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Abstract

The complement cascade is a part of the innate immune system
that acts primarily to remove pathogens and injured cells. How-
ever, complement activation is also peculiarly associated with
tumor progression. Here we report mechanistic insights into this
association in multiple immunocompetent orthotopic models of
lung cancer. After tumor engraftment, we observed systemic acti-
vation of the complement cascade as reflected by elevated levels
of the key regulator C3a. Notably, growth of primary tumors
and metastases was both strongly inhibited in C3-deficient mice
(C37/~ mice), with tumors undetectable in many subjects. Growth
inhibition was associated with increased numbers of IFNy*t/
TNFot/IL10T CD4" and CD8" T cells. Immunodepletion of
CD4™" but not CD8" T cells in tumor-bearing subjects reversed

Introduction

Lung cancer remains the leading cause of cancer-related death in
both men and women (1), underscoring the need for new thera-
peuticapproaches. While cancer initiation is mediated by activation
of oncogenic drivers and loss of tumor suppressors, tumor pro-
gression involves interactions between cancer cells and the tumor
microenvironment (TME), and targeting these interactions is an
attractive therapeutic strategy. In particular, immune checkpoint
inhibitors, such as antibodies blocking the interactions between
PD-1 and PD-L1, have shown surprising efficacy in the treatment of
multiple cancers, leading to FDA approval of anti-PD-1 antibodies
for the treatment of non-small cell lung cancer (NSCLGC; refs. 2, 3).
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the inhibitory effects of C3 deletion. Similarly, antagonists of the
C3a or C5a receptors inhibited tumor growth. Investigations using
multiple tumor cell lines in the orthotopic model suggested the
involvement of a C3/C3 receptor autocrine signaling loop in
regulating tumor growth. Overall, our findings offer functional
evidence that complement activation serves as a critical immuno-
modulator in lung cancer progression, acting to drive immune
escape via a C3/C5-dependent pathway.

Significance: This provocative study suggests that inhibiting
complement activation may heighten immunotherapeutic
responses in lung cancer, offering findings with immediate
implications, given the existing clinical availability of comple-
ment antagonists. Cancer Res; 78(1); 143-56. ©2017 AACR.

However, these agents exhibit clinical efficacy only in approximate-
ly 25% of unselected patients. Developing novel strategies targeting
theimmune system and better selection of patients who will benefit
from these therapies will require a deeper understanding of the
interactions between cancer cells and the TME.

The complement pathway is an important arm of the innate
immune system that interfaces to the adaptive immune system.
Complement activation can be initiated through the classical,
lectin, or alternative pathway. All three pathways share a common
endpoint involving covalent fixation and cleavage of complement
component (C3) on the surface of targeted cells. Systemic increases
in C3 levels have been detected in cancer patients, including lung
cancer (4). Although the complement system typically helps in the
removal of pathogens and injured cells (5-7), recent studies have
revealed that complement activation can in fact promote the spread
of tumors (8). These effects are likely mediated through anaphy-
latoxins (C3a and C5a) produced during complement activation
(9). These agents act on immune and inflammatory cells through
specific cell surface receptors (C3aR and C5aR).

Our laboratory has developed an orthotopic immunocompe-
tent model of lung cancer, in which murine lung cancer cell lines
derived from C57BL/6 mice are implanted directly into the left
lobe of the lungs of syngeneic mice (10-12). These cells form a
primary tumor, which overa period of 3-4 weeks forms secondary
pulmonary tumors in the other lobes and metastases to distant
organs, including the liver and brain. This model allows cancer
cells to develop in the relevant microenvironment (i.e., in contrast
to subcutaneous injection of cancer cells) and in the presence of a
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complete immune system. The goal of this study was to examine
the role of the complement pathway in mediating progression of
these tumors. Using multiple murine lung cancer cell lines, we
report a critical role for complement on cancer progression
through regulation of CD4™ T cells. These studies suggest that
inhibiting the complement pathway may represent a rational
approach for immunotherapy in the treatment of lung cancer.

Materials and Methods

Cell lines and culture conditions

CMT167 cells (13), originally provided by Dr. Alvin Malkinson
(University of Colorado, Denver, CO), were stably transfected
with firefly luciferase as described previously (12) and maintained
in DMEM with 1 g/L glucose containing 10% FBS, 100 U/mL
penicillin, 100 pg/mL streptomycin, MEM nonessential amino
acids, 10 mmol/L HEPES, and 500 pg/mL G418 at 37°C in a
humidified 5% CO, atmosphere. Luciferase-expressing Lewis
lung carcinoma (LLC) cells were purchased from Caliper Life
Sciences (LL/2-luc-M38) and maintained in DMEM with 4.5 g/L
glucose containing 10% FBS, 100 U/mL penicillin, 100 pg/mL
streptomycin, and 500 pg/mL G418 at 37°C in a humidified 5%
CO, atmosphere. Both cell lines were periodically tested for
mycoplasma infection and were last retested in October 2016.
To avoid cross-contamination and phenotypic changes, these cell
lines have not been maintained in long-term cultures. All cells
used in this study were maintained as frozen stocks and cultured
for only 2-4 weeks before use in experiments. Authentication of
these cell lines based on morphology, growth curve analysis, and
metastatic phenotype was performed regularly, and no pheno-
typic changes were observed through the duration of the study.

Isolation, preparation, and validation of EML4-ALK murine
cancer cells

Adenovirus encoding Cas9 and gRNA for the EML4-ALK trans-
location (30 uL 107 PFU/mL, Viraquest) was tracheally instilled
into C57BL/6 mice as described previously (14). After 12-20 weeks,
animals were euthanized, and visible lung tumors were collected.
After mechanically disrupting tumors with razor blades, 50 uL of
this sample was instilled into the trachea of a recipient C57BL/6
female. Matrigel (15% total v/v) was added to the remaining tumor
homogenate and injected into the right flank of the same recipient
animal. When flank tumors reached approximately 1.5 cm (20-30
weeks after transplant), animals were euthanized, secondary lung
and flank tumors were collected, processed as described above then
plated into RPMI medium with 10% FBS to generate cell lines. DNA
was extracted and the EML4-ALK genomic rearrangement was
verified by PCR as described previously (14). Sensitivity to crizo-
tinib and TAE-684, an ALK inhibitor was verified in vitro. Orthotopic
tumors were then established in C57BL/6 animals using one of
these cell lines, designated EA-2. Cells were maintained as frozen
stocks and cultured for only 2-4 weeks. Cells were tested for
mycoplasma monthly.

Mice

Wild-type C57BL/6] mice and mice globally deficient in com-
plement factor 3 (C37/~) were obtained from The Jackson Lab-
oratory. All mice were bred and maintained in the Center for
Comparative Medicine at the University of Colorado Denver
(Aurora, CO). Experiments were done only in 7- to 10-week-old
male mice. All procedures were performed under protocols

Cancer Res; 78(1) January 1, 2018

approved by the Institutional Animal Care and Use Committee
at the University of Colorado Denver (Aurora, CO).

Orthotopic mouse model

Cancer cells (1 x 10° in 40 uL/injection) were suspended in
Hank's Balanced Salt Solution containing 1.35 mg/mL Matrigel
(BD Biosciences) and injected into the parenchyma of the left lung
lobe through the rib cage using a 30-gauge needle, as described
previously (10). Mice were sacrificed 2.5-4 weeks after injection.
At the time of sacrifice, mice were injected intraperitoneally (i.p.)
with 300 mg/kg body weight p- luciferin (Caliper Life Sciences) 10
minutes before euthanasia. Lungs and liver were harvested and
immediately imaged for bioluminescence using an IVIS Imaging
System 50 Series (Caliper Life Sciences/Xenogen). For metastases,
two images were taken per organ (front and back), and the
number of metastatic foci was calculated. Primary tumor volume
(length x width x height x 0.5) was measured using digital
calipers.

Subcutaneous mouse model

Cancer cells (2 x 10°) were suspended in Hank's Balanced Salt
Solution and injected into the flanks of recipients, using a 30-
gauge needle. Mice were sacrificed 3-4 weeks after injection. Flank
tumor volume (length x width x height x 0.5) was measured
using digital calipers.

Plasma preparation and ELISA for C3a

Plasma samples were prepared in 10 mmol/L EDTA from whole
blood collected by terminal cardiac puncture. Cells were removed
from plasma by centrifugation. Ninety-six-well plates were coated
with Capture rat anti-mouse C3a antibody (BD Pharmingen,
558250) at 1 ug/uL in PBS (pH 6.5) overnight at 4°C. Samples
were diluted 1:100 in Reagent Diluent (Reagent Diluent 1, R&D
Systems, DY997) and incubated overnight at 4°C. Biotin rat anti-
mouse C3a antibody at 0.5 ug/uL (BD Pharmigen, 558251) was
used and analyzed by ELISA using the manufacturer's protocol.

Immunofluorescence

Tumor specimens and normal lung tissues were harvested and
fixed in 4% paraformaldehyde. Paraffin-embedded samples were
cut into 5-um sections. Sections were dehydrated, immersed in
0.1% Sudan Black B (Sigma 199664-25G) in 70% ethanol for 20
minutes, washed in TBST, incubated in citrate antigen retrieval
solution at 100°C for 2 hours, washed in 0.1 mol/L glycine/TBST
(Sigma G-8898) for 10 minutes, and placed in 10 mg/mL sodium
borohydride in Hank buffer (Gibco, 14175-095). After blocking
with 10% goat serum in equal parts of 5% BSA in TBST and
Superblock (ScyTek Laboratories, AAA999) at 4°C overnight,
sections were incubated with primary anti-CD3 (Thermo Sci-
entificc, MA5-14524) anti-CD4 (eBiosciences, 4SM95), or anti-
CD8 (eBiosciences, 4SM15) antibody in equal part solution
of 5% BSA in TBST and Superblock for 1 hour at room tem-
perature, washed in TBST, and incubated with secondary goat
anti-rabbit IgG Alexa Fluor 488 (Invitrogen, A11034) or goat
anti-rabbit IgG Alexa Fluor 594 (Invitrogen, A11037). Slides
were mounted with Vectashield mounting medium with DAPI
(Vector Laboratories, H-1200).

Confocal microscopy

Lungs were snap-frozen in OCT compound (Sakura Finetek).
Sagittal sections were cut using a cryostat, warmed to room
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temperature, and fixed with absolute acetone for 10 minutes.
Sections were washed with cold DPBS and nonspecific binding
was blocked with sterile-filtered 10% heat-inactivated goat serum.
Primary antibodies specific for complement C3 (FITC goat IgG to
mouse complement C3, MP Biomedicals, #55500, 1:200 dilu-
tion), IgM (Cy3 goat anti-mouse IgM, p-chain specific, Jackson
ImmunoResearch, #115-165-020, 1:400 dilution), and comple-
ment C4 (anti-mouse C4, clone 16D2, Hycult, #HM1046, 1:50
dilution) were diluted in sterile-filtered 2% heat-inactivated goat
serum in DPBS and incubated overnight. Sections were washed
with cold DPBS and when applicable, incubated in secondary
antibody (Cy5 goat anti-rat IgG, Jackson ImmunoResearch, #112-
175-143, 1:100 dilution). Sections underwent a final series of
washes in cold DPBS and then mounted with a 1:1 glycerol/DPBS
mounting medium. High-resolution images were obtained with
an Olympus FV1000 FCS/RICS confocal microscope (Olympus
Scientific Solutions Americas Corp).

Western blot analysis

Proteins were isolated from cultured cells in lysis buffer (50
mmol/L B-glycerophosphate, pH 7.2, 0.5% Triton X-100, 5
mmol/L EGTA, 100 umol/L sodium orthovanadate, 1 mmol/L
dithiothreitol, 2 mmol/L MgCl,,) with protease inhibitor
cocktail (Sigma). Proteins were fractionated by SDS-PAGE and
electrophoretically transferred to polyvinylidene difluoride
membranes. The anti-C3d antibody was generated as described
previously (15).

Lymphocyte depletion

Mice were injected intraperitoneally (10 mg/kg) with anti-CD4
antibody (Clone GK1.5, BioXcell), anti-CD8 antibody (YTS
169.4, BioXcell), both anti-CD4 and anti-CD8, antibodies, or
control IgG (rat IgG2A Clone 2A3 or rat IgG3B Clone LFT-2,
BioXcell) twice a week, starting 1 week before CMT-luc tumor
implantation.

C3a/C5a receptor antagonist treatment

Mice were intraperitoneally injected daily with PBS or C3aRA,
SB290157, trifluoroacetate salt (1 mg/kg, Cayman Chemical
Company, 15783), starting a day prior to tumor implantation.
Mice were subcutaneously injected daily with PMX-control scram-
bled peptide or C5aRA, PMX-53 Ac-Phe-[Orn-Pro-dCha-Trp-Arg]|
(1 mg/kg), starting a day prior to tumor implantation.

Anchorage-independent growth

Cell culture plates were coated with base layer containing 1.2%
agar in DMEM (#19-017-CV; Corning CellGro) containing 10%
FBS, penicillin/streptomycin, and overlaid with cells suspended in
0.7% agarin DMEM containing 10% FBS, penicillin/streptomycin.
The plates were incubated at 37°C for 14 days, and size of tumor
colonies was determined and counted with ImageJ software.

shRNA silencing and proliferation assay

GIPZ lentiviral shRNA targeting murine C3 (V2LMM_67054 and
V3LMM_491809), and the nonsilencing lentiviral control shRNA
(RHS4349) were purchased from GE Dharmacon. The lentiviral
shRNA targeting murine C3a receptor (TRCN0000027362 and
TRCN0000027385), murine CIITA (TRCN0000086450), and
the negative control (pLKO.1l-puro control - SHCO001V)
shRNAs were prepared at the Functional Genomics Facility,
University of Colorado, Denver Anschutz Medical Campus
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(http://functionalgenomicsfacility.org/). LLC-luc or CMT167-
luc cells were transduced with lentiviral particles and stable
pool of transfectants were isolated by puromycin (1 pg/mL)
resistance. The growth rates of the established pools of trans-
fectants were assessed by alive or dead cell count using Trypan
blue under the hemocytometer.

Preparation of single-cell suspension, activation of T
lymphyocytes, and analysis by flow cytometry

Mice were sacrificed 10 days after cancer cell injection, the
circulation was perfused with PBS/heparin (80 U/mL, Sigma), and
left lungs containing tumors were excised. Lung tissues were
mechanically dissociated and incubated at 37°C for 30 minutes
with collagenase type II (8,480 U/mL, Worthington Biochemical),
elastase (7.5 mg/mL, Worthington Biochemical), soybean trypsin
inhibitor (2 mg/mL, Worthington Biochemical), and DNAse I (40
pg/mL, Sigma). Resulting single-cell suspensions were filtered
through 70-um cell strainers (BD Biosciences), subjected to red
blood cells lysis using hypotonic buffer (0.15 mmol/L NH,Cl, 10
mmol/L KHCOs3, 0.1 mmol/L Na,EDTA, pH 7.2), and filtered a
second time through 40-um cell strainers. Cells were stained for 1
hour at 4°C with the following panels of antibodies: macrophage
panel—CD11b-FITC (Clone M1/70, BD Biosciences), SiglecF-PE
(Clone E50-2440, BD Biosciences), Ly6G-PE-Cy7 (Clone 1A8,
BD Biosciences), F4/80-APC (Clone CIL:A3-1, AbDSerotec),
CD11c-APC-Cy7 (Clone HL3, BD Biosciences). T-cell intracellular
staining panel—IA/IE-PE/Dazzle 594 (Clone M5/114.15.2),
CD4-eF450 (Clone RM4-5, eBioscience), CD45-AF700 (Clone
30-F11 eBioscience), and CD8-APCe780 (Clone 53-6.7,
eBioscience). Brefeldin A solution (Biolegend), monensin solu-
tion (Biolegend), and cell stimulation cocktail (eBioscience) were
used at the manufacturer-recommended concentrations for 5
hours at 37°C before the cells were stained with the intracellular
T-cell panel [(IFNY-AF488 (Clone XMG1.2, eBioscience), IL10-PE
(Clone JESS-16E3, eBioscience), TNFo-PerCP-Cy5.5 (Clone MP6-
TX22, eBioscience), IL17a-PE-Cy7 (Clone eBio17B7, eBioscience),
and FOXp3-eF660 (Clone FJK-16s, eBioscience)]. T-cell PD-1/
CD44/CD69 Staining Panel: CD44-FITC (Clone IM7, eBioscience),
PD1-PE (Clone J43, eBioscience), CD45-PE-CF594 (Clone 30-F11,
eBioscience), TCRB-PE-Cy5 (Clone H57-597, eBioscience), CD69-
PE/Cy7 (Clone H1.2F3, eBioscience), FoxP3-APC (Clone FJK-16S,
eBioscience), CD8-AF700 (Clone 53-6.7, eBioscience), CD4-APC/
Cy7 (Clone GK1.5, eBioscience), and MHCII-eFluor450 (Clone
M5/114.15.2, eBioscience). Cells were analyzed at the University of
Colorado Cancer Center Flow Cytometry Core using Gallios (Beck-
man Coulter). The gating strategy involved excluding debris and cell
doublets by light scatter, and dead cells by Viability eFluor506
(L34966, Invitrogen). Data were analyzed using Kaluza Software
(Beckman Coulter).

Analysis of C3aR expression

Cells were lifted from flasks by incubating in Accutase (Inno-
vative Cell Technologies, #AT104) for 5 minutes at 37°C followed
by gentle agitation and brief centrifugation. Cells were resus-
pended in primary antibody and incubated for 1 hour on ice.
Cells were washed, centrifuged, and if applicable, were incubated
in secondary antibody for 1 hour on ice. Following centrifugation,
cells were resuspended in DPBS supplemented with 1% heat-
inactivated, sterile-filtered FBS and analyzed using a FACSCalibur
flow cytometer (BD Biosciences). All antibodies were diluted in
DPBS supplemented with 2 mmol/L CaCl, and 1.5 mmol/L
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MgCl, and included the following: C3aR mouse mAb, clone 14D4
(Hycult, #HM1123, 1:50 dilution), purified monoclonal rat
IgG2a, clone 54447.11 (R&D Biosystems, #MAB006, 1:100 dilu-
tion), Cy5 goat anti-rat IgG H+L (Jackson ImmunoResearch,
#112-175-143, 1:200 dilution), FITC goat IgG to mouse Com-
plement C3 (MP Biomedicals, #55500, 1:50 dilution), and FITC
whole molecule goat IgG (Jackson ImmunoResearch, #005-090-
003, 1:100 dilution). Gating strategy was based on cell viability,
which was determined with an Annexin V-propidium iodide kit
(BD Pharmingen, #556547). Data were analyzed with FlowJo
software (FlowJo, LLC).

Analysis of complement activation in human lung tumors

A tissue microarray containing sections of 55 human lung
adenocarcinomas was obtained from the Lung SPORE Tissue
Bank at the University of Colorado Cancer Center. Prior to
immunofluorescent staining, human tissue arrays underwent a
standard deparaffinization/rehydration protocol followed by
heat-induced antigen retrieval. Tissues were blocked for 1 hour
at room temperature with sterile-filtered DPBS supplemented
with 1% BSA and 2% FBS, followed by primary antibody incu-
bation overnight at 4°C. Antibodies used to stain tissues include a
DyLight 550-conjugated mAb that only recognizes complement
fragments C3d and iC3b (mAb 3d29, 18 pg/mL diluted in 1%
BSA/2% FBS in DPBS; ref. 15) and DyLight 650 goat anti-human
IgM, p-chain specific (Abcam, #ab96990, diluted to 10 pg/mL in
1% BSA/2% FBS in DPBS). Tissues were incubated in DAPI (Sigma
Aldrich, #D9542, diluted 1:6,000 in DPBS) for 5 minutes at room
temperature, followed by 3 washes in cold DPBS (10 minutes
each). Tissues were viewed using the Vectra 3.0 Quantitative
Pathology Imaging System (Perkin Elmer). C3d and IgM positiv-
ity was determined in a blinded fashion by examination of tissue
punches following background subtraction in each individual
channel. Tissue punches were considered positive when signal
could be observed in >5% of the total punch. Each adenocarci-
noma was represented by 3 randomly placed punches, and was
considered positive when signal could be detected in all repre-
sented punches.

Recovery of lung cancer cells from tumor-bearing GFP-
expressing transgenic mice and transcriptome profiling by RNA
sequencing

Lung tumors were implanted in GFP-expressing transgenic
mice as described above. Three weeks after CMT167 tumor
implantation or two weeks after LLC tumor implantation, the
pulmonary circulation was perfused with heparinized PBS and
tumor-bearing left lungs were isolated. Tissues from four mice
were pooled, mechanically dissociated, incubated at 37°C for
45 minutes with Collagenase A (1 mg/mL, Roche) and DNAse I
(40 pg/mL, Sigma), and processed using a GentleMACS Dis-
sociator (Miltenyi Biotec). Red blood cell lysis was performed
for three minutes at room temperature in RBC lysis buffer
[0.15 mol/L NH4CI, 0.1 mmol/L KHCO;, 0.1 mmol/L
Na,EDTA (pH 7.2)]. Cell sorting was performed at the Uni-
versity of Colorado Cancer Center Flow Cytometry Shared
Resource using an XDP-100 cell sorter (Beckman Coulter).
The sorting strategy excluded debris and cell doublets by light
scatter and dead cells by DAPI. Lung cancer cells were recov-
ered from tumor-bearing GFP-expressing transgenic mice by
sorting for GFP-negative cells. Total RNA was isolated using an
RNeasy Plus kit (Qiagen).
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RNA quality and quantity were analyzed using an Agilent 2100
electrophoresis bioanalyzer. RNA sequencing (RNA-seq) library
preparation and sequencing were conducted at the University of
Colorado Cancer Center Genomics and Microarray Shared
Resource. RNA libraries were constructed using an Illumina
TruSEQ stranded mRNA Sample Prep Kit (catalog no. RS-122-
2101). Total RNA was combined with RNA purification beads to
bind PolyA RNA to oligodT magnetic beads. mRNA was eluted
and converted to double stranded DNA. A-tailing, adapter liga-
tion, and PCR amplification using 15 cycles was performed to
complete the library construction. Libraries were quantitated via
Qubit, analyzed on a Bioanalyzer Tape Station, and diluted to
appropriate concentration to run on an Illumina HiSEQ 2500
High Throughput Flow Cell. RNA-seq reads were obtained using
Illumina Hi-seq analysis Pipeline. Reads quality was checked
using FastQC (http://www.bioinformatics.bbsrc.ac.uk/projects/
fastqc). The median number of reads per condition was 24
million. Reads were then processed and aligned to the UCSC
Mus musculus reference genome (build mm10) using TopHat v2
(16). The prebuilt Mus musculus UCSC mm10 index was down-
loaded from the TopHat homepage and used as the reference
genome. The default parameters for TopHat were used. The
aligned read files were processed by Cufflinks v2.0.2 (17). Reads
were assembled into transcripts and their abundance was esti-
mated. Cufflinks uses the normalized RNA-Seq fragment counts
to measure the relative abundances of transcripts. The unit of
measurement is Fragments Per Kilobase of exon per Million
fragments mapped (FPKM). Confidence intervals for FPKM esti-
mates were calculated using a Bayesian inference method (17).

Stimulation of cells in vitro with IFNy

Cell lines were incubated with recombinant murine IFNy
(Sigma, 100 ng/mL) for 48 hours prior to assessments. Total RNA
was isolated as described previously and the expression of target
genes measured by qRT-PCR.

Statistical analyses

Data are represented as mean £ SEM. Student ¢ test analysis or
one-way ANOVA with Tukey post test was used to evaluate the
difference between group(s). P < 0.05 was considered significant.

Results

Complement activation occurs in the presence of orthotopic
tumors

We sought to determine whether systemic complement acti-
vation occurred in the setting of lung tumors in our orthotopic
model. We initially used the CMT167 cell line, which is a KRAS-
mutant lung cancer cell line derived from a spontaneous lung
adenocarcinoma in a C57BL/6 mouse (18). Cells were stably
transfected with luciferase to allow bioluminescence imaging.
Following orthotopic injection of luciferase-expressing CMT167
cells (CMT-luc) into the left lung of C57BL/6 wild-type mice,
levels of C3a were measured in plasma at 4 weeks. As shown
in Fig. 1A, CMT-luc tumor-bearing wild-type (WT) mice had
elevated levels of C3a compared with naive WT controls. To
determine whether these levels represented production by tumor
cells or by the host, identical cells were implanted into the lungs of
C3-deficient (C37/7) mice. Levels of C3a were at the limit of
detection in naive C3~/~ mice, and there was no increase in the
setting of CMT-luc tumors. These data indicate that the presence of
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Figure 1.

Inhibition of CMT-luc tumor growth in C3~/~ mice. Age-matched WT and C3~/~ mice were injected with CMT-luc tumors, and the primary tumors, organs,
and whole blood were collected at the terminal sacrifice 28 days postinjection. A, ELISA specific for murine C3a was used to measure C3a in the plasma
samples collected from naive or tumor-bearing WT and €37/~ mice (naive WT, n = 3; WT+CMT-luc, n = 5; naive CE’/’, n=4 CZ’/’+CMT—Iuc, n=29).B,
Immunofluorescence costaining for C3 (green) and IgM (red) or C3 (green) and C4 (red) in the primary tumor specimens from WT mice were evaluated by
confocal microscopy. C, Primary tumor volumes 10 or 28 days after CMT-luc implantation in WT or C3~/~ mice are shown (day 10: WT, n = 6 and C3 /=, n = 6;
day 28: WT, n = 10 and C37/~, n = 9). D, Number of metastases to the secondary pulmonary space was counted from ex vivo images that captured the
luciferase activities of CMT-luc metastases (WT, n =11, C37/~, n = 9). E, Flank tumor volumes 28 days after CMT-luc implantation in WT or C37~ are shown (WT,
n=31day28,C37/",n=12).Fand G, WT mice were administered with C3a receptor antagonist (C3aRA; SB290157; F) or PMX-53 (C5a receptor antagonist, C5aRA),
starting a day prior to tumor implantation into WT mice (G). Primary tumor volumes 28 days after tumor implantation in the treated groups and vehicle or
control peptide group are shown (F, n = 4 and G, n = 10 each group). *, P < 0.05. Error bars, mean + SEM.

tumors in the lung is sufficient to activate C3 systemically in the
host animal.

To establish whether the complement activation occurs locally
at the site of the tumor, sections of CMT-luc tumors were stained
with antibodies against components of complement activation,
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C3b and C4, as well as against IgM. Binding of circulating IgM to
target antigens initiates the classical pathway of complement
activation (5). By immunofluorescence, we observed colocaliza-
tion of C3b and IgM, as well as colocalization of C3b and C4 in
CMT-luc tumors (Fig. 1B). Taken together, our data show that

Cancer Res; 78(1) January 1, 2018

Downloaded from cancerres.aacrjournals.org on January 25, 2018. © 2018 American Association for Cancer Research.

147


http://cancerres.aacrjournals.org/

148

Published OnlineFirst November 8, 2017; DOI: 10.1158/0008-5472.CAN-17-0240

Kwak et al.

lung cancer cells elicit local complement activation, and this is
likely mediated through the classical pathway.

Inhibition of tumor growth in C3~/~ mice

To assess the functional role of C3 in the TME, we compared the
progression of CMT-luc tumors in WT and C37/~ mice in our
orthotopic model. At 10 days after tumor implantation, we
observed no significant difference in primary tumor size (Fig.
1C). However, at 4 weeks, we saw a dramatic difference in primary
tumor size in C3~/~ mice (Fig. 1C), with average tumor volume of
45.11 mm? in WT mice, versus 0.6667 mm? in C37/~. This was
associated with a complete inhibition of secondary tumor metas-
tases in the other lobes of the lung (Fig. 1D). As a second model,
cancer cells were implanted subcutaneously into the flanks of
C37/~ or WT mice; we observed a similar inhibition of tumor
growth (Fig. 1E). To further examine the pathway of complement
activation, we compared tumor growth in mice deficient in factor
B (fB~/7), a protein necessary for activation of the alternative
pathway of complement (7, 19). We observed no significant
difference in primary CMT-luc tumor size or pulmonary metas-
tases in fB~/~ mice compared with the WT controls (Supplemen-
tary Fig. S1A and S1B), consistent with our staining for IgM,
indicating that activation in the setting of tumors occurs via the
classical pathway.

The protumorigenic effects of complement can be mediated
through production of anaphylatoxins (C3a and C5a), which act
as proinflammatory mediators (9). To test the role of these
molecules in our model, we used either a C3a receptor antagonist
(C3aRA; SB290157) (20) or a C5a receptor antagonist, PMX-53
(C5aR; ref. 21). We observed a strong inhibition of CMT-luc
tumor growth in mice treated with either the C3aRA (Fig. 1F) or
the C5aR (Fig. 1G) compared with vehicle control at day 28,
similar to what we observed in C3™/~ mice.

Tumor growth inhibition in C3~/~ mice is mediated through
CD4" lymphocytes

We examined changes in inflammatory and immune popula-
tions in tumor-bearing WT and C3~/~ mice. As CMT-luc tumors
are virtually undetectable at 4 weeks in C3~/~ mice, we harvested
animals at 7-10 days, when tumors grown in WT or C3~/~ mice
were similar in size. T-cell populations were analyzed by flow
cytometry with the gating strategy and the isotype gating controls
shown in Supplementary Fig. S2A and S2B. We did not detect
significant changes in populations of resident alveolar macro-
phages (MacA; SigF"CD11c"), neutrophils (Ly5G"CD11b"), or
recruited monocytes (MacB; CD64M8"CD1 1c") at day 7 (Supple-
mentary Fig. S3A). However, we observed a trend toward higher
numbers of both CD4™" and CD8" T-cell populations in tumor-
bearing lungs of C3™/~ mice by flow cytometry (Fig. 2A). The
increase in tumor-infiltrating lymphocytes was confirmed by
immunostaining for CD3, CD4, and CD8 (Supplementary Fig.
S$3B). In addition, we observed higher percentages of IFNy/TNFo.
double-positive (Fig. 2B) and IFNy/TNFa/IL10 triple-positive,
polyfunctional CD4" and CD8" T cells in tumor-bearing C3~/~
mice compared with WT controls in all three independent experi-
ments using pools of 3 mice for each experiment (Fig. 2C).
Interestingly, abundance of CD4"/FOXP3™ regulatory T cells (Fig.
2D)and IL17a* T cells (Supplementary Fig. S3C) showed no trend.
IFNy, TNFa, or IL10 single-positive populations of CD4" and
CD8" T cells showed more modest changes (Supplementary
Fig. S3D-S3F). Examination of activated T cells, by examining
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CD44/CD69 double-positive cells, also indicated a trend toward
increased activation in C3~/~ mice compared with the control
(Supplementary Fig. S3G). Finally, the expression of PD1 on CD4
and CD8 T cells showed no consistent difference in either group
(Supplementary Fig. S3H).

Previous studies have demonstrated that complement inhibi-
tion blocks the growth of TC-1 cells implanted into the flank (8).
These investigators demonstrated that the antitumor effects of
complement inhibition were mediated through CD8* T cells. In
addition, complement acting in an autocrine fashion in CD8" T
cells has been recently shown to inhibit antitumor immunity
(22). We, therefore, tested the effects of immunodepletion of
specific T-cell populations on primary tumor growth in our model
using CMT-luc tumors. Administration of anti-CD8 or anti-CD4
effectively depleted the respective population, without affecting
the other population (Fig. 2E; Supplementary Table S1). Unex-
pectedly, depletion of CD8" T cells had a minimal effect on
increasing tumor size in C3~/~ mice (Fig. 2F). However, immu-
nodepletion of either CD4" T cells, or double depletion of both
CD8" and CD4 ™ T cells restored primary CMT-luc tumor size to
the level seen in WT mice. These data indicate that the effects of
complement depletion are mediated through a CD4 T-cell mech-
anism that is independent of CD8 T cells.

We sought to define the mechanism whereby CD4 cells are
inhibiting tumor progression in the setting of complement deple-
tion. We therefore examined gene expression changes in CMT167
cells recovered from in vivo tumors compared with cells grown in
vitro, by implanting tumor cells into GFP* transgenic mice,
recovering the GFP-negative populations and performing RNA-
seq analysis. Analysis of MHC genes and associated cofactors
demonstrated that in vivo, CMT167 cells upregulate MHC class II
genes H2-Aa and H2Ab1 and cofactors necessary for MHC class II
processing and presentation, such as H2-DM, CIITA, and Ii
(Supplementary Fig. S4A). This suggests that CD4" T cells may
directly interact with these cancer cells, independent of their role
as helper cells. To test this, we silenced expression of CIITA, which
is considered the master regulator of MHC class II in CMT167
cells. Knockdown was validated at both the RNA and protein level
(Supplementary Fig. S4B and S4C). To confirm the effects of
silencing CIITA, silenced cells and cells transfected with a non-
targeting control shRNA were stimulated with IFNy, and expres-
sion of MHC class Il was determined using flow cytometry. CIITA-
silenced cells showed a marked impairment in the ability of [FNy
to induce MHC class II (Supplementary Fig. S4D), consistent with
this protein being a critical transcription factor for induction of
MHC class II. To test the role of MHC class II on the response to
complement, cells silenced for CIITA and control cells were
implanted subcutaneously into either WT or C3~/~ mice. Non-
targeting control cells formed tumors in WT mice, but failed to
grow in C37/~ mice, similar to parental CMT167 cells. In contrast,
CMT167 cells silenced for CIITA formed similar sized tumors in
both WT and C3~/~ mice (Supplementary Fig. S4E). On the basis
of these data, we propose that the mechanism for CD4-mediated
inhibition of CMT167 tumors involves direct interactions
between MHC class II-expressing cancer cells and CD4 T cells.

Complement depletion inhibits tumor growth of multiple lung
cancer cell lines

We examined the effect of C3 depletion using two other murine
lung cancer cell lines. We first examined growth of EML4-ALK
cells. These cells were generated from mice in which tumor
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Figure 2.

Tumor growth inhibition in C3~/~
mice is mediated through CD4*
lymphocytes. CMT-luc cells were
injected into the lungs of WT or c3 /-
mice 10 days prior to flow cytometric
analysis of the immune populations
using the sequential flow cytometry
gating strategy shown in

% CD4* % CD8*

o

=

N W a0
o o

o

pac

-

DOI: 10.1158/0008-5472.CAN-17-0240

Complement Regulates Lung Cancer Progression via CD4 T Cells

% TNFa +IFNy +(Th1)

7

a e NN
© »w o u o wu

%’

% Gatod (CD4%or CD8Y)

o o

Supplementary Fig. S2C. A=D, Three
individual experiments using separate
isolations of T cells from three WT or
€3/~ mice are shown. A, The
percentages of CD4" or CD8™ cells are
shown within the tumor-bearing lungs
of WT and C3~/~ mice. B, CD4" and
CD8™ populations were analyzed for
their ability to make TNFa and IFNy
after in vitro stimulation. C, The TNFo.™
and IFNy™ CD4" or CD8" cells were
gated for their ability to produce IL10.
D, The percentages of CD4" FOXP3™

% Gatod (CD45*MHCII®) >

WT C3*+~ WT

(@)

% TNFo +IFNy +IL10+

Z

[
o

>
o

[
o

Z

C3+

% Gated (TNFa + IFNy+)

(Tregs) are shown in both groups. E,
Representative flow cytometric plots
of depletion efficacy measured with
CD8 antibody clone (H35.17) and CD4
antibody (RM4-5) are shown (n = 2).
The percentages of depleted T cells are
shown in Supplementary Table S1. F,
The effects of in vivo depletion of CD4~
and CD8™ specific T cells on the
primary CMT-luc volumes are shown
(WT+IgG, n = 16; WT+aCD4,n = 5;

o

WT__C3+*
CD4*

WT__C3*
cpsg*

m

1gG2A/28

Yo s 1y

acb4

RS

wT

"

WT C3+
CD8+

WT C3+
CD4+

% CD4+FOXP3+

e ———
—

% Gated (CD45*MHCII) o
o - N w » wn

C3+*

-

acD8

100,
801 ] *

A4
v

WT+0aCD8, n = 7, WT+aCD4+aCDS8,
n =5 C3/ +lgG, n = 14 C37/~
+0CD4, n =5, C37/ 4 aCD8, n = 5;
€37/~ 4+0CD4+0CD8, n = 9). The
depletion antibodies were
administered starting a week before

c3-/-

601 : =
-
&

401,
“a
IgG +

o 3
jreyr
k)

{ nr
4«

CD8+

]
-
+

Primary tumor volume (mm?3)

the tumor implantation, and CMT-luc
tumors were harvested 3 weeks after
implantation. *, P < 0.05. Error bars,
mean + SEM.

initiation occurred by administration of a CRISPR construct (gift
of Dr. Andrea Ventura, Memorial Sloan Kettering Cancer Center,
New York, NY; ref. 14). We validated that these cells expressed the
fusion kinase and were sensitive to growth inhibition by crizo-
tinib and TAE684 (Supplementary Fig. S5A and S5B). EA2 cells
were orthotopically implanted into the lungs of WT or C37/~
mice; primary tumor growth for EA2 cells was strongly inhibited
in C37/~ mice 3 weeks after implantation, similar to what we
observed with CMT-luc tumors with average tumor volume of
8.070 mm® in WT mice, versus 0.2067 mm? in c3 /- (P = 0.0065;
Supplementary Fig. S5C).

We also examined luciferase-expressing Lewis Lung Carcinoma
cells (LLC-luc), which also express oncogenic KRAS, similar to
CMT-luc (23). LLC cells have a G12C mutation, whereas CMT-luc
havea G12V mutation. LLC tumor-bearing lungs showed a similar
degree of systemic complement activation and C3/C4/IgM depo-
sition as CMT-luc tumors (Fig. 3A and B). However, while growth
of primary LLC-luc tumors was significantly inhibited in C37/~
mice (average tumor volume of 482.5 mm? in WT mice vs. 289.8
mm?>in C3~/~ mice, P=0.0081; Fig. 3C), the degree of inhibition
was less than seen with CMT-luc tumors. In addition, there was no
effect on formation of secondary pulmonary tumors or liver
metastases (Fig. 3D and E). LLC-luc tumor growth was unaffected
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aCD4 + + + +
aCD8 + + + +

WT c3-

in fB~/~ mice (Supplementary Fig. S6A and SGB). Treatment of
tumor-bearing mice with the C3aRA significantly decreased the
primary tumor size by approximately 50% (Fig. 3F), and treat-
ment with the C5aR inhibitor showed a trend toward smaller
tumor size that did not reach significance (Fig. 3G).

Previous studies using implantation of ovarian cancer cells
demonstrated that these cells expressed C3 protein, which made
them insensitive to growth inhibition in C3~/~ mice (24). We
compared expression of C3 in LLC-luc and CMT-luc cells.
Analysis of whole-cell lysates showed that LLC-luc, but not
CMT-luc, express C3/C3b and its degradation products iC3b
and C3dg (Supplementary Fig. S7A). The role of cancer-derived
C3 was assessed by silencing C3 expression in LLC-luc using two
lentiviral shRNA constructs targeting C3 (Fig. 4A). Although the
two C3 shRNAs decreased expression of C3, there was no effect
on proliferation in vitro (Fig. 4B). However, analysis of anchor-
age-independent growth showed that both C3-silenced LLC-luc
cell lines formed smaller and fewer colonies compared with
LLC-luc transfected with a control shRNA (Fig. 4C and D). Next,
we examined tumor growth of LLC-luc cells silenced for C3 in
vivo. The intermediate knockdown (KD#1) showed no differ-
ence in primary tumor size or metastases when implanted into
WT mice compared with control cells (Fig. 4E-G). However,
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Figure 3.

Inhibition of LLC-luc tumor growth in C3/~ mice. Age and gender-matched WT and C3~/~ mice were injected with LLC-luc tumors, and primary tumors,

organs, and whole blood were collected at the terminal sacrifice 21 days postinjection. A, ELISA specific for murine C3a was used to measure C3a in the plasma
samples collected from naive or LLC-luc tumor-bearing WT and €3/~ mice (naive WT, n = 3; WT+LLC-luc, n = 21; naive CZ’/’, n=4 C37/7+LLC—Iuc, n=4).
Same data from naive WT and C3~/~ mice are used in this graph. B, Immunofluorescence costaining for C3 (green) and IgM (red) or C3 (green) and C4 (red)

in tumor specimens induced by LLC-luc from €37/~ was evaluated by confocal

microscopy. C, Primary tumor volumes 21 days after LLC-luc implantation

in WT or C37/~ mice are shown (WT, n = 18; C3/~, n = 11). D and E, Number of metastases to the secondary pulmonary space and liver was counted
from ex vivo images that captured the luciferase activities of LLC-luc metastases (pulmonary metastasis: WT, n =18; C3/~, n = 11 and liver metastasis: WT, n = 14;

€37/, n=9). Fand G, WT mice were administered with C3a receptor antagon

ist (C3aRA; SB290157; F) or PMX-53 (C5a receptor antagonist, C5aRA; G),

starting a day prior to tumor implantation into WT mice. Primary tumor volumes 21 days after tumor implantation in both treated groups and vehicle or
control peptide group are shown (F, n = 5 and G, n = 5 each group). *, P < 0.05. Error bars, mean + SEM.

there was a greater decrease in both primary tumor and
metastases in C3~/~ mice. The stronger knockdown of C3
(KD#2) formed smaller primary tumors in WT mice with few
detectable pulmonary or liver metastases compared with con-
trol cells. In C37/~ mice, both primary tumor growth and
metastasis were almost completely inhibited. These observa-
tions indicate cooperation between C3 production by the
cancer cells and the host.
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We also examined expression of the C3aR in CMT-luc and
LLC-luc cells. By flow cytometry, we detected expression of
C3aR on the surface of LLC-luc cells, but not CMT-luc cells
(Supplementary Fig. S7B). We silenced the expression of C3aR
in LLC-luc cells using two independent shRNA constructs and
validated knockdown by flow cytometry (Fig. 5A). Similar
to what we observed with C3 knockdown, silencing C3aR in
LLC-luc cells did not affect cell proliferation, but inhibited
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anchorage-independent growth (Fig. 5B-D). We implanted the
two C3aR knockdown cell lines into WT and C37/~ mice.
Although statistically not significant, silencing C3aR expression
in LLC-luc led to a trend in smaller primary tumors in WT mice.
In C37/~ mice, there was a further inhibition of tumor size (Fig.
5E), similar to what we observed with C3-silenced LLC-luc cells.
Interestingly, C3aR silenced cells formed fewer pulmonary
metastases than control cells; however, this was similar in WT
and C37/~ mice (Fig. 5F). The number of liver metastases
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detected was not affected by silencing C3aR, and was similar
in WI'and C37/~ mice (Fig. 5G). While the effects on metastasis
are not dramatic, our observations confirm that C3a/C3aR
signaling is important in the progression of lung cancer.

Colocalization of C3d and IgM in human lung tumors

To determine whether complement activation occurs in
human lung tumors, we immunostained a tissue microarray
containing 55 human lung adenocarcinomas with antibodies
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Figure 5.

Silencing C3a receptor expression in
LLC-luc cells inhibits the primary tumor
growth, but not metastasis in vivo. A,
Flow cytometric analysis of cell surface
C3a receptor expression on the two
C3a receptor knockdown and control
LLC-luc cell lines [isotype in light gray
(median = 9.10); LLC-luc shRNA
control on gray (median = 19.8); LLC-
luc C3aR KD#1 in dark gray with small
dotted line (median = 9.87); LLC-luc
C3aR KD#2 in dark gray with big
dotted line (median = 10.5)]. B, Fold
changes in vitro proliferation of two
C3aR knockdown LLC-luc cell lines are
shown. € and D, Numbers and sizes
of C3aR KD LLC-luc colonies are shown
in the anchorage-independent assay.
E-G, The primary tumor volumes (E)
and number of pulmonary (F) and liver
(G) metastases induced by the two
C3aR KD LLC-luc cell lines and the
control shRNA cell lines are shown. The
animals were sacrificed 21 days after
the tumor implantation. (WT+C3aR
KD#1,n =5; C3~/~+C3aRKD#1,n = 5;
WT+C3aR KD#2, n = 5; C37/~+C3aR
KD#2, n =4). *, P < 0.05 Error bars,
mean + SEM.

against C3d and IgM. We observed positive staining for both
IgM and C3d in 24 of 55 tumors (43.64%; Fig. 6A). Two
examples of tumors positive for both IgM and C3d are shown
in Fig. 6B. For these tumors, the colocalization of IgM and C3d
suggests that complement activation is mediated via the clas-
sical pathway, similar to what we observed in our mouse
tumors. In addition, staining of C3d without detectable IgM
staining was observed in an addition 13 tumors. Figure 6C

Cancer Res; 78(1) January 1, 2018

shows an example of tumors positive for only IgM (top) or only
C3d (bottom).

Discussion

While earlier work suggested that activation of complement
would lead to inhibition of tumor growth through direct killing of
cancer cells, recent studies have indicated that activation of
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Figure 6.

Immunostaining of human lung tumors. Tissue microarrays
containing human lung adenocarcinomas were obtained from the
Tissue Bank of the SPORE in Lung Cancer at the University of
Colorado and stained for C3d (yellow), IgM (red), and DAPI
(blue). A, C3d and IgM positivity was determined in a blinded
fashion by examination of tissue punches following background
subtraction in each individual channel. Tissue punches were
considered positive when signal could be observed in >5% of the
total punch. Each adenocarcinoma was represented by three
randomly placed punches and was considered positive when
signal could be detected in all represented punches. The
histogram shows the frequency and number that were

scored double positive (C3d"/IgM™, yellow), single positive
(C3d*/IgM~ in green or C3d/IgM™ in red) or negative both
markers (C3d~/IgM~, gray) out of total of 55 patient samples.
B, Two representative staining of C3d*/IgM™ are shown in x4.
Areas of IgM and C3d codeposition within the adenocarcinomas
are shown in x20 (arrows). C, Representative staining

of C3d~/IgM* is shown in the top panels and C3d*/IgM™ in the
bottom panels. Scale bars, 200 um.
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complement promotes cancer and that complement inhibitors
may represent a novel therapeutic strategy for multiple malig-
nancies (8, 25-28). In this study, we examined the effects of
complement using an orthotopic, immunocompetent model of
lung cancer progression. This model recapitulates many of the
critical features of human lung cancer; specifically tumors origi-
nate in the appropriate microenvironment, and metastasize to
distinct organs, including the other lung lobes and liver. Our data
support a model in which the presence of a lung tumor results in
systemic activation of complement in the host, which is reflected
in elevated levels of C3a in the plasma, and deposition of C3 on
the surface of cancer cells in the tumor. This appears to be
mediated by the classical pathway of complement activation, as
we detect IgM, C3b, and C4 colocalizing on cancer cells, and
tumor growth is not altered in factor B knockout mice. Impor-
tantly, primary tumor growth and distant organ metastasis of
three independent lung cancer cell lines were inhibited in C3~/~
mice, similar to what has been observed in earlier studies in which
tumors were grown subcutaneously (29).

Our data support a role for C3a as a major mediator of tumor
progression. A C3aR receptor inhibitor blocked growth of both
CMT-luc and LLC-luc tumors. The efficacy of this agent was
similar to the effect of global C3 deletion. On the basis of the
fact that CMT-luc cells do not express C3 or C3aR, we con-
cluded that C3 does not have cell-autonomous effects on CMT-
luc cells, and that the tumor-inhibitory effects are mediated
exclusively through the TME. In contrast, we propose that
growth of LLC-luc tumors is mediated, in part, through an
autocrine growth loop involving C3 and C3aR. Silencing of
either C3 or C3aR expression on these cells inhibited trans-
formed growth in vitro and sensitized tumors to the effects of
complement deficiency in the microenvironment. The pub-
lished studies using ID8-VEGF ovarian cancer cells also sug-
gested autocrine signaling through C3/C3aR (24). On the basis
of the fact that in vivo growth of ID8-VEGF cells was not altered
in C37/~ mice, we speculate that LLC-luc cells represent an
intermediate state between CMT-luc cells that are wholly
dependent on C3 signaling in the TME and ID8-VEGF cells
that are independent of C3 proteins made by the host. How-
ever, blocking C3aR signaling in LLC-luc, which presumably
inhibits both the autocrine loop and effects of C3a on the TME,
only partially inhibited tumor growth of LLC-luc tumors. A
near-complete inhibition was only observed when cells
silenced for C3 were implanted into C3~/~ mice. We propose
additional downstream pathways mediated by C3 and its
activation products contribute to tumor growth of LLC-luc
tumors, such as the production of C5a and signaling through
C5a receptors in TME.

We observed increases in T-cell populations in CMT-luc
tumor-bearing lungs of C3~/~ mice. In particular, polyfunc-
tional activated populations of both CD8" and CD4" T cells
expressing multiple cytokines were increased in CMT-luc
tumor-bearing C3~/~ mice. Using immunodepleting antibo-
dies, we demonstrated a critical role for CD4" T cells in
mediating the effects of complement inhibition. However, in
contrast to earlier studies (8, 22, 28), depleting CD8" T cells
had a minimal effect on tumors grown in C3~/~ mice, suggest-
ing that the effects of CD4™ cells are independent of their role as
helper cells facilitating CD8 T-cell function. Several publica-
tions have implicated the role of CD4™" T cells in complement-
mediated cancer inhibition. Nabizadeh and colleagues showed
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that C3-C3aR signaling modulates the antitumor functions of
neutrophils and CD4" T cells in B16-FO melanomas (30). C3aR
signaling was also shown to negatively regulate induction of
Tregs (31). On the basis of this study, we would expect loss of
C3R signaling would increase the abundance of Treg, and
promote tumor progression. In fact we have not observed any
changes in Treg populations in our model. A recent study
indicated that production of IL10 by T cells is controlled
through production of C3 and signaling through C3aR or C5aR
in an autocrine fashion, and represents a novel immune check-
point (22). This is consistent with our observation of increased
IL10™ T cells in tumor-bearing C3~/~ mice.

It has also been reported that human CD4 ™" T cells express and
activate C3 via cathepsin, leading to regulation of IFNy secretion
(32). We have used RNA-seq to profile cancer cells recovered from
in vivo tumors compared with cancer cells grown in vitro to identify
pathways that are altered in the setting on in vivo tumors. Inter-
estingly, we detected an IFN-stimulated gene signature and induc-
tion of MHC class 1II in vivo for CMT-luc cells, but this was not
observed in LLC-luc cells. This suggests that CMT-luc cells may be
able to present self-antigen(s) through MHC Class Il and promote
direct interactions with CD4* T cells, whereas LLC-luc cells would
likely not have this type of interaction. Consistent with this
model, CMT167 cells silenced for CIITA, showed a blunted
induction of MHC class II, and were able to form tumors in
C3-deficient mice. We propose that in the context of CIITA
silencing, diminished ability to present self-antigen(s) to CD4
T cells directly, confers an escape from CD4 T-cell-mediated
growth inhibition. There is clear precedent for antitumor effects
of CD4 T cells through the production of both IFNy and TNFa
(33). While these data implicate CD4 T cells as a potential direct
mediator of antitumor function, restrained by C3, these studies
cannot rule out a role for CD4 T cells in also promoting antitumor
antibody responses. Further studies using models with a defined
antigen will be required to discriminate between these mechan-
isms of action.

Finally, we have observed the markers of classical comple-
ment activation in a subset of human lung tumor samples,
similar to what we have observed in our mouse model. Further
analysis will be required on a larger set of human tumors to
identify biomarkers for complement activation. These studies
will be critical for patient selection for potential clinical trials
using complement inhibitors. In summary, our data indicate
that growth of lung tumors in an orthotopic model reproducing
the appropriate microenvironment leads to activation of the
classical complement pathway, which is critical for tumor
progression. Our data firmly suggest that C3 signaling directly
or indirectly inhibits the production of multiple cytokine by
CD4" T cells independent of FOXP3" Tregs, and that CD4"
T cells may be a critical component of the response to com-
plement inhibitors. The role of increased systemic levels of
anaphylatoxins, specifically C3a and C5a, on the infiltration of
T cells into the tumor suggests that targeting this pathway may
represent a novel therapeutic approach to be used in combi-
nation with immune checkpoint inhibitors.
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