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ABSTRACT

Current immunotherapies for lung cancer are only effective in a subset of patients. Identifying tumor-
derived factors that facilitate immunosuppression offers the opportunity to develop novel strategies to
supplement and improve current therapeutics. We sought to determine whether expression of driver
oncogenes in lung cancer cells affects cytokine secretion, alters the local immune environment, and
influences lung tumor progression. We demonstrate that oncogenic EGFR and KRAS mutations, which are
early events in lung tumourigenesis, can drive cytokine and chemokine production by cancer cells. One of
the most prominent changes was in CCL5, which was rapidly induced by KRAS®'?" or EGFR"8>%" expres-
sion, through MAPK activation. Immunocompetent mice implanted with syngeneic KRAS-mutant lung
cancer cells deficient in CCL5 have decreased regulatory T cells (T 4s), evidence of T cell exhaustion, and
reduced lung tumor burden, indicating tumor-cell CCL5 production contributes to an immune suppres-
sive environment in the lungs. Furthermore, high CCL5 expression correlates with poor prognosis,
immunosuppressive regulatory T cells, and alteration to CD8 effector function in lung adenocarcinoma
patients. Our data support targeting CCL5 or CCL5 receptors on immune suppressive cells to prevent
formation of an immune suppressive tumor microenvironment that promotes lung cancer progression
and immunotherapy insensitivity.
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Introduction myeloid-derived suppressor cells (MDSCs), and regulatory

Lung cancer remains the leading cause of cancer-associated
mortality despite advancements in targeted therapies. Immune
checkpoint inhibitors (ICIs) targeting PD-1/PD-L1 have recently
been approved for non-small cell lung cancer (NSCLC)
treatment."> However, only 23-28% of PD-L1" NSCLC patients
demonstrate durable responses, with tumor-intrinsic and micro-
environmental factors that limit overall response remaining
poorly understood.” As the main mediators of anti-tumor
immunity, the presence of cytotoxic CD8" T cell tumor-
infiltrating lymphocytes (TIL), are associated with favorable
responses to ICI,” while ICI responses may be adversely affected
by the presence of immune suppressive cells in the tumor.’
Cytokines are key mediators of immune effector and immune
suppressor cell recruitment and activation, and cytokines can be
produced by a variety of different cell types. Solid tumors can
develop an immune suppressive microenvironment through
recruitment and polarization of suppressive tumor associated
macrophages (M2-TAMs), tumor associated neutrophils,

T cells (Tregs).‘*’6 However, the tumor cell-intrinsic signaling
mechanisms that stimulate the development of immune sup-
pressive microenvironments that facilitate tumor initiation and
progression are not fully understood. Oncogenic signaling is
typically thought to drive tumor progression by modifying
tumor cell phenotype, such as increasing proliferation, motility,
and invasion.” However, there is evidence that activating muta-
tions in EGFR or KRAS, which are frequent in lung adenocarci-
noma (LUAD), may also enable cancer cells to alter PD-LI
expression and cytokine production in the tumor microenviron-
ment to promote tumourigenesis.* '° The interplay between
cancer cell signaling and immune cell infiltrate is an important,
yet poorly understood area of cancer biology with potential
relevance for patient prognosis."' Understanding oncogene-
driven factors involved in recruitment of immune suppressive
cells to the tumor microenvironment may identify novel and
combination therapies to benefit patients who do not respond to
current ICIs.
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We investigated whether oncogenic signaling induces
chemokine production by tumor cells that may recruit
immune suppressive cells and create a pro-tumourigenic
lung environment. Constitutive signaling by oncogenic
EGFR or KRAS induced production of the cytokine CCLS5.
Reducing CCL5 production by lung tumor cells led to
a decrease in tumor burden in immune competent mice
that was associated with decreased T, and M2-like
macrophages, and increased expression of checkpoint
receptors on CD8" T cells within the lungs. Furthermore,
we found that T, are significantly enriched in human
LUAD tumors and that high CCL5 expression correlated
with T, abundance and poor patient survival. Taken
together, our findings indicate an additional key tumor
extrinsic role for oncogenic signaling in immune cell
recruitment and promotion of tumor development. This
suggests that targeted inhibition of CCL5 activity may be
a viable therapeutic strategy to block the pulmonary
recruitment of immune suppressive cells in lung cancer
patients.

Results
Oncogene expression drives CCL5 production

To assess whether activation of oncogenic signaling induces
cytokine production during malignant transformation, we
generated an in vitro model of oncogene-driven transforma-
tion. We used non-transformed NIH/3T3 mouse embryonic
fibroblasts infected with lentiviral constructs expressing dox-
ycycline (DOX)-inducible wild-type EGFR (TetO-EGFRW"),
or oncogenic EGFR or KRAS mutant alleles found in lung
cancer (TetO-EGER™*®® or TetO-KRASC™?Y). Cells expres-
sing mutant oncogenes exhibited a transformed phenotype
over time as previously described.'>'> Transgene expression
following DOX administration was validated (Figure 1(a)),
and expression of constitutively active mutant EGFR"***" or
KRAS'?V in these cells corresponded with increased phos-
phorylation of both AKT and ERK, which was not seen in
cells expressing EGFR™" (in the absence of EGFR ligand). To
determine whether cytokine or chemokine production
increases as a result of oncogene induction and subsequent
transformation, we quantified secretion of cytokines and che-
mokines using a multiplex assay (LUMINEX). Production of
three chemokines (CCL5, CCL3 and CCL4) and one cytokine
(IL-5) increased after oncogene induction in both EGFRM>8R
and KRAS®'?Y expressing cells in comparison to EGFR""
expressing cells (Figure 1(b-c), Supplemental Figure S1(a-d)).
CCL5 demonstrated the most prominent temporal increase in
the context of oncogene activation compared to EGFRW"
(Figure 1(c)) and was subsequently validated by ELISA
(Figure 1(d)). The addition of exogenous EGF to NIH/3T3
cells over-expressing EGFR"" activated downstream signal-
ing as indicated by increased AKT and ERK phosphorylation
(Figure 1(e)) and subsequent cellular transformation.'?
EGFR"" induction and stimulation with EGF also induced
secretion of CCL5 (Figure 1(f)), demonstrating proto-
oncogene activation was sufficient to substantially increase
CCL5 production.

Oncogenic MAPK/ERK signaling regulates CCL5 secretion
in KRAS mutant lung cancer cells

We next assessed human lung cancer cells to confirm that
oncogene signaling regulates CCL5 production in the trans-
formed state. From gene expression microarray data for a panel
of KRAS and EGFR mutant lung adenocarcinoma cell lines, we
identified NCI-H23 KRAS®'*“ as having high levels of CCL5
expression (Supplemental Figure S2). Using ELISAs, we con-
firmed that CCL5 was secreted at high levels by NCI-H23 cells
in comparison to a cell line with low CCL5 mRNA expression,
NCI-H2030 (Figure 2(a)). We used the MEK inhibitor
Trametinib (TRAM) to inhibit the RAS/RAF/MAPK signaling
pathway downstream of KRAS, which reduced the level of
phospho-ERK and phospho-AKT (Figure 2(b)) and decreased
CCL5 production by NCI-H23 cells in a dose-dependent man-
ner (Figure 2(c)). We were next interested in whether KRAS
regulates CCL5 in murine Lewis lung carcinoma (LLC) cells
that also harbor a Kras®'*“ mutation."* We found that tran-
sient knockdown of Kras with siRNA decreased phospho-ERK
(Figure 2(d)) and decreased production of CCL5 (Figure 2(e)).
Together, these findings support that oncogenic signaling
through MAPK/ERK regulates CCL5 expression in human
and murine lung cancer cells.

Reduction of CCL5 in lung cancer cells inhibits tumor
development in an immune dependent manner

To evaluate the role of tumor-derived CCL5 on lung tumor
growth and the immune microenvironment in vivo, we used
CRISPR-Cas9 guides to facilitate Ccl5 deletion in LLC cells,
which we termed sgCCLS5, and confirmed reduced CCL5 secre-
tion by ELISA (Figure 3(a), Supplemental Figure S3a). LLC
cells are syngeneic to the C57BL/6 mouse strain, providing an
immune competent model with which to study the effects of
tumor-derived CCL5 on immune cell recruitment to the lung
and tumor microenvironment. Ccl5 deletion did not influence
the proliferation of LLC cells in vitro (Figure 3(b)) or the
development of lung tumors in immune deficient NRG mice
(Figure 3(c)). However, immune competent C57BL/6 mice
injected intravenously with sgCCL5 cells had a significantly
lower tumor burden in the lungs than those injected with
control guide transduced LLC cells (sgCNTRL, see supplemen-
tal methods) (Figure 3(d), Supplemental Figures S3b, and FS4-
5). Taken together, these data indicate that tumor cell-derived
CCL5 promotes LLC tumor growth in an immune response-
dependent manner.

Reduction of tumor-derived CCL5 prevents the formation
of an immune suppressive microenvironment

CCL5 can be chemotactic for several different immune cell
types.">'® We used flow cytometry to quantify innate and adap-
tive immune cell populations in the lungs of C57BL/6 mice
influenced by LLC tumors and by the reduction of tumor-
derived CCL5. Firstly, the lungs of mice bearing sgCntrl LLC
tumors had increased monocyte-derived macrophages (MO)
relative to the lungs of tumor-free mice, and these tumor-
associated macrophages were trending toward a decrease in the
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Figure 1. Oncogene signaling regulates cytokine production in premalignant cells. 373 cells were transduced with lentiviral constructs to express doxycyline (DOX) inducible
wild-type EGFR, EGFR"***” or KRAS®"?". (a) Induced expression of oncogenic EGFR'3*®% and KRAS®'?" corresponded with increased phosphorylation of AKT and
ERK, which was not seen with induced expression of EGFRV'. (b) Luminex assays were used to assess cytokines and chemokines produced after induction of
EGFR"T, EGFR™®°%%, and KRAS®'?". Data normalized to protein content of lysate (pg/mg) are visualized with a heatmap displaying levels of secreted protein for
each cell line with increasing time post DOX treatment. Row Z-scores were calculated across all rows to show change in analyte and plotted, shown in color
legend (row min-max). Value in picogram (pg) per milligram (mg) shown by circles small (0) to large (1000). (c) The analytes increased in both oncogene
expressing cell lines are shown (see Supplemental Methods). (d) Secretion of CCL5 increased with 5 days of DOX treatment in 3T3 expressing KRAS®'? and
EGFR"®%8% as quantified by ELISA with DOX treatment day 0 (no treatment) and day 5. Induced expression of EGFR"" with the addition of 30 ng/mL EGF led to
increased phosphorylation of AKT and ERK (e) and increased secretion of CCL5 (f). ELISA data show n = 3, with bars representing mean + SEM, significance

was determined by a Student’s T-test or an ANOVA with a post-hoc Dunnett’s test. *P < .05, **P < 0.01, ***P < 0.001, ****P < 0.0001.

lungs of mice injected with sgCCL5 LLC cells (Figure 4(a)).
There was no change in the frequency of natural killer cells
(NK), alveolar macrophages, dendritic cells (DC), eosinophils
(Eo), or myeloid-derived suppressor cells/neutrophils (MDSC/
Neu) between lungs injected with LLC-sgCCL5 and LLC-sgCntrl
cells (Figure 4(b-c), Supplemental Figure S6a-c). We quantified
the expression of phenotypic markers for classically activated
(M1) or alternatively activated immunosuppressive (M2) macro-
phages. While the frequency of macrophages was unchanged
when compared to sgCNTRL, mice injected with LLC-sgCCL5
had, increased frequency of MHCII" macrophages and fewer
M2-like macrophages (CD206"MHCII™) than mice injected
with LLC-sgCntrl cells (Figure 4(d-f)). There was no alteration
to M1-like macrophages (CD206 MHCII") (Figure 4(g)).

Lungs of mice injected with sgCtrl LLC tumor cells exhib-
ited decreased CD19 + B cells and CD4+ helper T cells, no
change in CD8 + T cells, and increased immune suppressive
Tegs compared to lungs from naive tumor-free mice (Figure 5
(a-d), Supplemental Figure 7). Injection of sgCCL5 tumor cells
resulted in increased frequency of B cells, trend toward an
increase in CD8" T cells, no change in CD4" cells and
decreased T compared to mice with sgCntrl tumors
(Figure 5(a-d)).

We further characterized the pulmonary CD4" and CD8"
T cell effector and memory populations. Mice with sgCtrl LLC
tumors had decreased naive CD4" and CD8 + T cells (naive T;
Figure 5(e,h)), increased central memory-like CD4 + T cells
(Tcms Figure 5(f)), and increased effector, memory—like”’18
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Figure 2. Production of CCL5 is regulated by oncogenic signaling in KRAS mutant LUAD cells. (a) Expression level of secreted CCL5 in human lung adenocarcinoma cell lines H23 and
H2030 as determined by ELISA. (b) Treatment of H23 cells with a MEK inhibitor (Trametinib) for 24 hours decreased phosphorylation of ERK and AKT relative to DMSO
(0.1%) or untreated controls. (c) Trametinib treatment caused a dose dependent decrease in secreted CCL5 in H23 cells. Knockdown of KRAS with siRNA in LLC cells
decreased ERK activation (d) and decreased production of secreted CCL5 (e). CCL5 production was quantified by ELISA. Data show n = 3, bars represent mean + SEM,
analyzed using an ANOVA with a post-hoc Dunnett’s test. *P < .05, **P < 0.01, ***P < 0.001, ****P < 0.0001.

CD4" and CD8 + T cells (Tgy; Figure 5(g-j)) in the lungs. CCL5
knockout partially rescued the tumor-induced changes in
CD4 + T cell populations (Figure 5(e-g)), although naive
CD8 + T cells remained lower, central memory CD8 + T cells
increased, and effector memory CD8+ were not significantly
affected by loss of CCL5 in the LLC tumor cells (Figure 5(h-j)).
Interestingly, while PD-1" EOMES™ TBET*™ CD8" Tgy, cells
indicative of T cell dysfunction or exhaustion were present in the
lungs of mice with sgCtrl tumors, exhausted T cells were sig-
nificantly less abundant in mice injected with sgCCL5 tumor
cells (Figure 5(k), Supplemental Figure 8).'” Together, our
in vivo data suggest CCL5 secreted by LLC tumor cells creates
a pro-tumourigenic, immune suppressed lung environment that
includes M2-like macrophages, T, and exhausted CDS8"* Teum

cells. CCL5 knockout in LLC tumor cells reduces the formation
of this immune suppressed lung environment, leading to
reduced tumor growth in immune competent mice.

High CCL5 expression correlates with poor survival and
suppression of effector inmune response in lung cancer
patients

We next assessed the clinical impact of CCL5 expression on
recruitment of immune cells during LUAD development. To
do this, we investigated the composition of tumor-infiltrating
immune cells in LUAD patients using clinical gene expression
data and determined cell types enriched in tumor bearing
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Figure 3. Cd5 deletion in lung cancer cells reduces tumor burden. LLC cells were infected with lentiviral particles containing CRISPR/cas9 guide targeting Ccl5 (sgCCL5) or
a scramble sequence (sgCNTRL). (a) CCL5 production was quantified by ELISA. Data show n = 3, significance by students t-test, bars indicate mean + SEM. (b) Cc/5
deletion did not alter the in vitro growth rate of LLC cells determined by real-time cell confluence tracking by Incucyte as % confluency over time. (c) Day 14 after
immune deficient NRG mice injected i.v. with Ccl5 deletion cells did not display a significant difference in lung tumor burden. Data show n = 8-9, bars indicate mean +
SEM. (d) Day 19 after immune competent C57BL/6 mice injected i.v. with Ccl5 deletion cells had reduced tumor burden in the lungs. Data show n = 8, bars indicate mean
+ SEM. Tumor burden was quantified as the fraction of tumor area/total lung area from 5 step sections 150 um apart. Scale bars represent 2000-5000 pm. Significance
from Graphpad Prism was determined using an ANOVA with a post-hoc Tukey's test. If data did not have normal distribution a Kruskal-Wallis test was performed.

*P <.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.

regions of the lung compared to matched adjacent normal lung
tissue to identify immune cells most likely influenced by tumor
cell-derived factors. We utilized two independent LUAD data-
sets for this purpose, one previously generated in-house
(BCCRC) and one from The Cancer Genome Atlas (TCGA)
(Supplemental Table 1). We identified hematopoietic cell types
within LUAD tumors at varying abundance by CIBERSORT
analysis®® and found a clear distinction in the immune cell
repertoire of tumors compared to normal lung (Figure 6(a),
Supplemental Figure S9 A-B).

Consistent differences in several immune cell types were
noted across tumor and normal lung regions in both datasets.
We observed increased abundance of T4, macrophages (M0),
T, M1 macrophages, and plasma cells in tumor regions of the

lung (Figure 6(a)).”! Tregs were the only immune cell type that
was present in tumors and not detectable in adjacent normal
tissues in both datasets, with the largest tumor/normal relative
cell abundance (Figure 6(a-b), Supplemental Figure S9A). The
relative T, abundance derived from CIBERSORT was validated
by FOXP3 IHC staining on a subset of BCCRC tumors
(Supplemental Figure SI0A-B), which showed a significant cor-
relation between values from the two methods (one-way Pearson
correlation coefficient test, r = 0.4586, *p = .0321). The abun-
dance of Tregs assessed by CIBERSORT or by IHC in tumor
tissues was elevated in early stage (I/II) patients and was con-
sistent across early stage and late stage (III/IV) patients, suggest-
ing Treg recruitment occurs early during lung tumourigenesis
(Figure 6(c), Supplemental Figure S10 C-D). FOXP3 expression
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Figure 4. Tumor derived (CL5 alters innate immune suppressive cells. Innate immune cell populations within the lungs of C57BL/6 mice injected i.v. with Cc/5 deletion LLC cells,
LLC scramble control cells, and tumor naive mice were quantified by flow cytometry on day 19 post injection (see supplemental methods for more details). There was
a trend toward a reduction in frequency of SiglecF"CD11b*F4/80" macrophages (MO,total) (a) of mice injected with Cc/5 deletion cells (sgCCL5) compared to the
scramble controls (sgCNTRL). Additionally, there was reduced frequency of NKp46* (NK) cells in the sgCNTRL and increased (DC) cells in both sgCNTRL and sgCCL5
compared to naive mice (b-c). Representative flow gates for staining of MHC-Il and CD206 out of MO populations shown (d). The frequency of MHCII* MO was increased,
and CD206+ MHCII™ MO decreased in the sgCCL5 when compared to sgCNTRL (e-f). MO that were CD206- MHCII* were increased in both sgCNTRL and sgCCL5 when
compared to naive (g). Data shown n = 8-12, bars indicate mean * SEM, analyzed using an ANOVA with a post-hoc Tukey’s test. If data did not have normal distribution
a Kruskal-Wallis test was performed. *P < .05, ** P < 0.01, *** P < 0.001, **** P < 0.0001.

correlated with Treg abundance prediction by CIBERSORT, and
we also found that FOXP3 expression correlated with CCL5 in
LUAD tumors (Supplemental Figure SIOE-G). Overall, there
was a strong correlation between CCL5 and CCR5 expression
in LUAD samples, supporting the functional link between CCL5
and CCR5 in immune cell recruitment (Supplemental
Figure S10 H). Finally, we found CCL5 expression was higher
in patients with a gene expression signature score that corre-
sponds to high RAS-MAPK-ERK activity (Figure 6(d),
Supplemental Figure S11A), which is predicted for tumors with
activating mutations in EGFR, KRAS and other genes that drive
signaling through this pathway (see supplemental methods).
To assess whether CCL5 expression in patients is asso-
ciated with signatures of immune suppressive cells and
exhausted T cells as observed in our mouse model, we

stratified the TCGA LUAD tumor samples by CCL5 tran-
script levels into low- (n 127) and high- (n 127)
expressing groups and determined immune cell content
using CIBERSORT. We then used CIBERSORTX,
a program that infers gene expression profiles of immune
cell subsets identified by CIBERSORT, to determine gene
expression differences between immune cell subsets in low
vs high CCL5 expressing patients. Consistent with findings
in our mouse models, Tregs, CD8 + T cells, and memory
activated CD4" T cells were significantly increased in
TCGA LUAD patients with high CCL5 expression
(Supplemental Figure S12A-D). The macrophage popula-
tions did not align with the mouse data as subset fre-
quency of M1 were significantly increased, and M2
decreased in the CCL5 high patients (Supplemental
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Figure 5. (CL5 deletion induces increased adaptive suppressor response and decreased (D8 T cell exhaustion. Adaptive immune cell populations were quantified from the tumor bearing
lungs of sgCCL5, sgCNTRL and tumor free naive. The sgCCL5 had higher CD19" B cells, CD3™ CD8™ T cells, and no change to CD3* CD4™ T cells when compared to
sgCNTRL (a-c). In the CD4™ T cell populations, sgCCL5 had decreased CD25* FOXP3" (Tieqs), decreased CD62L™ CD44" (Tgw), and increased CD62L" CD44™ (Thaive)
compared to sgCNTRL (d-g). The CD8" T cells in sgCCL5 had increased frequency of CD62L" CD44" (Tcy) and significantly decreased PD1™ EOMES™ TBET'® CD8* Tgy than
the sgCNTRL (h-k). Data shown n = 8-12, bars indicate mean + SEM, analyzed using an ANOVA with a post-hoc Tukey’s test. If data did not have normal distribution
a Kruskal-Wallis test was performed. *P < .05, ** P < 0.01, *** P < 0.001, **** P < 0.0001.

Figure S12E-F). Supporting the clinical relevance of CCL5
expression and T cell response, CCL5 was most strongly
correlated with CD8 + T cell abundance in LUAD patients
(r = 0.6068, Supplemental Table 3-4, Supplemental
Figure S12 G). While CD8 T cells are associated with an
anti-tumor immune response, CD8 T cells in CCL5 high
LUAD patients had increased expression of exhaustion-
linked transcription factors and inhibitory receptor genes
including EOMES, TBX21 (encoding Tbet), PDCDI
(encoding PD1), LAG3, BTLA, TIGIT, TOX, and CD244
(Figure 6(e)). There was an increase in CD8 T cell expres-
sion of cytokine and cytotoxic linked genes (IFNG, GZMA
and GZMB) in the CCL5 high LUAD patients
(Supplemental Figure S12 H). Furthermore, high CCL5
expression was strongly associated with poor survival in
lung cancer patients, more so than smoking status and
gender (figure 6(f), Supplemental Figure S13 A-B), high-
lighting the importance of CCL5 in promoting lung cancer

progression and the potential use of CCL5 expression for
LUAD prognosis. Our clinical data indicate that high
CCL5 expression in LUAD patient lung tumors is asso-
ciated with increased T, and CD8 checkpoint receptor
expression, which, when taken with our in vitro and
in vivo data, identify oncogene-induced expression of
CCL5 by lung tumor cells as an important contributor to
a pro-tumourigenic, immunosuppressive lung
microenvironment.

Discussion

Mutations in oncogenes are generally thought to drive tumour-
igenesis through cancer cell intrinsic mechanisms such as
increasing proliferation and suppressing apoptosis. We found
that oncogenic signaling can also impact tumourigenesis by
influencing the tumor immune microenvironment. Secretion
of the chemokine CCL5 was found to be driven by mutant
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Figure 6. High CCL5 transcriptomic expression in LUAD patients correlates with lower survival and suppression of effector response in tumors. (a) CIBERSORT analysis of BCCRC microarray
data from 83 patients showing matched tumor and normal biopsies and cell subsets organized by -high to -low fold change tumor/normal (T/N) in the heatmap. (b)
Frequency of Tyegs in TCGA and BCCRC samples are significantly increased in tumor compared to normal tissues. (c) CIBERSORT Treg relative cell subset frequency in
BCCRC LUAD samples plotted by stage of tumor development relative to matched normal lung tissue. (d) Violin plot showing CCL5 (RNAseq) expression separated by
median (low (n = 251) and high (n = 251)) value for RAS-MAPK-ERK signature score in TCGA LUAD (see supplemental methods). (e) Bar graph of exhaustion linked genes
in the CD8 T cells from CIBERSORTX for low (n = 127) and high (n = 127) tertiles of CCL5 expression in TCGA LUAD patients. (f) High expression of CCL5 (ID 1555759_a_at,
split by median) was associated with poor outcomes in LUAD patients using the online program KM plotter. CIBERSORT is plotted as a box plot with whiskers
representing min to max values. Significance for CIBERSORT, and RAS-MAPK-ERK signature score data by Mann-Whitney. Survival curves were compared using a log-
rank (Mantel-cox) statistical test, *P < .05, ** P < 0.01, *** P < 0.001, **** P < 0.0001.

EGFR and KRAS through increased MAPK/ERK signaling,
and tumor-derived CCL5 was important for optimal tumor
growth in immunocompetent mice in vivo. Ccl5 deletion in
an orthotopic mouse model of lung cancer led to decreased
pulmonary T, M2-like macrophages, and decreased pD-1M
EOMES" TBET%™ CD8" Ty cells compared to CCL5 produ-
cing lung tumors. In human LUAD patients, Ty were sig-
nificantly increased in tumors but not detectable in adjacent
normal lung tissues, and T, levels correlated with expression
of CCL5 and its receptor CCR5. High CCL5 expression in
LUAD was associated with an increase in T,eg, expression of
CD8 T cell exhaustion markers, and poor survival. Therefore,
we conclude that CCL5 produced by oncogene expressing lung

cancer cells contributes to the formation of an immune sup-
pressive, tumor-permissive environment within the lungs that
may be associated with worse therapeutic outcome.

The development of an immune suppressive microenvir-
onment is central to the ability of a tumor to avoid detec-
tion and elimination by the immune system. CCL5 has
previously been shown to be elevated in the bronchoalveo-
lar lavage (BAL) fluid of mice with oncogene-induced
tumors,® but the effect of CCL5 on oncogenic tumor for-
mation and the immune environment within the lungs was
not clear. We found that Ccl5 deletion by use of the
CRISPR-Cas9 system reduced tumor formation in the
lungs of immune competent mice, which was associated



with lower levels of immunosuppressive Tieq, M2-like
macrophages, and decreased exhaustion in CD8" Ty com-
pared to control tumors. While a tumor cell intrinsic role
for CCL5 in autocrine regulation of proliferation and inva-
sion in lung cancer cells has been reported by others,****
we did not see any effect of Ccl5 deletion on LLC growth
in vitro or on tumor formation in the lungs of immune
deficient mice. Our data therefore indicate a cell extrinsic
role for tumor-derived CCL5 that contributes to recruit-
ment of M2-like macrophages and immune suppressive
Tiegs to promote lung tumor growth and inhibit CD8"
Tgm cells. Importantly, CCL5 levels were also significantly
correlated with increased T,y and RAS-MAPK-ERK activ-
ity in human LUAD patient tumors as well as an exhausted
CD8 profile, indicating the clinical relevance of these
experimental findings. While the macrophage findings did
not align between mouse models and human tumor data,
we speculate that this disconnect could be from the ex-vivo
isolated and polarized macrophages wused in the
CIBERSORT M1/M2 signatures, which may not translate
to an in situ clinical setting.

We found that KRAS or EGFR-induced transformation
of NIH-3T3 cells, or EGF induced signaling in NIH-3T3
cells over-expressing EGFR"", significantly increased CCL5
production. In human lung cancer cells, we found that
CCLS5 secretion was reduced by blocking oncogenic signal-
ing through the MAPK/ERK pathway. CCL5 expression can
be regulated by the transcription factor AP-1, which is
regulated downstream of the KRAS/MAPK/ERK signaling
pathway.”>*® Zhu et al** reported an increase in CCL5
signaling during KRAS driven transformation mediated
through TBK1/IKKe, which is also activated by KRAS sig-
naling in LUAD.”” Not all lung cancer cell lines with
oncogenic KRAS and EGFR mutations expressed high levels
of CCL5, which may be due to the lack of selective pressure
to maintain CCL5 expression after prolonged culturing in
the absence of immune cells. Furthermore, cross talk with
other signaling pathways may play a role as CCL5 expres-
sion in lung cancer cells can also be regulated by the
signaling of growth factors and pro-inflammatory cytokines
(e.g. TNFa, IL-1B, IL-6) through NF-xB,*****° STAT3,*
and RUNX3.’' Multiple regulators of CCL5 under different
contexts present a clinical challenge to targeting CCL5
production through inhibition of oncogenic signaling.’?
Our results indicate that while oncogenic signaling is an
important driver of CCL5 production by lung cancer cells,
the importance and influence of CCL5 on the immune
microenvironment and tumor development may not be
limited to EGFR and KRAS driven lung cancer.

Tumor derived CCL5 may be acting directly upon Ty, or
indirectly through other immune or stromal cells. Elevated levels
of Tyegs have been reported in both oncogene (mutant EGFR and
KRAS)®** and carcinogen-induced (NNK, via KRAS
mutation)’* mouse models of lung cancer. Multiple chemokine
signaling axes have been shown to induce T, recruitment to
tumors>> and metastatic target organs.**® The CCL5/CCR5 axis
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was associated with the recruitment and immunosuppressive
function of T, in pancreatic cancer’”*® and colorectal
cancer.”” We found that CCL5 and CCR5 correlated with
FOXP3 expression and T, abundance in LUAD patients,
which was consistent with the role of CCL5 we observed in the
animal tumor model. Furthermore, depletion of Tregs is known
to decrease tumor burden,”** highlighting their importance in
lung tumor development. Previous research has shown that
LUAD are enriched for Treg;“‘42 and that T, are elevated in
the blood of NSCLC patients compared to healthy
controls.*1344 High levels of tumor infiltrating T, are com-
monly associated with poor patient outcomes.‘é"47 Using
CIBERSORT to assess Theq frequency in LUAD patient samples,
we observed a significant accumulation of Ti.g in tumors rela-
tive to matched normal lung tissue. We found T, were ele-
vated in early-stage disease and did not observe a significant
increase in T,eg With stage in our cohorts, in contrast to Erfani
et al*> who reported that Thegs increase with lung cancer stage.
Our findings indicate that T,., populations are recruited early in
LUAD development, and our pre-clinical data and clinical cor-
relates indicate T,., recruitment is at least partly driven by
CCLs.

CCL5 is an inflammatory chemokine that can recruit
a variety of immune cell types in response to injury and
infection including T cells (CD4", CD8"), monocytes, macro-
phages, eosinophils, and dendritic cells.*® Therefore, the effect
of CCL5 on the immune environment varies in different
cancer models and tissue types. We found mouse models
with tumor cell Ccl5 deletion had reduced populations of
PD-1" EOMES" TBET' CD8" Tgy cells when compared to
Ccl5 expressing LLC controls. CD8" cells can become dys-
functional or “exhausted” in lung tumors by prolonged anti-
gen exposure, interaction with suppressive immune cells or
suppressive cytokines, or direct engagement with checkpoint
ligands on tumor cells.*”** Decreased IL-7 signaling, high
expression of checkpoint receptor proteins (i.e. PD-1,
LAG3), and increased EOMES expression are markers of
exhaustion in T cells.'**>*"** Similarly, in LUAD we found
that high CCL5 expression was associated with increased
CD8" T cells with higher levels of exhaustion markers
(EOMES, PD-1, BTLA, CD244, LAG-3 and TIGIT) and high
expression of TBET, cytokines, and cytotoxic markers
(TBX21, IFNg, GZMA, and GZMB). The combination of
expression of these markers indicates CIBERSORTX detected
subsets of CD8 T cells (exhausted, activated, and memory)
that are increased in the CCL5 high LUAD patients. The data
indicates the signature of exhaustion from CD8 + T cells by
CIBERSORT occurs when patients have higher vs. lower
CCL5; therefore, we posit levels of CCL5 could be an indica-
tor of influx of immunosuppressive cells and exhaustion.
Previous studies indicated CCL5 produced in the TME
polarizes macrophages and MDSCs to an immunosuppressive
phenotype thereby inhibiting CD8 + T cells and leading to
exhaustion.”® Based off our mouse model data, we posit
increased CCL5 leads to recruitment of immunosuppressive
cells (i.e. Tregs, M2-Tumor associated macrophages, and
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more) that are known to induce exhaustion of CD8 + T cells.
Future experiments would involve depleting CCL5 expression
by tumor cells or myeloid populations to help determine if
CCL5 produced by lung tumor cells vs. other myeloid cells
contributes more significantly to exhaustion of CD8 + T cells.
Further analysis using CIBERSORTX incorporating a gene
signature matrix from isolated tumor infiltrating exhausted
CD8 T cells would enable better assessment of exhausted
CD8" T cells from LUAD patient tumors.

In early-stage LUAD, Moran et al.>*** reported that CCL5
expression was a predictor of survival associated with favorable
active lymphocytic response. Conversely in another study,
CCL5 and CCR5 were associated with invasion and increased
risk of mortality in LUAD patients, although it did not examine
the immune microenvironment.”> We found high CCL5
expression correlated with poor survival in LUAD patients, in
addition to higher levels of T,e5 and markers of T cell exhaus-
tion. Although CCL5 may be capable of recruiting anti-
tumourigenic immune cells in some contexts, our data high-
light a role for CCL5 in facilitating an immune suppressive
environment that facilitates CD8" T cell exhaustion, lung can-
cer development and progression.

Conclusion

Our findings indicate that oncogenic signaling regulates
CCL5 to promote lung tumor growth in vivo through the
formation of an immune suppressive lung environment.
Since oncogenic mutations are an early event in lung
tumourigenesis, oncogene-driven CCL5 production may
shape the immune microenvironment from an early stage
and drive alternate priming of an anti-tumor immune
response. However, additional study is necessary to under-
stand the different functional impacts of tumor cell-derived
CCL5 on immunosuppressive cells and antigen presenting
cells. Our data implicate tumor production of CCL5 as
a potential biomarker for an immunosuppressive microen-
vironment with CD8 + T cell exhaustion that may be
susceptible to checkpoint inhibitors or immunotherapies
targeting Treg function. Furthermore, neutralization of
tumor-derived CCL5 by monoclonal antibody or inhibition
of CCR5 by the CCRS5 inhibitor maraviroc may reduce
immunosuppression in the lung cancer microenvironment.
Overall, this work provides evidence that oncogenic signal-
ing directly influences the tumor immune environment to
promote cancer development, offering potential avenues for
diagnosis and therapy.
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Materials and Methods

Cell lines and reagents

A detailed description of the cell lines and reagents used as well as
LUMINEX, ELISA, Western blotting, and Incucyte methodologies can
be found in the Supplemental Methods.

Mice

C57BL/6 mice were obtained from Jackson Laboratories. NRG mice were
bred in-house at the BC Cancer Research Centre’s (BCCRC) Animal
Resource Centre. Mice were housed under specific pathogen-free condi-
tions at the BCCRC. All housing, care, and experimental conditions were
followed in accordance with the guidelines of the University of British
Columbia Animal Care Committee and the Canadian Council for Animal
Care. Detailed descriptions of methodologies for mouse i.v. injection of
tumour cells, flow cytometry, histology and tumour burden quantification
can be found in the Supplemental Methods.

Patient samples

Details of patient biopsy samples are summarized in Supplemental
Table 1. Samples from BC Cancer (BCCRC) were collected with written
patient consent, following protocols approved by BC Cancer and
University of British Columbia (H04-60060). These samples were profiled
as part of a collaboration with the Early Detection Research Network
(EDRN) and the Canary Foundation (55). The Cancer Genome Atlas
(TCGA) dataset of lung adenocarcinoma (LUAD) samples was collected
with informed patient consent through the National Cancer Institute
(NCI) and National Human Genome Research Institute (NHGRI) with
approval from the local Institutional Review Boards (IRBs). Normal lung
tissue samples are patient-matched and derived from adjacent non-
tumour tissue. Detailed descriptions for the array and RNAseq expression
analyses, CIBERSORT, CIBERSORTX, histology, heatmaps and survival
analyses can be found in the Supplemental Methods.

Statistics

For the comparison of immune cell populations by CIBERSORT
analysis, a Mann-Whitney statistical test was performed. A one-
tailed Pearson correlation coefficient (r) was used to assess the corre-
lation between immunohistochemistry (IHC) and CIBERSORT data
and RNAseq data. Survival curves were compared using a log-rank
(Mantel-cox) statistical test. Remaining data were analyzed using
a one-way ANOVA and correction for multiple comparisons was
made with a Tukey’s test to compare each value to a single control.
If data did not have normal distribution a Kruskal-Wallis test was
performed. Statistical significance is denoted as p < .05 designated by
(*), p < .01 as (**), p <.001 as (***), and p <.0001 as (****). Incucyte
cell proliferation analysis was performed using Microsoft Excel
(Microsoft). All other data were analyzed using GraphPad Prism soft-
ware (GraphPad Software, Inc). Unless otherwise stated, all graphs are
reported as mean * standard error of the mean (SEM).
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