 on APCs (61). CTLA-
4 and LAG3 have immunosuppressive functions associated with
their expression by regulatory T cells (62, 63). Finally, PDL1 (B7-
HI1) is overexpressed in various human tumors, including lung
cancer, and contributes to negative regulation in anti-tumor im-
mune responses (64, 65). Remarkably, Ab-mediated blockage of
PDL1-PD1 interaction induced durable responses in patients with
advanced cancer, including NSCLC, a tumor type traditionally
considered not to be responsive to immunotherapy (66, 67).

In conclusion, our results further support the role of complement
activation in cancer progression. In particular, we demonstrate that
lung cancer cell lines substantially activate complement and release
C5a. Subsequently, this complement mediator orchestrates fun-
damental biological processes that promote angiogenesis and im-
munosuppression. These results support the rationale of blockade
of complement factors to increase the efficacy of future therapeutic
strategies.
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