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ABSTRACT

Colorectal cancer (CRC) remains a leading cause of cancer-related mortality despite efforts to improve
standard interventions. As CRC patients can benefit from immunotherapeutic strategies that incite
effector T cell action, cancer vaccines represent a safe and promising therapeutic approach to elicit
protective and durable immune responses against components of the tumor microenvironment (TME).
In this study, we investigate the pre-clinical potential of a Listeria monocytogenes (Lm)-based vaccine
targeting the CRC-associated vasculature. CRC survival and progression are reliant on functioning blood
vessels to effectively mediate various metabolic processes and oxygenate underlying tissues. We, there-
fore, advance the strategy of initiating immunity in syngeneic mouse models against the endogenous
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pericyte antigen RGS5, which is a critical mediator of pathological vascularization. Overall, Lm-based
vaccination safely induced potent anti-tumor effects that consisted of recruiting functional Type-1-asso-
ciated T cells into the TME and reducing tumor blood vessel content. This study underscores the
promising clinical potential of targeting RGS5 against vascularized tumors like CRC.

Introduction

Colorectal cancer (CRC) represents a substantial threat to
global health - with increasing incidence occurring in younger
patients.”” Aggressive chemotherapy complemented with
newer approaches like immune checkpoint blockade (ICB)
are beginning to attain short-term successes in select indivi-
duals with high tumor mutational burden.’> More established
strategies combining chemotherapy with anti-vascular thera-
pies (notably against VEGF and VEGFRs) also demonstrate
increased overall survival but are ultimately met with tumor
relapse.” Therefore, despite current standards of care, there are
unmet needs to improve general patient prognosis and address
the approximately 25% of CRC cases that present with
advanced disease and yield poor survival rates.®

Cancer vaccines offer a promising modality in conveying
effective immunotherapy to CRC, particularly alongside ICB.”
Vaccines bolster the immune system by generating specific
T cell responses and have been traditionally achieved using
agents like dendritic cells (DCs) or viral vectors.>® Listeria
monocytogenes (Lm)-based vaccines represent an alternative
approach and have pre-clinically elicited robust immune
responses against tumor-associated antigens (TAAs), leading
to improved survival outcomes against tumor types such as
breast cancer and renal cell carcinoma.'®'" By harnessing the
Lm bacterium’s ability to preferentially infect antigen present-
ing cells, such as DCs, TAAs can be directly introduced to DCs,

which subsequently process/present various target-specific epi-
topes that drive cytotoxic T cell responses.'>'> Tumor blood
vessel antigens (TBVAs) can also serve as targeting modalities
over traditional TAAs given their required and heightened
expression in cancer-derived endothelial cells and pericytes.'*
The selective ablation of vascular content also normalizes
blood flow dynamics within the tumor microenvironment
(TME), permitting greater immune cell recruitment and activ-
ity that culminates in reduced cancer growth and
regression.'>'*

Pericytes are contractile cells that reside on the outer surface
of endothelial tubes and are critical to the stability and function
of blood vessels. Notably, pericytes are an attractive TME-
based immunotherapeutic target since their aberrant expres-
sion and behavior support a chaotic tumor-derived blood
vessel system that ultimately works to [i] impair drug deliv-
ery/action and [ii] augment growth of vascularized cancers
such as CRC."” Of the various pericyte-derived factors, regu-
lator of G protein signaling 5 (RGS5) is an essential signal
transduction molecule during vessel remodeling and is upre-
gulated in the TME during pathological vascularization.'®"
The specific ablation of RGS5 has also demonstrated safe and
potent anti-tumoral effects both in pre-clinical cancer
models’*** and melanoma patients,” qualifying it as
a relevant TBVA for vaccine purposes. In the current study,
we evaluate for the first time the capacity for an Lm-based
vaccine to induce potent immune-mediated effects against
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CRC that are characteristic of RGS5 targeting and vascular
disruption.

Materials and methods
Mice

Female 6-8-week-old C57BL/6 and BALB/c mice were
obtained from The Jackson Laboratory. Animals were housed
in micro-isolator cages and handled under BSL-2 conditions
according to Institutional Animal Care and Use Committee
(IACUC)-approved protocols.

Cell lines and culture

The murine colon adenocarcinoma cells MC38 (Kerafast) and
CT26 (ATCC) and Lewis lung carcinoma line (designated
LLC) (Millipore Sigma) were maintained in complete media
containing RPMI 1640 (Cytiva) supplemented with 10% heat-
inactivated FBS  (Corning), Penicillin/Streptomycin/
Amphotericin B, 2mM L-glutamine, 1 mM sodium pyruvate,
and MEM non-essential amino acids (all from Thermo Fisher)
at 37°C with 5% CO,. Tumor cell lines were deficient in RGS5
expression (Supplementary Figure S1 and data not shown) and
routinely confirmed to be mycoplasma-free prior to in vitro or
in vivo studies.

Lm-based vaccines

Lm-based vaccines were engineered using a modified pGG-34
plasmid to include truncated listeriolysin O alone (designated
Lm-LLO) or LLO fused to full-length murine RGS5 (NCBI
Reference Sequence: NM_009063.5) (designated Lm-LLO-
RGS5). LLO serves to facilitate intracellular infection as well
as increase the immunogenicity of conjugated proteins.**
A Mage-b Lm-based vaccine (a kind gift from Dr. Claudia
Gravekamp, Albert Einstein College of Medicine) was incor-
porated as an internal control for immune reactivity against
tumor cells in vivo.”> All engineered constructs also contained
a c-terminal Myc-tag to enable convenient protein detection in
downstream assays. The attenuated Lm strain XFL-7 was elec-
troporated with plasmids and streaked on brain heart infusion
(BHI) plates (Bacto™, Thermo Fisher) under streptomycin/
chloramphenicol selection as previously described.*® Briefly,
individual colonies were inoculated in 5 mL BHI (with strep-
tomycin/chloramphenicol) and cultured overnight under
shaking conditions at 37°C. Lm vaccine stocks were then estab-
lished by seeding fresh BHI with Lm starter cultures at a 1:200
dilution, incubated at 37°C with shaking until OD600 measure-
ments reached 0.6-0.8, and frozen at —80°C for up to 3 months.
Prior to use in animals, titers of frozen Lm vaccine stocks were
determined by colony-forming units (CFU) as documented.”’

Western blotting

To validate the protein-secreting capability of listeria-based
vaccines, a 25 mL BHI culture was inoculated with a 1:100
dilution of a relevant Lm starter culture, and incubated with
shaking at 37°C for 6 hr. The culture was then centrifuged at

10,000 x g for 5 min at 4°C, and cell-free supernatant passed
through a 10 MWCO centrifugal filter (Amicon,
MilliporeSigma) until sufficiently concentrated. Samples
were diluted in beta-mercaptoethanol-containing Laemmli
SDS buffer (Bio-Rad), boiled, and resolved on a 4-15%
gradient Bis-Tris gel through SDS-PAGE. Proteins were
next transferred to a PVDF membrane, blocked with 2.5%
nonfat dry milk for one hour at room temperature, and
incubated with a primary anti-Myc antibody (clone 9E10)
(Biolegend) overnight at 4°C. Blots were washed with 0.5%
Tween 20 in PBS (PBST), and probed with a goat anti-mouse
IgG-HRP reagent (#A16072, Thermo Fisher) for 1hr at
room temperature. Following additional wash steps, blots
were developed using SignalFire ECL (Cell Signaling
Technology) and imaged on a Bio-Rad ChemiDoc Touch
imaging System.

Tumor challenge model

Mice were randomly assigned to treatment groups (contain-
ing 5 mice/cohort) and received weekly escalating doses of
Lm-based vaccines (1 x 107 CFU, 5 x 107 CFU, then 1 x 10®
CFU) by intraperitoneal (i.p.) injection in a total volume of
100 uL PBS as depicted in Figure 2a. Ten days following the
initial vaccination, animals were subcutaneously (s.c.) chal-
lenged with 5x 10° tumor cells. ICB was also incorporated
with i.p. injections of 100 ug of PD-1 blocking antibody
(clone RMP1-14) (Bio X Cell) on days 1, 6, and 11 in all
mice regardless of treatment cohort. Tumor sizes and animal
weights were obtained every 2-3 days in a single-blind fash-
ion. Overall longitudinal tumor volumes were determined
using digital Vernier calipers and the formula (a x b%) + 2,
where b represents the smallest of two tumor diameter
measurements. At the conclusion of the study, animals
were euthanized and tumors excised, weighed, and processed
for further analysis.

DC vaccine generation and treatment

In select experiments, bone-marrow-derived mononuclear
cells were collected from femurs and tibias of mice as pre-
viously described®® and cultured in complete RPMI with
murine IL-4 (5ng/mL) (Peprotech) and GM-CSF (10 ng/
mL) (Peprotech) for 5days at 37°C with 5% CO,. All cells
were then collected, washed, and subjected to magnetic bead
positive selection in order to isolate CD11c+ immature DCs
according to the manufacturer’s guidelines (Miltenyi
Biotec). DCs were subsequently matured in fresh complete
media for 24 hr containing the following a-Type-1-polariz-
ing murine agents (all from Miltenyi Biotec unless otherwise
stated):** 10 ng/mL IFN-alpha, 1 x 10° IU/mL IFN-gamma,
5ng/mL TNF-alpha, 25 ng/mL IL-1-beta, and 10 ug/mL poly
(I:C) (Sigma). The following day, non-adherent cells were
collected, pelleted, and resuspended in IMDM (Thermo
Fisher) at 1x10° cells/mL. Individual peptides
(OVAjs;7 364 [SIINFEKL], RGS573_3, [YGFASFKSFL], or
RGS5:59_167 [YALMEKDSL] [Genscript]) were added to
cells at a final concentration of 10 ug/mL and cultured at
37°C with 5% CO, for 3 hr. Peptide-loaded DCs were then



administered to mice bearing established MC38 s.c. tumors
(on days 4 and 11 post tumor implantation) and supple-
mented with anti-PD1 on days 7, 10, and 13 (Supplementary
Figure S2a).

Ex vivo CD8+ T cell analysis

Splenocytes were collected from vaccinated or vaccinated/
tumor-treated mice and CD8+ T cells purified through mag-
netic bead positive selection (Miltenyi Biotec). CD8+ T cells
were then cultured for 24 hr in the presence of plate-bound
anti-CD28 antibody (clone 37.51) (Bio X Cell), washed, and
exposed to MC38 tumor cells at a 10:1 E:T ratio in complete
media at 37°C with 5% CO,. Positive control wells were stimu-
lated with 2 ug/mL ConA. After 48 hr, cell-free supernatants
were collected and relative levels of IFN-gamma determined by
ELISA (BD Biosciences). Raw O.D. values were standardized to
their respective ConA-stimulated treatments and data
expressed as a function of normalized absorbance at 450 nm.

Immunohistochemistry (IHC)

Harvested tissues were fixed with 10% neutral buffered formalin
(Thermo Fisher) for 24 hr and then incorporated into paraffin
blocks using an automated tissue processor (Leica TP1020). Blocks
were cut into 5puM sections and mounted on charged slides
(Fisherbrand). Sections were washed in distinct stages with xylene
and ethanol, and antigen retrieval performed by exposing slides to
boiling 10 mM sodium citrate for 15 min. Cooled sections were
incubated in 3% H,0O,, washed in PBS, and blocked using 2.5%
heat-inactivated horse serum (Thermo Fisher). Primary antibody
incubation was performed overnight at 4°C in a humified chamber
with an anti-CD3 mAb (1:100 dilution; clone SP7) (Thermo
Fisher) or anti-CD31 mAb (1:50 dilution; clone SP38) (Thermo
Fisher). Sections were washed with PBST and an anti-Rabbit IgG-
HRP reagent (Vector Laboratories) applied for 30 min at room
temperature in the dark, followed by additional washes in PBST.
Staining was developed using a Metal-Enhanced DAB Substrate
kit (Thermo Fisher) according to the manufacturer’s recommen-
dations until appropriate color change was observed. Sections
were finally counterstained with a 1:3 dilution of Hematoxylin 2
(Thermo Fisher) for 20 seconds, followed by washes with water,
ethanol, and xylene before mounting in Acrymount (StatLab).
Slides were imaged under bright field microscopy (Leica) and
analyzed using Aperio ImageScope software (version 12.3.3.5048).

Immunofluorescence (IF)

Excised tumors were embedded in O.C.T. (Thermo Fisher) and
snap frozen over dry ice. Ten-micron tissue sections were
adhered to charged slides, fixed in 4% paraformaldehyde
(Electron Microscopy Sciences), permeabilized with 0.2%
Triton X-100 + 0.2 mM glycine (Fisher Scientific), and blocked
with 5% FBS in 0.2% Triton X-100. Sections were then incu-
bated with primary antibodies against CD31 (clone MEC 13.3)
(BD Biosciences), PDGFR-B (clone G.290.3) (Thermo Fisher),
and CD8 (clone 208) (Thermo Scientific) followed by donkey
anti-rat 488 and donkey anti-rabbit 594 secondary antibodies
(both from Jackson ImmunoResearch). Coverslips were
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applied over an anti-fade mounting medium containing
DAPI (Vector Laboratories) and processed for IF microscopy
using a MICA Microhub microscope (Leica). Quantification of
CD8 and CD31 staining was accomplished using the Leica
Application Suite X software (version 1.4.4.26810).

Quantitative PCR (qPCR)

Relevant tissues were first processed in TRIzol (Thermo Fisher)
and total RNA isolated using the DirectZol RNA Miniprep Kit
(Zymo Research). cDNA was subsequently generated with the
SuperScript IV First-Strand Synthesis System (Thermo Fisher).
Various gene targets were amplified (with validated qPCR pri-
mers [Origene] [Supplementary Table S1]) and quantitated
using a Fast SYBR Green Master Mix (Applied Biosystems) on
a StepOnePlus real-time PCR thermocycler (Applied
Biosystems). Specific amplicons were further verified by melt
curve analysis. All qPCR reactions were performed in duplicate
in a 96-well PCR plate (Bio-Rad) using the following cycling
conditions: initial denaturation at 95°C for 20 min followed by
35 cycles at 95°C for 3 min and 60°C for 30 min. Finally, gene
expression levels were normalized to GAPDH or beta-actin and
relative fold changes determined using the 27**“" method.*

Flow cytometry

Harvested specimens were minced and enzymatically digested in
an HBSS-based solution containing type IV collagenase, type IV
DNase, and type V hyaluronidase (all from MilliporeSigma) for
15 min at 37°C. Preparations were spiked with FBS to inactivate
enzymes, passed through a 70 UM strainer to obtain single cells,
and red blood cells lysed with a 5 min exposure to ACK buffer.
Cells were then separated into 96-well plates for various
staining protocols. Non-stimulated cells were surface stained
with combinations of the following antibodies (all reagents
from Bio-Legend and diluted/used per the manufacturer’s
guidelines unless indicated otherwise): APC/Cy7-CD45 (clone
30-F11), PerCP/Cy5.5-CD4 (clone RM4-5), PE/Cy7-CD8
(clone 53-6.7), and Brilliant Violet 605-CD279 (PD-1) (clone
29F.1A12). Stimulated cells were incubated with a Cell
Activation Cocktail Kit at 37°C with 5% CO, in complete
media for 6 hours. Following wash steps with PBS, cells were
stained with combinations of the following antibodies: APC/
Cy7-CD45, PerCP/Cy5.5-CD4, PE/Cy7-CD8, APC-IL-2 (clone
JES6-5H4), PE-IFN-gamma (clone XMG1.2) and FITC-TNE-
alpha (clone MP6-XT22). All cells were exposed to the Zombie
Aqua viability dye prior to flow cytometric analysis using a BD
LSR Fortessa (BD Biosciences) and FlowJo™ v 10.8.1 software
(BD Life Sciences). UltraComp eBeads (Thermo Fisher) were
used to prepare single-color compensation controls for all fluor-
escently labeled antibodies. Fluorescence minus one (FMO) and
isotype controls were also prepared for each panel in a similar
manner to the specific staining detailed above. See
Supplementary Figure S3 for specific gating strategies.

Statistical analysis

Select results were analyzed with either unpaired t-test or one-
way ANOVA + post-hoc pairwise comparisons using
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GraphPad Prism (version 9.3.1). Experiments analyzing tumor
burden in vivo were performed using linear mixed effects
regression models with random intercepts, making use of
measured data across all time points. A Toeplitz covariance
matrix was selected based on Bayesian information criterion
for the model. To control the false positive rate in post-hoc
analyses, P values were adjusted for multiple comparisons with
Dunnett’s test using SAS 9.4 4 (SAS Institute, Inc.). Mean
differences with a P value <.05 were considered statistically
significant. Data presented are representative of at least 3
independent experiments.

Results

Successful development and characterization of a
listeria-based vaccine against RGS5

We sought to devise a pre-clinical colon cancer model that
incorporates vaccination against murine-derived RGS5,
which is naturally processed and presented by the endogen-
ous MHC system. Initially, as a proof-of concept, MHC
class I-presented RGS5 peptides were predicted by
NetMHC 4.0,°>** synthesized, and incorporated into bone
marrow-derived matured DCs matured with an alpha Type-
1 polarizing cytokine cocktail.*>*> Animals were challenged
with RGS5™!! MC38 tumor cells (Supplementary Figure S1)
on day 0 and vaccinated with RGS5 or control peptide-
pulsed DCs on days 4 and 11 (Supplementary Figure S2A).
Longitudinal tumor sizing confirmed trends in improved
tumor protection in mice mediating RGS5-specific immu-
nity (Supplementary Figure S2B), indicating the potential
utility of this immunotherapeutic approach. Yet, despite
this demonstration of general anti-tumor effects, we elected
to further our studies by utilizing an RGS5-encoded Lm-
based vaccine that provides the following conceptual advan-
tages: [i] Lm instills potent adjuvant effects and selectively
infects myeloid cells such as DCs that naturally process and
present distinct RGS5 peptides® and [ii] a vaccine incor-
porating various RGS5-presented peptides may help
improve protection by instituting epitope spreading against
other TME components®. From a translational perspective,
Lm-based strategies would also not require personalized
patient inoculums.

Therefore, the Lm-relevant plasmid, pGG-34,>° was first
modified to encode transgenes for truncated LLO (tLLO)
alone or fused to full-length murine RGS5 followed by
a c-terminal Myc-tag (Figure la). The XFL-7Lm strain
was then electroporated with either modified pGG-34 plas-
mid, pGG34-LLO or pGG34-LLO-RGS5, and secreted pro-
teins assessed by western blot based on anti-Myc reactivity.
As indicated in Figure 1b, band sizes obtained from the
electroporated Lm cultures corresponded to predicted
molecular weights for tLLO (~60 kDa) or tLLO-RGS5
(~70 kDa). As an internal control, Lm without pGG-34
did not yield a visible protein product. These data demon-
strate the integrity of our Lm-based vaccines and the ability
of these vectors to induce secretion of encoded proteins
in Lm.

(@)
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Figure 1. Construction and characterization of Lm vaccine strains. (a) The pGG-34
plasmid introduces truncated LLO into the attenuated, prfA-negative XFL-7 strain
of Lm. LLO expression is controlled by the listerial hemolysin promoter (phly) and
the potent transcription factor prfA. These gene-engineering strategies result in
an immunogenic and attenuated strain of Lm capable of inducing a potent
immune response without severe risk of listeriosis. (b) Lm-secreted LLO and LLO-
RGS5 fusion proteins were detected by western blotting with an anti-Myc anti-
body. Abbreviations used: Lm, Listeria monocytogenes; LLO, listeriolysin O.

RGS5 vaccination safely enhances tumor protection in
a murine model of colon cancer

As outlined in Figure 2a, C57BL/6 mice were challenged
with MC38 tumor cells in tandem with increasing CFU doses
of Lm-LLO or Lm-LLO-RGS5 (1 x 107 to 1x10® CFU) to
safely induce immune activation, as similarly reported by
others.'®**?” PD-1 blockade was also instituted in mice to
counter MC38-inspired immunosuppression and sustain vac-
cine-elicited immunity. We previously identified that PD-1
inhibition alone provided no observable protection relative to
untreated MC38-challenged mice (Supplementary Figure
S4A). Although Lm-LLO vaccination did not appear to provide
demonstrable enhancements against cancer progression, Lm-
LLO-RGS5 led to significant reductions in tumor size with
evidence of blunted tumor growth kinetics over time
(Figure 2b). Resected tumors of euthanized mice (at day 17)
further corroborated these findings by indicating a greater than
50% reduction in tumor mass in Lm-LLO-RGS5-vaccinated
mice compared to PBS and Lm-LLO control cohorts
(Figure 2¢). Our Lm-LLO-RGS5 vaccine regimen also exhib-
ited enhanced tumor protection under a purely therapeutic
scenario (Supplementary Figure S4B). These data are
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Figure 2. Lm-LLO-RGS5 treatment safely restricts MC38 tumor growth. (a) Schedule for tumor challenge, Lm-based vaccination, and ICB. (b) Longitudinal tumor growth
curves and (c) associated tumor wet weights at study end. (d) Whole body weights of experimental mice post initial vaccination. *P < .05, bars = SEM. Abbreviations

used: Im, Listeria monocytogenes; LLO, listeriolysin O.

intriguing and require future study since, under this modeling
scheme, animals did not receive the full complement of Lm-
based vaccines given the constraints of the time course for Lm-
based vaccine dose escalation and aggressiveness of the MC38
tumor model.

We assessed the safety of our Lm-based vaccines by
analyzing mouse weights over time. Figure 2d indicates
that our vaccine regimen did not adversely impact animal
health based on minimal deviations from PBS animal
weights (i.e., not exceeding 20% reduction in body mass).
Additionally, heart, lung, and kidneys were harvested from
euthanized mice at the conclusion of the study and exam-
ined by H&E. We were unable to find evidence that our
Lm-based vaccines incited abnormal immune cell infiltra-
tion, tissue disturbance/destruction, or vascularity at these
non-tumor sites (data not shown).

Overall, Lm-LLO-RGS5 vaccination safely provides ani-
mals improved control of MC38 growth in vivo. As MC38

cells do not endogenously express RGS5 (Supplementary
Figure S1), immune-based activity is likely directed toward
RGS5 expressing stromal content (such as pericytes) within
the TME.

Immunizing against RGSS5 directs cytotoxic T cells to colon
cancer lesions

MC38 tumors were excised from euthanized mice at day 17
and examined by IHC for total CD3+ cells, presumed to
mainly encompass T cells.”® Although Lm-LLO vaccination
demonstrated an increase in CD3+ cellular content, the most
significant effects were observed in tumors from Lm-LLO-
RGS5-treated mice (Figure 3a). More specifically, Lm-LLO-
RGS5 vaccination induced a 2.7-fold increase in CD3+ cells
compared to mice tolerated with Lm-LLO alone (614 [Lm-
LLO-RGS5] vs. 224 [Lm-LLO] CD3+ cells per unit area).
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(b) IF imaging for CD8+ T cells in PBS, Lm-LLO-treated, and Lm-LLO-RGS5-vaccinated animals. 650 x 550-micron fields were randomly selected from individual tumors in
each experimental group and average counts obtained for each group. (c) CD8+ T cells were isolated from treated mice (Lm-based vaccine or Lm-based vaccine/MC38
tumor challenge) and co-cultured with MC38 tumor cells for 48 hr. IFN-gamma secretion was analyzed by ELISA and absorbance results normalized to ConA responses in
control wells. *P < .05, bars + SEM. Yellow arrow inset demarking a stained cell of interest. Abbreviations used: IF, immunofluorescence; IHC, immunohistochemistry; Lm,
Listeria monocytogenes; LLO, listeriolysin O.



These data were validated more specifically by IF in Figure 3b,
indicating a greater than 2-fold increase of CD8+ T cells in
tumors following Lm-LLO-RGS5 treatment (523 [Lm-LLO-
RGS5] vs. 215 [Lm-LLO] CD8+ T cells per unit area).
Considering the potential protective role of CD8+ T cells in
our model, CD8+ T cells were isolated from spleens of treated
animals to determine tumor antigen specificity. As MC38 do
not express RGS5, Lm-LLO-RGS5 immunization alone did
not afford reactivity against the tumor cell line ex vivo using
CD8+ T cell secretion of IFN-gamma as a surrogate marker
for T cell cytotoxicity (Figure 3c).>**° However, in cases were
tumor-bearing animals were vaccinated with Lm-LLO-RGS5,
reactivity against MC38 cells was readily evident (versus other
treatment cohorts). These results help establish that an initial
RGS5-based immune response provokes epitope spreading
against other TAAs.

We next analyzed T cell subsets in MC38 tumor lesions
in greater detail through flow cytometry. Altogether, Lm-
LLO-RGS5 vaccination resulted in significantly heightened
frequencies of tumor-derived CD4+ (6.4% [Lm-LLO-RGS5]
vs. 2.9% [Lm-LLO]) and CD8+ (12.9% [Lm-LLO-RGS5] vs.
5.4% [Lm-LLO]) T cells (Figure 4a). Such dynamics were not
found systemically where circulating CD4+ and CD8+ T cell
frequencies appeared equivalent between treatment groups
(Supplementary Figure S5). More tumor-confined lympho-
cytes also maintained PD-1 positivity post RGS5 vaccination
(CD4+ T cells at 3.6% [Lm-LLO-RGS5] vs. 1.0% [Lm-LLOJ;
CD8+ T cells at 6.2% [Lm-LLO-RGS5] vs. 2.1% [Lm-LLO]),
again, suggesting a cytotoxic T cell phenotype (Figure 4b).*!
Additionally, RGS5-inspired CD4+ and CD8+ T cells iso-
lated from tumor lesions and stimulated ex vivo displayed
significantly raised expression of IL-2 (CD4+ T cells at 4.6%
[Lm-LLO-RGS5] vs. 2.5% [Lm-LLO]J; CD8+ T cells at 4.9%
[Lm-LLO-RGS5] vs. 2.5% [Lm-LLO]) (Figure 4c), IFN-
gamma (CD4+ T cells at 5.4% [Lm-LLO-RGS5] vs. 2.0%
[Lm-LLO]; CD8+ T cells at 24.7% [Lm-LLO-RGS5] vs.
89% [Lm-LLO]) (Figure 4d), and TNF-alpha (CD4+
T cells at 8.4% [Lm-LLO-RGS5] vs. 5.3% [Lm-LLO]; CD8+
T cells at 22.0% [Lm-LLO-RGS5] vs. 7.5% [Lm-LLO])
(Figure 4e). Lastly, qQPCR of whole tumor tissues further
confirmed our flow cytometry results, suggesting infiltrating
lymphocytes established a Type-1 immune response in the
TME since relative mRNA levels of IL-2, IFN-gamma, TNF-
alpha, and PD-1 were also significantly elevated in Lm-LLO-
RGS5 vaccinated mice (Figure 4f). With specific regard to
TNF-alpha, the cytokine has pro- or anti-tumor character-
istics in certain situations.*” Although we are utilizing the
cytokine as an inflammatory marker for Type-1-mediated
responses, elevated TNF-alpha expression in the TME corre-
lated to improved tumor protection under our pre-clinical
modeling, which is unsurprising given similar properties
with other Lm-based anti-cancer vaccination strategies.*’
Future transcriptional profiling will also help resolve dom-
inate T cell profiles and TCR clonotypes in the TME, but
these data help support that Lm-LLO-RGS5 immunization
drives antigen-specific and Type-1-associated T cells into
tumors, which likely help instigate MC38 control.
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Colon cancer vascularization is impaired following RGS5
vaccination

Previous studies have documented the anti-angiogenic effects
of blood vessel-specific immunotherapies (incorporating RGS5
targeting), which account for tumor regression and protection
in vivo.?" In our own unique pre-clinical system, vascular net-
works within the MC38 TME of RGS5 immunized mice were
severely diminished. Lm-LLO-RGS5 vaccination led to signifi-
cant reductions of intra-tumoral CD31+ vessels based on
assessments by IHC (24 [Lm-LLO-RGS5] vs. 34 [Lm-LLO]
CD31+ vessels per unit area) (Figure 5a) and IF (225 [Lm-
LLO-RGS5] vs. 521 [Lm-LLO] CD31+ vessels per unit area)
(Figure 5b). These measurements were corroborated by gPCR
demonstrating significant losses of vascular markers associated
with pericytes (RGS5, PDGFR-beta, and NG2) (Figure 5¢) and
endothelial cells (CD31 and VEGFR?2) in tumor tissues relative
to PBS or Lm-LLO treatment (Figure 5d). Yet, these drastic
vasculature effects did not appear to simply be a function of
smaller tumor size due to immune-based control. To test this
possibility, we incorporated a separate Lm-based vaccine tar-
geting Mage-b (directly expressed by MC38 cells
[Supplementary Figure S1A]) in keeping with the treatment
schedule outlined in Figure 2a. Although tumor protection was
readily apparent (compared to Lm-LLO treatment) based on
immune-mediated  specificity  against tumor cells
(Supplementary Figure S6A), relative tumor vascularity was
maintained between treatment groups when assessing tumor
tissues for CD31+ cells by IHC and qPCR (Supplementary
Figure S6B).

The Lm-LLO-RGS5 vaccine’s anti-vascular effects were
also confirmed against other relevant in vivo tumor mod-
els. First, BALB/c mice were vaccinated and s.c. challenged
with the CRC cell line CT26** alongside ICB treatment as
detailed in Figure 2a. Similar to MC38, CT26 expresses
PD-L1 that plays a critical role in suppressing anti-tumor
T cell responses.*” THC was performed on terminally
resected CT26 tumors and significant reductions in intra-
tumoral CD31+ blood vessel density were demonstrated as
detailed in Figure 6a. Such effects were, likewise, verified
through qPCR based on relative fold reductions in the
expression of endothelial cell (CD31) and pericyte
(RGS5) markers in the TME (Figure 6a). Additionally, to
better gauge the broad applicability of the Lm-LLO-RGS5
treatment regimen (given our focus on a conserved vas-
cular target), C57BL/6 mice were treated and s.c. inocu-
lated with the LLC cell line (Figure 2a). LLC cells are
characterized as poorly immunogenic based on the down-
regulation of immune-related gene signatures that include
MHC class I** and culminate in resistance to ICB.***
Intriguingly, Lm-LLO-RGS5 vaccination resulted in
reduced LLC-derived vascularity when assessed by IHC
and qPCR (Figure 6b).

In summary, our studies provide supportive evidence that
an Lm-LLO-RGS5 vaccine safely instills and directs cytotoxic
T cells to the TME, and improved cancer protection is partly
achieved by immune-mediated activity against tumor-derived
blood vessels.
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Figure 4. Lm-LLO-RGS5 vaccination generates type-| skewed CD4+ and CD8+ T cells. Single-cell suspensions from tumors were prepared, stained, gated, and analyzed
for flow cytometry as described in the Materials and Methods section. Frequencies of live (a) CD4+/CD8+ T cells, (b) PD-1+ T cells, (c) IL-2+ T cells, (d) IFN-gamma+
T cells, and (e) TNF-alpha+ T cells are reported alongside representative scatter plots. (f) gqPCR analysis of genes associated with cytotoxic CD8+ T cells within MC38
tumors. Gene expression was normalized to a housekeeping gene and presented as relative fold-change. *P < .05, bars + SEM. Abbreviations used: Lm, Listeria

monocytogenes; LLO, listeriolysin O; qPCR, quantitative PCR; TME, tumor microenvironment.
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Figure 4. Continue

Discussion

Despite FDA-approved ICB and anti-angiogenic strategies to
treat mCRC, the short-term successes of these options have not
converted to durable objective responses for patients. CRC
presents as a highly immunosuppressive TME that can rapidly
develop ICB resistance while delivering several immune-
related adverse effects.”” A potentially improved approach

that is applicable to most patients involves engaging effector
T cells to destroy blood vessel content within the TME, which
serves to abrogate cancer progression and establish “normal”
blood flow dynamics that reinforce the distribution and func-
tion of Type-1-associated immune cells.***’ Indeed, immu-
notherapeutic strategies against TBVAs are generally safe in
patients and have shown therapeutic promise in early-phase
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Figure 5. Lm-LLO-RGS5 treatment restricts MC38 tumor vascularity. (a) Representative IHC images of CD31+ cells for PBS, Lm-LLO, and Lm-LLO-RGS5-vaccinated mice.
500 x 500-micron fields were randomly generated and quantitated to generate average counts per treatment. (b) IF demonstration of CD31+ cells across PBS and Lm-
LLO- and Lm-LLO-RGS5 treatments. 650 x 550-micron fields were randomly selected for individual tumors and gPCR analysis of genes associated with (c) pericytes and
(d) endothelial cells within MC38 tumors and total positive events averaged. Gene expression was normalized relative to a housekeeping gene and reported as relative
fold-change. *P < .05, bars + SEM. Yellow arrow inset distinguishing a stained cell of interest. Abbreviations used: IF, immunofluorescence; IHC, immunohistochemistry;
Lm, Listeria monocytogenes; LLO, listeriolysin O; gPCR, quantitative PCR; TME, tumor microenvironment.

clinical trial evaluations.>®~>2 Pericytes, in particular, represent
an ideal vascular target given their role in facilitating sprouting
angiogenesis and stabilizing endothelial tubes in the TME.****

RGS5 is a critical intracellular mediator for signaling in
pericytes, and, therefore, may represent an important depot

for MHC class I-presented peptides that elicit CD8+ T cell
immunity. RGS5-targeted DC vaccines have previously been
documented to reduce tumor burden in MC38 and B16 cell
lines using HLA-A2 transgenic mice.”’ Although this pre-
clinical system predicted RGS5-specific immunity (against
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Figure 6. Lm-LLO-RGS5 vaccination elicits anti-vascular effects across cancer models. As detailed in Figure 5, tumor vascularity was assessed by IHC and gqPCR for animals
inoculated with either (a) CT26 or (b) LLC tumor lines. *P < .05, bars = SEM. Yellow arrow inset distinguishing a stained cell of interest. Abbreviations used: IHC,
immunohistochemistry; Lm, Listeria monocytogenes; LLO, listeriolysin O; gPCR, quantitative PCR.
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the HLA-A2 epitope LAALPHSCL) in 25% of individuals
with melanoma,** the ability to more fully understand vac-
cine-inspired settings of cancer regression and/or progres-
sion against self-antigens like RGS5 are potentially limited by
mouse modeling issues such as inconsistent HLA-A2 tissue
expression and the artificial nature of inducing (seemingly
moderate-to-high affinity) murine CD8+ T cells against
HLA-A2-presented epitopes.”® The nature of our model-
ing/vaccine system reported here attempts to resolve such
dilemmas by analyzing endogenous immune system
responses against a self-TBVA that more conceptually reca-
pitulates the patient experience. Ultimately, we utilized
a Lm-based vaccine as a tool to facilitate DC processing/
presentation of multiple RGS5-specific epitopes. These
efforts did not require us to delineate immunogenic MHC-
presented peptides for immunization purposes (although our
preliminary vaccine efforts with DCs indicate these do exist
[Supplementary Figure S2]). Our escalating Lm-LLO-RGS5
dose strategy generated a Type-1l-associated immune
response that safely promoted protection against RGS5™"
colon cancer progression in mice. Our observed influx of
intratumoral CD4+ and CD8+ T cells also correlated to
significant losses in vascular density and TBVAs associated
with pericytes and endothelial cells. We envision that initial
CD8+ T cell-driven responses against targetable RGS5+ stro-
mal cells following Lm-based vaccine treatment in the TME
[i] drive epitope spreading against other TAAs (Figure 3c)
and [ii] improve T cell infiltration through vessel “normal-
ization,” considering that residual vessels in Lm-LLO-RGS5
vaccinated animals were associated with pericytes
(Supplementary Figure S7). These findings would need to
be confirmed and better understood in prospective studies
though. Nevertheless, these results support a strategy of
directing an initial immune response against RGS5+ stromal
cells like pericytes under the setting of CRC to potentiate
protection against established disease or in patients at high-
risk of developing cancer (e.g., Lynch syndrome). Current
work in our laboratory is now focused on more specifically
interrogating immune-mediated actions against RGS5 in
colon cancer experimentally established in the distal large
intestine. However, given RGS5’s conserved expression and
ability to inspire anti-tumor effects against various cancer
types (Figure 6), this Lm-based vaccination regimen would
likely apply to other vascularized malignancies.

From a translational standpoint, Lm-based vaccines could
represent an option for patients. Currently, Lm-based vac-
cines have been in development for over two decades with
significant clinical trial experience."> Early phase I efforts
demonstrated promising safety profiles with either oral or
intravenous administration routes.’””® Lm-based vaccines
have since proceeded through several patient trials for
a number of different malignancies (e.g., HPV-associated
cervical cancer, malignant pleural mesothelioma, canine
osteosarcoma) and have continued to demonstrate favorable
safety with promising efficacy.'”” A recent phase 2 clinical
trial completed in patients with advanced pancreatic cancer
receiving an Lm-based vaccine targeting mesothelin also
inferred improved survival®®. This strategy incorporated

cyclophosphamide/GVAX followed by Listeria-based vacci-
nation + ICB and yielded long-term survivors with increased
intratumoral CD8+ T cell frequencies and reduced immu-
nosuppressive myeloid cells. Additional clinical efforts with
Lm-based vaccines are ongoing with a human osteosarcoma
trial following successful studies of an Lm-based vaccine
targeting HER2 in canine osteosarcoma.”” Ultimately, the
ability of Lm-based vaccines to induce biological changes
in the TME that are tied to patient prognosis®' support
additional efforts to expand evaluations in larger cohorts of
cancer patients.

Overall, our study provides an initial proof-of-principle for
utilizing Lm-based vaccines against colon cancer-derived
blood vessels. Improving basic knowledge surrounding
immune system dynamics and potential combinational regi-
mens will ultimately be important in helping inform future
RGS5-based immunotherapies for individuals with CRC.
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