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immunosuppressive features.

Introduction
The composition of the tumor microenvironment (TME) affects
treatment responses in cancer (1-3). Immunosuppressive TME
features, which act as a barrier to extensive CD8* T cell infiltra-
tion typically characterize immune cold tumors, which are asso-
ciated with poor prognosis (4-6). Indeed, low density of total T
lymphocytes (CD3*) at the center or invasive margins of tumors
is associated with reduced overall survival in colorectal cancer
(CRC) (5). Improving treatment responses for those patients
with poor tumor lymphocyte infiltration remains a challenge.
Approximately one-third of all CRCs arise in the rectum.
Locally advanced rectal cancers are typically treated with neo-
adjuvant chemoradiotherapy (nCRT) prior to surgery. Unfortu-
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An immunosuppressive microenvironment causes poor tumor T cell infiltration and is associated with reduced patient overall
survival in colorectal cancer. How to improve treatment responses in these tumors is still a challenge. Using an integrated
screening approach to identify cancer-specific vulnerabilities, we identified complement receptor C5aR1 as a druggable

target, which when inhibited improved radiotherapy, even in tumors displaying immunosuppressive features and poor CD8*

T cell infiltration. While C5aR1 is well-known for its role in the immune compartment, we found that C5aR1 is also robustly
expressed on malignant epithelial cells, highlighting potential tumor cell-specific functions. C5aR1 targeting resulted in
increased NF-kB-dependent apoptosis specifically in tumors and not normal tissues, indicating that, in malignant cells, C5aR1
primarily regulated cell fate. Collectively, these data revealed that increased complement gene expression is part of the stress
response mounted by irradiated tumors and that targeting C5aR1 could improve radiotherapy, even in tumors displaying

nately, despite nCRT leading to complete pathological response
in 15%-20% of these patients, 75%-80% will fail to achieve
complete responses (7, 8). There is therefore a need to further
improve responses in a significant portion of patients receiving
nCRT (9-11). Identifying targets that modulate radiosensitivity,
particularly in tumors displaying immunosuppressive features,
could improve treatment outcomes for the most resistant tumors.

High expression of complement system components is part of
the inflammatory environment of colon and rectal tumors display-
ing the worst survival outcomes (4, 12-14). The complement sys-
tem is an ancient component of innate immunity, and both canon-
ical and noncanonical functions are increasingly being recognized
as important for infection control, autoimmunity, and cancer
(15-19). In the context of cancer treatment, complement proteins
can be expressed and may function independently of their role in
the inflammatory environment; however, this remains to be fully
understood.

In this study, we found that, in murine models that recapitulate
an immunosuppressive TME, the complement system was the first
immune response pathway to be upregulated at early time points
following irradiation (RT). Importantly, an enrichment in comple-
ment signatures following CRT was also observed in longitudinal
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biopsies from patients with rectal adenocarcinoma. Through an
integrated screening approach, we identified complement recep-
tor C5aR1 as a druggable target, which inhibited radiation-in-
duced cell death/apoptosis through regulation of tumor cell fate.
Interestingly, these effects were not observed in untransformed
intestinal organoids or normal intestinal tissues in vivo. Conse-
quently, targeting C5aR1 with a clinical grade and orally active
C5aR1 antagonist, PMX205, resulted in improved tumor radia-
tion responses in vivo. Importantly, PMX205 improved response
in several murine models, including those displaying high radia-
tion-induced complement expression and immunosuppressive
features associated with CD8" T cell exclusion.

Results

Identification of radiation-responsive targets in immunosuppressive
tumors. When grown subcutaneously, tumor organoids original-
ly derived from villinCre®™; Apc%; Kras®'2>/+; Trp53%% Tgfor1/f
(AKPT) mice displayed TME features resembling those of CRC
samples from patients that typically have poor outcomes (Figure 1,
A-C). These features include stromal-rich regions with high num-
bers of fibroblasts and macrophages but relatively few CD8" T
cells (Figure 1, A-C). Interestingly, we found that although RT was
able to moderately enhance infiltration of Tregs, macrophages,
neutrophils, and CD4* and CD8" T cells into these tumors, such
infiltration was limited to stromal regions and did not increase
numbers of intraepithelial immune cells (Figure 1, A-C, and Sup-
plemental Figure 1, A-G; supplemental material available online
with this article; https://doi.org/10.1172/JCI168277DS1). To
identify radiation-responsive pathways in the immunosuppres-
sive microenvironment of these tumors, we performed RNA-Seq
analysis. Network analysis of differentially expressed pathways
following RT indicated that the complement cascade was sig-
nificantly upregulated and, in fact, was the top-ranked pathway,
annotated as an “immune system pathway,” in Reactome at ear-
ly time points after RT (Figure 1, D and E; Supplemental Figure
1H; and Supplemental Table 1). Examples of members across all
the main complement functional categories were induced follow-
ing RT, with most individual genes showing transient enhanced
expression (Supplemental Figure 1, I-M). Analysis of enriched
pathways in rectal adenocarcinoma biopsies taken at baseline, 2,
6, or 12 weeks during/following nCRT indicated that complement
system genes were also significantly upregulated (compared with
baseline, Figure 1F and Supplemental Figure 1N). As an example,
analysis of the top 50 enriched pathways at week 6 (compared
with baseline) indicated that the complement hallmark pathway
was ranked fourth. Overall, these data indicate that complement
gene expression was induced following RT in both a murine tumor
model of an immunosuppressive TME and in patients with rectal
cancer undergoing nCRT.

C5aRl1 is a radiation-responsive druggable target. To identi-
fy potential targets within the complement cascade that could
be therapeutically inhibited, we queried the CanSAR database
(https://cansar.ai/; ref. 20). A gene was only considered a hit if it
was “druggable” based on structural and ligand-based assessment
(Figure 2A and Supplemental Table 2, as shown in green). We also
interrogated the DepMap database (https://depmap.org/portal/)
(which combines data from CRISPR/Cas9 and RNAI screens in
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more than 700 cell lines) to identify cancer-derived complement
proteins that may have autocrine functions specifically affecting
cell fate under stress conditions. We reasoned that looking for
nonessential hits would allow the identification of genes providing
stress-specific dependencies and, therefore, potential therapeutic
targets less likely to mediate toxicity in normal tissues. Following
the combined CanSAR and DepMap analysis, we found 3 hits: C5,
C5ARI1, and C4BPA (Figure 2A and Supplemental Table 2). ATR
was included in the screen as a positive control for essential genes
because its deletion is lethal in several cell lines due to its role in
replication and the DNA damage response (21, 22). Interestingly,
CI1QBP, a complement gene that was recently shown to play a role
in the DNA damage response by modulating DNA resection, was
essential in a number of cell lines, further validating our screening
approach (23) (Figure 2A and Supplemental Table 2).

C5 encodes a complement component, which when cleaved
will form C5a. C5aR1 is the main signaling receptor for the C5a
ligand. C4BPA encodes the o chain of complement regulator C4BP
(24). There are currently no known pharmacological approaches
for targeting C4BPA. To further narrow down which hit would
be the best therapeutic target, we assessed the association of C5,
Cb5aR1, and C4BPA mRNA expression with prognostic outcomes
and found that only high C5aR1 mRNA expression was associat-
ed with significantly poor disease-free survival in CRC (Figure 2,
B-D). We confirmed that high C5aR1 mRNA expression was cor-
related with decreased overall survival in a further independent
data set (Supplemental Figure 2A).

In vivo we found that C5aR1 was robustly expressed in AKPT
tumors at baseline. A transient induction in C5aR1 expression
was also observed after RT (Figure 2E and Supplemental Figure 2,
B and C, for negative control C5aR1 staining). We next used mul-
tiplex staining and machine learning-based image analysis soft-
ware to investigate the cellular compartments expressing C5aR1
in greater detail (Figure 2, F and G). Interestingly, we found that
at baseline and earlier time points after RT, C5aR1 expression was
more prominent in the epithelium, while stromal C5aR1 expres-
sion appeared to increase at later time points after RT. Within the
immune populations, macrophages and neutrophils were associ-
ated with the greatest C5aR1 staining (especially at 3 and 7 days
after RT) (Figure 2G). The dominance of stromal C5aR1 expres-
sion at these later time points may reflect increased infiltration
of C5aRl1-expressing immune cells following RT, although this
remains to be formally assessed. AKPT tumors harbor stromal
infiltration features comparable to those of patients with tumors
that could be classified as consensus molecular subtype 4 (CMS4)
(4). We therefore asked whether C5aR1 expression might be dif-
ferentially expressed across subtypes (CMS1-CMS4). Analysis of
pretreatment rectal tumor biopsies identified that those classified
as CMS4 had the highest RNA levels of C5aR1 compared with the
other subtypes (Supplemental Figure 2D). Furthermore, in previ-
ously analyzed RNA-Seq of longitudinal biopsies from patients
with rectal adenocarcinoma, we noted that C5aR1 expression was
significantly increased following treatment (Supplemental Figure
2, E and F). Analysis of C5aR1 staining in these biopsies indicat-
ed that C5aR1 expression was higher in malignant, cancerous
tissue than in normal, reactive tissue (Figure 2, H and I; Supple-
mental Figure 2, G and H; and Supplemental Table 3). Within the
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Figure 1. Identification of radiation-responsive targets in immunosup-
pressive tumors. (A) Representative images of villinCre®™; Apc™/; Kras®?/+;
Trp53%" Tgfbr®® (AKPT) colorectal tumor organoids grown subcutaneously.
Multiplex staining of epithelial and stromal cells is shown in whole tumor
(left; scale bar: 1 mm) and zoomed in regions (scale bar: 1 mm, 500 pm, and
100 um [left to right]). (B) Representative images of AKPT colorectal tumor
organoids grown subcutaneously and treated with either 0 Gy (left) or 15
Gy (right) (scale bar: 100 pm). Multiplex staining of epithelial and immune
cells is shown. (C) Machine learning-based quantification of immune cell
infiltration in AKPT tumors following multiplex staining at different time
points following RT. n = 5 per group. (D) Ranked normalized enrichment
scores (NES) are shown below the network graphs for the significant
positively enriched pathways. The complement pathways appear among
the top most enriched pathways at each time point after 15 Gy radiation
treatment. The top enriched pathway for each plot is also shown for com-
parison. Ranks of pathways annotated as immune system pathways in
Reactome are denoted by the vertical lines in red. n = 5 (control, n = 9). (E)
Pairwise gene set enrichment analysis comparing irradiated AKPT tumors
at 4 hours, 24 hours, 3 days, or 7 days after 15 Gy compared with unirradi-
ated controls. P values, enrichment scores (ES), and NES scores are also
provided. Complement gene signatures (described in ref. 17) are shown. n
=5 (control, n = 9). (F) Pairwise gene set enrichment analysis comparing
baseline samples to samples collected 2 weeks, 6 weeks, or 12 weeks after
starting RT in longitudinal biopsies from patients with rectal adenocarci-
noma. P values, ES, and NES scores are also provided. Complement gene
signatures (described in ref. 17) are shown.

cancerous tissue, in 3 of 4 patients analyzed, C5aR1 staining
remained either high (with >90% of the epithelium staining for
C5aR1) or increased following RT (Figure 2, H and I). Hetero-
geneity in C5aR1 staining was observed with 1 patient showing
very high levels of C5aR1 at baseline (P2), 2 patients showing low
baseline staining (P3 and P6), and 1 showing intermediate levels
of staining (P15). In all patients C5aR1 staining was higher in the
epithelium compared with the stroma (Figure 2, H and I, and Sup-
plemental Figure 2, G and H).

To directly assess whether radiation could impact tumor cell-
intrinsic expression of C5aR1 or C5, we turned to an in vitro sys-
tem. Following RT of mouse and human CRC cells, we found a
modest but reproducible increase in C5aR1 (but not C5) across cell
lines (Figure 2, J-L, and Supplemental Figure 2, I-M). We also not-
ed that GFP-tagged C5aR1 mostly colocalized with phalloidin-la-
beled cytoskeletal actin filaments, indicating that C5aR1 is likely
present at the plasma membrane (Supplemental Figure 2N).

C5aRl1 regulates tumor cell survival under stress. PMX205 is a
selective inhibitor of C5aR1 currently undergoing clinical testing
for ALS;itis reportedly well-tolerated (25). We assessed the effects
of treating CRC cells with PMX205. As anticipated, given the fact
that C5aR1 is a GPCR, we found reduced ERK1/2 and RelA phos-
phorylation (as a readout for NF-kB signaling) in PMX205-treated
human and mouse cells (Figure 3A and Supplemental Figure 3A).
However, PMX205 had negligible effects on AKT phosphorylation
(at threonine 308) (Supplemental Figure 3, B and C).

Changes in MAPK signaling could impact cell cycle distri-
bution, which, in turn, could impact cellular radiosensitivity.
However, we did not note any significant differences in cell cycle
profiles or in cell proliferation in cells treated with or without
PMX205 with or without RT (Supplemental Figure 3, D-G). We
also did not note significant changes in YH2AX levels or 53BP1
foci between treatment groups, suggesting that DNA damage and
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repair are likely unaffected by PMX205 (Supplemental Figure 3, H
and I). Functional annotation analysis of differentially expressed
proteins following reverse-phase protein array (RPPA) analysis
indicated that the top differentially expressed pathways at the
protein level clustered around apoptosis/cell death with nega-
tive regulators of apoptosis being repressed following PMX205
treatment and positive regulators of apoptosis being upregulated
(Supplemental Figure 3] and Supplemental Tables 4 and 5). Pro-
tein phosphorylation and MAPK cascade were also differentially
expressed, consistent with reduced GPCR activity downstream
of C5aR1 inhibition and our Western blotting data (Figure 3A). In
line with the RPPA data, PMX205 treatment or C5aR1 depletion
resulted in increased apoptosis in tumor cells following RT as well
as 5-FU and Oxaliplatin treatment (Figure 3, B and C, and Supple-
mental Figure 3, K-P). Targeting C5aR1 did not result in increased
apoptosis in the absence of RT, in agreement with a stress-spe-
cific role in modulating cell death. Supporting this, in HCT116
xenografts, we observed increased apoptosis in PMX205- and
RT-treated tumors (Figure 3D).

To investigate whether apoptosis of PMX205-treated tumor
cells occurred downstream of attenuated GPCR-associated sig-
naling, we first depleted NF-kB inhibitor, IkBa, as a means of
interrogating the NF-kB dependence of the effects observed.
If PMX205-mediated apoptosis was occurring in an NF-kB-
dependent manner, IxkBa depletion would be expected to result
in decreased apoptosis in PMX205-treated cells. We indeed
observed that, following RT, IkBa depletion attenuated the apop-
totic response (Figure 3E and Supplemental Figure 3, Q and R).
IxkBa depletion did not have a dramatic effect on apoptosis levels in
the vehicle- and RT-treated cells. We hypothesize this is because
IkBa levels are reduced by DNA-damaging agents, and NF-«kB
signaling is already high in these cells. We also depleted RelA
and found that, while RelA depletion increased apoptosis levels
in RT- and vehicle-treated cells (as expected), there was no fur-
ther increase in apoptosis in RT- and PMX205-treated cells (pre-
sumably because these cells already have reduced “active” RelA)
(Supplemental Figure 3, S and T). Furthermore, interrogation
of The Cancer Genome Atlas (TCGA) patient data sets in which
high C5aR1 mRNA expression was associated with poor outcome
identified that C5aR1 expression was positively and significantly
correlated with prosurvival /antiapoptosis genes, including NF-«xB
target genes in the BCL2 family (Figure 3, F-J, and Supplemental
Table 6). We confirmed these associations in two further indepen-
dent patient data sets, including biopsies from patients with rectal
cancer collected prior to radiotherapy (Figure 3, G-J). Treatment
of CRC cells with PMX205 also resulted in reduced mRNA expres-
sion of BCL2 (Supplemental Figure 3U).

We nextassessed the effects of ERKinhibition on PMX205-in-
duced apoptosis by treating CRC cells with PMX205 and ERK
inhibitor selumetinib. As expected, PMX205 and selumetinib
alone resulted in enhanced apoptosis following RT, with PMX205
displaying the most significant effects (Supplemental Figure 3,
V and W). A moderate (yet not significant) increase in apoptosis
was also observed when both compounds were combined (Sup-
plemental Figure 3, V. and W). These data suggest that although
attenuated ERK may contribute to apoptosis following PMX205
treatment, it is unlikely to be a main driver of the apoptotic
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Figure 2. C5aR1 is a radiation-responsive druggable target. (A) Essential
genes are shown in red. Nonessential genes are shown in green. Yellow/
Orange indicates intermediate dependence or essentiality. For target trac-
tability, green corresponds with druggable structure = Yes and druggable
by ligand-based assessment = Yes. Red corresponds to druggable structure
= No and druggable by ligand-based assessment = No. (B) Kaplan-Meier
(KM) curve for disease-free survival (dfs) of TCGA patients with CRC with
high (red) or low (blue) C4BPA mRNA expression. For all KM curves, group
cutoff = median (http://gepia.cancer-pku.cn). (C) KM curve for dfs of TCGA
patients with CRC with high (red) or low (blue) C5 mRNA expression. (D)
KM curve for dfs of TCGA CRC with high (red) or low (blue) CSART mRNA
expression. (E) Quantification of C5aR1immunohistochemistry staining

in AKPT tumors. *P < 0.05, ordinary 1-way ANOVA, Dunnett’s multi-

ple comparisons. All other comparisons relative to untreated were not
significant. n = 5. (F) Representative images of multiplex and C5aR1IHC
staining in AKPT tumors (original magnification, x40) Scale bar: 500 pm.
(G) Proximity-based machine learning quantification of the percentage of
C5aR1 staining in the epithelium and stroma of AKPT tumors. *P < 0.05,
**P < 0.01, ****P < 0.0001, ordinary 1-way ANOVA with Tukey's multiple
comparisons. All other comparisons relative to untreated were not signif-
icant. n = 5. (H) Endoscopy images and representative examples of C5aR1
staining at baseline (W0) compared with W2 in longitudinal biopsies from
patients with rectal adenocarcinoma. W2, week 2 after treatment. Num-
bers refer to patient number, week after treatment, or TNM stage. Scale
bar: 100 mm. (I) H-Scores of C5aR1 staining in epithelial and stromal areas
of cancerous tissue from rectal adenocarcinoma longitudinal biopsies tak-
en at W0 compared with W2. (J) mRNA expression of C5AR1/housekeeping
in HCT116 cells treated with either 0 or 9 Gy. n = 3. **P < 0.01, 2-tailed t
test. (K) mRNA expression of C5/housekeeping in HCT116 cells treated as
in ). n = 3. Two-tailed t test. (L) C5aR1 median fluorescence intensity in
HCT116 cells treated with either 0 or 9 Gy. n = 3. *P < 0.05, 2-tailed t test.

effect observed. Together, these data suggest that C5aR1 medi-
ates tumor cell prosurvival signaling, with NF-kB acting as a
key regulator of this response. In support of this conclusion,
increased cell death following PMX205 treatment occurs down-
stream of attenuated NF-«B signaling.

C5aRl1 deficiency does not result in increased apoptosis in healthy
intestinal epithelium. To assess whether the cell-intrinsic effects of
complement were specific to malignant cells, we first considered
if organoids derived from different genotypes expressed comple-
ment genes when grown in vitro (and therefore in the absence
of systemic complement or TME-derived complement). Inter-
estingly, following RNA-Seq, we found that complement genes
were significantly differentially expressed in both AKPT tumor
organoids as well as organoids derived from villinCre®®; Kras®'2>/*;
Trp53%% Rosa26Mied/+ (KPN) mice (compared with untransformed
WT organoids). Over 74% of the complement genes queried were
expressed at significantly higher levels in the AKPT organoids
compared with the WT organoids (including C5aR1), suggesting
that increased cell-intrinsic complement expression is a malig-
nant cell-associated phenomenon (Figure 4, A and B).

To investigate whether targeting C5aR1 might alter prosurviv-
al signaling in healthy tissues, we assessed RelA and ERK phos-
phorylation in untransformed intestinal organoids. We noted
that, while ERK phosphorylation was reduced following PMX205
treatment, RelA phosphorylation was not affected (Supplemental
Figure 4A). We also performed RNA-Seq in intestinal untrans-
formed organoids treated with or without PMX205 and with or
without RT. Following gene ontology analysis, as expected, genes
within the GPCR activity pathway were among those differentially
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expressed (downregulated) in untransformed organoids treat-
ed with PMX205 (Supplemental Figure 4, B and C). In line with
the lack of RelA phosphorylation changes observed by Western
blotting, we noted that transcriptional NF-kB target genes were
not differentially expressed in PMX205- and RT-treated versus
RT-treated organoids (Supplemental Figure 4D). Similarly, in vivo,
small intestines did not show significant transcriptional changes
in antiapoptotic target genes in the BCL2 family with deletion of
C5aRl1 (following RT) (Figure 4C). These data suggest that chang-
es in NF-«B antiapoptotic signaling downstream of C5aR1 do not
occur in the untransformed intestinal epithelium. In line with
these signaling changes, we did not observe an increase in apopto-
sis in small intestines following PMX205 treatment or C5aR1 loss
(Figure 4, D-F). In fact, small intestinal crypts in vivo had signifi-
cantly reduced apoptosis following PMX205 treatment or C5aR1
loss following total abdominal RT (Figure 4, D-F). Together, these
data indicate that C5aR1 attenuates stress-induced apoptosis in
malignant but not nontransformed epithelial cells.

C5aRl1inhibition improves tumor radiation response. To assess
whether targeting C5aR1 could improve radiation responses in
vivo, we treated MC38 subcutaneous tumors with PMX205 and
no RT, fractionated RT (3 x 4.45 Gy), or single-dose RT (9 Gy)
(Figure 5A and Supplemental Figure 5A). PMX205 treatment
in the absence of RT did not have significant effects on tumor
response (Figure 5B and Supplemental Figure 5B). PMX205
treatment also had no negative effects on mouse weight (Sup-
plemental Figure 5A). However, following treatment with
either single-dose or equivalent fractionation regimens (equiv-
alent assuming an a/f ratio of 5.06) (26) PMX205 treatment
significantly improved radiation response (Figure 5, C and D,
and Supplemental Figure 5, C and D).

Targeting C5aR1 does not increase the percentage of CD8" T cells in
the tumor following RT. Targeting C5aR1 as a means of reinvigorat-
ing antitumor CD8" T cell responses has undergone clinical testing
(27). Because we had observed stromal C5aR1 expression in irradi-
ated tumors, we next investigated immune infiltration changes in
tumor draining lymph nodes and tumors following PMX205 and
RT (Figure 6A). Interestingly, no significant changes in CD3, CD4,
NK, or B cells were found in the tumor draining lymph nodes across
treatment groups (Figure 6, B-E, and Supplemental Figure 6A).
Mice treated with PMX205 alone, however, displayed a higher per-
centage of CD8" T cells compared with those treated with PMX205
and RT (Figure 6F). Mice treated with PMX205 alone also had a
reduced percentage of Tregs compared with vehicle-treated mice
(Figure 6G). However, these changes did not correlate with altered
functionality/effector functions of CD8" T cells, which showed
comparable expression of IFN-y, GrzB, and TNF-o across all treat-
ment groups (Figure 6, H-L). In the tumor, we found that, although
RT, as expected, significantly increased levels of CD3* and CD8* T
cells, treatment with PMX205 did not further increase the percent-
age of these cells (Figure 6, M and N, and Supplemental Figure 6B).
In fact, the percentage of CD8" T cells was significantly reduced in
tumors after PMX205 and RT treatment when compared with RT
vehicle-treated mice (Figure 6N). This was surprising, given the
improved tumor regression previously observed in these models
(Figure 5D). Nosignificant changesin NK cells or either monocytic or
granulocytic myeloid derived suppressor cells were observed across

J Clin Invest. 2023;133(23):e168277 https://doi.org/10.1172/)CI168277


https://doi.org/10.1172/JCI168277
https://www.jci.org/articles/view/168277#sd
https://www.jci.org/articles/view/168277#sd
https://www.jci.org/articles/view/168277#sd
https://www.jci.org/articles/view/168277#sd
https://www.jci.org/articles/view/168277#sd
https://www.jci.org/articles/view/168277#sd
https://www.jci.org/articles/view/168277#sd
https://www.jci.org/articles/view/168277#sd
https://www.jci.org/articles/view/168277#sd
https://www.jci.org/articles/view/168277#sd
https://www.jci.org/articles/view/168277#sd
http://gepia.cancer-pku.cn

The Journal of Clinical Investigation

A
-+ PMX205
~ «| pERK
ws e | pRelA
[ W= Total RelA
-E Tubulin
C
P=0.0473
*
[0)
o 2.5 .
G 20
2 —
S 15 °®
8
T 1.0{ o=o=0 —
= -
805 °
Ke)
® 0.0
& - + - +  PMX205
0 Gy 9 Gy
F G
N
s % 10
s &2 8
J £ 8 <8 8
oL ¢ zZ=
R £z
cN 6
BAD ! 20
(723
BAK1 kkk  kkk gi 4
BAX o8 8@ 2
BCL2 : . @
porar @ ® @ e g o
BCcL2L1 ., =
BcL2L2 .
BIRC5 04
CASP1
CASP10 o2
CASP2 |
CASP3 *kk dkk *kk
CASP4 *kk * kK 0 z
CASP6 § 12
CASP7 6 8 1
CASP8 2 40
CASP9 |l g
DIABLO . e 04 g o
MCL1 2 8
TNFRSF10A s s 7
TNFRSF10B . : ?
TNFRSF10c ™, & & g 6
TNFRSF10D 0.8 g5
TNFSF10  * < 4
C5AR1 [ X X ) y x 3

RESEARCH ARTICLE

< ] e

mRNA expression (microarray): BCL2A1

P=0.0320 P=0.0334

u

a o N o ©

IS

w

B 0
PMX205 -
PARP |* ’
PARP |
cl.
ERK
B-actin & -—
D In vivo E
P=0.0164
8- * o
2 o
o) <
8 64 g
Zz 4+ 9
= 2
[0}
T 2- e
¥ o
R
(0] T T
- + PMX205 ®
9 Gy
H
TCGA - Colorectal
C5AR1vs. BCL2A1
° Spearman: 0.79 (P=2.54e-84)
Pearson: 0.78 (P=2.86e-78)
3 45 6 7 8 910 1112
mRNA expression (RNA SeqV2
RSEM): C5AR1 (log2)
J

Aristotle Dataset — Rectal Cancer Biopsies
C5AR1vs. BCL2A1

Spearman: 0.67 (P=1.10e-40)
Pearson: 0.68 (P=6.19e-42)

J Clin Invest. 2023;133(23):e168277 https://doi.org/10.1172/)CI168277

5 6 7 8 9
mRNA expression (microarray): C5AR1

mRNA expression (RNA SeqV2

RSEM): BCL2 (loa2)

T T T T
+  + IxBo siRNA

+ PMX205

9 Gy

+

Grampian Dataset — Rectal Cancer Biopsies

C5AR1vs. BCL2A1

Spearman: 0.60 (P=2.16e-23)
Pearson: 0.64 (P=3.3%e-27)

11

10

3 4 5 6 7 8

mRNA expression (microarray): C5aR1

TCGA - Colorectal
C5AR1vs. BCL2

°o ® Spearman: 0.30 (P=3.23e-9)
Pearson: 0.31 (P=4.02e-10)
3 4 5 6 7 8 9 10 11 12

mRNA expression (RNA SeqV2
RSEM): C5AR1 (log2)



https://doi.org/10.1172/JCI168277

:

RESEARCH ARTICLE

Figure 3. C5aR1 regulates tumor cell survival under stress. (A) HCT116
cells were treated with either vehicle or PMX205 (10 pg/mL) for 48 hours.
Western blotting was carried with the antibodies indicated. (B) HCT116
cells were treated with 0 or 9 Gy and either vehicle or PMX205 for 1 hour
before RT. Cells were harvested 48 hours after RT. Western blotting was
carried with the antibodies indicated. (C) The ratio of dead (apoptotic)
cells/nonapoptotic cells as a percentage of the whole population relative
to vehicle-treated cells. n = 3. *P < 0.05, 2-tailed t test. (D) TUNEL* cells
per field of view of sections from HCT116 subcutaneous tumors. Mice were
treated with 9 Gy and either vehicle or PMX205 (10 mg/kg) for 3 doses
flanking RT. *P < 0.05, 2-tailed t test. (E) The number of dead(apoptotic)/
nonapoptotic cells as a percentage of the whole population for HCT116 cells
transfected with either Scr or IkBo. siRNA and treated with either vehicle

or PMX205 for 1 hour before RT. Cells were harvested 48 hours after RT.
Independent fields of view from a representative experiment are shown, n
=3.*P < 0.05, 2-tailed t test. (F) Pearson’s correlation of mRNA expression
of pro- and antiapoptotic genes with C5aR1in TCGA samples from patients
with CRC and rectal cancer biopsies from Grampian and Aristotle. *P <
0.05, ***P < 0.001, ****P < 0.0001. All TCGA data were accessed through
cBioPortal (http://www.cbioportal.org/). All Grampian and Aristotle data
were accessed through SCORT (stratification in colorectal cancer, http://
www.cbioportal.org/). (G) Correlation of BCL2A7 and C5ART mRNA expres-
sion in TCGA CRC samples. (H) Correlation of BCL2AT and C5ART mRNA
expression in Grampian rectal cancer biopsies. (I) Correlation of BCL2AT and
C5ART mRNA expression in Aristotle rectal cancer biopsies. (J) Correlation
of BCL2 and C5ART mRNA expression in TCGA CRC samples.

treatments (Supplemental Figure 6, C-F). These data indicated
that improved radiation responses following PMX205 treatment
can occur despite reduced tumor CD8" T cell infiltration changes.

C5aR1 inhibition can improve radiotherapy in tumors with
an immunosuppressive microenvironment. The improved tumor
responses observed in the context of reduced tumor CD8* T cell
numbers made us question whether PMX205 could be used to
improve radiation responses in models displaying low CD8* T cell
infiltration. We, therefore, next asked whether PMX205 could
improve response in the AKPT model where we had previous-
ly observed robust C5aR1 expression and low CD8* T cell tumor
infiltration. In support of C5aR1 having cell-intrinsic effects, we
observed that, in vitro, PMX205 reduced survival of AKPT organ-
oids upon treatment with increasing RT doses (Figure 7A). We
also observed reduced RelA (and Erk) phosphorylation by West-
ern blotting in PMX205-treated AKPT organoids (Supplemental
Figure 7A). When these organoids were grown as subcutaneous
tumors, PMX205 alone had no significant effect on tumor growth
(as previously observed in the MC38 model) (Figure 7, B and C,
and Supplemental Figure 7B). However, combination treatment
with PMX205 and RT resulted in a significant tumor growth delay,
increased apoptosis, and dramatic improvement in tumor-free
survival, with 20% of mice having impalpable tumors at the end
of the experiment (Figure 7, D-F, and Supplemental Figure 7B). To
investigate the T cell dependence of these effects, we repeated the
AKPT subcutaneous experiment in athymic nude mice. We noted
that improve tumor response and survival was maintained in this
model (Figure 7, G-I, and Supplemental Figure 7C). Together, our
data indicate that targeting C5aR1 can improve radiation response
even in models with low (or absent) tumor CD8* T cell infiltration.
Importantly, improved responses are associated with increased
tumor cell apoptosis and without concomitant increases in healthy
intestinal epithelial cell apoptosis (Figure 7]).
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Discussion

Identifying tumor-promoting components of the TME presents
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