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Harnessing the immune system to eradicate tumors requires
identification and targeting of tumor antigens, including tu-
mor-specific neoantigens and tumor-associated self-antigens.
Tumor-associated antigens are subject to existing immune
tolerance, which must be overcome by immunotherapies.
Despite many novel immunotherapies reaching clinical trials,
inducing self-antigen-specific immune responses remains chal-
lenging. Here, we systematically investigate viral-vector-based
cancer vaccines encoding a tumor-associated self-antigen
(TRP2) for the treatment of established melanomas in preclin-
ical mouse models, alone or in combination with adoptive
T cell therapy. We reveal that, unlike foreign antigens, tu-
mor-associated antigens require replication of lymphocytic
choriomeningitis virus (LCMV)-based vectors to break toler-
ance and induce effective antigen-specific CD8+ T cell re-
sponses. Immunization with a replicating LCMV vector leads
to complete tumor rejection when combined with adoptive
TRP2-specific T cell transfer. Importantly, immunization
with replicating vectors leads to extended antigen persistence
in secondary lymphoid organs, resulting in efficient T cell
priming, which renders previously “cold” tumors open to im-
mune infiltration and reprograms the tumor microenviron-
ment to “hot.” Our findings have important implications for
the design of next-generation immunotherapies targeting solid
cancers utilizing viral vectors and adoptive cell transfer.

INTRODUCTION
The emergence, growth, spread, and destruction of tumors represents
the outcome of a complex and ongoing interaction between malig-
nant cell masses and the host immune system. Describing the steps
required for a successful antitumor immune response, the cancer-im-
munity cycle was proposed in 2013:1 first, the release of tumor anti-
Mol
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gens from dying tumor cells leads to their uptake by antigen-present-
ing cells (APCs) and presentation to T cells, activating the latter; then,
the activated tumor-antigen-specific T cells traffic to the tumor, infil-
trate it, and kill further tumor cells, thereby releasing more tumor an-
tigen and repeating the cycle. Early attempts to stimulate this cycle us-
ing immunotherapies revealed multiple challenges and led to the
identification of significant obstacles to success, including the domi-
nant role of tumor-induced immunosuppression, existing tolerance
to tumor-associated antigens, and exclusion of T cells from estab-
lished tumors.2 Still, despite a further decade of research, the “recipe”
for a successful immunotherapy able to help a broad population of pa-
tients, regardless of tumor or human leukocyte antigen (HLA) type,
has yet to be defined.

The majority of cancer immunotherapies aim to prompt the host im-
mune system to kill tumor cells by targeting either tumor-specific an-
tigens, which are novel within the body, or tumor-associated antigens,
which are also expressed in healthy tissues. In the latter case, there are
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opposing challenges for the immunotherapy: it must overcome exist-
ing tolerance to the self-antigen being targeted while avoiding damage
to the healthy tissues also expressing this molecule. Some patients
with cancer already harbor a population of T cells recognizing tu-
mor-associated and/or tumor-specific antigens, which can be un-
leashed therapeutically with the use of immune checkpoint inhibitors
(ICIs). In these patients, ICIs can effectively prolong survival3,4; how-
ever, ICI treatment also unleashes other T cells with less desirable out-
comes, often leading to severe and treatment-limiting autoimmune
side effects.5 Moreover, many patients, including those with non-in-
flamed tumors, do not respond to ICIs.6 Thus, an effective immuno-
therapy must be able to overcome these obstacles to induce a durable,
effective, and specific antitumor immune response across a diverse
group of patients, including those lacking an existing T cell popula-
tion recognizing the antigen of interest.

Virus-based vectors encoding tumor antigens are promising candi-
dates for cancer immunotherapy, since they engage several steps of
the cancer-immunity cycle. Lymphocytic choriomeningitis virus
(LCMV) is a non-cytopathic arenavirus that mainly infects rodents,
which has been a potent tool for studying T cell immunology for de-
cades.7 It efficiently generates cytotoxic T cell responses that provide
long-lasting immunological memory.8,9 Non-replicating LCMV-
based vectors (rLCMVs) exhibit a great safety profile and can induce
T cell and antibody responses against non-self antigens, such as viral
antigens or the model antigen ovalbumin (OVA).10–13 This makes
rLCMV vectors promising therapeutic candidates for infectious dis-
ease indications.

However, targeting tumor-associated antigens poses additional chal-
lenges, such as the necessity to overcome tolerance and an often
immunosuppressive tumor microenvironment. Preclinical studies
have shown that replicating LCMV (artLCMV) vectors can possibly
contribute to overcoming these challenges.14,15 The potential of
artLCMV vectors is further supported by promising results from a
first-in-human phase I/II clinical trial that explored artLCMV vectors
expressing the tumor-specific oncoproteins E6/E7 from human papil-
Figure 1. Replication of the LCMV-based vector is required to overcome tolera

(A) Schematic of the recombinant LCMV vector genomes. The WT LCMV genome co

segment is substituted with the full-length sequence of the melanoma-associated antig

control of the 30 UTR. (B) Schematic of the production and replication of the recombinan

and L genome and two expression plasmids encoding the LCMVNP and polymerase. Th

GP for the first round of infections. All rLCMV particles newly synthesized in immunized

vector produces GP and is thus capable of replication. However, its replication is attenu

mice were immunized with rLCMV-TRP2 or artLCMV-TRP2. (C) Expression of Dct mRN

CD45+ cells and transduction of APC subpopulations in the spleen at d4 (n = 3, two-tailed

levels of MHC I and T cell costimulatory molecules on CD11chigh MHC IIhigh cDCs in imm

TRP2-specific CD8+ T cells (measured by TRP2180-188-PE tetramer binding) in blood ov

plots), and in spleen at d6 after immunization (H; n = 11, two-tailed t test). (I) Frequency o

peptides at d6 after immunization (n = 9, two-tailed t tests with Holm-�Sı́dák correction

peptides. A 1:1 mixture of pulsed and unpulsed cells labeled with different concentrati

artLCMV-TRP2. Specific in vivo killing of TRP2-pulsed target cells after 6 h (n = 4, two-

carboxyfluorescein succinimidyl ester; GP, glycoprotein; M4, macrophage; NP, nucleop

with error bars depict mean ± SEM. Statistical significance: *p < 0.05, **p < 0.01, ***p
lomavirus strain 16.15,16 Nevertheless, the importance of prolonged
vector persistence, the ability of such an approach to overcome toler-
ance to tumor-associated self-antigens, and the mechanisms leading
to tumor control have yet to be determined.

Here, we systematically define the parameters of a successful LCMV-
based cancer vaccine in a murine model of melanoma. We demon-
strate that the ability to replicate and propagate is crucial in over-
coming tolerance for the melanoma-associated self-antigen TRP2,
and in inducing a strong de novo TRP2-specific CD8+ T cell response
that can successfully control the growth of established tumors. We
further demonstrate the potential of combining the replicating viral
vector with adoptive T cell transfer therapy, which leads to complete
tumor rejection and reprogramming of the tumor microenvironment
in our model.

RESULTS
Replication of the LCMV-based vector is required to overcome

tolerance to a self-antigen

To investigate the mechanisms of action and parameters of success of
LCMV-based cancer vaccines, as well as the different properties of
non-replicating LCMV vectors (rLCMV) and replicating LCMV vec-
tors (artLCMV), we chose to target the prototypic melanoma-associ-
ated antigen tyrosinase-related protein 2 (TRP2), which has high sim-
ilarity in mice and humans.17 The vaccines were constructed as two
molecularly similar recombinant LCMV-based vectors carrying
TRP2: the non-replicating rLCMV-TRP2 and the replicating, but
attenuated, artLCMV-TRP2 (Figures 1A and 1B).10,14 In contrast to
the single-round infectious rLCMV viral particles, which lack the
genomic information for the viral glycoprotein (GP) and thus need
to be produced in GP-complementing cells,18 replicating artLCMV
vectors have been equipped with an additional genomic S segment
that carries the GP open reading frame (ORF) under the control of
the 30 untranslated region. This artificial genomic setup (introduction
of a third genomic segment and the GPORF in an unnatural position)
allows for self-limiting and attenuated vector replication in cells that
do not complement LCMV GP.
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Overcoming tolerance to induce a T cell response to a tumor-associ-
ated self-antigen requires efficient and prolonged expression of the
antigen and effective targeting of professional APCs.1,19 Therefore,
we measured the expression of Dct—the gene that encodes TRP2—
in the spleens of immunized wild-type (WT) mice. We found that
transcripts for the inserted antigen, TRP2, reached significantly
higher levels and persisted longer in the spleens of mice immunized
with artLCMV compared with rLCMV (Figure 1C). Mice immunized
with artLCMV also demonstrated significantly higher frequencies of
vector-infected immune (CD45+) cells and, among those, a higher
frequency of transduction of conventional dendritic cells (cDCs),
plasmacytoid DCs, and macrophages (Figure 1D). Furthermore,
expression levels of major histocompatibility complex (MHC) I (H-
2Kb and Db) and costimulatory molecules CD40, CD80, and CD86
were significantly higher on CD11chigh MHC IIhigh cDCs from mice
immunized with artLCMV-TRP2, indicating a stronger activation
of these cells (Figure 1E). The replicating artLCMV vector demon-
strates an increased in vivo transduction efficiency of murine APCs
in the spleen, longer persistence of the introduced antigen, and a
more powerful activation of the innate immune system compared
with rLCMV. Thus, the artLCMV vector efficiently engages the first
steps of the cancer-immunity cycle.

We next asked whether a replicating virus-based vector could induce
T cell responses against murine TRP2 and succeed in breaking toler-
ance to this self-antigen. We immunized mice with rLCMV-TRP2 or
artLCMV-TRP2 and found that the replicating vector induced signif-
icantly higher frequencies and numbers of TRP2-specific CD8+

T cells (referred to hereafter in the figures as TRP2+ CD8+ T cells)
in blood (Figures 1F and 1G) and spleen (Figure 1H). After ex vivo
restimulation of splenocytes with TRP2 peptides, a significantly
higher frequency of CD8+ T cells from artLCMV-immunized mice
produced the effector cytokines interferon (IFN)-g and tumor necro-
sis factor (TNF)-a (Figure 1I). Moreover, mice immunized with
artLCMV-TRP2 demonstrated superior in vivo cytotoxicity against
intravenously transferred TRP2-pulsed target cells compared with
rLCMV-immunized mice (Figure 1J). These data suggest that active
replication of the LCMV vector is a crucial factor allowing WT
mice to overcome tolerance mechanisms against the tumor-associ-
ated self-antigen TRP2.

Immunization with a replicating vector promotes control of

tumor growth

To assess whether immunization-induced TRP2-specific T cells could
inhibit tumor growth, we immunized mice 7 days after subcutaneous
or intravenous inoculation of B16F10 melanoma cells (Figure 2A).
Immunization with artLCMV-TRP2 resulted in a significant delay
of tumor growth in both the subcutaneous (Figure 2B) and the lung
metastasis models (Figure 2C), compared with rLCMV-TRP2 immu-
nization, which did not provide a detectable therapeutic benefit. To
extend our findings to other melanoma models, we also tested
artLCMV-TRP2 on the autochthonous 7,12-dimethylbenz[a]anthra-
cene (DMBA) inducible primary melanoma model in HgfxCdk4R24C

mice and on the slow-growing HCmel3 melanoma cell line derived
4 Molecular Therapy Vol. 32 No 2 February 2024
from these mice.20 The vector inhibited tumor growth and conferred
a significant survival advantage compared with untreated mice
(Figure S1).

We then generated a B16F10 cell line lacking the tumor antigen TRP2
(B16F10-Dct�/�) to investigate the role of the adaptive immune
response in mediating tumor control after immunization (see section
“materials and methods”; Table S1; Figure S2). Tumor growth was
comparable in untreated mice inoculated with B16F10 WT or
B16F10-Dct�/� cell lines (Figure 2D). However, the antitumor effi-
cacy of artLCMV-TRP2 immunization was largely abrogated in
mice bearing B16F10-Dct�/� tumors compared with WT B16F10,
suggesting that the adaptive immune response directed against
TRP2 contributed to the antitumor response (Figure 2D). Collec-
tively, our data show that tumor antigen TRP2-specific immune re-
sponses induced by the replicating artLCMV vector control tumor
growth in different mouse melanoma models.

Additionally, we studied the responses to TRP2 as a tumor-specific
“foreign” antigen, using TRP2 knockout (KO) mice lacking the Dct
gene.21 After immunization with rLCMV-TRP2, TRP2 KO mice
showed a significantly higher frequency of TRP2-specific CD8+

T cells than WT mice, in which TRP2 as a self-antigen would be sub-
ject to immune tolerance (Figures S3A and S3B). After ex vivo restim-
ulation of splenocytes from immunized mice with TRP2 peptides, a
greater proportion of the CD8+ T cells from TRP2 KOmice produced
effector cytokines compared withWTmice (Figure S3C).We assessed
the therapeutic efficacy of rLCMV-TRP2 by immunizing KO andWT
mice bearing palpable subcutaneous B16F10 tumors (Figure S3D).
Immunization with rLCMV-TRP2 significantly delayed tumor
growth and prolonged survival of TRP2 KOmice (Figure S3E). How-
ever, in WT mice, tumors grew as fast in immunized as in unimmu-
nized mice (Figure S3F). These data show that the non-replicating
rLCMV vector can induce potent immune responses to foreign but
not self-antigens.

A replicating vector increases the ratio of CD8+ effector to

regulatory T cells

After infection with LCMV, innate sensing of pathogen-associated
molecular patterns by APCs induces a strong type I IFN (IFN-a/b)
response, which is crucial for the expansion of cytotoxic T cells.22,23

Accordingly, we observed significantly higher concentrations of
IFN-a in serum and spleen of WT mice immunized with artLCMV
compared with rLCMV-immunized mice (Figure 3A). Blockade of
the receptor for type I IFNs (IFN-a/b receptor 1, IFNAR1) in
artLCMV-TRP2-treated animals also abolished tumor control (Fig-
ure 3B), suggesting that IFN-I is crucial for the generation of anti-
tumor immune responses, consistent with previous work.24

Type I IFN has also been shown to inhibit the proliferation and acti-
vation of regulatory T cells (Tregs) in LCMV infections, thereby facil-
itating the generation of potent antiviral T cell responses.25 Therefore,
we assessed the influence of immunization with both recombinant
LCMV vectors on Tregs and found transiently decreased frequencies
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Figure 2. Immunization with a replicating vector promotes control of tumor growth

(A) Experimental setup of tumor growth experiments. WT mice were subcutaneously inoculated with B16F10 melanoma cells and intravenously immunized with rLCMV-

TRP2 or artLCMV-TRP2 7 days later. In lung metastasis experiments, tumor cells were injected intravenously and lungs were harvested after 17 days. (B) Growth of

subcutaneous tumors in immunized and unimmunized mice (n = 7, two-way ANOVA). Arrow indicates time point of immunization. (C) Growth of lung metastases in

immunized and unimmunized mice, with representative images (n = 6, one-way ANOVA). (D) Growth of WT and TRP2-deficient (B16F10-Dct�/�) tumors in immunized and

unimmunizedmice (n = 4, two-way ANOVA). See also Figures S1 and S2. Summarized data with error bars depict mean ± SEM. Statistical significance: *p < 0.05, **p < 0.01,

***p < 0.001.
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and numbers of Tregs in the blood of both groups of immunized mice
(Figure 3C). The decrease in Tregs began around the peak frequency
of CD8+ T cells, on day 6 post-immunization (Figure 1F), and ap-
peared more pronounced in mice immunized with artLCMV-TRP2
compared with rLCMV-TRP2 (Figure 3C). The ratio of TRP2-specific
CD8+ T cells to Tregs was significantly higher in both blood and
spleen after artLCMV immunization compared with rLCMV immu-
nization (Figure 3D). Most notably, we found decreased frequencies
and numbers of Tregs in the tumors of mice immunized with
artLCMV compared with those of untreated and rLCMV-immunized
mice (Figure 3E). Moreover, the TRP2+CD8+/Treg ratio was signifi-
cantly higher in the tumors of artLCMV-immunizedmice (Figure 3F).
These findings suggest that the frequency of Tregs is transiently
decreased in artLCMV-treated mice, thereby modulating the ratio
of effector to regulatory T cells to allow the optimal expansion of
self-antigen-specific CD8+ T cells.
Immunization with a replicating vector induces abundant tumor

infiltration

Efficacious immunotherapy relies on tumor-specific T cells infil-
trating the tumor and executing their effector functions there.26,27

To unravel the immunological changes inside the tumors of TRP2-
vector-immunized mice, we harvested melanomas 7 days after immu-
nization (day 14 after tumor implantation) and assessed immune in-
filtrates by flow cytometry. Notably, tumors from untreated mice
showed little evidence of immune cell infiltration, while mice immu-
nized with artLCMV showed a significantly higher density of tumor-
infiltrating CD45+ cells compared with both rLCMV-immunized and
untreated mice (Figure 4A). Detailed analysis showed that approxi-
mately 80% of the tumor-infiltrating CD45+ cells in artLCMV-
TRP2-treated mice were CD8+ T cells (Figure 4B). Compared with
rLCMV-treated mice, the tumor-infiltrating T cells of artLCMV-
immunized mice showed higher frequencies of CD8+ and lower fre-
quencies of CD4+ T cells (Figure 4B). Despite this, the overall density
of both CD8+ and CD4+ T cells was higher in tumors of artLCMV-
immunized mice (Figures 4C and 4D).

Tetramer staining demonstrated high numbers of TRP2-specific
CD8+ T cells infiltrating the tumors of artLCMV-immunized mice
(Figure 4E). Moreover, after ex vivo restimulation with TRP2 pep-
tides, more of the tumor-infiltrating CD8+ T cells in mice immunized
with artLCMV-TRP2 demonstrated production of effector cytokines
(Figure 4F), indicating greater functionality of TRP2-specific tumor-
infiltrating lymphocytes (TILs) in those mice. We also assessed the
likely functionality of the infiltrating T cells, as exhaustion of effector
T cells is an additional hurdle for therapies that succeed in inducing
tumor infiltration.28 The tumor-infiltrating CD8+ T cells from mice
immunized with artLCMV-TRP2 showed a lower surface coexpres-
sion of exhaustion markers programmed cell death protein 1
(PD-1) and Tim-3 compared with rLCMV-immunized and untreated
mice (Figure 4G). Overall, these data show that immunization with
artLCMV-TRP2 induces extensive tumor infiltration by immune
cells, particularly TRP2-specific CD8+ T cells, which remain func-
tional inside the tumor.
Immunization with a replicating vector induces complete tumor

rejection in an adoptive cell transfer model

Adoptive cell transfer (ACT) of TILs or T cell receptor (TCR) engi-
neered T cells, whereby high levels of tumor-specific T cells can be
generated independently of the patient’s natural repertoire
Molecular Therapy Vol. 32 No 2 February 2024 5
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Figure 3. A replicating vector increases the ratio of CD8+ effector to regulatory T cells

WT mice were immunized with rLCMV-TRP2 or artLCMV-TRP2. (A) IFN-a level in serum and spleen of immunized mice (n = 3, two-way ANOVA). (B) Tumor growth in

unimmunized mice, artLCMV-TRP2-immunized mice, and artLCMV-TRP2-immunized mice treated with IFNAR1-blocking antibodies (n = 5, two-way ANOVA). Arrow in-

dicates time point of immunization. (C) Frequency and absolute number of Tregs in blood of immunized mice over time (n = 6, two-way ANOVA). (D) Ratio of TRP2-specific

CD8+ T cells (measured by TRP2180-188-PE tetramer binding) to Tregs in blood and spleen of immunizedmice at d7 (n = 5, two-tailed t test). (E) Frequency and density of Tregs

in tumors of immunized and unimmunized mice at d7 after immunization (n = 4, one-way ANOVA). (F) Ratio of TRP2-specific CD8+ T cells to Tregs in tumors of immunized

mice (n = 5, two-tailed t test). IFNAR1, IFN-a/b receptor 1. Summarized data with error bars depict mean ± SEM. Statistical significance: *p < 0.05, **p < 0.01, ***p < 0.001.
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composition, are promising emerging immunotherapy avenues.29,30

However, the transferred cells do not become activated or expand
optimally, leading to the need for administration of exogenous sys-
temic interleukin (IL)-2.29We hypothesized that the high level of acti-
vation of antigen-specific effector T cells seen in immunized mice
might extend to an ability of the two LCMV-based vectors to activate
and expand transferred tumor-specific T cells. To test this, we admin-
istered tumor-bearing mice a transfer of naive TRP2-specific CD8+

T cells from TRP2 TCR transgenic mice concurrent with immuniza-
tion at day 7 (Figure 5A). Mice immunized with rLCMV-TRP2
showed a temporary reduction in tumor size, whereas mice receiving
6 Molecular Therapy Vol. 32 No 2 February 2024
artLCMV-TRP2 demonstrated complete tumor rejection and long-
term survival (Figure 5B). ArtLCMV-immunizedmice also developed
local (at the site of the tumor) or generalized vitiligo, which was not
seen in rLCMV-immunized mice or in any other experiments
(Figure S4).

To study the composition of tumor-infiltrating immune cells in these
mice, the tumors were harvested at day 15 (8 days after T cell transfer
and immunization; Figure 5A) and analyzed using PhenoCycler
(formerly CODEX),31 a highly multiplexed immunofluorescence
method (representative images in Figure 5C; reagents in Tables S2
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Figure 4. Immunization with a replicating vector induces abundant tumor infiltration

Tumors were harvested 14 days after implantation (7 days after immunization with rLCMV-TRP2 or artLCMV-TRP2). (A) Density of tumor-infiltrating CD45+ cells (n = 4, one-

way ANOVA). (B) Representative flow cytometry plots showing frequencies of CD8+ and CD4+ T cells in tumors from immunized and unimmunized mice. (C and D) Density of

tumor-infiltrating CD8+ (C; n = 4, one-way ANOVA) and CD4+ (D; n = 4, one-way ANOVA) T cells. (E) Density of tumor-infiltrating TRP2-specific CD8+ T cells (measured by

TRP2180-188-PE tetramer binding) in immunized mice (n = 9, two-tailed t test). (F) Frequency of cytokine-producing CD8+ T cells from tumor after restimulation with TRP2

peptides ex vivo (n = 9, two-tailed t tests with Holm-�Sı́dák correction for multiple comparisons). (G) Surface expression levels of exhaustion markers Tim-3 and PD-1 on

tumor-infiltrating CD8+ T cells (n = 4, one-way ANOVA). Summarized data with error bars depict mean ± SEM. Statistical significance: *p < 0.05, **p < 0.01, ***p < 0.001.
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and S3). Cell types were identified using manual gating, similar to flow
cytometry. Corroborating the data shown in Figure 4, we found
increased immune infiltration in the tumors of artLCMV-immunized
mice in the ACT setting (Figure 5D). As in Figure 4B, the tumor-infil-
trating T cell compartment was skewed toward more CD8+ and fewer
CD4+ T cells in artLCMV-immunized compared with rLCMV-immu-
nized mice (Figure 5E). The tumors of artLCMV-immunized mice
demonstrated significantly more infiltration of adoptively transferred
CD8+ T cells bearing the congenic marker CD90.1 (Figure 5F), indic-
ative of greater proliferation and/or infiltration of transferred cells in
those mice. The CD90.1+ CD8+ TILs also showed lower surface
expression levels of the exhaustion marker PD-1 in mice immunized
with artLCMV-TRP2 compared with rLCMV-TRP2 (Figure 5G).

For other analyses, cell types were also determined using unsuper-
vised clustering (heatmap of markers and identified cell types in Fig-
ure S5A). Both methods identified similar numbers of cells (Fig-
ure S5B), validating the manual gating strategy. We again observed
more infiltration of various immune cells, including CD8+ T cells,
in the tumors of artLCMV-immunized mice compared with
rLCMV-immunized mice (representative images in Figure S5C).
These data demonstrate the potential of combination therapy with
a replicating virus-based vector and adoptive T cell transfer, which in-
duces effective tumor control by tumor-infiltrating, self-antigen-spe-
cific CD8+ T cells.
Immunization with a replicating vector supports proliferation of

adoptively transferred T cells

To further investigate the fate of the adoptively transferred T cells, we
transferred naive TRP2-specific CD8+ T cells labeled with carboxy-
fluorescein succinimidyl ester (CFSE) concurrently with immuniza-
tion. We then collected blood from recipient mice at 1, 2, and
3 days after transfer. At day 3, we observed a significant increase in
the frequency of the transferred CD90.1+ CD8+ T cells in immunized
compared with unimmunized mice (Figure 6A). Simultaneously, the
mean fluorescence intensity of CFSE significantly decreased in those
cells (Figure 6B), indicating proliferation of this cell population. The
frequency of transferred CD8+ T cells was significantly higher in the
spleens of immunized compared with unimmunized mice at day 3,
while we observed no significant difference between mice immunized
with rLCMV-TRP2 and artLCMV-TRP2 (Figure 6C). However, at
day 8 after ACT and immunization, artLCMV-immunized mice
showed significantly higher frequencies of transferred CD8+ T cells
in the spleen (Figure 6D). This implies that the expansion of the trans-
ferred T cells is uninhibited in mice immunized with the replicating
artLCMV vector.

DISCUSSION
To date, preventive cancer vaccines have been successful in reducing
the incidence of virus-driven tumors, including cervical cancer and
hepatocellular carcinoma.32,33 In contrast, clinical trials targeting
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Figure 5. Immunization with a replicating vector induces complete tumor rejection in an ACT model

(A) Experimental setup of tumor growth experiments. B16F10 melanoma cells were injected subcutaneously into WT mice and, 7 days later, they were immunized intra-

venously with rLCMV-TRP2 or artLCMV-TRP2. Naive TRP2-specific CD8+ T cells from TRP2 TCR transgenic mice were injected intravenously on the day of immunization.

For the PhenoCycler assay, tumors were harvested 15 days after implantation (8 days after immunization). (B) Tumor growth and survival in mice receiving ACT and im-

munization (n = 9, two-way ANOVA and log rank test). Arrow indicates time point of immunization and ACT. (C) Representative images of selected markers in tumors of

immunized and unimmunized mice. Scale bar, 50 mm for overview images and 25 mm for zoomed-in images. (D) Frequency of CD45+ cells of nucleated cells in tumors of

immunized and unimmunized mice (n = 4, one-way ANOVA). (E) Frequency of CD8+ and CD4+ T cells of total tumor-infiltrating T cells in immunized and unimmunized mice

(n = 4, one-way ANOVA). (F) Frequency of various immune cell populations in tumors of immunized and unimmunized mice (n = 4, one-way ANOVA). (G) MFI of exhaustion

marker PD-1 on total and transferred (CD90.1+) tumor-infiltrating CD8+ T cells in immunized mice (n = 6, two-tailed t tests with Holm-�Sı́dák correction for multiple com-

parisons). ACT, adoptive cell transfer; MFI, mean fluorescence intensity; TCR, T cell receptor. See also Tables S2 and S3 and Figures S4 and S5. Summarized data with error

bars depict mean ± SEM. Statistical significance: *p < 0.05, **p < 0.01, ***p < 0.001.
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Figure 6. Immunization with a replicating vector supports proliferation of adoptively transferred T cells

WTmice received an adoptive transfer of naive TRP2-specific CD8+ T cells from TRP2 TCR transgenic mice andwere immunized with rLCMV-TRP2 or artLCMV-TRP2 on the

same day. The transferred cells carried the congenic marker CD90.1 and were labeled with CFSE. (A) Frequency of transferred CD8+ T cells in blood over time. (B) MFI of

CFSE on transferred CD8+ T cells in blood over time. (C) Frequency of transferred CD8+ T cells in spleen 3 days after ACT and immunization. (D) Frequency of transferred

CD8+ T cells in spleen 8 days after ACT and immunization. Summarized data with error bars depict mean ± SEM. Statistical significance: *p < 0.05, **p < 0.01, ***p < 0.001.
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self-antigens have shown modest success. Our study defines the fea-
tures that are necessary for a successful self-antigen-targeting virus-
based immunotherapy.

In contrast to ICIs or ACT, recombinant LCMV-based vectors inter-
fere at several steps of the cancer-immunity cycle (graphical ab-
stract).1,34 In the context of viral replication, the self-antigen is deliv-
ered to professional APCs. Their activation results in increased
expression of MHC I and the costimulatory molecules crucial for
T cell priming. In addition, strong inflammatory signals such as
IFN-I—induced by the virotherapy—enhance the responsiveness of
cytotoxic T cells.35 As we observed in mice inoculated with Dct-defi-
cient tumor cells, the strong activation of innate immunity by the
replicating artLCMV vector can temporarily delay tumor growth,
even when the tumor does not express the vector antigen.

Type I IFN further serves as a signal for the expansion of tumor-spe-
cific CD8+ T cells and decreases the frequency of regulatory T cells,
thereby removing an important inhibitory mechanism.25,36 Further-
more, immunization with the replicating vector induces tumor infil-
tration by self-antigen-specific T cells, leading to tumor cell killing
and resulting in prolonged survival. Our data indicate that self-anti-
gen persisting over an extended period is associated with overcoming
tolerance mechanisms: immunization with artLCMV-TRP2 achieves
this, driving the cancer-immunity cycle.

Cancer therapies frequently target tumor-associated self-antigens
since those are shared between many patients, making the treatment
widely applicable. Self-antigen-specific T cell responses have been
found to correlate with immunotherapy response and overall sur-
vival.37,38 The bispecific molecule tebentafusp, which targets the mel-
anoma-associated antigen GP100, has demonstrated significant sur-
vival improvement in patients with metastatic uveal melanoma.39

However, due to the MHC-restricted nature of antigen recognition
by T cell receptors, this treatment is limited to patients carrying
HLA-A*02:01.
Treatment with the patient’s own TILs can mediate objective re-
sponses in metastatic melanoma but requires TIL presence and
ex vivo expansion, as well as a cumbersome conditioning/lymphode-
pleting regime before reinfusion.40,41 Thus, “off-the-shelf” virus-
based vectors inducing endogenous tumor-specific T cells represent
a desirable approach. An important advantage of this system is that
the full-length protein sequence can be inserted into the vector, which
allows the production of an HLA-independent therapy suitable for
most patients. Here we have also demonstrated the synergistic inter-
action of vector immunization and adoptive T cell transfer. The repli-
cating viral vector reprogrammed the tumor microenvironment from
“cold” to “hot,” stimulating the transferred cytotoxic T cells and
various other immune cells to infiltrate the tumor, which led to com-
plete tumor rejection. Importantly, the combination therapy was suc-
cessful without prior lymphodepletion or administration of IL-2,
which are standard regimens for adoptive T cell therapy, but can
lead to adverse effects including infections and toxicities.29,42,43

In summary, this study uncovers the importance of replication of
LCMV-based vectors for self-antigen-targeting cancer immunother-
apies. Unlike the non-replicating rLCMV, replicating artLCMV vec-
tors can overcome tolerance to self and induce a strong IFN-I
response, which leads to a potent antitumor immunity mediated by
self-antigen-specific cytotoxic T cells infiltrating the tumor. More-
over, combining artLCMV immunization with adoptive T cell trans-
fer shows great potential as an avenue for effective cancer treatment.

MATERIALS AND METHODS
Study design

The objective of this study was to investigate the efficacy of replicating
and non-replicating viral vectors as cancer vaccines targeting tumor-
associated self-antigens.We employed variousmouse strains andmu-
rine melanoma models to study the effects of immunization in
different settings. We used flow cytometry, PhenoCycler, and
ELISA to monitor the immune response following immunization in
different tissue compartments. Experiments were performed at least
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twice. All data points represent biological replicates. Statistical ana-
lyses are reported in each figure legend.

Cells and cell lines

B16F10 cells were obtained fromATCC (Manassas, VA) and cultured
in complete Dulbecco’s modified Eagle’s medium (DMEM; Gibco,
Thermo Fisher Scientific, Waltham, MA) supplemented with 10%
(v/v) fetal calf serum (FCS; Capricorn Scientific, Ebsdorfergrund,
Germany), 10 mmol/L non-essential amino acids (NEAAs; Gibco,
Thermo Fisher Scientific), 1 mmol/L sodium pyruvate, and 100 IU/
mL penicillin/streptomycin (Lonza, Basel, Switzerland). The HCmel3
cell line was cultured in RPMI-1640 (Sigma, Sigma-Aldrich, St. Louis,
MO) containing 20% FCS, 2 mmol/L L-glutamine, 10 mmol/L
NEAAs, 1 mmol/L HEPES, 20 mmol/L b-mercaptoethanol (Gibco,
Thermo Fisher Scientific), and 100 IU/mL penicillin/streptomycin.
BHK-21 and HEK293 cells were obtained from the Institute of Exper-
imental Immunology, University of Zurich. All cell lines were kept at
37�C and 5% CO2 in a humidified incubator and regularly examined
for signs of mycoplasma infection.

Generation of the Dct-knockout B16F10 cell line

B16F10-Dct�/� cells were generated using CRISPR-Cas9 technology.
Sequences for the single guide RNA (sgRNA; Table S1) were designed
using the CHOPCHOP tool (available at http://chopchop.cbu.uib.no/
index.php).44,45 sgRNA was inserted into the pSpCas9(BB)-2A-GFP
(PX458) plasmid (Addgene, 48138) expressing Cas9 and EGFP.
B16F10 cells were transfected with the sgRNA PX458 plasmid target-
ingDct (Trp2). The Dct gene from cells expressing GFP was amplified
(primers shown in Table S1) and a T7 endonuclease I (T7EI) assay
was performed to check genome-targeting efficiency. After subclon-
ing, single clones were again tested for deletion of Dct using T7EI
(Figure S2A). Sequencing (data not shown) and an intracellular
flow cytometric analysis using an anti-TRP2 antibody (ab74073; Ab-
cam, Cambridge, UK) confirmed the deletion of the Dct gene (Fig-
ure S2B). All cell lines were regularly tested for mycoplasma.

Recombinant vectors

Two different forms of LCMV-based vectors were constructed in this
study: a replication-deficient bisegmented vector, rLCMV,10 and a
replicating trisegmented vector, artLCMV.14 In both vectors, the viral
GP on the small (S) segment is replaced with a target antigen: here, we
inserted the full-length cDNA sequence of the murine melanoma-
associated antigen TRP2. In the artLCMV vector, the viral GP is re-
introduced under the control of the 30 untranslated region of the sec-
ond S segment, enabling the vector to replicate in host cells that do
not complement LCMV nucleoprotein (NP) (Figure 1A). This genetic
rearrangement further inhibits recombination of the two S segments
and the generation of WT virus particles.

Both rLCMV and artLCMV vectors were generated by transient
transfection of BHK-21 cells stably expressing the LCMV GP as
described (Figure 1B).46 Briefly, the cells were transfected with plas-
mids encoding the viral S and L genome segments and two expression
plasmids encoding the LCMV NP and polymerase (L). To generate
10 Molecular Therapy Vol. 32 No 2 February 2024
FCS-free vector stock material, suspension HEK293 cells either ex-
pressing the viral GP (for rLCMV) or not (for artLCMV) were in-
fected at an MOI of 0.001 and incubated for 72 h while shaking.
The cells were then propagated and incubated for another 2 days. Vi-
rus-containing supernatant was harvested after centrifugation of the
cells and the infectious titer was determined by focus-forming assay
(FFA) on either LCMV GP-complementing cells (focus-forming
units, FFU) or non-complementing HEK293 cells (RCV FFU).10,14

Briefly, monolayers of adherent HEK293-GP or HEK293 seeded in
24-well plates were infected with serial dilutions of the virus,
incubated for 48 h, and subsequently fixed and stained with anti-
NP antibody (VL-4; Bio X Cell, Lebanon, NH). The number of foci
(clusters of infected cells) was determined and the virus titer was
calculated.

Mice

C57BL/6N (B6) mice were obtained from Charles River Laboratories
(Freiburg im Breisgau, Germany). HgfxCdk4R24C (provided by
Thomas Tüting, University of Bonn, Germany) were bred as previ-
ously described.47 Dct�/� (TRP2 KO) mice were bred as previously
described.21 TRP2 TCR transgenic mice (provided by Andrea Schie-
tinger, Memorial Sloan Kettering Cancer Center, New York, NY)
were bred as previously described.48 All mice were kept under spe-
cific-pathogen-free conditions in individually ventilated cages in a
12/12-h light/dark cycle. The mice were housed at a maximum den-
sity of six mice per cage, with aspen wood chips (SAFE aspen; SAFE,
Rosenberg, Germany) as bedding and paper tissues for enrichment.
Food (3436 mouse and rat maintenance extrudate; Kliba Nafag, Kai-
seraugst, Switzerland) and water were provided ad libitum. All ma-
terials (cages, bedding, food, water bottles) were autoclaved
before use.

For experiments, sex- and age-matched mice between 7 and 10 weeks
of age were used. Experiments were performed in accordance with
federal and cantonal guidelines (Tierschutzgesetz) under permission
numbers SG02/14, SG01/16, SG03/18, SG01/20, SG04/20, SG/07/
2021, and SG/03/2022 following review and approval by the respec-
tive Cantonal Veterinary Offices (St. Gallen and Berne, Switzerland).

Tumor graft models and immunization

To establish tumors in mice, 2� 105 B16F10 or 4� 105 HCmel3 mel-
anoma cells in phosphate-buffered saline (PBS) were injected either
subcutaneously into the flank or intravenously for the lung metastasis
model. Primary melanomas in HgfxCdk4R24C mice were induced by
applying 100 nmol DMBA in acetone onto the shaved back.20

When transplanted or primary tumors became palpable (20–
50 mm3), mice were treated with 1 � 106 FFU rLCMV-TRP2 or
1 � 105 RCV FFU artLCMV-TRP2 in PBS injected intravenously.
The size of subcutaneous tumors was measured with calipers two
or three times per week. Tumor volume was calculated as
width2 � length � 0.5.49,50 Mice were sacrificed when tumor size ex-
ceeded 1,000mm3 or upon showing signs of illness. In the lungmetas-
tasis model, mice were sacrificed and lungs were harvested at day 17
of tumor growth.

http://chopchop.cbu.uib.no/index.php
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For in vivo blockade of the type I IFN receptor, anti-IFNAR1 (clone
MAR1-5A3, BE0241; Bio X Cell, Lebanon, NH) in PBS was injected
intraperitoneally into mice, with 1 mg 1 day before immunization
and with 250 mg on days 2 and 5 after immunization.

Tissue processing and flow cytometry

For the generation of single-cell suspensions, spleens were collected
into RPMI-1640 supplemented with 5% FCS and mechanically dis-
rupted on a 70-mm pore size cell strainer (Falcon, Corning, New
York, NY). To isolate tumor-infiltrating immune cells, tumors were
separated from the surrounding skin and then dissociated using scis-
sors and a syringe plunger. Cells were passed through a 70-mm pore
size cell strainer and washed once before density-gradient (Lympho-
lyte-M; Cedarlane, Burlington, Canada) centrifugation to allow
collection of immune cells at the interface. Blood was collected into
PBS containing 0.5% FCS and 10 mmol/L EDTA, and erythrocytes
were lysed using the BD Lysing solution (BD Biosciences, Franklin
Lakes, NJ).

For flow cytometry, single-cell suspensions were stained with Zombie
Aqua in PBS according to the manufacturer’s instructions (Zombie
Aqua Fixable Viability Kit; BioLegend, San Diego, CA) to discrimi-
nate between live and dead cells. For identification of epitope-specific
T cells, cells were incubated with PE-labeled H-2Kb-TRP2180-188
tetramer (MBL, JSR Life Sciences, Sunnyvale, CA) or PE-labeled H-
2Db-LCMV-NP396-404 tetramer (NIH Tetramer Core Facility, Emory
University, Atlanta, GA) for 10 min at 37�C. For detection of surface
molecules, cells were incubated for 20 min at 4�C in PBS containing
0.5% FCS and 10 mmol/L EDTA with the indicated antibodies
(Table S4). For intracellular or intranuclear labeling or staining, cells
were fixed and permeabilized using the BD Cytofix/Cytoperm (BD
Biosciences) or the FoxP3 Transcription Factor staining kits (eBio-
science, Thermo Fisher Scientific). Data were acquired with a BD
LSR Fortessa (BD Biosciences) and data analysis was performed using
FlowJo (FlowJo, BD Biosciences).

Ex vivo restimulation and cytokine production

For the assessment of ex vivo cytokine secretion, lymphocytes were
resuspended in RPMI-1640 containing 5% FCS and 0.4% b-mercap-
toethanol and incubated with 1 mM concentration of the TRP2180-188
peptide (SVYDFFVWL; GenScript, Piscataway, NJ) in the presence of
10 mg/mL brefeldin A (Sigma-Aldrich) for 5 h at 37�C. The frequency
of IFN-g- and TNF-a-producing cells was determined by subtracting
the medium (no-peptide) control.

ACT

Spleens from unimmunized TRP2 TCR transgenic mice were
collected and dissociated as described above to obtain a single-cell
suspension. The cells were treated with erythrocyte lysis buffer (water,
0.15 M NH4Cl, 1 mM KHCO3, 0.1 mM EDTA; 1 mL per spleen) at
room temperature (RT) for 3 min and washed with ice-cold PBS. If
the cell pellet was red after centrifugation, the lysis step was repeated.
If tracing of the transferred cells was required, cells were labeled with
CFSE (CellTrace CFSE Proliferation Kit, Life Technologies, Thermo
Fisher Scientific) according to the manufacturer’s instructions. A
sample of the splenocytes was stained with the H-2Kb-TRP2180-188
tetramer and antibodies against surface markers as described above
to determine the frequency of TRP2-specific CD8+ T cells. Total
cell number was counted using a hemocytometer and the splenocytes
were administered intravenously at 5 � 105 TRP2-specific CD8+

T cells per recipient.
PhenoCycler staining and imaging

For the PhenoCycler assay, B16F10 melanoma cells were subcutane-
ously inoculated into mice, which were then immunized as
above. Tumors from rLCMV-TRP2-immunized, artLCMV-TRP2-
immunized, and unimmunized WT mice were harvested at day
15 and fresh frozen (FF) in frozen section embedding medium
(FSC 22 Clear; Surgipath, Leica Biosystems, Wetzlar, Germany).
PhenoCycler imaging was performed as previously described.31,51–53

All steps were performed at RT unless indicated otherwise. Briefly,
FF tumors were assembled into tissue arrays and sectioned on a
cryostat (Leica). Sections 7 mm thick were placed on 22 � 22-mm
glass coverslips (#1.5; Electron Microscopy Sciences, Hatfield, PA)
pre-coated with poly-L-lysine (Sigma, Sigma-Aldrich), air-dried,
and stored at �80�C.

For staining, tissue sections on coverslips were removed from the
freezer, dried on indicating desiccant (Drierite; Thermo Fisher Scien-
tific) for 2 min, fixed in acetone for 10 min, and dried in a humidity
chamber for 2 min. Tissues were rehydrated in buffer S1 for 2 min
twice in separate wells of a six-well plate, fixed with 1.6% paraformal-
dehyde (PFA; Thermo Fisher Scientific) in buffer S1 for 10 min,
washed twice in buffer S1, and equilibrated in blocking buffer for
30 min.

The antibody cocktail (Table S2) was prepared in buffer S2 containing
0.065 mg/mL mouse immunoglobulin (Ig) G (Biozol, Eching, Ger-
many), 0.065 mg/mL rat IgG (Biozol), 0.43 mg/mL sheared salmon
sperm DNA (Invitrogen, Thermo Fisher Scientific), and a mixture
of non-fluorescent PhenoCycler oligonucleotides (Integrated DNA
Technologies, Coralville, IA) at a final concentration of 0.5 mM.
Staining was performed in 100 mL of this cocktail for 3 h in a humidity
chamber. Tissues were then washed twice in buffer S2, fixed with 1.6%
PFA in buffer S4 for 10 min, washed thrice in PBS, fixed with ice-cold
methanol for 5 min, washed thrice in PBS, fixed with 3 mg/mL BS3

fixative (Thermo Fisher Scientific) in PBS for 20 min, and washed
again thrice in PBS. The coverslips were stored in buffer S4 until
imaging.

Coverslips were placed onto the stage of the PhenoCycler (Akoya Bio-
sciences, Marlborough, MA). Nuclei were stained with Hoechst nu-
clear stain (Thermo Fisher Scientific) diluted 1:1,000 in buffer H2
for 1 min, followed by washing thrice with buffer H2. Imaging was
performed on an inverted fluorescence microscope (BZ-X810; Key-
ence, Osaka, Japan) according to the manufacturer’s instructions
(Akoya Biosciences).
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PhenoCycler image processing and data analysis

At least one 1,920� 1,440-mm region was selected on each tissue sam-
ple. If possible, two regions were selected; however, some tumors were
too small or had large necrotic areas. Images were processed and
segmented using the CRISP-CODEX-Processor-main and CellSeg-
CRISP-master packages.54 After quality control using the ImageJ/
Fiji software, the flow cytometry standard (.fcs) files resulting from
the segmentation were analyzed using CellEngine cytometry analysis
software (manual gating; https://cellengine.com; CellCarta, Montreal,
Canada). For Figure 5, values from regions of the same tissue were
averaged so as not to bias the results toward the larger tissue samples.
Fluorescence microscopy overlay images were created using ImageJ/
Fiji software and custom scripts.

Single-cell staining intensity data across all regions were stored inMi-
crosoft Excel (Microsoft, Redmond, WA) as comma-separated values
(.csv) files, which were concatenated together and analyzed as a single
dataset using HFcluster.54 Unsupervised clustering yielded 49 pri-
mary clusters, which were subjected to manual annotation guided
by the anticipated antibody staining patterns. This culminated in
the identification of nine distinct cell subsets (Figure S5A), each of
which was rigorously validated against the original image data to
ensure the accuracy and fidelity of the annotations. Subsequently,
the identified cells were superimposed onto the tissue. Correlations
between cell counts of identical cell types identified by manual gating
and by clustering were established using Prism (GraphPad Software,
Boston, MA).

In vivo cytotoxicity assay

Mice were immunized with rLCMV- or artLCMV-TRP2 and received
TRP2-pulsed target cells 7 days after the immunization. Briefly, sin-
gle-cell splenocyte suspensions were subjected to erythrocyte lysis
by osmotic shock. Splenocytes were incubated with 10�6 M
TRP2180-188 peptide for 1.5 h at 37�C (pulsed) or left untreated (un-
pulsed). Cells were labeled using 10 mL of 5 mM CFSE (CFSEhigh;
pulsed) or 0.5 mM CFSE (CFSElow; unpulsed) according to the
manufacturer’s protocol. Pulsed CFSEhigh and unpulsed CFSElow

splenocytes were mixed at a 1:1 ratio, and 2 � 107 cells were injected
intravenously into mice immunized with rLCMV-TRP2 or
artLCMV-TRP2. Six hours after transfer, the presence of CFSEhigh

(pulsed) and CFSElow (unpulsed) cells in blood was analyzed and spe-
cific killing was calculated using the following formula:55

100 �
�

% pulsed in infected
% unpulsed in infected

O
% pulsed in uninfected

% unpulsed in uninfected
�100

�

Quantitative real-time PCR

Total mRNA was extracted from the spleen by TRIzol (Ambion,
Thermo Fisher Scientific) using the Direct-zol RNA Kit (ZYMO
Research, Irvine, CA) and cDNA was generated using the
QuantiTect Reverse Transcription Kit (Qiagen, Hilden, Germany).
TRP2 and TATA binding protein (TBP) were amplified by qRT-
PCR using the SYBR Green Master Mix (Applied Biosystems,
12 Molecular Therapy Vol. 32 No 2 February 2024
Thermo Fisher Scientific). The primers are listed in Table S5. For
analysis, the expression levels of the target gene TRP2 were normal-
ized to TBP mRNA expression. Relative gene expression levels were
calculated with the DCT method.56

IFN-a ELISA

Levels of IFN-a in serum were determined using the mouse IFN-a
ELISA kit according to the manufacturer’s instructions (Genprice
Research Diagnostics, Baileys Harbor, WI).

Statistical analysis

Statistical analysis was performed using Prism 9.4.1 (GraphPad Soft-
ware, Boston, MA). Unless specified otherwise, graphs depict mean ±

standard error. Differences between two groups were evaluated using
an unpaired two-tailed Student’s t test followed by Holm-�Sídák
correction for multiple comparisons, if appropriate. Single values of
multiple groups were compared by one- or two-way ANOVA fol-
lowed by Bonferroni post hoc test. Kaplan-Meier survival curves
were assessed using log rank tests. Results were considered statisti-
cally significant as follows: *p < 0.05, **p < 0.01, or ***p < 0.001.
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