ONCOIMMUNOLOGY
2022, VOL. 11, NO. 1, €2054758 (13 pages)
https://doi.org/10.1080/2162402X.2022.2054758

Taylor & Francis

Taylor &Francis Group

ORIGINAL RESEARCH

8 OPEN ACCESS ’ N Checkforupdates‘

Toll-like receptor agonist combinations augment mouse T-cell anti-tumor immunity
via IL-12- and interferon B-mediated suppression of immune checkpoint receptor

expression
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University of Wisconsin Carbone Cancer Center, Madison, WI, USA

ABSTRACT

We previously found that activated CD8" T-cells increase expression of PD-1, which can be attenuated in
the presence of specific Toll-like receptor (TLR) agonists, mediated by IL-12 secreted by professional
antigen-presenting cells. While these CD8"* T-cells had greater anti-tumor activity, T-cells stimulated by
different TLR had different gene expression profiles. Consequently, we sought to determine whether
combinations of TLR agonists might further affect the expression of T-cell checkpoint receptors and
improve T-cell anti-tumor immunity. Activation of CD8" T-cells in the presence of specific TLR ligands
resulted in decreased expression of PD-1, LAG-3, and CD160, notably with combinations of TLR1/2, TLR3,
and TLR9 agonists. Immunization of E.G7-OVA or TRAMP-C1 tumor-bearing mice with peptide or DNA
vaccines, co-administered with combination of TLR3 and TLR9 agonists, showed greater suppression of
tumor growth. The anti-tumor effect of TLR1/2 and/or TLR9, but not TLR3, was abrogated in IL-12KO mice.
RNA sequencing of TLR-conditioned CD8" T-cells revealed IL-12 pathway activation, and type 1 IFN
pathway activation following TLR3 stimulation. Our results provide a mechanistic rationale for the choice
of optimal combinations of TLR ligands to use as adjuvants to improve the efficacy of anti-tumor vaccines.
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Introduction

T-cell checkpoint receptors, such as cytotoxic T-lymphocyte-
associated protein 4 (CTLA-4), programmed death 1 (PD-1),
lymphocyte activation gene 3 (LAG-3), and T-cell immuno-
globulin and mucin-domain containing 3 (TIM-3), were first
discovered on T-cells and associated with reduced functional
phenotype."> More recent studies have demonstrated that
multiple other T-cell checkpoint receptors exist, each asso-
ciated with reduced T-cell functional phenotype, including
CD160,> V-domain Ig suppressor of T-cell activation
(VISTA),* T-cell immunoreceptor with Ig and ITIM domains
(TIGIT),” and CD244.° This has led to the general acceptance
of checkpoint receptors as indicative of T-cell exhaustion.”®
However, the expression of T-cell checkpoint receptors
occurs naturally when T-cells are activated and binding of
their ligands leads to reduced effector function.”'® Moreover,
the timing and expression of T-cell checkpoint receptors can
be permanently modulated by events during T-cell activation.
For example, OT-1 T-cells activated by a high-affinity epitope
have increased PD-1 expression, which can persist over time,
while OT-1 T-cells stimulated with a lower affinity variant of
the same antigen become activated with lower, transient PD-1
expression.'® This altered expression of PD-1, in particular,
has consequences for anti-tumor immunity; lower expression
of PD-1, or blockade of PD-1/PD-L1, was also demonstrated
to lead to greater anti-tumor efficacy in which CD8" T-cells
were activated with vaccination.'®'! These findings suggest

that efforts to lower or block the expression of multiple
checkpoint receptors could have profound effects on the
efficacy of activated CD8" T-cells used as anti-tumor
therapies.

Certain pathogens can induce robust immune responses,
which serves as the basis for using them as either delivery
vehicles for vaccine antigens, or as vaccine adjuvants. The
recent adenovirus vaccine developed by Janssen for SARS-
CoV-2 serves as an example.'” This vaccine leads to a rapid
innate immune response that is related to the activation of
pattern recognition receptors (PRRs), such as toll-like recep-
tors (TLRs). TLRs are transmembrane receptor proteins,
which activate the innate immune system by sensing patho-
gen associated molecules."> Ten different TLRs have been
identified in humans and mice (TLR1-10 for humans,
TLR1-9, and 13 for mice). They are expressed on macro-
phages, dendritic cells, T-cells, and B cells, as well as non-
immune cells, such as epithelial cells or fibroblasts.'*"'” Each
TLR recognizes a different type of biomolecule, and stimula-
tion leads to the activation of innate and adaptive immune
responses. Like other agents, chemical agonists for TLRs have
been widely explored as adjuvants for traditional vaccines.'®
Many investigators have also evaluated TLR agonists as adju-
vants for anti-cancer vaccines. For example, HPV E7 onco-
protein-derived peptide vaccines showed antigen-specific
T-cell activation and subsequent regression of HPV-driven
tumors in mice when the vaccines were combined with TLR3
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or TLRY agonists."” Combination of cancer-specific DNA
vaccines targeting HPV E7 with either TLR3 or TLRY7 ligands,
or TLR4 agonists, similarly demonstrated greater antitumor
responses in murine tumors.”*?!

In previous studies, we found that professional antigen pre-
senting cells (APCs), when stimulated with certain TLR agonists
(notably for TLR1/2, TLR 7/8, and TLRY) caused a decrease in
PD-1 expression on mouse CD8" T-cells, conferred by IL-12
released from the APC.**> We also found that using these TLR
agonists as vaccine adjuvants for peptide or DNA vaccines
decreased PD-1 expression on vaccine-activated mouse T-cells,
and this resulted in greater anti-tumor activity in vivo. While
the effects of different TLR-stimulated DC on T-cells were
similar, they were not identical (e.g., CTLA-4 expression was
different depending on the TLR agonists used) and transcrip-
tional profiles showed distinct differences depending on the
TLR used. These findings suggested that combinations of dif-
ferent TLR agonists could have different effects on the effector
and memory phenotype of T-cells, and more profound effects
on the expression of T-cell checkpoint receptors. In fact, several
TLR agonists have been administered concurrently as vaccine
adjuvants both in pre—clinical23 or clinical studies.>* However,
the choice of TLR combinations, or the mechanisms by which
they act in combination, have not been well studied.

Given the findings above, we hypothesized that specific
combinations of TLR agonists, when used at the time of
T-cell activation with vaccines, may suppress the expression
of multiple T-cell checkpoint receptors, affect CD8" T-cell
function, and elicit greater antitumor activity. Using OT-1
mice, we assessed CD8" T-cell checkpoint expression follow-
ing stimulation with the antigen alone or in combinations
with different TLR agonists. Combinations that down-
regulated the expression of T-cell checkpoint receptors
while maintaining an activated phenotype were prioritized
for investigations into the mechanism of activity in vitro
and anti-tumor activity in murine tumor models when used
with peptide or DNA vaccines.

Materials and methods
Mice

OT-1 (C57BL/6-Tg(TcraTcrb)1100Mjb/], Stock No: 003831),
C57BL/6 ] (Stock No: 000664), and IL-12p40 KO (Stock No:
002693) mice were purchased from The Jackson Laboratory
(Jax, Bar Harbor, MA). Mice were maintained in microisola-
tor cages under aseptic conditions. All experiments were
conducted under an TACUC-approved protocol that con-
forms to the NIH guide for the care and use of laboratory
animals.

Cell lines

E.G7-OVA (derivative of EL4) and TRAMP-C1 cells were
obtained from ATCC (Manassas, VA, Cat. # CRL-2113,
#CRL-2730) and maintained via the ATCC-recommended cul-
ture methods. E.G7-OVA cells were lentivirally transduced to
constitutively express PD-L1, as previously described.'®

Peptides

Peptides for the H-2 -restricted epitope from chicken ovalbu-
min (SIINFEKL), or the dominant HLA-A2-restricted epitope
from SSX2 (FLQGISPKI) used as a nonspecific peptide control,
were synthesized, and the purity and identity were confirmed
by mass spectrometry and gas chromatography (LifeTein,
LLC., Hillsborough, NJ). Peptides were reconstituted in
DMSO (2 mg/ml) and stored at —80°C until use.

In vitro assays

OT-1 splenocyte stimulation

Splenocytes were isolated from OT-1 mice, disaggregated using
a mesh screen, and then treated to osmotically lyse red blood
cells with an ammonium chloride/potassium chloride lysis buf-
fer (0.15 M NH4Cl, 10 mM KHCO3, 0.1 mM EDTA).
Splenocytes were then cultured in RPMI 1640 medium supple-
mented with L-glutamine, 10% fetal calf serum (FCS), 200 U/
mL penicillin/streptomycin, 1% sodium pyruvate, 1% HEPES,
and 50 pM B-MeOH with 2 pg/mL SIINFEKL peptide. TLR
agonists were purchased from InvivoGen (San Diego, CA) and
added 1 hour before stimulating with peptide at the following
concentrations: 300 ng/mL Pam3CSK4, 10 mg/mL Poly(I:C)
HMW, 10 mg/mL MPLAs, 100 ng/mL FLA-ST, 100 ng/mL
FSL-1, 3 mg/mL Gardiquimod, 10 mg/mL R848, 5 mmol/L
ODN 1826, 2 ug/mL ORN Sal9. In some studies rIL-12
(50 ng/mL, R&D systems 419-ML-010) or IFNp (25 ng/mL,
R&D systems 8234-MB-010) were added to cultures with pep-
tide. In other studies, anti-IL-12RB2 (100 ng/mL, R&D systems
MAB8650) or anti-IFNARI1 (100 ng/mL, R&D systems AF3039)
were added. At the time points indicated, cells were analyzed via
flow cytometry (BD LSRFortessa) with the following antibodies:
CD3-FITC (BD 555274), CD4-BUV395 (BD 563790), CDS8-
BV786 (BD 563332), LAG-3-BV711 (BD 563179), PDI1-
PECF594 (BD 562523), TIM3-APC (eBioscience 17-5871-82),
CTLA4-PE-Cy7 (Tonbo  60-1522-U100), CD160-PE
(eBioscience 12-1601-81), TIGIT-BV605 (BD 744212),
CD244.2-BV510 (740115), VISTA-BV421 (BD 150212), 41BB-
PerCPeF710 (eBioscience 46-1371-82), and Live/Dead Ghost
dye 780 (Tonbo, San Diego, CA 13-0865-T100). To compare
the samples from multiple time points, each laser voltage was
standardized using SPHERO Rainbow Fluorescent Particles
(Spherotech, RFP-30-5). Four-day median fluorescence inten-
sity (MFI) values of immune checkpoint receptor expression
from flow cytometry were measured in linear scale and com-
puted as an Area Under the Curve (AUC). AUC was calculated
with the trapezoid rule, using GraphPad Prism (version 8). Each
TLR agonist or agonist combination was evaluated as an AUC
ratio compared to OVA alone stimulation group, with the
following equation: (B-A)/A, A: AUC of receptor expression
following OVA stimulation without TLR, B: AUC of receptor
expression with TLR agonist(s) stimulation. Heat-maps of AUC
ratios were generated by R 3.3.1.

IL-12p70 and IFNS ELISA

Dendritic cells (DCs) were enriched from splenocytes of
C57BL/6 mice inoculated with Flt3 ligand-expressing B16
tumor cells using PE-labeled antibodies specific for CD11c



(StemCell, Vancouver, Canada, Cat.# 17684) as previously
described.”® B cells were enriched from splenocytes of six- to
ten-week-old C57BL/6 mice, using a mouse B cell isolation kit
(Akadeum, Ann Arbor, MI, Cat.# 12210-110). Cells were sti-
mulated with TLR agonists as above for 24 hours, and culture
supernatant was evaluated for the presence of IL-12 p70 or
IFNPB by ELISA (R&D systems, Minneapolis, MN, Cat.#
DY419-05, DY8234-05), according to the manufacturer’s
instructions.

RNA preparation and sequencing

OT-1 splenocytes were stimulated in vitro as above, and CD8"
T-cells were isolated via immunomagnetic negative selection
(Stemcell Technologies; 19853). RNA was purified according to
the manufacturer’s instruction (Direct-zol RNA MiniPrep Plus
w/TRI Reagent, Zymo Research), and stored at —80°C until
analysis. Total RNA was submitted to the University of
Wisconsin-Madison Biotechnology Center, and verified for
purity and  integrity = via the  NanoDropOne
Spectrophotometer and Agilent 2100 BioAnalyzer, respec-
tively. Samples were then prepared according the TruSeq”
Stranded mRNA Sample Preparation Guide (Rev. E) using
the Illumina® TruSeq® Stranded mRNA Sample Preparation
kit (Illumina Inc., San Diego, CA). For each library prepara-
tion, mRNA was purified from 1 pg total RNA using poly-T
oligo-attached magnetic beads. The mRNA fragments were
converted to double-stranded ¢cDNA (ds cDNA) using
SuperScript II (Invitrogen, Carlsbad, California, USA),
RNaseH and DNA Pol I, primed by random primers. The ds
cDNA was purified with AMPure XP beads (Agencourt,
Beckman Coulter), and products were incubated with Klenow
DNA Polymerase to add an ‘A’ base (Adenine) to the 3’ end of
the blunt DNA fragments. DNA fragments were ligated to
Mlumina unique dual adapters, and the adapter-ligated DNA
products were purified with AMPure XP beads. Adapter ligated
DNA was amplified in a Linker Mediated PCR reaction (LM-
PCR) for 10 cycles using Phusion™ DNA Polymerase and
Mlumina’s PE genomic DNA primer set followed by purifica-
tion with AMPure XP beads. Finally, the quality and quantity
of the finished libraries were assessed using an Agilent
Tapestation 4200 DNA1000 kit (Agilent Technologies, Inc.,
Santa Clara, CA, USA) and Qubit® dsDNA HS Assay Kit
(Invitrogen, Carlsbad, California, USA), respectively.
Libraries were standardized to 2 nM, and sequenced on
a NovaSeq 6000 (Illumina Inc.). Paired-end, 250 bp sequencing
was performed. Data was processed with bcl2fastq
(Illumina Inc.).

RNA-seq data analysis

Data quality was examined by FastQC*® with per-base
sequence quality scores. Data that passed the quality control
were aligned to the mouse reference genome using RNA
STAR.”” The expression level of each gene was calculated by
FeatureCounts,”® and heat-maps for genes of interest were
generated using R 3.3.1. Gene expression profiles were sub-
sequently used for differential gene expression analysis using
DESeq2.”” The false discovery rate was controlled using the
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Benjamini-Hochberg procedure. Rank lists for Gene Set
Enrichment Analysis (GSEA) were generated from DESeq2
results, with the following formula: ‘Sign(log,FoldChange)
X -log;o(p-value)’. Pre-ranked GSEA was performed with
the Molecular Signatures Database (MSigDB) immunologic
signature gene sets.’® RNAseq data (BioProject ID
PRJNA792998) is publicly available at http://www.ncbi.
nlm.nih.gov/bioproject/792998.

Tumor treatment studies

Tumor studies with E.G7-OVA-PD-L1"%" tumors
E.G7-OVA-PD-L1™M&" cells were injected subcutaneously (in
PBS without matrigel) into 6-week old female C57BL/6 mice
or 6- to 7-week-old female IL-12p40 KO mice. When
tumors were palpable and similarly sized (0.1 cm?),
2 x 10° naive OT-1 splenocytes were adoptively transferred
to each mouse intraperitoneally. The following day, mice
were immunized subcutaneously with 100 pg SIINFEKL
peptide in PBS, with or without TLR agonist(s) at the
following concentration: TLR1/2 (Pam3CSK4, 20 pg/
mouse), TLR3 (Poly(I:C) HMW, 100 pg/mouse), TLR9
(ODN 1826, 50 pg/mouse). Doses were chosen based on
prior studies.’’** Tumor volume was measured using cali-
pers and calculated in cubic centimeters according to the
formula: (1/6) x (long axis) x (short axis)®. Tumors were
collected and digested in collagenase, DNAse I, and protease
inhibitors for 1 hour at 37°C, passed through a 100-mm
mesh screen, and analyzed by flow cytometry. Animals for
which tumors completely regressed were rechallenged with
E.G7-OVA-PD-L1™&" tumor cells 28 days after the date of
regression.

Tumor study with TRAMP-C1 tumors

Six- to ten-week-old male C57BL/6 mice were inoculated with
1 x 10° TRAMP-C1 cells, administered subcutaneously with
matrigel (Corning Inc., Corning, NY). Each mouse was then
immunized intradermally with 100 ug DNA vaccine (pTVG-
AR) (or vector control) weekly, beginning 1 day after tumor
implantation. TLR agonist(s) were co-administered with the vac-
cine intradermally at the following concentration: TLR1/2
(Pam3CSK4, 20 pg/mouse), TLR3 (Poly(I:C) HMW, 100 pg/
mouse), TLR9 (ODN 1826, 50 pg/mouse). Tumor volumes were
measured as described above. Tumors obtained at necropsy were
digested in collagenase and DNAse I for 1 hour at 37°C, passed
through a 100-mm screen, and analyzed by flow cytometry.

Statistical analysis

Group mean comparisons were performed using GraphPad
Prism software, v8.4.3. Analysis of variance (ANOVA) fol-
lowed by Tukey’s multiple-comparison test was used to com-
pare individual group means. For samples for which ANOVA
was not applicable, the linear mixed-effects model with
Geisser-Greenhouse correction was used to compare group
means among treatment groups. Survival analysis was con-
ducted using a Mantel-Cox log-rank test. For all comparisons,
P values < .05 were considered statistically significant.
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Results

Combination of TLR agonists can alter the expression of
immune checkpoint receptors

We previously demonstrated that certain TLR agonists,
acting on APC at the time of T-cell activation, can lower
the expression of PD-1.>> To evaluate whether combina-
tions of TLR agonists administered at the time of T-cell
activation further affects expression of T-cell checkpoint
receptors, we used OT-1 CD8" T-cells, in which all CD8"
T-cells express a T-cell receptor (TCR) specific for the
H-2"-restricted epitope from ovalbumin, SIINFEKL. OT-
1 T-cells were activated in vitro with 2 pg/mL SIINFEKL
peptide in the presence or absence of TLR agonists, alone
or in combination, and assessed daily over four days for the
expression of 4-1BB (as a marker of activation), and multi-
ple-checkpoint receptors (PD-1, LAG-3, CD160, VISTA,
CTLA-4, TIM3, TIGIT, and CD244). The area under the
curve (AUC) was calculated for each checkpoint and
expressed as a ratio of the level observed when SIINFEKL
alone was used (Figure la). As shown in Figure 1b, several
pairwise combinations led to reduced expression of PD-1,
LAG-3, and CD160, and several combinations led to
increases in VISTA, CTLA-4, and TIGIT. In particular,
combinations with TLR4 agonist led to increases in
VISTA and TIGIT expression. Combinations with TLR3
agonists led to increases in CTLA-4 expression. The great-
est reductions in PD-1, LAG-3, and CD160 expression were
observed with combinations of TLR1/2, TLR3, and TLR9
(Figure 1c and Supplemental Figure S1). Given the greatest
decreases in PD-1 expression with these TLR agonists,
combinations of TLR1/2, TLR3, and TLR9 agonists were
prioritized for further studies.

CD8" T-cells activated in the presence of TLR combinations
have improved anti-tumor activity

To determine the effect of TLR combinations on the anti-
tumor activity of activated CD8" T-cells, E.G7 tumor cells
(expressing ovalbumin and PD-L1) were implanted in
C57BL/6 mice and permitted to grow until palpable
(~10 days). OT-1 splenocytes were then adoptively transferred,
and the following day mice were immunized with 100 pg
SIINFEKL (OVA) peptide alone, peptide and a single TLR1/
2, TLR3, or TLRY agonist, or peptide with combinations of
TLR agonists as indicated in Figure 2. Immunization with
OVA peptide in the presence of two different TLR agonists
produced a greater antitumor effect than peptide alone or when
used with a single TLR agonist (Figure 2a). Notably, 1 out of 6
mice receiving the TLR3+ TLR9 combination showed com-
plete regression of the tumor (Supplemental Figure S2), and
acquired immune memory, as re-challenge with EG.7 tumor
cells did not lead to tumor growth (data not shown). As shown
in Figure 2b,c, immunization with combined TLR agonists led
to an increase in tumor-infiltrating antigen-specific CD8"
T-cells with lower PD-1 expression.

Improved anti-tumor immunity with combinations of TLR
agonists is not solely dependent on IL-12

We have previously shown that the effect of TLR agonists on
PD-1 expression is due, at least in part, to IL-12 secretion from
professional APC.** Given this, we tested whether combination
of TLR agonists affected the secretion of IL-12 from APCs. As
shown in Figure 3a (and Supplemental Figure S3), treatment of
DCs with two different TLR agonists did not significantly
increase IL-12 secretion over the use of a single TLR agonist
alone, except for the combination of TLR3 and TLRY. In order
to determine whether the anti-tumor efficacy of CD8" T-cells
observed following vaccination with TLR agonist was depen-
dent on IL-12, similar murine tumor studies were conducted
using IL-12-deficient mice. Specifically, E.G7 cells were
implanted in IL-12p40 deficient mice and permitted to grow
until palpable (12 days). OT-1 CD8" T-cells were then adop-
tively transferred, and the following day mice were immunized
with SIINFEKL (OVA) peptide alone or with TLR1/2, TLR3, or
TLR9 agonists. Interestingly, the anti-tumor effect of TLR1/2
and/or TLRY agonist treatment was abrogated in IL-12-
deficient mice, while TLR3 agonist demonstrated improved
anti-tumor activity when co-administered with the SIINFEKL
peptide (Figure 3b, Supplemental Figure S4). These results
suggested that the effect of TLR combinations may not be
solely due to IL-12 secretion from APC, and that TLR3 agonists
may have entirely different effects on APCs compared with
TLR1/2 or TLRY agonists.

Combination of TLR agonists affects CD8* T-cell effector
and memory functions via IL-12 and type-1 interferon

To identify mechanisms of action for the effect of TLR combi-
nations on CD8" T-cell function, OT-1 CD8" T-cells were
activated with SIINFEKL peptide-loaded DC that were stimu-
lated with TLRs and evaluated for gene-expression changes by
mRNA sequencing (Figure 4a). OT-1 CD8" T-cells activated in
the presence of either TLR1/2, TLR3, or TLR9 agonists showed
distinct phenotypes in a principle component analysis (PCA)
compared to the cells activated by SIINFEKL peptide alone
(Figure 4b). Compared to TLR1 or TLR3 groups, T-cells acti-
vated with TLR1+ TLR3 combination also clustered distinctly.
However, TLR9, or TLR combinations including TLR9, clus-
tered similarly, suggesting that global gene expression pattern
might be similar when TLR9 agonists were combined with
other TLR agonists. As shown in Figure 4c, TLR combinations
up-regulated genes related to T-cell effector function (Id2,
II2ra, Klrgl, Tnfrst8, and Tnfrsf9), memory function (CCR4,
CCR7, Ly6cl, and Sell) and cytokines (Granzyme A, IL2, IL6,
and TGFP2). PD-1 expression was suppressed in TLR1+ TLR3
and TLR1+ TLRY combinations, consistent with flow cytome-
try studies (Figure 1c). The expression of VISTA, TIGIT, and
CD160 were also consistent with protein expression observed
by flow cytometry. TIM-3 gene (Havcr2) expression, however,
was reduced with combinations more markedly than observed
by changes in cell surface expression. We further analyzed
RNA-seq data from each treatment group using Gene Set
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Figure 1. Combinations of TLR agonists at the time of T-cell activation in vitro affect expression of T-cell checkpoint receptors: Splenocytes were prepared from the
spleens of OT-1 mice and stimulated in vitro with the high-affinity SIINFEKL (OVA) peptide in the presence or absence of TLR agonists [TLR 1/2 (Pam3CSK4), TLR 3 (Poly I:
C), TLR 4 (MPLAs), TLR 5 (FLA-ST), TLR 2/6 (FSL-1), TLR 7 (Gardiquimod), TLR 7/8 (R848), TLR 9 (ODN1826), or TLR 13 (ORN Sa19)] or their pairwise combinations. The
median fluorescence intensity (MFI) of 4-1BB and T-cell checkpoint receptor expression on CD8" T-cells were determined by flow cytometry, collected daily for 4 days,
and computed as Area Under the Curve (AUC) using the trapezoid rule. (a) Calculation of AUC ratio to compare AUC of each receptor expression for each pairwise
combination with that obtained following OVA stimulation alone, without TLR activation. (b) Heat-map demonstrating AUC ratio of each pairwise combination for 4-
1BB and multiple T-cell checkpoint receptors. (c) Representative MFI plots showing 4-1BB, PD-1, LAG-3, and CD160 expression with the combinations of TLR1/2, TLR3,
and TLR9 agonists. Results are from one experiment, with samples assessed in triplicate, and are representative of three similar, independent experiments. Asterisks
represent significant (p < .05) differences as assessed by ANOVA.
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Figure 2. Combination of TLR agonists elicits greater antitumor immunity in vivo. Ovalbumin-expressing E.G7 cells were implanted in C57BL/6 mice and permitted to
grow until tumors were palpable (10 days). OT-1 splenocytes were then adoptively transferred and mice were immunized subcutaneously the following day with
SIINFEKL (OVA) peptide alone, or in combination with TLR agonists, the day following immunization. (a) Shown are the tumor growth curves (median + standard error,
n = 6 to 7 animals per group). Asterisks represent significant (p < .05) differences as assessed by linear mixed effects model with Geisser-Greenhouse correction. (b)
Animals were treated as in panel A but tumors were collected at day 15 and evaluated for the frequency of infiltrating CD3*, CD8", tetramer™ T-cells among all cells. (c)
Tumor-infiltrating CD8", tetramer® T-cells were further evaluated for 4-1BB and PD-1 expression by flow cytometry. Results are from one experiment and are

representative of two independent experiments.

Enrichment Analysis (GSEA) and identified IL-12 and type-1
interferon as key signaling pathways representing differences
between TLR combinations and each TLR pair (Figure 4d,
Supplemental Table S1). In comparison of CD8" T-cells sti-
mulated with TLR1/2 or TLR9 versus SIINFEKL peptide alone,
IL-12 was identified as a key pathway (Figure 4d, column a, c).
However, CD8" T-cells stimulated in the presence of TLR3 had
type-1 interferon as a key signaling pathway (Figure 4d, col-
umn b). Comparison between TLR1 and TLR1/2+ TLR3 com-
binations similarly identified type-1 interferon signaling as
amain difference between these two groups (Figure 4d, column

d).

Effects of TLR agonists on CD8" T-cell immune checkpoint
receptor expression are dependent on both IL-12 and IFNf3

We next wished to confirm the gene expression studies and
determine whether the effects of TLR agonists on CD8"
T-cells relied on the action of these agonists on APC via
IL-12 and IFNP secretion. It has been demonstrated that
CD8 + T-cells also express TLRs,'>'” therefore we first

examined the effect of direct stimulation of CD8" T-cells
with TLR agonists on T-cell checkpoint expression. Pre-
treatment of dendritic cells, but not CD8 + T-cells, with
TLR agonists led to decreased PD-1 expression during co-
culture with SIINFEKL peptide, demonstrating the effect of
TLR ligands was on APC (Supplemental Figure S5A). We
then wished to determine whether treatment of APCs with
multiple TLR agonists elicited production of type-1 inter-
feron. As shown in Figure 5a, treatment of DCs with TLR3
+ TLR1/2, or TLR3+ TLRY, led to increased secretion of
IFNP. Lower expression was detected from B cells, and
primarily following treatment with TLR1/2+ TLR3. No sig-
nificant secretion of IFNP was detected following treatment
with TLR1/2 or peptide antigen itself. As shown in
Figure 5b, OT-1 T-cells activated in the presence of
SIINFEKL peptide and IL-12 had decreased PD-1 expres-
sion, and this expression was further reduced in the pre-
sence of IFN. CD160 expression was similarly reduced in
the presence of IL-12 and IFNS, whereas the expression of
LAG-3 was not affected by these cytokines (Figure 5b). OT-
1 CD8" T-cells, activated by SIINFEKL peptide-loaded DC
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Figure 3. Improved anti-tumor immunity with combinations of TLR agonists is not solely dependent on IL-12. (a) Purified DCs were stimulated in the presence of TLR1/2
agonist (Pam3CSK4), TLR3 agonist (HMW Polyl:C), TLR9 agonist (ODN 1826), pairwise combinations of these TLR agonists, or media only (no TLRs) for 24 hours. Culture
supernatant was then evaluated for the presence of IL-12 p70 by ELISA. Asterisks represent significant (p < .05) differences as assessed by t-test. (b) Ovalbumin-
expressing E.G7 cells were implanted in IL-12p40 deficient mice and permitted to grow until tumors were palpable (12 days). OT-1 CD8" T-cells were then adoptively
transferred, and mice were immunized subcutaneously the following day with SIINFEKL (OVA) peptide alone, or in combination with TLR agonists. Shown are the tumor
growth curves (median + standard error, n = 5 animals per group). Asterisks represent significant (p < .05) differences as assessed by linear mixed effects model with

Geisser-Greenhouse correction.

that were stimulated with TLR agonists, had increased
expression of PD-1 in the presence of IL-12 receptor block-
ade (Figure 5c). When DC were stimulated with TLR3 or
combinations with TLR3, PD-1 expression was further
restored in the presence of type 1 interferon receptor block-
ade (Figure 5¢, Supplemental Figure S5B, C).

Combination of TLR agonists used as adjuvants improves
the anti-tumor vaccine efficacy in a prostate cancer model

The studies above used ovalbumin as a model tumor antigen
and suggested that combinations of TLR agonists might
effectively serve as vaccine adjuvants to improve the function
of CD8" T-cells activated by vaccination. Consequently, we
wished to evaluate this in a more relevant tumor model
targeting a native antigen. We have previously reported
that a DNA vaccine encoding the ligand-binding domain of
the androgen receptor (pTVG-AR) can elicit antigen-specific
CD8" T-cells with cytolytic function.”® For these studies,
TRAMP-CI1 prostate tumor cells were implanted in male
C57BL/6 mice. Mice were then immunized intradermally
weekly, beginning the day after tumor implantation, with
control vector (pTVG4) or pTVG-AR, and co-administered
with TLR1/2, TLR3, or TLRY agonists. As shown in
Figure 6a (and Supplemental Figure S6), addition of single
TLR agonists showed modest effects on tumor growth, but
the combinations of TLR1/2+ TLR3 and TLR3+ TLR9
further suppressed tumor growth and prolonged survival
(Figure 6b). As shown in Figure 6¢, immunization with
two different TLR agonists tended to increase the number
of immune-infiltrating CD8" T-cells, and lower the number
of infiltrating CD4" Treg. These tumor-infiltrating CD8"
T-cells had similar expression of 4-1BB, but reduced expres-
sion of PD-1 (Figure 6d).

Discussion

We have previously found that T-cell activation in the presence
of TLR agonists resulted in suppression of PD-1 expression and
greater T-cell anti-tumor function.”” TLR agonists have been
widely investigated not only as adjuvants for traditional vac-
cines, but also as reagents that facilitate anti-tumor function of
immune cells."* " Moreover, there are reports that used multi-
ple TLR agonists, delivered at the same time, to augment the
overall immune response.”>>> However, there is little under-
standing of their mechanism in terms of how combinations of
TLR agonists might affect T-cell function. Consequently, in
this report, we investigated whether co-administration of dif-
ferent TLR agonists affect the expression of multiple T-cell
checkpoint receptors and improve the anti-tumor function of
these activated T-cells. We found that specific combinations of
TLR1/2, TLR3, and TLR9Y agonists led to lower expression of
PD-1, CD160, and LAG-3 on activated CD8" T-cells. Although
none of these combinations showed synergistic effect, we found
that combinations of TLR agonists showed additive effects in
terms of downregulating PD-1 expression on CD8" T-cells.
Combinations of TLR agonists further reduced expression of
PD-1 in vivo, and immunization in the presence of two differ-
ent TLR agonists improved the anti-tumor activity of CD8"
T-cells. We also identified secretion of IL-12 and type-1 IFN
from professional APC as contributing mechanisms by which
TLR agonists downregulate T-cell checkpoint expression.

In this study, OT-1 models were utilized for both in vitro
and in vivo experiment. Since OT-1 mice contain transgenic
Tcra-V2 and Tcrb-V5 inserts, all CD8" T-cells recognize
a defined ovalbumin H-2-restricted epitope, residues 257-
264.%° This enabled our studies evaluating antigen-specific
CD8" T-cell activation and response, and the comparison of
TLR agonists used during TCR activation. However, the OT-1/
ova model is artificial and has several limitations. First, the
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antigen itself is a non-self antigen to murine immune system,
and is a high-affinity epitope, which may not be representative
of many autologous tumor-presented epitopes. In addition,
given that these cells use a single high-affinity TCR, these

Figure 4. CD8" T-cells activated in the presence of TLR1/2, TLR3, TLR9 agonists exhibit distinct gene expression profiles with differences in effector and memory
function. OT-1 splenocytes were activated for 72 hours in the presence of SIINFEKL peptide (OVA) alone, or with TLR1/2, TLR3, and/or TLR9 agonists. CD8" OT-1 T-cells
were then purified and evaluated for gene-expression changes by RNA-seq. All samples were evaluated in six replicates from a single experiment. (a) Representative
color codes for each treatment group for subsequent analysis (a: TLR1/2 vs. OVA, b: TLR3 vs. OVA, c: TLR9 vs. OVA, d: TLR1/2+ TLR3 vs. TLR1, e: TLR1.2+ TLR3 vs. TLR1, f:
TLR1/2+ TLR9 vs. TLR1, g: TLR1/2+ TLR9 vs. TLR9, h: TLR3+ TLR9 vs. TLR3, i: TLR3+ TLR9 vs. TLR9) (b) Principle-Component Analysis plot for each treatment group. (c)
Heat-map of gene expression changes for specific genes associated with CD8* T-cell differentiation and function for CD8* T-cells stimulated with OVA in the presence of
TLR agonists versus CD8* T-cells stimulated with OVA alone (red = increased expression, blue = reduced expression, with fold-change indicated by the numbers). (d)
Table showing enriched gene sets from pre-ranked GSEA between each treatment group. Gene sets identified in at least 5 of the pairwise comparisons were selected.
Numbers indicate normalized enrichment score and (FDR g-value) for each of the 9 pairwise comparisons.

may not represent the complexity and diversity of antigen-
specific CD8 + T-cells activated by vaccination. Given our
previous report that OT-1 T-cells stimulated with lower affinity
antigens, including SIINTEKL or SIINFEKP, become activated
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Figure 5. Changes in CD8* T-cell expression of PD-1 following TLR stimulation depends on both IL-12 and type-1 interferons. (a) Purified DCs or B cells were stimulated
in the presence of TLR1/2 agonist (Pam3CSK4), TLR3 agonist (HMW Polyl:C), TLR9 agonist (ODN 1826), or media only (Control) for 24 hours. Culture supernatants were
then evaluated for the presence of IFNB by ELISA. (b) OT-1 splenocytes were stimulated in vitro with the high-affinity SIINFEKL peptide in the presence of recombinant
IL-12 and/or IFNB. The median fluorescence intensity (MFI) of 4-1BB, PD-1, CD160, LAG-3 expression on CD8" T-cells were assessed after 4 days, by flow cytometry. (c)
OT-1 splenocytes were stimulated in vitro with the high-affinity SIINFEKL peptide in the presence of specific TLR agonists, anti-IFNAR1 and/or anti-IL-12RB2. The median
fluorescence intensity (MFI) of PD-1 expression on CD8* T-cells was assessed after 3 days, by flow cytometry. Asterisks demonstrate significant (p < .05) differences as
assessed by ANOVA. Results are from one experiment and are representative of two independent experiments.

with lower, transient PD-1 expression, it is possible that the
effect of TLR agonists on CD8" T-cells might vary depending
on their affinity. Future studies will be necessary to determine
whether CD8" T-cells with weaker affinity for their target,
when stimulated with TLR agonists during T-cell activation,
have similar altered expression of T-cell checkpoint receptors.

The blockade of T-cell immune checkpoint receptors, nota-
bly antibodies blocking PD-1/PD-L1 or CTLA-4, has revolutio-
nized the treatment of cancer.”””>® Subsequently, other T-cell
receptors, such as LAG-3, have also become recognized as
important immune checkpoint targets. Our group and others
have demonstrated that blocking multiple T-cell checkpoint
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Figure 6. Combinations of TLR agonists improve the anti-tumor efficacy of a DNA vaccine in a prostate cancer tumor model. C57BL/6 mice were implanted
subcutaneously with TRAMP-C1 tumor cells. Mice were immunized intradermally weekly with control vector (pTVG4) or DNA encoding AR ligand-binding domain
(pTVG-AR) and delivered alone or co-delivered with TLR1/2, TLR3 and/or TLR9 agonists. (a) shown are the growth curves for each group (n = 6 animals per group.
Asterisks demonstrate significant (p < .05) differences as assessed by linear mixed effects model with Geisser-Greenhouse correction. (b) Survival plots using the time to
death or when tumors reached 2 cm? in size, whichever occurred first, are shown. Asterisks indicate p < .05 as assessed by log-rank test. (c) Animals were treated as in
panel A, and tumors were obtained at day 64. Tumors were evaluated by flow cytometry for the number of infiltrating CD45" cells, CD8" T-cells among all live cells, and
percentage of T,y cells (CD25*Foxp3*) among CD45*CD3*CD4™ cells. Asterisk demonstrates significant (p < .05) differences as assessed by ANOVA. (d) Tumor-
infiltrating CD8* T-cells were evaluated for 4-1BB and PD-1 expression by flow cytometry. Median Fluorescence Intensity (MFI) for PD-1 was normalized to the lowest

value.

receptors simultaneously, such as combining PD-1 and LAG-3
blockade with anti-tumor vaccination, can result in greater anti-
tumor effects.®® In the current report, we found that specific
combinations of TLR1/2, TLR3, and TLR9 agonists led to lower
expression of PD-1, CD160, and LAG-3 on activated CD8"
T-cells. TLR agonist stimulation could potentially accomplish
the same effect as T-cell checkpoint blockade by lowering
expression of these molecules, and hence it will be interesting
to see whether there is any advantage to combining TLR agonist
treatment with PD-1, CD160 and/or LAG3 blockade. On the
other hand, receptors including CTLA-4, VISTA, and CD244

were upregulated following TLR stimulation, suggesting that
TLR agonists might specifically be combined with the blockade
of these T-cell checkpoint receptors. Strategic combinations of
TLR agonists and checkpoint blockade could potentially further
improve the anti-tumor efficacy of therapies using activated
T-cells, and might also lower the cost and toxicity associated
with multiple T-cell checkpoint blockade therapies.

We identified IL-12 and type-1 IEN, secreted by profes-
sional APC after TLR activation, as part of the mechanism by
which TLR agonists downregulate T-cell checkpoint receptor
expression. IL-12 is a pro-inflammatory cytokine produced by



macrophages or dendritic cells and known to induce T-cell
activation and differentiate CD4" T-cells toward a Thl
phenotype.**™** Type-1 IFNs are composed of IFNa and
IFNS3, and are involved in anti-viral responses by activating
NK cells.**** However, their role in T-cell activation is con-
troversial: Type-1 interferons can facilitate antigen presenta-
tion to T-cells and maximize T-cell mediated antitumor
immunity,*>*® however chronic type-1 interferon signals also
recruit MDSC and Treg, and induce expression of inhibitory
molecules, such as PD-L1 or IDO.*”*® Qur RNA sequencing
studies identified that stimulation with single versus
a combination of TLR agonists affected the activation of both
of these different cytokine pathways. In direct treatment stu-
dies, combinations of TLR3 and TLRY agonists significantly
upregulated secretion of IL-12 by DCs, and combinations with
TLR3 increased IFNf3 secretion by APCs. Activating T-cells
with the antigen along with recombinant IL-12 and/or IFENf}
suppressed PD-1 and CD160 expression on CD8" T-cells,
implicating both IL-12 and IFNf as contributing mechanisms
by which TLR agonists suppress the expression of these recep-
tors. However, inhibition of downstream signaling of IL-12 or
IFNS only partially restored the expression of PD-1, and did
not affect CD160 or LAG-3 expression, suggesting that there
could be additional mechanisms by which TLR agonists reg-
ulate the expression of T-cell checkpoint receptors. Future
studies will further explore the means by which TLR agonists
affect the expression of these other T-cell checkpoint receptors.

In our tumor studies, combinations of TLR agonists
improved the T-cell mediated anti-tumor immunity when
they were co-administered as vaccine adjuvants. Even though
the ovalbumin-expressing tumor-bearing mice were immu-
nized with only a single dose of SIINFEKL and TLR agonists,
all combinations of TLR1/2, TLR3, and TLRY agonists
improved the anti-tumor response. Notably, one mouse trea-
ted with TLR3 and TLR9 agonists developed complete regres-
sion of tumor as well as immunological memory, as this
mouse was resistant to re-challenge with tumor. However,
only TLR3 and TLR9 agonists improved the anti-tumor func-
tion of a DNA vaccine in a murine prostate tumor model
targeting a native, tolerant antigen. The more modest anti-
tumor response in this latter tumor model is likely due to the
lower frequency of tumor-specific CD8 + T-cells. That is, for
the murine E.G7-OVA model, OT-1 CD8 + T-cells were
provided before immunization with the peptide, while treat-
ment of the mice with prostate tumors relied upon the aug-
mentation of tumor-specific T-cells targeting the self antigen
using repetitive vaccination. Nevertheless, these findings indi-
cate that the TLR3 and TLR9 combination, in particular, can
improve vaccine efficacy by augmenting both effector and
memory functions of T-cells, and in our studies this combi-
nation was the optimal combination to further pursue as
a cancer vaccine adjuvant.

Interestingly, TLR3 and TLRY agonist treatment alone was
able to suppress tumor growth, without vaccination, in the
TRAMP-C1 tumor model. This could be due to the fact that
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TLR agonists can also affect tumor cells directly. TLR3 has been
shown to induce tumor cell death,*””>" and TLRY induces
apoptosis of tumor cells and improves the survival of mice.”*
Hence, TLR agonists used as vaccine adjuvant might directly
affect different types of tumors. However, the fact that we
delivered low doses of TLR agonists at infrequent intervals
suggests that the effect of TLR agonists observed in the current
study is more likely immune-mediated, likely by activating
other tumor-specific CD8" T-cells than those activated by the
antigen-specific vaccine.

TLR agonists have been used as vaccine adjuvants for sev-
eral human vaccines. For example, Shingrix, a vaccine for
herpes zoster approved by FDA in 2017, uses a TLR4
agonist.”> Recently developed mRNA-based vaccines for
COVID-19 have used TLR agonism for robust immune
responses.”* However, there has been little exploration of the
mechanism of action of multiple TLR stimulation in humans.
In fact, while human TLRs share common characteristics with
murine TLRs, they have different tissue expression patterns
and signal intensity,”>® suggesting that dosing of TLR agonists
for similar effects on T-cell activation might be different in
humans. Furthermore, TLR10 is only expressed in humans,
and hence could not be studied in our murine models.”” Future
studies are needed to determine whether human TLR agonists,
including TLR10, can similarly affect the expression of IL-12
and IFNB and suppress T-cell checkpoint expression on acti-
vated CD8" T-cells. Nevertheless, our findings suggest that
specific TLR agonists, notably TLR3 and TLR9 agonists,
might be specifically evaluated with anti-tumor vaccines to
determine if they modulate the effector and memory function,
and expression of T-cell checkpoint receptors, of human CD8"
T-cells.
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Abbreviations

4-1BB CD137; tumor necrosis factor receptor superfamily
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APC Antigen-presenting cell

AuC Area under the curve

CTLA4 Cytotoxic T lymphocyte-associated protein 4

E.G7 Tumor cell line derived from T-cell lymphoma EL-4

E.G7-OVA- E.G7 cell line expressing Ovalbumin and PD-L1

pPDL1M" Enzyme-linked immunosorbent assay

ELISA Fms-like tyrosine kinase 3

FIt3 Ligand of Fit3

Flt3L Gene set enrichment analysis

GSEA Human papillomavirus

HPV Interferon

IFN Interleukin-12

IL-12 Lymphocyte activating gene 3

LAG-3 Median fluorescence intensity

MFI Transgenic mice expressing TCR specific for ovalbumin

OT-1 SIINFEKL epitope

OVA Ovalbumin

PD-1 Programmed cell death protein 1

PD-L1 PD-1 ligand

PRR Pattern recognition receptor

T-cell Thymic lymphocyte

TCR T-cell receptor

TIGIT T-cell immunoreceptor with Ig and ITIM domains

TIM-3 T-cell immunoglobulin and mucin domain-containing

protein 3

TLR Toll-like receptor

TRAMP Transgenic adenocarcinoma of the murine prostate

VISTA V-domain g suppressor of T-cell activation
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