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Abstract

The use of tumor mutation-derived neoantigen represents a promising approach for cancer vaccines. Preclinical and early
phase human clinical studies have shown the successful induction of tumor neoepitope-directed responses; however, overall
clinical efficacy of neoantigen vaccines has been limited. One major obstacle of this strategy is the prevailing lack of suf-
ficient understanding of the mechanism underlying the generation of neoantigen-specific CD8" T cells. Here, we report a
correlation between antitumor efficacy of neoantigen/toll-like receptor 3 (TLR3)/CD40 agonists vaccination and an increased
frequency of circulating antigen-specific CD8" T cells expressing CX3C chemokine receptor 1 (CX3CR1) in a preclinical
model. Mechanistic studies using mixed bone marrow chimeras identified that CD40 and CD80/86, but not CD70 signaling
in Batf3-dependent conventional type 1 dendritic cells (cDCl1s) is required for the antitumor efficacy of neoantigen vaccine
and generation of neoantigen-specific CX3CR1* CD8* T cells. Although CX3CR1* CD8* T cells exhibited robust in vitro
effector function, in vivo depletion of this subset did not alter the antitumor efficacy of neoantigen/TLR3/CD40 agonists
vaccination. These findings indicate that the vaccine-primed CX3CR1* subset is dispensable for antitumor CD8" T cell
responses, but can be used as a blood-based T-cell biomarker for effective priming of CD8* T cells as post-differentiated
T cells. Taken together, our results reveal a critical role of CD40 and CD80/86 signaling in cDCls in antitumor efficacy
of neoantigen-based therapeutic vaccines, and implicate the potential utility of CX3CR1 as a circulating predictive T-cell
biomarker in vaccine therapy.
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Introduction

Despite objective therapeutic benefit seen in several clini-
cal trials, the overall clinical success of the peptide-based
vaccines has thus far been limited [1, 2]. This is due, at
least in part, to the low immunogenicity of self-antigens,
the incomplete understanding of immunological mecha-
nisms underlying effective priming of tumor-specific T cells,
and the lack of a reliable biomarker for clinical response.
Somatically mutated genes within tumors can generate neo-
antigens, which create de novo epitopes for T cells [3]. Since
neoantigens have not undergone central thymic selection,
they can be deemed as highly immunogenic tumor-specific
antigens [3]. Recent advances of neoantigen identification
by massive parallel sequencing and computational predic-
tion of neo-epitopes have demonstrated that individualized
mutanome-based vaccinations are promising [4-7].

The chemokine receptor, CX3CR1, was recently iden-
tified as a marker of effector T-cell differentiation [8, 9].
Unlike other proliferation, co-stimulatory and co-inhibitory
molecules such as Ki67, ICOS, PD-1 and CTLA-4 that are
only transiently upregulated on T cells after activation,
CX3CR1 is stably expressed on virus- and tumor-specific
CD8* T cells upon effective activation and differentiation
via unidirectional differentiation from the CX3CR1-negative
(CX3CR17) subset during the effector phase [8, 9, 10]. Fur-
thermore, our study and others have shown that CD8* T
cells expressing high levels of CX3CR1 exhibit decreased
expression of L-selectin (CD62L) and CXCR3 [8-11], traf-
ficking receptors necessary for entry across lymphoid organ
high endothelial venules (HEV) and the tumor microvascu-
lature, respectively [12, 13, 14], and become more prevalent
in peripheral blood (PB) at the end of the primary response
[9, 10]. Therefore, the CX3CR1* subset might not contribute
to the antitumor CD8* T cell responses against established
tumors due to the poor trafficking capacity compared to the
CX3CR1™ subset [10]; however, CX3CR1 can be useful as a
blood-based marker for effective priming of CD8% T cells as
post-differentiated T cells. These observations prompted us
to hypothesize that effective vaccination would be associated
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with the increased frequency of antigen-specific CX3CR1*
CD8™ T cells in the periphery.

Here, we used a syngeneic mouse model of colon adeno-
carcinoma with the neo-epitope presented in major histo-
compatibility complex (MHC) class I H-2D® molecules [15],
and investigated the relationship between antitumor efficacy
of neoantigen vaccination and the frequency of neoantigen-
specific CX3CR1" CD8" T cells. Our results indicate that
generation of circulating neoantigen-specific CX3CR17
CD8* T cells correlates with successful vaccination with
mutated peptide and toll-like receptor 3 (TLR3)/CD40 ago-
nists. Mechanistic studies using mixed bone marrow chi-
meras identified a key role of CD40 and CD80/86, but not
CD70 signaling in Batf3-dependent conventional type 1 den-
dritic cells (cDC1s) for the generation of neoantigen-specific
cytotoxic CX3CR1" CD8* T cells and therapeutic efficacy
of neoantigen vaccine.

Materials and methods
Mice

Female C57BL/6 mice were purchased from the Jackson
Laboratory. CD40™'~ mice (B6.129S2-Cd401g™!™[]),
CD80/86™'~ mice (B6.129S4-Cd80™ 'S Cd86™>S""/T), and
Batf3~'~ mice (B6.129S(C)-Barf3™!Kmm/}) CD2-Cre mice
(C57BL/6-Tg(CD2-cre)1Lov/]), and CX3CR1-DTR mice
(B6N.129P2-Cx3cr1™3(PTRLit Ty on C57BL/6 background
were purchased from the Jackson Laboratory, and bred
in-house (Roswell Park Comprehensive Cancer Center).
CD70~'~ mice on C57BL/6 background have been previ-
ously described [16]. For inducible Cd2-cre/Cx3crl*/PTR
mice, we crossed CD2-Cre mice with CX3CR1-DTR mice
to generate Cd2-cre/Cx3crl™P™® mice, allowing induction of
DTR in CX3CR1" CD8* T cells. For depletion of CX3CR1"
CDS8™" T cells, diphtheria toxin (Sigma) (250 ng/dose/mouse)
was administered intraperitoneally (i.p.) every day starting
from 1 day before neoantigen vaccination. All mice were
7-12 weeks old at the beginning of each experiment, main-
tained under specific pathogen-free, and housed in the Labo-
ratory Animal Resources facility. All animal studies were
conducted in accordance with and approved by the Insti-
tutional Animal Care and Use Committee (IACUC) at the
Roswell Park Comprehensive Cancer Center.

Cells

The MC38 murine colon adenocarcinoma cell line was gift
from Dr. Weiping Zou (University of Michigan). The murine
B16F10 melanoma cell line was purchased from ATCC.
B16F10 and MC38 cells were maintained in RPMI (Gibco)
supplemented with 10% FBS (Sigma), 1% NEAA (Gibco),
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2 mM GlutaMAX-1 (Gibco), 100 U/ml penicillin—strepto-
mycin (Gibco), and 55 pM 2-mercaptoethanol (Gibco). Cells
were authenticated by morphology, phenotype and growth,
and routinely screened for Mycoplasma, and were main-
tained at 37 °C in a humidified 5% CO, atmosphere.

In vivo vaccination and cancerimmunotherapy
studies

Female mice were injected subcutaneously (s.c.) with
5-8 x 10° MC38 cells into the right flank. Mice were treated
s.c. with 100 pg soluble mutant Adpgk peptide (Adpgk™™)
(ASMTNMELM) or AH1 (SPSYVYHQF) peptide (Gen-
Script) with 50 pg poly(I:C) (InvivoGen) and 50 pg agonistic
CDA40 antibody (Ab) (clone FGK45, BioXCell) in 100 pl of
PBS into the left flank twice 1 week apart. PB, spleen and
tumors were harvested for immune monitoring 1 week after
the second vaccination. Tumor volumes were calculated by
determining the length of short (/) and long (L) diameters
(volume = I> x L/2). Experimental end points were reached
when tumors exceeded 20 mm in diameter or when mice
became moribund and showed signs of lateral recumbency,
cachexia, lack of response to noxious stimuli, or observable
weight loss.

Generation of bone marrow chimeras

To generate bone marrow chimeras, C57BL/6 mice were
irradiated with 500 cGy followed by a second dose of
550 cGy 3 h apart. To obtain donor bone marrow, femurs
and tibiae were harvested and the bone marrow was flushed
out. For CD40~"~ bone marrow chimeras, 5 x 10° bone mar-
row cells from CD40~'~ mice were injected to irradiated
C57BL/6 WT mice. For Batf3~~/WT, Batf3~~/CD40~"~,
Batf3~~/CD80/86™"~, and Batf3™'~/CD70~"~ mixed bone
marrow chimeras, 5 x 10° bone marrow cells of a 1:1 mix-
ture were injected to irradiated C57BL/6 WT mice. After
8—12 weeks, recipients were used for the experiments.

Flow cytometry and intracellular granzyme, TNF-a
and IFN-y assay

Fluorochrome-conjugated antibodies are shown in
Table S1. DAPI, LIVE/DEAD Fixable Near-IR (Thermo
Fisher Scientific) staining cells were excluded from
analysis. For tetramer staining, PE-labeled MHC class 1
(H-2DP) specific for mouse Adpgk™" 299-307 (ASMT-
NMELM) [15] was kindly provided by the NIH Tetramer
Core Facility. Detection of intracellular granzyme A
(GZMA) was performed as described before [10]. For
intracellular staining of IFN-y and TNF-a, splenocytes and
tumor-infiltrating cells were cocultured with 1 pmol/L of
AdpgkM" or AH1 peptide in the presence of brefeldin A

(BD Biosciences) for 5 h in vitro. Samples were analyzed
using an LSR II or an LSRFortessa (BD Biosciences) with
FlowlJo software (TreeStar).

Statistical analysis

Statistical analysis was performed using a two-tailed Stu-
dent’s #-test or a Mann—Whitney U test for comparisons
between two groups, a one-way ANOVA with Tukey’s
multiple comparisons for comparisons more than 2 groups,
or the Mantel-Cox method (log-rank test) for survival
analysis using GraphPad Prism 8.02 (GraphPad Software).
Correlations were assessed using the Pearson and Spear-
man correlation coefficients. Analyses were performed in
GraphPad Prism 8.02 (GraphPad Software) and SAS v9.4
(Cary, NC) at a significance level of 0.05.

Results

Vaccination with neoantigen and TLR3/CD40
agonists elicits potent antigen-specific antitumor
efficacy.

To examine the relationship between antitumor efficacy
of neoantigen vaccination and the generation of neoan-
tigen-specific CD8* T cells, we sought to validate a pre-
clinical model of neoantigen vaccination using MC38
colon adenocarcinoma cells that harbor a single-epitope
mutation within the Adpgk protein (Supplemental Fig. 1)
[15]. In this model, to maximize the therapeutic efficacy
of neoantigen vaccination with Adpgk™M"!, dual TLR3/
CDA40 stimulation was used as vaccine adjuvants (Fig. 1a),
which has been known to synergistically activate DCs,
augment CD8" T cell expansion, and mediate potent anti-
tumor immunity in multiple preclinical models [16-22].
Vaccination of Adpgk™“!, but not irrelevant AH1 pep-
tide with agonistic anti-CD40 Ab, and a TLR3 agonist,
poly(I:C) (referred to as AdpgkM"/TLR3/CD40 hereaf-
ter) markedly delayed the growth of established MC38
tumors and improved survival (Fig. 1b). Splenocytes and
tumor-infiltrating cells from MC38 tumor-bearing mice
treated with AdpgkM"/TLR3/CD40 agonists vaccination
contained substantially higher frequency of CD8" T cells
that could produce IFN-y and TNF-a against Adpgk™"!
but not irrelevant AH1 antigen (Fig. 1c¢ and Supplemen-
tal Fig. 2), suggesting the generation of antigen-specific
CD8* T cells. These findings validate a preclinical model
of neoantigen vaccine-based therapy to investigate the role
of neoantigen-specific CD8* T cells.
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«Fig. 1 Vaccination with neoantigen and TLR3/CD40 agonists
elicits potent antigen-specific antitumor efficacy. a Experimental
scheme for evaluation of neoantigen/TLR3/CD40 agonists vaccina-
tion (Vac) in an MC38 tumor model. b Tumor growth and survival
curves in MC38 tumor-bearing C57BL/6 mice treated with PBS
(NT: non-treatment) or AdpgkM“/TLR3/CD40 agonists vaccination
(upper) (n=6 mice per group) and PBS (NT) or AH1/TLR3/CD40
agonists vaccination (lower) (n=>5-7 mice per group). ¢ Left shows
representative FACS plots showing IFN-y (upper) or TNF-a (lower)
expression gated with CD8* T cells in splenocytes of MC38-tumor
bearing mice 1 week after 2nd PBS (NT) or AdpgkM"YTLR3/CD40
agonists vaccination. Splenocytes were co-cultured with Adpgk™™
or AH1 peptide in the presence of brefeldin A for 5 h before intra-
cellular staining. Numbers denote percentage of IFN-y* or TNF-o*
cells. Right panel shows the frequency of the IFN-y* or TNF-o* cells
in CD8" T cells in each group (n=7 mice per group). NS not sig-
nificant, **P <0.01, ****P <0.0001, log-rank test (b) and one-way
ANOVA with Tukey’s multiple comparisons (c¢). Mean + SEM

Effective neoantigen/TLR3/CD40 stimulations
correlate with generation of antigen-specific effector
CX3CR1* CD8" T cells.

We examined whether effective neoantigen vaccina-
tion could generate CD8* T cells expressing CX3CRI1, a
marker of effector T-cell differentiation [8, 9]. To this end,
we collected PB, spleen and tumors 1 week after second
AdpgkM"/TLR3/CD40 agonists vaccination, and assessed
CX3CR1 in CD8* and neoantigen-specific CD8" T cells
using an AdpgkM"specific tetramer (Tet) (Supplementary
Fig. 3). AdpgkM"/TLR3/CD40 agonists vaccination sub-
stantially increased the frequency of CD8" and Tet™ CD8*
T cells expressing CX3CR1 in PB, spleen and tumors
(Fig. 2a).

Previous clinical studies showed that functional assess-
ment of PB T cells such as IFN-y production and/or cytol-
ytic activity was correlated with response in patients treated
with peptide vaccines [23, 24, 25]. Therefore, we evaluated
correlation between CX3CR1 expression in CD8" T cells
and capacity of producing effector cytokines, and found that
the majority of CD8" T cells producing effector cytokine
against Adpgk™M" were largely positive for CX3CR1 expres-
sion (Supplementary Fig. 4a). Accordingly, frequency of the
CX3CRI1* subset in circulating Tet™ CD8* T cells correlated
with the frequency of CD8* T cells secreting IFN-y* and
TNF-o* against Adpgk™M"! antigen in spleen (Supplementary
Fig. 4b). Of note, tumor-infiltrating Tet"™ CD8* T cells exhib-
ited higher capacity of producing effector cytokines than
Tet™ CD8™ T cells regardless of the expression of CX3CR1
(Supplementary Fig. 5a, b).

Next, we assessed relationship between tumor volume
and antigen-specific CD8" T-cell expansion and differen-
tiation in PB from treated and untreated mice. There was a
strong inverse correlation between frequency of circulating
CD8* and Tet™ CD8* T cells expressing CX3CR1 (T-cell
differentiation) and tumor volume, while the frequency of

total Tet™ CD8* T cells without CX3CRI1 criteria (T-cell
expansion) had a moderate inverse correlation with tumor
volume (Fig. 2b). To further investigate this, we treated
mice bearing MC38 tumors with different combinations
of vaccination: Adpgk™“, agonistic anti-CD40 Ab, and/or
poly(I:C), and examined correlation between tumor volume
and the frequency of the CX3CR1" subset in PB. AdpgkM"!
peptide vaccination with either anti-CD40 Ab or poly(I:C)
improved survival compared to non-treatment and Adpgk™M"*
alone (Supplementary Fig. 6a). However, combined anti-
CD40 Ab and poly(I:C) stimulation synergistically enhanced
AdpgkM"! peptide immunization, resulting in significantly
prolonged survival. We analyzed circulating T cells, and
found that the frequency of CD8* and Tet™ CD8" T cells
expressing CX3CR1 was inversely correlated with tumor
volume 1 week after the second vaccination (Supplementary
Fig. 6b).

Phenotypical and functional evaluation of circulat-
ing AdpgkM"-specific CX3CR1~ and CX3CR1™ subsets
revealed that the CX3CR1* subset contained significantly
more 4-1BB*, PD-1*, KLRG* and GZMA™ populations
(Fig. 2c¢), suggesting recently activated effector T cells.
However, CX3CR1" CD8* T cells exhibited decreased
expression of trafficking molecules, CD62L and CXCR3,
involved in T-cell access into lymphoid tissues and tumor
microenvironment (TME), respectively [12, 13, 14], in line
with the higher frequency of the CX3CR1™ subset in PB
in treated mice (Fig. 2a). Of note, generation of circulat-
ing CX3CR1* CD8* T cells was observed by AH1 peptide/
TLR3/CD40 agonists vaccination in mice bearing MC38
tumors (Supplementary Fig. 7a, b) where no antitumor effi-
cacy was identified (Fig. 1b), suggesting that an increased
frequency of this subset can be an evidence of the effec-
tive activation of CD8* T cells, but might not necessarily
indicate that this subset contributes to antitumor reactivity.
Therefore, we sought to determine whether CX3CR1* CD8"
T cells were required for the antitumor efficacy of neoanti-
gen/ TLR3/CD40 agonists vaccination.

CX3CR1* CD8" T cells are dispensable
for the antitumor efficacy of neoantigen/TLR3/CD40
agonists vaccination against established tumors.

Previous preclinical studies using CX3CR1~/~ mice or
CX3CRI inhibitor suggested a significance of the CX3CR1/
CX3CL1 axis in T cell/NK-cell mediated antitumor immu-
nity [26-30]. However, CX3CRI1 is expressed not only on
T and NK cells, but also on monocytes, DCs, monocytic
myeloid-derived suppressor cells (M-MDSCs) and tumor-
associated macrophages (TAMs) [31, 32], and antitumor
efficacy of CX3CR1* CD8* T cells against established
tumors remains elusive. Recently, we have reported negli-
gible antitumor efficacy of CX3CR1" CD8* T cells using
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a mouse model where tumor antigen-specific CX3CR 1"
CD8* T cells can be selectively depleted in vivo with diph-

theria toxin (DT) [10]. Furthermore, adoptive transfer of
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CX3CR1" CD8* T cells did not affect tumor growth or sur-
vival, while the CX3CR1™ subset displayed potent antitumor
efficacy [10].
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«Fig. 2 Effective neoantigen/TLR3/CD40 stimulations correlate with
generation of antigen-specific effector CX3CR1* CD8* T cells. a-c,
MC38 tumor-bearing C57BL/6 mice were treated with PBS (NT) or
AdpgkM"YTLR3/CD40 agonists vaccination (Vac) as described in
Fig. 1a. Blood, spleens and tumors were collected 1 week after 2nd
Vac. a Representative FACS plots showing CX3CR1 expression in
CD8" (left) or AdpgkM" tetramer (Tet)* CD8" T cells (right) in PB
(upper), spleen (middle) and tumors (lower). Numbers denote per-
centage of CX3CRI1* cells. Frequency of CX3CR1™ cells from the
CDS8* or Tett CD8" T cells is shown in the right panels (n=4-7 mice
per group). b Scatter plot of the frequency of PB CX3CR1" CD8* T
cells (left), CX3CR1" Tett CD8* T cells (middle), and Tet" CD8" T
cells (right) against tumor volume. Correlation is shown using Pear-
son correlation (r) and Spearman correlation coefficients (7). ¢ Rep-
resentative FACS plots of CX3CR1~ (left) or CX3CR1™" (right) cells
gated with Tet" CD8* T cells in PB. Numbers denote percentage of
each marker-positive cells. Frequency of marker-positive cells from
the CX3CR1~ or CX3CR1" subset is shown in the right panels for
each marker (n=4-7 mice per group). Data shown are representative
of at least two independent experiments (a—c). Two-tailed unpaired
(a) and paired #-test (c). Box plots: hinges, 25th and 75th percentiles;
middle line, median; whiskers, minimum to maximum value (a)

To elucidate antitumor efficacy of CX3CR1* CD8* T
cells elicited by neoantigen/TLR3/CD40 agonists vaccina-
tion, we crossed CD2-Cre mice with CX3CR1-DTR mice,
and generated Cd2-cre/Cx3cri1*PR mice. Expression of
Cd2-cre excises the loxP-floxed stop cassette upstream of
the DTR-coding region, allowing for DTR expression and
CX3CRI1* CD8* T cells can be depleted upon administration
of DT, with no effect on CX3CR1~ CD8" T cells (Fig. 3a,
b). MC38 tumor-bearing Cd2-cre/Cx3crl™P™R mice were
treated with AdpgkM"/TLR3/CD40 agonists vaccination,
and received phosphate-buffered saline (PBS) or DT injec-
tions every day starting 1 day before vaccination (Fig. 3b).
We found that depletion of CX3CR1* CD8™" T cells did not
alter antitumor efficacy of neoantigen vaccination (Fig. 3c).
This is in line with our recent study using a mouse model of
adoptive T-cell therapy [10], suggesting that the expanded
CX3CR1* CD8™" T cells represent the post-differentiated
in vivo effective CX3CR1~ CD8™ T cell subset.

CD40 signaling is required for the antitumor efficacy of
neoantigen/TLR3/CD40 agonists and generation of antigen-
specific CX3CRI* CD8* T cells.

Neoantigen vaccination with a TLR3 agonist increases
antigen-specific tumor-infiltrating lymphocytes in a pre-
clinical model [33] and patients [4, 5]. CD40 signaling
drives robust DC activation to generate cytotoxic CD8"
T cells [34, 35], and synergizes with the TLR3 ligand in
inducing an expansion of peptide or DC vaccine-primed
and adoptively transferred antigen-specific CD8" T cells
[16-19]. To delineate the role of CD40 signaling in the
context of neoantigen vaccination, we examined anti-
tumor efficacy of AdpgkM"/TLR3/CD40 agonists vac-
cination and generation of AdpgkM"-specific CX3CR1*
CD8" T cells using CD40~'~ mice. Antitumor efficacy of
AdpgkM"YTLR3/CD40 agonists vaccination was abrogated

in CD40~'~ mice (Fig. 4a). The lack of increase in the fre-
quency of AdpgkM'-specific CX3CR1* CD8" T cells in
CD40~'~ mice denoted the requirement of CD40-CD40
ligand pathway in this process (Fig. 4b), in line with recent
studies showing that CD4" T-cell help or agonistic anti-
CD40 Ab facilitates generation of CX3CR1* CD8" T cells
[26, 36]. Since CD40 molecule is not only expressed by
antigen-presenting cells, but also by non-hematopoietic
component such as endothelial cells [34], we generated
bone marrow chimeras to further confirm the direct immu-
nomodulatory effect of CD40 signaling in hematopoietic
lineage cells. Lethally irradiated C57BL/6 mice were recon-
stituted with bone marrow cells from either CD40~~ or WT
controls. After 8 weeks, the chimeras were implanted with
MC38 tumors, followed by Adpgk™"/CD40/TLR3 stimu-
lation. The generation of CX3CR1*CD8* T-cell subset
was substantially compromised in mice reconstituted with
CD40~'~ bone marrow (Fig. 4c), indicating an essential role
of CD40 signaling in hematopoietic cells.

A Critical role of CD40 signaling in cDCls for the antitu-
mor efficacy of neoantigen/TLR3/CD40 agonists vaccination
and generation of antigen-specific CX3CRI* CD8* T cells.

Batf3-dependent conventional type 1 dendritic cells
(cDCls) specialize in cross-presentation of exogenous anti-
gens on MHC class I molecules, and play a key role in anti-
tumor immunity and response to immunotherapy [16, 20,
33, 37, 38, 39]. To examine whether cDC1s are relevant in
our approach, we first evaluated co-stimulatory molecule
expression of cDCls by flow cytometry (Supplementary
Fig. 8a). Indeed, dual TLR3/CD40 stimulation increased
CD40, CD80 and CD86 expression in cDCl1s in TdLN after
neoantigen/TLR3/CD40 agonists vaccination (Supplemen-
tary Fig. 8b). To assess whether cDCls are necessary for
the generation of CX3CR1* CD8* T cells, we employed
mice deficient in Batf3 transcription factor and lack cDCls
[37]. No therapeutic efficacy of vaccination was observed
in Batf3~'~ mice (Fig. 5a) along with a significant reduc-
tion of CX3CR1* Tet™ CD8" T cells (Fig. 5b), suggesting
the requirement of cDCl1s for generation of antigen-specific
CX3CR1* CD8" T cells.

cDCls express high levels of TLR3, and a TLR3 agonist
poly(I:C) has been used in personalized neoantigen vaccine
trials with vaccine-related objective responses [5, 6, 7].
However, the role of CD40 signaling in cDCls in vaccine-
based immunotherapy remains elusive. To address a direct
role of CD40 signaling in cDC1 lineage for CX3CR1* CD8*
T cell development, we generated CD40~'~/Batf3~'~ or wild
type (WT)/Batf3~'~ mixed bone marrow chimeras into irra-
diated C57BL/6 WT mice. CD40~'~/Batf3~'~ bone marrow
transplanted recipient mice (CD40~'~ plus Batf3~'~ mixed
bone marrow chimeras) lack CD40 expression only in
Batf3-dependent bone marrow-derived cells, while WT/
Batf3~'~ bone marrow transplanted recipient mice have
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Fig.3 CX3CRI1* CD8* T cells are dispensable for the antitumor effi-
cacy of neoantigen/TLR3/CD40 agonists vaccination against estab-
lished tumors. a Schematic illustration showing evaluation of in vivo
antitumor efficacy of the CX3CR1* subset using MC38 tumor-bear-
ing Cd2-cre/Cx3cr1*P™ mice treated with Adpgk™"YTLR3/CD40
agonists vaccination (Vac) followed by diphtheria toxin (DT) admin-
istration. DT (250 ng) was injected intraperitoneally every day from
day 13. b Representative FACS plots showing selective depletion of

an intact CD40 signaling. In CD40~/~ plus Batf3~'~ mixed
bone marrow chimeras, CX3CR1* CD8* T-cell responses
remained minimal compared to WT plus Batf3~~ mixed
bone marrow chimeras, indicating that CD40 expression
on cDCls is pivotal for the CX3CR1* CD8* T-cell induc-
tion (Fig. 5c). In line with these results, mice reconstituted
with CD407~~ plus Batf3~~ mixed bone marrow chimeras
had substantially decreased antitumor efficacy of Adpgk™"/
TLR3/CD40 agonists vaccination compared to mice with
WT plus Batf3~'~ mixed bone marrow chimeras (Fig. 5d).

Non-redundant requirement of CD80/86 but not CD70
signaling in cDCls for the antitumor efficacy of neoantigen/
TLR3/CD40 agonists vaccination and generation of antigen-
specific CX3CRIT CD8* T cells.

In addition to CD40, both CD70 and CD80/86 have been
reported to play an important role in DC-mediated T cell
activation and persistence [40]; however, the role of these
molecules on cDCls for neoantigen-specific T-cell differ-
entiation remains elusive. To identify the potential role of
CD70 and CD80/86 signaling in effective neoantigen vacci-
nation, we first utilized CD70™'~ and CD80/86 '~ mice. We
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CX3CR1™ subset in PB upon DT injection in Cd2-cre/Cx3crl*/P™
mice treated with Vac. Expression of CX3CR1 in CD8* T cells in PB
of mice treated with PBS or DT is shown. Numbers denote percent-
age of the CX3CR17 subset. ¢ Tumor growth and survival curves of
MC38 tumor-bearing Cd2-cre/Cx3cr1*P™® mice in different treat-
ment groups. (n=8 mice per group). Data shown are representative
from two independent experiments. NS not significant, ***P <0.001,
log-rank test (¢). Mean + SEM

found that antitumor efficacy of AdpgkM"/CD40/TLR3 vac-
cination was abrogated in CD80/86~'~ but not CD70~'~ mice
(Supplementary Fig. 9a). Consistent with this, generation
of circulating CX3CR1* Tett CD8" T cells was mark-
edly decreased in CD80/86~'~ but not CD70~'~ mice
(Supplementary Fig. 9b). Next, we employed mixed bone
marrow chimeric mice of CD70~/~ plus Batf3™'~ and
CD80/86™'~ plus Batf3~'~ to determine the requirements
of CD70 and CD80/86 signaling in cDC1s. There was no
difference in the frequency of Adpgk™M"-specific CX3CR1*
CD8™ T cells between WT plus Batf3~'~ and CD70~~ plus
Batf3™'~ mixed bone marrow chimeras (Fig. 6a) with simi-
lar tumor control (Fig. 6b), suggesting a redundant role of
CD70 signaling in cDCls. In sharp contrast, generation of
AdpgkM"specific CX3CR1* CD8" T cells (Fig. 6¢) and
antitumor efficacy of Adpgk™M"/TLR3/CD40 agonists vac-
cination (Fig. 6d) were abrogated in the CD80/86~'~ plus
Batf3~'~ compared to the control WT plus Batf3~'~ mixed
bone marrow chimeras. Thus, the CD80/86-CD28 pathway
in cDCls plays a crucial role in mediating antitumor efficacy
and generating antigen-specific effector CX3CR1* CD8"
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Fig.4 CD40 signaling is required for the antitumor efficacy of neo-
antigen/TLR3/CD40 agonists and generation of antigen-specific
CX3CR1* CD8* T cells. a Left shows tumor volume curves in MC38
tumor-bearing wild type C57BL/6 mice (WT) or CD40~~ mice
treated with or without AdpgkM"Y/TLR3/CD40 agonists vaccination
(Vac) as described in Fig. la (n=7 mice per group). Right shows
tumor weight. Tumors were harvested 1 week after 2nd vaccination
(Vac). b, ¢ Left shows representative FACS plots showing CD8 and
CX3CRI expression gated with Adpgk™™ Tet* CD8* T cells in PB of

T cells in the context of neoantigen vaccination. Taken
together, effective neoantigen/TLR3/CD40 agonists vaccina-
tion correlates with generation and frequency of circulating
antigen-specific CX3CR1* CD8™ T cells mediated by CD40
and CD80/86 signaling in cDCls.

>WT >WT >WT
Vac (=) Vac (+) Vac (+)

MC38-tumor bearing WT or CD407'~ mice (b) and bone marrow chi-
meric mice (WT — WT or CD40~'~ — WT) (c¢) treated with or with-
out Vac. Numbers denote percentage of the CX3CR1™" subset. Right
shows the frequency of the CX3CR17 subset in each group (n=4-8
mice per group). PB was harvested 1 week after 2nd Vac. Data shown
are representative of two independent experiments (a). NS: not signif-
icant, ¥***P <0.001, ****P <0.0001, one-way ANOVA with Tukey’s
multiple comparisons. Mean + SEM

Discussion

In this study, we have shown potent synergistic antitumor
efficacy of neoantigen/TLR3/CD40 stimulations in a pre-
clinical model, and identified a novel link between antitu-
mor efficacy of neoantigen vaccine and an increased fre-
quency of circulating neoantigen-specific CX3CR1* CD8*
T cells. Moreover, using mixed bone marrow chimeras from
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«Fig.5 A critical role of CD40 signaling in cDCls for the antitumor
efficacy of neoantigen/TLR3/CD40 agonists vaccination and genera-
tion of antigen-specific CX3CR17CD8* T cells. a—~d MC38-tumor
bearing wild type C57BL/6 (WT) or Batf3~~ mice (a, b) and bone
marrow chimeric mice (Batf3™~ and WT — WT or Batf3™~ and
CD40™~ — WT) (¢, d) were treated with or without AdpgkM'y
TLR3/CD40 agonists vaccination (Vac) as described in Fig. la.
a Tumor volume curves (left) and tumor weight (mg) in different
treatment groups (n=7 mice per group). b, ¢ Left shows representa-
tive FACS plots showing CD8 and CX3CR1 expression gated with
AdpgkM"t Tet* CD8* T cells in PB. Right shows the frequency of
the CX3CRI1* Tett CD8" T cells in each group. (n=4 (b) and 10-12
(¢) mice per group). d Tumor growth and survival curves in differ-
ent treatment groups (n=10-11 mice per group). Tumors (a) and PB
(b, ¢) were harvested 1 week after 2nd Vac. Data shown are repre-
sentative of two independent experiments (a, b) and pooled from two
independent experiments (c, d). ¥*P <0.05, **P <0.01, ***P <0.001,
*##%%P <(0.0001, one-way ANOVA with Tukey’s multiple compari-
sons (a, b and ¢), Mann—Whitney U test (d for tumor volume), or log-
rank test (d for survival). Mean + SEM

Batf3™~, CD40™"~, CD70™~ and CD80/86 ™"~ mice, we have
revealed a pivotal role of CD40 and CD80/86 signaling in
cDCls for generation of neoantigen-specific CX3CR1*
CD8™* T cells and in vivo antitumor efficacy of neoantigen/
TLR3/CD40 agonists vaccination.

Engagement of CD40 on DCs induces costimulatory
molecules on their surface, promotes their cytokine produc-
tion, facilitates the cross-presentation of antigen [34], and
synergistically augments expansion of both endogenous and
adoptive transferred T cells with TLR agonist [16-21]. Our
data further demonstrated that among the diversity of the
DC subsets cDCls play a critical role in antitumor efficacy
of TLR3/CDA40 stimulation. Although poly(I:C) (TLR3 ago-
nist) has been used in neoantigen vaccine clinical studies [5,
6], these findings underscore the implication of agonistic
anti-CD40 Ab in combination with poly(I:C) for the maxi-
mal engagement of cDC1 in vaccine-based therapy.

The molecular and cellular mechanisms underlying differ-
entiation of CX3CR1™— CX3CR1" CD8* T cells remain elu-
sive. Recent studies have indicated that CD4* T-cell help or
agonistic anti-CD40 Ab facilitates generation of CX3CR1*
CDS8™ T cells [26, 36]. Our results further demonstrated the
non-redundant requirement of CD40 signaling in cDCls for
the generation of antigen-specific CX3CR1* CD8™ T cells.
The observation that CD70 signaling in cDC1s was dispen-
sable for generation of the CX3CR1" subset was unexpected
given the several lines of evidence suggesting that CD40
signaling relays the CD4" T-cell help signal by the induc-
tion of CD70 expression on DCs [16, 41]. However, not all
molecules regulated by CD4* T-cell help are mediated by
CD27, and cytokine signaling may have contributed to the
generation of the CX3CR17 subset [36]. In support of this
notion, IL-21 was found to modulate T-cell differentiation
and generation of CX3CR1* CD8* T cells [26, 42]. Addi-
tional mechanistic studies are needed to further determine

the signaling required for generation of the CX3CR1*
subset.

The lack of a reliable surrogate marker for clinical
response remains the major limitation of vaccine clinical
trials [1, 2]. Mere presence of vaccine-primed tumor-specific
T cells might not correlate with effective regression of the
tumor, and cannot be used as a standalone biomarker for
vaccine efficacy [43]. In our study, although the frequency
of PB antigen-specific total CD8* T cells had a positive
inverse correlation with tumor volume, differentiation of
antigen-specific CD8* T cells defined by CX3CR1 expres-
sion had a markedly higher inverse correlation with tumor
volume. Furthermore, our findings of an increased frequency
of CX3CR1" CD8™ T cells that have the ability to produce
IFN-y, TNF-o and GZMA after successful vaccination align
with the evidence from previous clinical studies showing
that functional assessment of T cells such as IFN-y produc-
tion and/or cytolytic activity was correlated with response in
patients treated with peptide vaccines [23, 24, 25].

An increased frequency of the CX3CR1* subset was iden-
tified not only in Tet" CD8* T cells, but also in total CD8"
T cells, which had a strong inverse correlation with tumor
volume. It remains unclear, however, whether this was due
to an increased frequency of non-specific CX3CR1* CD8"
T cells or an epitope-spreading phenomenon, the spread of
the immune response from one antigen to another antigen
expressed in the same tissue [1, 2]. Additional studies are
required to determine whether AdpgkM"/TLR3/CD40 ago-
nists vaccination-induced CX3CR1* CD8* T cells contain
tumor-specific T cells other than Adpgk™"-specific T cells.
Nevertheless, this observation suggests the potential utility
of CX3CRI as a blood-based predictive T-cell biomarker for
other immunotherapies such as immune checkpoint inhibitor
therapy. Indeed, our study and others revealed that changes
in the frequency of PB CX3CRI1* CD8" T cells correlate
with response to immune checkpoint inhibitors in preclinical
models and patients [11, 30].

Our work and others have provided some insights into the
theoretical advantages of CX3CR1 as a circulating surro-
gate marker for vaccine efficacy. Vaccine-primed CX3CR17*
CD8* T cells expressed low levels of CD62L and CXCR3,
trafficking receptors necessary for entry across lymphoid
organ HEV and the tumor microvasculature, respectively
[12, 13, 14], that may have contributed to increase its fre-
quency in PB. Furthermore, unlike other T-cell proliferation,
activation or co-stimulatory/inhibitory molecules transiently
expressed after activation, CX3CR1 is stably expressed on
CDS8™ T cells through unidirectional differentiation from
CX3CR1~ CD8* T cells during the effector phase [8, 9].

Although the scope of our study is limited to CX3CRI1,
another future area of investigation would be to compare
the utility of CX3CR1 as a circulating surrogate marker for
vaccine efficacy with other molecules such as PD-1, which
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«Fig. 6 Non-redundant requirement of CD80/86 but not CD70 signal-
ing in c¢DCls for the antitumor efficacy of neoantigen/TLR3/CD40
agonists vaccination and generation of antigen-specific CX3CR1*
CD8* T cells. a-d MC38-tumor bearing mixed bone marrow chi-
meric mice (Batf3™~ and WT — WT or Batf3™~ and CD70™"~ —
WT) (a, b) or (Batf3~~ and WT — WT or Batf3~~ and CD80/86~"~
— WT) (c, d) were treated with or without AdpgkM"/TLR3/CD40
agonists vaccination (Vac) as described in Fig. la. a, ¢ Left shows
representative FACS plots showing CX3CRI1 expression gated with
Adpgk™® Tet™ CD8* T cells in PB. Right shows the frequency of
the CX3CR1* Tet™ CD8" T cells in each group. b, d Tumor growth
and survival curves of MC38 tumor-bearing mixed bone marrow chi-
meric mice in different treatment groups as indicated. (n="7 mice per
group). PB was harvested 1 week after 2nd Vac (a, ¢). (n=7 (a, b)
and 7-9 (¢, d) mice per group). Data shown are representative from
two or three independent experiments. NS not significant, *P <0.05,
**P<0.01, ***P<0.001, one-way ANOVA with Tukey’s multiple
comparisons (@, ¢) or log-rank test (b, d). Mean+ SEM

was reported to be expressed in circulating neoantigen-
specific CD8* T cells [44]. Notably, our study was lim-
ited by the use of a transplantable non-orthotopic mouse
tumor model with high mutational burden. Thus, the utility
of CX3CR1 as a circulating T-cell biomarker for vaccine
therapy targeting endogenous tumor-associated antigens or
tumors with lower mutational burden remains uncertain.
Further studies in genetically engineered mouse models
or mouse tumors harboring endogenous tumor-associated
antigen are warranted to better understand the overall util-
ity of CX3CR1 in vaccine therapy.

Our in vivo depletion study revealed that CX3CR1*
CDS8™ T cells were dispensable for the antitumor efficacy
of AdpgkM"/TLR3/CD40 agonists vaccination against
established MC38 tumors, in agreement with our previous
study using a preclinical model of adoptive T cell therapy
against B16 melanoma [10]. These findings are also in
parallel to the compelling evidence that terminally differ-
entiated effector CD8* T cells have less antitumor efficacy
in vivo compared to less-differentiated T cells [45], but in
contrast to previous studies demonstrating decreased anti-
tumor immunity in CX3CR 17/~ mice or with the use of the
CX3CRI1 antagonist [27-30, 36]. A possible explanation
is that in Cd2-cre/Cx3crlP"R mice, DT administration
does not affect monocytes, DCs, M-MDSCs and TAMs
that may express CX3CR1 [31, 32] and negatively regulate
antitumor immunity. Another possibility is that CX3CR1/
CX3CL1 pathway might not play a significant role in an
MC38 tumor model, and trafficking of CX3CR1* CD8"
T cells to the TME is not efficient in the setting of their
decreased CXCR3 expression (12). Previous preclinical
studies using mouse and xenograft tumor models revealed
that augmenting CX3CR1/CX3CL1 axis enhances T cell/
NK-cell mediated antitumor efficacy [27, 46, 47]. There-
fore, the role of CX3CR1" CDS8* T cells in antitumor
reactivity against solid malignancies might be context-
dependent, and remains to be elucidated.

In summary, our study revealed cDC1-mediated potent
antitumor efficacy of neoantigen vaccine with dual TLR3/
CD40 stimulation, identified a correlation between anti-
tumor response and the frequency of antigen-specific PB
CX3CR1* CD8* T cells, and provided the mechanistic
insight into the generation of CX3CR1" CD8* T cells.
These data suggest the maximal engagement of cDCls
with TLR3/CD40 stimulation for the development of more
effective neoantigen vaccine therapy, and the potential
implications of CX3CR1 as a circulating T-cell predictive
biomarker for response in future clinical studies.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00262-021-02969-6.
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