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Introduction

Primary and metastatic brain tumors pose substantial challenges
to positive therapeutic outcomes. Collectively, the brain’s (a) spa-
tial encasement within the skull, (b) vasculature-based barriers, (c)
limited regenerative potential, (d) glymphatic/meningeal drainage
systems, and (e) capacity to induce local inflammation and periph-
eral immunosuppression establish obstacles against cancer thera-
pies that are efficacious in other organs (1-8). Unfortunately, these
hurdles have not disappeared with the emergence of cancer immu-
notherapies. While designed to enhance CD8" T cell presence and
functionality in established tumors, checkpoint blockade, adoptive
T cell/dendritic cell vaccination, and chimeric antigen receptor
(CAR) T cell-based therapies have not substantially enhanced
5-year survival rates among most brain cancer patients (9—14).

Due to historical conceptions of immune privilege, the study of
CD8" T cell biology in the brain remains in its infancy (15). In humans,
antigen-experienced, memory CD8" T cells populate the healthy and
tumor-affected brain, correlating positively with cancer prognosis
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Primary and metastatic brain tumors exhibit resistance to immunotherapies that demonstrate efficacy in peripheral cancer
settings. While many immunotherapies aim to enhance CD8* T cell infiltration and functionality in established tumors,
identification of neoantigens support emerging immunopreventative tactics against brain cancer. Functionally potent tissue-
resident memory CD8" T cells (T_,,) can be generated in the brain following peripheral infection or vaccination. However,

the ability of brain T, to prevent intracranial malignancy remains unknown. Here, mice were seeded with tumor-specific

or bystander brain T, via peripheral infection prior to depletion of circulating memory T cells (T
tumor challenge. Tumor-specific brain T, durably protected mice against intracranial malignancy even in the absence T
These brain T, persisted in tumor-surviving mice and protected against a second antigen-matched challenge. Importantly,
a translationally-relevant mRNA-lipid nanoparticle (LNP) vaccine phenocopied peripheral infection-induced outcomes,
generating functional brain T_, that controlled tumor growth. Altogether, this work points to the utility of brain T_,, in cancer
immunoprevention, supporting the development of antitumor mRNA-LNP vaccines to bolster brain immunity.

urew) @nd subsequent brain
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(16-24). Unlike circulating memory T cells (T,
ly surveil the body, tissue-resident memory (Ty,,) T cells embed per-

) that continuous-

manently in tissues like the brain (15, 25). Brain T, express markers
such as CD69, CD49a, and CXCR6 to promote residency and are
poised to quickly wield protective effector functions upon antigen
reencounter (17, 26-31). Recent studies have revealed a subset of T,
in human brain tumors that are specific for viral pathogens, such as
cytomegalovirus, Epstein-Barr virus, and influenza virus (17). While
viral peptide-based reactivation of pathogen-specific memory T cells
reduces malignant outcomes in peripheral tumors, brain-localized
tumors exhibit greater resistance to this approach (17, 32). In parallel,
tumor-specific memory T cells exist within brain cancer microenvi-
ronments. Recent literature, however, underscores that T, signatures
reported among CD8* T cells isolated from tumors may fail to identify
true functional, resident T cells (33). Here, antigen-rich tumors, unlike
healthy tissue, impart a distinct program of tissue residency that hin-
ders the functionality of newly generated T, -appearing cells, pointing
to potential difficulties in rejuvenating these cell populations (33, 34).
While cancer treatments have historically been therapeutic,
emerging technologies are increasing the ability to identify tumor
neoantigens and leverage immunopreventative approaches (35-39).
Tumor-specific T, generated in healthy cutaneous and mucosal
tissues prior to tumor challenge offer prolonged protection against
malignancy in mice (40—43). In these investigations and others,
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the generation of T, in barrier tissues (i.e., skin, lung, intestine)
and vascularly accessible tissues (i.e., liver) is magnified when the
organ of interest is directly infected, immunized, or inflamed (40—
46). While brain T, can be engendered by neurotropic infection
or intracranial vaccination, immunogenic agent administration
directly to brain tissue may not represent a clinically or surgically
palatable strategy (15). In spite of this, emerging work has demon-
strated that peripheral infections and immunizations are capable of

generating brain T, , offering hope that translational platforms can

RM?
assemble these brain-resident populations (15, 27, 30). Peripheral-
ly-induced brain T, have been shown to protect against otherwise
lethal intracranial infections, demonstrating their functional poten-
cy when seeded in healthy brain tissue (27). However, whether
peripherally induced, tumor-specific T, can defend against immi-
nent brain tumorigenesis remains unknown.

The clinical viability of cancer immunoprevention is grow-
ing (35, 47). Like pathogens, tumors harbor targetable antigens
that can be identified and implemented into vaccine regimens
(24, 37, 39). Emerging immunization platforms are enabling the
rapid and cost-effective generation of personalized anticancer vac-
cines. Patient-tailored, neoantigen-based mRNA vaccines can be
designed and administered within a timeframe of 9 weeks, has-
tening a new era of immunotherapy for patients diagnosed with
circulating or solid tumors (37). In patients with pancreatic cancer,
mRNA vaccines have been shown to generate long-lived CD8" T
cells with memory-like phenotypes (48). Emerging evidence also
suggests mMRNA vaccination may help control or prevent metasta-
ses in distant solid organs (37). Therefore, vaccination efforts could
be particularly relevant for (a) patients with peripheral cancers that
have not metastasized, (b) patients with primary cancers with limit-
ed spread within a given tissue, (c) patients in cancer remission, and
(d) patients harboring genetic predispositions to cancer (35, 47).

The underlying immunology of mRNA vaccines, particular-
ly with respect to Ty, biology in the brain, is difficult to determine
in human patients, necessitating studies in tractable animal models.
mRNA vaccination has already been shown to establish and regener-
ate T, populations in tissues like the lung and liver in mice (4446,
49). However, the brain and its related tumors represent uncharted
territory with respect to mRNA vaccine technology (50). The seed-
ing of tumor-specific T, in healthy brain tissue represents an unex-
plored conceptual approach to thwart future intracranial tumor estab-
lishment or spread. Therein, we generated mice with tumor-specific
brain T, via peripheral infection or mRNA vaccination and tested
the potency of these cells against brain tumor challenges.

Results

Tumor-specific brain T, durably protect against intracranial malignan-
¢y. Our group has previously shown that peripheral infections and
immunizations in mice can generate pathogen-specific brain T,
that protect against subsequent intracranial infection (27, 30). Here,
we leveraged these published, peripheral immunization approaches
to produce brain T,,, populations with specificity to tumor cells.
Accordingly, we adoptively transferred Thyl.2 C57BL/6N (B6)
mice with physiologic numbers of allelically disparate Thyl.1 T
cell receptor transgenic (TCR-tg) CD8* T cells (Figure 1A). These
TCR-tg cells were either OT-I cells specific for the OVA , .., pep-
tide derived from chicken ovalbumin or P14 cells specific for the
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GP,, ,
(LC?\/IV). Recipient mice were then intravenously (i.v.) injected
with peptide-pulsed, LPS-matured dendritic cells (DC) and boost-
ed 7 days later with recombinant, attenuated Listeria monocyto-
genes (tLM) expressing OVA,, . or GP,, ., (DC-rLM-OVA and
DC-rLM-GP33) i.v. (27, 51). At day 40 post-DC immunization,
mice were treated intraperitoneally (i.p.) with a low-dose isotype

, peptide derived from lymphocytic choriomeningitis virus

control or anti-Thyl.1 (a-Thyl.1) depleting antibodies. We have
previously published that this a-Thyl.1 antibody regimen effec-
tively depletes OT-I/P14 T .,
in the brain (27). Here, we validated that this antibody regimen

while preserving T, populations

depletes Thyl.1* T cells in brain-adjacent tissues such as the cra-
nial bone and meninges in addition to distant nonlymphoid organs
such as the liver, kidney, and lung (Supplemental Figure 1, A-C;
supplemental material available online with this article; https://
doi.org/10.1172/JCI197812DS1). In these experiments, mice were
injected 1.v. with a fluorochrome-conjugated anti-CD45 antibody to
distinguish cells in the vasculature (IV*) versus cells localized in tis-
sues (IV") at the time of tissue harvest (52). Successful depletion of
OT-1/ P14 Ty
memory CD8* T cells in the blood was also confirmed in mice prior

among antigen-experienced (Ag-Exp), CD11a™

to each tumor challenge (Figure 1, B-D).

Metastatic brain tumors are 10 times more common than pri-
mary brain tumors and develop in 10%-30% of cancer patients
(53, 54). Of these metastatic tumors, lung, breast, and melanoma
represent the most common primary origins (53, 54). Melanoma
tumors commonly metastasize to the brain and can be modeled
orthotopically in mice (1, 2, 55, 56). While lacking the spatial and
temporal realism of spontaneously metastasizing models or intra-
venous/intracarotid tumor injections, orthotopic injections provide
conceptual and technical feasibility for interrogating T, -based
protection independent of peripheral disease. Accordingly, we
challenged naive and immune mice intracranially (i.c.) with B16
melanoma cells expressing OVA,, . (B16-OVA) or GP (B16-
GP33). Here, mice with OT-I brain T, CIROM
exhibited a substantial survival advantage over naive mice after
challenge with B16-OVA, but not B16-GP33 (Figure 1, E and F).
Reciprocal results were achieved in mice containing P14 brain T,

3341
with or without T

(Figure 1, E and F). Thus, we demonstrate that tumor-specific, but
not bystander, brain T, provide durable protection against intra-
cren Lhese data
indicate that the formation of tumor-specific brain T, in healthy

cranial B16 melanoma even in the absence of T

brain tissue can provide superior protection than de novo CD8" T
cell responses, preventing imminent malignancy in a large propor-
tion of challenged hosts.

While the prior studies provided insight leveraging TCR-tg
CD8" T cells and model epitopes, we wished to implement a more
realistic model system where protective outcomes could be assessed
based on immunization against antigens, such as TRP2 . ..
expressed by melanocytic cells and tumors. Therefore, we extended
our studies to determine the ability of endogenous, tumor-specific
brain T, to protect against intracranial malignancy. Here, mice
were primed and boosted with DC-rLM expressing the B16-de-
rived epitope TRP2 . . (Figure 1G) (57). To broadly deplete
T roy ENCOmpassing TRP2 o
an established antibody depletion strategy that capitalizes on the

-specific populations, we leveraged

expression of Ly6C among CD8" T representing a marker not

CIRCM?
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Figure 1. Peripherally induced, tumor-specific brain T_, provide durable protection against intracranial melanoma. (A) Experimental design. Thy1.2

C57BL/6N mice were adoptively transferred with 10* Thy1.1 OT-1 or 2 x 10* Thy1.1 P14 intravenously (i.v.) 1 day before i.v. injection with OVA

or GP.

257-264 33-41

peptide-pulsed, LPS-matured dendritic cells (DC-OVA and DC-GP33). Mice were boosted with attenuated recombinant Listeria monocytogenes expressing

OVA

257-264

OT-1or P14 T ., before intracranial (i.c.) challenge with B16-F10 melanoma cell

among CD11a", antigen-experienced (Ag-Exp) T .,

orGP,, ,, (att. rLM-OVA and rLM-GP33). Mice were treated with 2 pg isotype control or a-Thy1.1 antibody (Ab) intraperitoneally (i.p.) to deplete

or GP.

257-264

s expressing OVA B16-0VA and B16-GP33). (B) OT-I cells

33-41 (

in the blood pre/post-Ab depletion. (C) Frequency of OT-1 and (D) P14 of Ag-Exp CD8* T cells in the

blood pre/post-Ab depletion. (E) Kaplan-Meier survival curves after B16-0VA or (F) B16-GP33 i.c. challenge. (G) Experimental design. C57BL/6N mice were

injected with TRP2,
ora-GR-1Ab i.p. to deplete endogenous CD8* T,

CIRCM

peptide-pulsed, LPS-matured DCs (DC-TRP2) i.v. and boosted with att. rLM-TRP2. Mice were treated with 200 pg isotype control
before i.c. challenge with B16-F10 cells. (H) Frequency of Ag-Exp cells among CD8* T cells in blood pre/

post-Ab depletion. (I) Kaplan-Meier survival curves of mice after B16 i.c. challenge. Experiments (E, F, and 1) show concatenated data from 3 independent

experiments with n = 5-16 mice per group. Experiments (B-D and H) show conc

atenated data from 2-3 independent experiments with n = 7-12 mice per

group. Statistical significance was determined by paired t test or log-rank test for survival curves with comparison with naive mice. Graphs show the mean
+ SEM with each symbol representing 1 mouse. Individual P values are noted on respective graphs or are otherwise summarized as: *P < 0.05, **P < 0.01,
***p < 0.001, ****P < 0.0001. Graphical illustrations were created using BioRender (https://biorender.com).

expressed by T, (58). Accordingly, we treated mice with 2 doses of
a-GR-1 antibody to deplete Ly6C/G" immune cells prior to tumor
challenge. We observed a substantial reduction in the proportion
of CD11a" T, among total CD8* T cells in the blood following
a-GR-1 antibody treatment (Figure 1H and Supplemental Figure
2A). Importantly, we did not observe a proportional reduction of
CD11a" T,,, in the brain, including those specific for TRP2 g .., as
confirmed by tetramer staining (Supplemental Figure 2, B-D). In
these immunized mice, we demonstrate approximately 65% long-
term survival against an intracranial B16 melanoma challenge, even

in the absence of T, (Figure 1I). Together, these data demon-
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strate that the generation of brain T, targeting an endogenous
melanoma epitope can durably improve survival outcomes against
intracranial malignancy.

Brain T, persist long term in tumor-surviving mice. Our previous
experiments presented the unique opportunity to study outcomes
derived from brain tumor—surviving mice. Therefore, we investigat-
ed residual T, ., and T, populations in mice that survived a prior
B16 challenge (Figure 2A). Relative to age-matched, tumor-inex-
perienced mice, B16-OVA surviving mice previously treated with
isotype antibody exhibited proportional preservation of OT-I
T

crem aCross the blood, spleen, and cervical draining lymph nodes
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Figure 2. T, persist in the brain following intracranial tumor challenge. (A) Experimental design. At 125 days post-B16-OVA challenge, tumor-surviving
mice with prior antibody depletion regimens from Figure 1 or age-matched, immunized, tumor-naive mice were intravenously (IV) injected with a fluo-
rophore-conjugated anti-CD45 antibody approximately 3 minutes before tissue harvest. Blood, spleen, cervical draining lymph nodes (cDLN), and brain
tissues were isolated. (B) Representative flow plots and (C) frequencies of OT-1 in the blood, spleen, cDLN, and IV- brain of tumor naive, tumor surviving
isotype-treated mice, and tumor surviving a-Thy1.1-treated mice. (D) Number of OT-I in the IV~ brain. (E) Representative histograms of T -associated
markers among OT-I in tumor naive and antibody-treated tumor-surviving mice across tissue compartments. (F) Frequency of T_ -associated mark-

er expression in isotype or a-Thy1.1 antibody-treated tumor-surviving mice. (G) Frequency of CD103* IV- brain OT-I. (H) Frequency of IFN-y* OT-I in the

IV~ brain following 5-6-hour ex vivo 1uM OVA,,_ ., peptide stimulation. Experiments (A-D) show concatenated data from 3 independent experiments
with n = 6-11 mice per group total. Experiments (F and H) show representative data from 1 of 2 independent experiments with n = 4-6 mice per group.
Experiments (G) show concatenated data from 2 independent experiments with n = 6-8 mice per group. Statistical significance was determined by 1-way
ANOVA with Tukey’s multiple comparison’s test. Graphs show the mean + SEM with each symbol representing 1 mouse. Individual P values are noted

on respective graphs or are otherwise summarized as: *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. Graphical illustrations were created using

BioRender (https://biorender.com).

(cDLN), as well as OT-I T, in the IV~ brain (Figure 2, B and C).
However, tumor-surviving mice previously depleted of OT-1 T,
demonstrated not only lasting peripheral depletion, but also a pro-
portional reduction in OT-I brain T,,,. As OT-I T,,, were the only
cells capable of protection during B16-OVA challenge in these
hosts, we next determined whether numeric perturbations could be
discerned in the brain. Here, we observed that OT-I numbers in the
brains of tumor-surviving mice varied based on antibody depletion
regimen (Figure 2D). Relative to tumor-inexperienced mice, isotype
antibody-treated mice exhibited an increase in total OT-I numbers
in the brain, whereas a-Thy1.1 antibody-treated mice did not. This
result suggests that, in the aftermath of tumorigenic rechallenge,
T ren May be called upon and recruited to form new brain T, via
local recall responses. In parallel, a small subset of preexisting brain
Ty, may fail to persist in tumor-surviving mice, hastening replen-
ishment from the periphery. These findings are supported by pri-

or publications demonstrating the capacity of T, to form new

CIRCM
Ty, in tissues upon rechallenge (30, 59). We next aimed to deter-
mine whether a core T, signature was preserved in tumor-surviv-
ing mice. Here, the expression of T, -associated markers such as
CD69, CD49a, CD103, CXCR6, and PD-1 was broadly preserved
among OT-T1in the brain irrespective of prior tumor experience, with

minimal expression of T -associated markers such as CD62L

IRCM
(Figure 2, E and F) (15). I\CIo(t:ably, tumor-surviving mice exhibited a
higher frequency of CD103* OT-I in the IV~ brain compared with
unchallenged mice, potentially reflecting local antigen encounter in
this tissue (Figure 2G). Finally, ex vivo peptide stimulation of OT-I
derived from tumor inexperienced and surviving mice revealed a
similar ability of brain OT-I to produce IFN-y across all groups
(Figure 2H). In summary, this work suggests that tumor-specific
T, persist in the brain following resolution of a malignant chal-
lenge and exhibit preserved functionality.

Tumor-experienced brain T, can protect against a second anti-
gen-matched intracranial challenge. Metastasis of local or peripheral
tumors may occur in temporally distinct waves (54, 60). Therefore,
we next investigated the ability of persisting brain T, in tumor-sur-
viving mice to protect against a second, antigen-matched intracrani-
al challenge. Appreciating that memory immune responses specific
for endogenous B16-derived epitopes may be generated during prior
tumor elimination, we opted for a rechallenge model system that
would solely reengage P14 brain T, (32). To accomplish this, we
inoculated naive and B16-GP33 tumor-surviving mice intracranially
with LCMYV, representing an expedient rechallenge model system in

the brain that offers specificity for the GP., , epitope recognized by

33-41
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P14 memory T cells (Figure 3A) (27). As expected, naive mice suc-
cumbed to intracranial LCMV infection within 8 days of inoculation
(Figure 3, B and C). However, B16-GP33 tumor-surviving mice that
harbored P14 T,,, with or without T\,
loss and complete survival against this secondary insult (Figure 3, B

exhibited minimal weight

and C). We then analyzed P14 T, populations in blood, spleen,
and cervical draining lymph nodes (cDLN), as well as P14 T, in the
brain in B16-GP33 and LCMYV surviving mice. Here, we observed

outcomes similar to those in Figure 2, where P14 T were absent

TIRCM
and P14 brain T,,, were numerically reduced in a—CTI(l:yl.l antibody
treated hosts (Figure 3, D and E). Furthermore, following 2 intracra-
nial insults that normally impart high morbidity and mortality, P14
T, could still display similar cytokine-producing capacity and cytol-

ysis following ex vivo GP,, , peptide stimulation (Figure 3, F-H,

—41
and Supplemental Figure 333, A and B). Taken together, these data
indicate that brain T, remain functionally potent following the res-
olution of a tumor challenge and may exhibit the capacity to protect
against multiple iterations of metastatic seeding in the brain.

T,,, temper brain tumor-associated peripheral immunosuppression
and local neuroinflammation. Metastatic and primary brain tumors
dysregulate host immunity in the periphery and brain. Relative to
extracranial tumors, intracranial tumors invoke profound lymphoid
immunosuppression including lymphoid organ involution, reduced
circulating T cell counts, and sequestration of T cells in the bone
marrow (2, 3). In parallel, brain tumors produce neuroinflamma-
tion and mass effect, necessitating surgical or medical interventions
to allay increases in intracranial pressure (61). While peptide-based
reactivation of brain T, elicits transient peripheral immunosup-
pression and brain inflammation, the longevity, phenotype, and
magnitude of these recall responses in response to tumor cell-based
challenge remains unclear (29, 62). Here, we examined how anti-
tumor brain T,,, moderate immune profiles in the periphery and
brain following an intracranial tumor challenge.

Naive mice or (OT-I) DC-rLM-OVA prime-boosted mice were
treated with a-Thy1.1 antibody to deplete OT-I T, and were sub-
sequently challenged i.c. with B16-OVA as in Figure 1. At 21 days
after tumor cell injection, blood, spleen, thymus, and brain tissues
were isolated to comparatively assess immune profiles (Figure 4A).
As expected, we observed a reduction in the total number of CD4*
and CD8" T cells in the blood of naive, tumor challenged mice, con-
sistent with previous literature (Figure 4, B and C) (2, 3). Howev-
er, mice harboring antitumor brain T, did not exhibit peripheral
lymphopenia, suggesting an attenuation of this response due to prior
immunization (Figure 4, B and C). Spleen profiles revealed trending
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Figure 3. Brain T, remain functional against a second antigen-matched challenge in tumor-surviving mice. (A) Experimental design. At 100 days after
B16-GP33 challenge, tumor-surviving mice from Figure 1 or age-matched, tumor naive mice were intracranially (i.c.) injected with LCMV (endogenously

expresses the GP,,

epitope). (B) Weight loss and (C) Kaplan-Meier survival curve of mice injected i.c. with LCMV. (D) Frequencies of P14 in the blood,

spleen, cDLN, and IV- brain of tumor-surviving isotype and a-Thy1.1 antibody-treated mice. (E) Number of P14 in the IV- brain. (F) Frequency of IFN-y*,
(G) IFN-y*TNF~, (H) CD107a* P14 in the IV~ brain following 5-6-hour ex vivo 200 nM GP_,_, peptide stimulation. Experiments (A-H) show concatenated
data from 2-3 independent experiments with n = 6-10 mice per group total. Statistical significance was determined by log-rank test for survival curves
compared with naive mice or Student’s t test. Graphs show the mean + SEM with each symbol representing 1 mouse. Individual P values are noted on
respective graphs or are otherwise summarized as: ****P < 0.0001. Graphical illustrations were created using BioRender (https://biorender.com).

decreases in splenic weight and CD4*/CD8* T cell numbers only in
naive tumor-challenged mice, but these differences were not statis-
tically significant at this timepoint (Figure 4, D-F). In the thymus
however, we observed a marked reduction in thymic weight in naive,
tumor-challenged mice that was not evident in brain T, harboring
hosts (Figure 4G). These mice also exhibited reduced thymocyte cell
numbers (Figure 4, H and I). As previously reported, double nega-
tive 1 (DN1) thymocyte populations were proportionally increased
in naive tumor-bearing hosts with enhanced expression of TCR-f,
suggesting impact on thymocyte differentiation (Figure 4, I-K) (2).
Within the brain, uniform manifold approximation and projection
(UMAP) of IV-CD45™+h cells revealed diverging representations of
infiltrating immune cells (Figure 4L). While naive, tumor-challenged
mice exhibited profound increases in peripheral immune cells in the
brain, including infiltrating myeloid cells, CD4* T cells, and CD8*
T cells, these differences from baseline were not observed among
tumor-challenged mice with preexisting tumor-specific brain T,
(Figure 4, M-P). Furthermore, OT-I brain T, did not exhibit PD-1
upregulation unlike de novo CD8* T cell responses after tumor chal-
lenge, expressing PD-1 only to a level expected of T, populations
at homeostasis (Figure 4, Q and R). Altogether, these data indicate
that T, -based protection may abrogate the deleterious peripheral
immunosuppressive and local neuroinflammatory outcomes affiliat-
ed with brain tumors, sustaining host immune equilibrium to more
efficiently handle ongoing tumorigenic or pathogenic challenges.

Peripheral mRNA-LNP vaccination generates antigen-specific brain
T,,, populations. Our data thus far have established that peripherally
induced brain T, populations are potent and durable in the face
of intracranial malignancy and do not invoke profound neuroin-
flammation following tumor challenge long term. However, deliv-
ery of antigen via autologously loaded, peptide-pulsed DCs and/or
Listeria monocytogenes—based vectors is unlikely to be meaningfully
translated to scale within clinical settings. In contrast, nRNA-LNP
vaccine technology has been widely utilized in human populations
during the recent SARS-CoV-2 pandemic (63, 64). In mice, mRNA-
LNP vaccines exhibit the capacity to generate and rejuvenate T,
populations within tissues such as the lung and liver (4446, 49).
However, the ability of mRNA-LNP vaccines to generate T in tis-
sues like the brain after peripheral immunization remains unclear.

Herein, we generated an mRNA construct capable of eliciting
tumor-specific CD8* T cell responses. Termed UbMel-OVA, this
vaccine encodes a string of H2DP and H2K -restricted CD8* T cell
epitopes from B16 melanoma, including TRP1,., .., TRP2 .. ..,
and GP100,, .., as well as the model epitope OVA,, ., (Figure 5A)
(49, 65). This construct was designed with 5" and 3’ untranslated
regions (UTRs) flanking peptide-encoding regions that would be
translated upon in vivo administration. To enhance proteasomal
degradation of the vaccine protein product and major histocom-
patibility complex (MHC) loading of resultant peptides, a non-
cleavable, mutant ubiquitin (Ub-A76) was encoded on the 5’ end,
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Figure 4. Brain T_,, restrain tumor-associated peripheral immunosuppression and local neuroinflammation. (A) Experimental design. Naive or (OT-1)
DC-rLM-0VA prime-boosted mice previously treated with low-dose a-Thy1.1 depleting antibody were challenged with B16-0VA or no tumor cells. At 21
days after B16-0VA challenge, blood, spleen, thymus, and brain tissues were isolated to determine immune profiles. (B) Number of CD4* and (C) CD8*

T cells in the peripheral blood. (D) Splenic weight in grams (g). (E) Number of CD4* and (F) CD8* T cells in the spleen. (G) Thymic weight in grams (g). (H)
Number of bulk thymocytes and (I) double negative (DN) thymocytes. (J) Proportion of DN1-4 staging among thymocytes according to CD44 and CD25
expression. (K) Frequency of TCR-B* DN1 thymocytes. (L) Uniform manifold approximation and projection (UMAP) representations of 36,000 downsam-
pled IV~ brain CD45™ " cells per group concatenated from n = 3 representative mice via flow cytometry. (M) Number of IV- CD45™ " cells, (N) IV~ infiltrat-
ing myeloid cells, (0) IV- CD4* T cells, and (P) IV- endogenous (endo) CD8* T cells. (Q) Representative histograms and (R) gMFI of PD-1 expression among
endo CD8* T cells or OT-I cells according to group. Experiments in (A-P) show concatenated data from 2 independent experiments with n = 5-10 mice per
group total. Experiments (Q and R) show representative data from 1independent experiment. Statistical significance was determined by 1-way ANOVA
with Tukey's multiple comparison’s test. Graphs show the mean + SEM with each symbol representing 1 mouse. Individual P values are noted on respec-
tive graphs. Graphical illustrations were created using BioRender (https://biorender.com).

followed by a flexible linker (FL), and the CD8" T cell epitopes of
interest. Each epitope was flanked by optimal proteasomal cleav-
age residues (AAY) (49, 65-67). Purified mRNA constructs were
then packaged in LNPs for in vivo administration. We devised a
vaccine regimen wherein mice were adoptively transferred with
OT-I and prime-boosted 28 days apart via intramuscular (i.m.) or
i.v. administration (Figure 5B). Similar expansion and contraction
of effector OT-I in the blood was observed in prime-boosted mice
irrespective of peripheral delivery route (Figure 5C). At a memo-

ry timepoint 70 days after initial immunization, OT-I T, were

IRCM
increased in 1i.v. vaccinated hosts (Figure 5D). However,C t}(l:e num-
ber of OT-I in the IV~ brain did not differ according to vaccination
route (Figure 5D). Critically, after ex vivo stimulation, OT-I engen-
dered by either immunization strategy exhibited similar cytokine
and cytolytic capacities (Figure 5, E and F). Furthermore, periph-
eral mRNA-LNP vaccination generated OT-I in the brain exhibit-
ed canonical T, signatures (Figure 5, G and H) (27, 30). These
cells distributed widely throughout the brain following peripheral
immunization, including near gray matter—white matter junction
regions where changes in vascular diameter and blood flow speed
generate metastasis-susceptible niches (Figure 5I) (68). We also val-
idated the ability of our mRNA-LNP vaccine to elicit endogenous

melanoma-specific T, and brain T, responses, with varying

CIRCM
efficacy according to specificity (Figure 5, J-L). Collectively, these
data illustrate that peripheral mRNA-LNP immunization-based
approaches can generate tumor-specific memory CD8" T cells in
the periphery and brain.

To identify a suitable, specificity control mRNA-LNP vaccine
for tumor challenge studies, we repurposed our previously pub-
lished mRNA construct for protection against influenza A virus
(IAV) and LCMV (49). Termed UbFlu-GP33, this vaccine con-
struct encodes NP, .. and PA,, ... epitopes derived from HINI
Puerto Rico 8 (PR8)-IAV as well as the GP,, ,, epitope derived
from LCMV (Supplemental Figure 4A). To validate the ability
of this vaccine to generate bystander memory CD8" T cells, we
prime-boosted mice i.m. with the UbFlu-GP33 construct and then
queried virus-specific responses in the periphery and brain (Supple-
mental Figure 4B). Here, we demonstrate expected kinetic expan-
sion and contraction of TAV- and LCMV-specific T,
vaccination in the blood (Supplemental Figure 4, C-F). We also

following

demonstrate the generation of virus-specific memory CD8* T cells
in the brain with T_,, phenotypes (Supplemental Figure 4, G-I).
Although purposed as a control vaccine in our subsequent tumor
challenge studies, we opted to determine whether antiviral brain
Ty, generated by mRNA vaccination could protect against intra-

cranial infection. Here, we observed that vaccinated mice harbor-
ing P14 brain T, alone protected against an intracranial LCMV
challenge (Supplemental Figure 4, J-L). Furthermore, endogenous
PA,,, ,.;-specific brain T,
against an intracranial rtLM-PA,, .. challenge (Supplemental Fig-
ure 4, M-0). These data not only indicate that mRNA-LNP vac-

cine-induced bystander responses can be appropriately controlled

engendered by vaccination protected

for in subsequent tumor protection studies, but also hold promise
that mRNA-LNP technology can generate pathogen-specific brain
T,,, that protect against emerging viral encephalitides.

mRNA-LNP vaccination-induced, tumor-specific T, durably protect
against intracranial malignancy. The clinical feasibility of personal-
ized mRNA-LNP vaccination for cancer is emerging rapidly. There-
fore, we sought to determine whether mRNA-LNP vaccine-gener-
ated brain T, could offer protection against intracranial tumors.
To address this question, we prime-boosted mice i.m. with UbMel-
OVA or UbFlu-GP33 mRNA-LNP vaccines. These mice were
then either administered isotype or a combination of a-Thyl.1
and a-GR-1 antibodies to robustly deplete TCR-tg and endogenous

TCIRCM’
Noting that mice with fulminant brain tumors exhibit an influx of

respectively (Figure 6A and Supplemental Figure 5, A-D).

T cells and myeloid cells as seen in Figure 4, we investigated poten-
tial off-target effects of the a-GR-1 antibody depletion in eliminat-
ing Ly6C* immune cells. While Ly6C* naive CD8* T cell numbers
were reduced in the blood of a-GR-1 antibody treated mice, Ly6C*
neutrophils and monocytes were fully reconstituted upon time of
tumor injection (Supplemental Figure 5, E-T) (69). Mice were then
challenged intracranially with B16-OVA or a glioblastoma (GL261)
line expressing 4 model epitopes (QUAD), including GP100
and OVA2577254’
lishment (70). Similar to our peripheral infection-based immuniza-

25-33
as well as luciferase (Luc) to monitor tumor estab-

tions, mnRNA-LNP vaccination-induced brain T, durably protect-
ed mice against a B16-OVA-based tumor challenge (Figure 6B).
Furthermore, we observed numeric and phenotypic preservation of
brain T, long term (Figure 6, C-E). In the context of a GL261 pri-
mary brain tumor challenge, where only 2 protective epitopes were
conferred by vaccination, we still observed greater protection in
vaccination-matched hosts (Figure 6F). We show that UbMel-OVA
vaccination substantially lowered tumor burden based on quan-
titative reduction of brain luminescence as early as 1 week after
GL261-QUAD-Luc inoculation (Figure 6G). At this timepoint,
tumor-specific, but not bystander, brain T, robustly proliferated
as determined by numeric expansion and Ki-67 expression (Supple-
mental Figure 6, A-D). Tumor-specific brain T, also upregulated
granzyme B expression (Supplemental Figure 6, E and F). Finally,
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Figure 5. Peripheral mRNA-LNP vaccination generates tumor-specific brain T_,,. (A) Construct design. Following the 5’ untranslated region (UTR), a
cleavage-resistant ubiquitin (Ub-A76), a flexible linker (FL), and the coding sequences for TRP1,. ., TRP2 . GP100, ., and OVA,_ . flanked by

AAY proteasomal cleavage sites were encoded. (B) Experimental design. Thy1.2 C57BL/6N mice were adoptively transferred with 104 Thy1.1 OT-1i.v. and
immunized one day later with 5 pg UbMel-OVA mRNA-LNP vaccine (Vx) i.m. or i.v. with boosting 28 days later. (C) Number of OT-I/ml blood across time.
(D) Number of OT-I in the spleen, cervical draining lymph nodes (cDLN; number of cells divided by number of cDLN retrieved), and IV- brain. (E) Frequency
of IFN-y* and (F) CD107a* OT-Iin the IV~ brain following 5-6-hour ex vivo 1uM OVA,_ ., peptide stimulation. (G) T, -associated marker expression among
OT-lini.m. and (H) i.v. vaccinated hosts. (I) Thy1.1* OT-1 and CD31* vasculature in white-gray matter junction regions of i.m. vaccinated hosts. Scale bar:

200 pm. ()) Representative H2-D° TRP1,, .., H2-K°* TRP2,, .. and H2-D° GP100,, . tetramer (Tet) staining in the spleen. (K) Number of TRP1,.,_, - and (L)
GP100,, ,,-specific CD8" T cells in the spleen and IV~ brain. Experiments in (A-F and J-L) show concatenated data from 2 independent experiments with n =
7-20 mice per group total. Experiments (G and H) show representative data from 1 of 2 independent experiments with n = 4-5 mice per group. Experiments
(1) show representative images from n = 3-4 mice. Statistical significance was determined by Student’s t test or 1-way ANOVA with Tukey’s multiple com-
parison’s test. Graphs show the mean + SEM with each symbol representing 1 mouse. Individual P values are noted on respective graphs or are otherwise
summarized as: *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. Graphical illustrations were created using BioRender (https://biorender.com).
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Figure 6. MRNA-LNP vaccination-induced, tumor-specific T, durably protect against intracranial malignancy. (A) Experimental design. Thy1.2 C57BL/6N

mice were adoptively transferred with 10* Thy1.1 OT-I or 2 x 10* Thy1.1 P14 i.v. and immunized 1day later with 5 pg UbMel-0VA or UbFlu-GP33 mRNA-LNP vaccine
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**P < 0.01, ***P < 0.001, ****P < 0.0001. Graphical illustrations were created using BioRender (https://biorender.com).

to validate that protection could be conferred by T, alone without
contributions from the endogenous peripheral T cell compartment,
we employed TCR- KO mice that were adoptively transferred,
vaccinated, and depleted of peripheral TCR-tg T cells (Supplemen-
tal Figure 7, A and B). Here, vaccine-induced brain P14 T, still
conferred protection against an intracranial B16-GP33 challenge
in TCR-B KO mice, validating our antibody depletion approaches
(Supplemental Figure 7B). Collectively, this work points to the utili-
zation of anticancer mRNA-LNP vaccines to prevent the establish-
ment or spread of intracranial malignancy.

Therapeutic mRNA-LNP vaccination generates antigen-specific T
cells outside of the tumor microenvironment with T, -like phenotypes and
preserved functionality. Our previous experiments necessitated pro-
phylactic vaccination to establish brain T, phenotypes prior to

challenge. However, nRNA-LNP vaccination may be administered
therapeutically (with other concurrent treatments) following the
establishment of a diagnosed tumor. While vaccine-induced T cells
may undergo programmatic exhaustion in preexisting tumor micro-
environments, the ability of mRNA-LNP vaccines to simultaneous-

ly engender functional T, or T,,, in distant, nontumor-bearing

TRCM
tissue sites remains undecsccribed, As metastatic seeding of tumor
cells in distant peripheral organs is the primary driver of cancer-re-
lated morbidity and mortality, we wished to investigate the ability of
functional, tumor-specific T, cells to be formed in distant tissues
following therapeutic mRNA-LNP vaccination (71, 72).

Here, we leveraged a subcutaneous (s.c.) model of B16-OVA
melanoma to establish a peripheral tumor microenvironment.

Once tumors became palpable 7 days after injection, mice were
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either treated with a regimen of a-PD-L1 checkpoint blockade or
mRNA-LNP vaccination with monitoring for tumor growth (Fig-
ure 7A). Consistent with previous studies employing therapeutic
mRNA-LNP vaccination, our UbMel-OVA vaccine outperformed
checkpoint blockade and control vaccination against s.c. B16-
OVA (Figure 7, B and C) (73-76). We then isolated tumor-specif-
ic CD8* T cells following mRNA-LNP vaccination from diverse
body compartments. We focused our investigations on common
metastatic sites for cutaneous melanoma, including nonlymphoid
organs like the liver, lungs, and brain (77, 78). Leveraging tetram-
er staining, we were able to discern tumor-specific CD8* T cells in
the blood, spleen, liver, IV~ lung, IV~ brain, and tumor with vary-
ing representations in mRNA-LNP vaccinated hosts (Figure 7, D
and E). Phenotypically, tumor-specific CD8" T cells outside of the
tumor did not exhibit profound upregulation of canonical exhaus-
tion markers such as PD-1 and TIM-3 (Figure 7, F and G). Fur-
thermore, the expression of T, -defining markers such as CD69,
CD49a, and CXCR6 was pronounced in the IV~ brain with some
phenotypic acquisition in the liver and IV~ lung (Figure 7, H and
I). Finally, to determine whether an existing peripheral tumor dis-
rupts mRNA-LNP immunogenicity in distal organs, we vaccinat-
ed mice with or without a preexisting peripheral B16-OVA tumor
(Figure 7J). Here, we observed that the presence of a peripheral
tumor did not impair mRNA-LNP vaccine-induced potency, as
lymphoid and nonlymphoid organs harbored similar numbers of
tumor-specific CD8* T cells (Figure 7K). Here, a similar number
of vaccine-induced CD8* T cells produced IFN-y in the spleen,
liver, and IV~ brain following peptide-based stimulation, suggest-
ing retention of T cell function (Figure 7L). In clinical settings,
therapeutic mRNA-LNP vaccination has shown promise against
solid tumors, with populations of long-lived, nonexhausted, mem-
ory-like, neoantigen-specific, blood-surveilling CD8" T cells iden-
tified in surviving patients (37, 48). Utilizing mouse models here,
our work highlights the added efficacy of mRNA-LNP vaccines
in developing protective T -like CD8" T cells within healthy, but
metastasis-susceptible tissues, including the brain.

Discussion
Here, we have demonstrated the ability of tumor-specific brain T,
to markedly attenuate adverse outcomes in mouse models of intra-
cranial malignancy. Critically, these tumor-specific T, were gen-
erated via translationally relevant, peripheral immunization plat-
forms, including mRNA-LNP vaccine technology. As mRNA-LNP
vaccination represents a burgeoning clinical approach to intercept
cancer development and spread, our data suggest immunogenic
promise even in historically challenging solid organ sites (37, 48).
Despite the global health burden imposed by cancer, medical
interventions against tumorigenesis have largely remained therapeu-
tic rather than preventative (35, 47). Vaccination to prevent patho-
gen-based disease is one of the most successful and cost-effective
medical interventions in human history (79). Anticancer vaccines are
now being fast tracked by the development of dynamic immunization
platforms such as mRNA-LNP technology. mRNA-LNP vaccina-
tion offers unique advantages including: (a) the codelivery of multi-
ple tumor antigens that reduce the possibility of immunoediting or
antigen loss in tumors, (b) the inclusion of full-length tumor antigens
that are not constrained by human leukocyte antigen (HLA) haplo-
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types, (c) the expediency of diagnostic characterization and design of
patient-tailored vaccines, (d) the clinical feasibility of intramuscular
injection as an administration route, and (e) the superior immuno-
genicity compared with viral vector and protein-based vaccination
platforms at standard doses (24, 37, 80-82). Simultaneously, genomic
sequencing advances are accelerating the identification of neoanti-
gens from primary and metastatic brain tumors that are suitable for
vaccine development (39, 50, 83-85). Several therapeutic tumor-tar-
geted mRNA-LNP vaccine clinical trials are also ongoing for primary
brain tumors, with early results demonstrating expansion of function-
al, tumor-specific CD8* T cells and remodeling of the tumor micro-
environment in patients with glioblastoma (86—88).

While T, generated by mRNA-LNP vaccination can be
readily sampled from blood in emerging clinical trials, the study of
Ty, in tissues like the brain will remain challenging unless routinely
surveyed via invasive procedures such as lumbar puncture. There-
fore, animal models will continue to be critical to understand the
optimal mRNA-LNP vaccine (a) design, (b) delivery, and (c) dosing
regimens to engender robust T, populations. Here, our mRNA-
LNP vaccine designs enabled the targeted proteasomal cleavage
of selected 8-9-mer epitopes derived from sources such as tumors,
viruses, and model antigens. However, the ability of full protein-en-
coding, proinflammatory cytokine-encoding, or self-amplifying
mRNA constructs to enhance brain T, responses is unclear. With
respect to delivery, we show that peripheral mRNA-LNP vaccina-
tion administered i.m. or i.v. can induce brain T, populations.
Whether these brain T, outcomes can also be induced via intra-
nasal or topical delivery is unknown. Finally, we utilized a dosing
regimen of 5 pg prime-boost vaccinations spaced 1 or 4 weeks apart
to numerically enrich brain T, populations. Whether alternative
timing or dosing would enhance T, generation is untested. Collec-
tively, the design, delivery, and dosing of mRNA-LNP vaccines rep-
resents an emerging area of research to enhance brain T, directed
against intracranial tumors and infections.

The study of T cells through the lens of T,,, biology is still
emerging within the broader fields of neuroimmunology and can-
cer neuroscience (15). While other tissues that can handle dramatic
influxes of immune cells and corresponding mass effect after T,
reanimation, the brain is contained within a fixed skull and will
herniate if inflammation exceeds a set volume. Here, we demon-
strate that while T, may proliferate in response to tumor challenge,
neuroinflammation is generally tempered. In parallel, unlike other
tissues (i.e., skin, lung, intestine) where T, can migrate to drain-
ing lymph nodes and rejoin the circulation during homeostasis or
rechallenge, our antibody-based depletion studies do not suggest a
conservation of retrograde migration outcomes among brain T,
following a tumorigenic challenge (89). These results may point to
an inability of the glymphatic/meningeal lymphatic system to con-
duct retrograde migration of brain T, to draining lymph nodes at
baseline, prompting further investigation into how brain drainage
can be therapeutically enhanced in the context of cancer (1, 90).
Future investigations of brain T, in the context of intracrani-
al malignancy will greatly benefit from the consideration of brain
inflammation and glymphatic/meningeal drainage outcomes.

Finally, we show here that virus-specific brain T, engendered
by peripheral mRNA-LNP vaccination protect against intracrani-
al infection. Beyond the obvious clinical utility against emerging
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neurotropic infections, virus-specific T, could also be repurposed
in brain tumor microenvironments. Whether vaccination-induced,
virus-specific T, generated after tumor establishment could be
activated via local administration of antigen-matched oncolytic
viruses and/or viral-derived peptides to augment anticancer activi-
ties is unknown. Therefore, future investigations of peripheral vac-
cination combined with local viral-vector based therapeutics could
be relevant in the study of brain tumors with low antigenicity.

In summary, this study demonstrates that anti-cancer T, that
are generated in healthy tissue can intercept brain tumorigenesis
in mice. Unlike outcomes observed from alternative immuno-
therapies, brain T, generated by vaccination are present, potent,
and persisting in the face of intracranial malignancy. Ultimately,
this work offers hope that T, -based surveillance can thwart can-
cer development or spread, preventing isolated tumor cells from
becoming clinically discernible entities in tissues.

Methods

Sex as a biological variable. Only female mice were used in this study.
This decision was made prior to initiation of the studies due to
length of experiments with their focus on long-term memory T
cells and cancer challenge models that lasted more than 6 months.
Fighting between male mice during prolonged housing causes sub-
stantial loss of samples, rendering power calculations ineffective
and induces potential immune abnormalities in surviving mice due
to stress and wounding.

Mice. C57BL/6N mice were purchased from the National Can-
cer Institute. Thyl.1* P14 TCR-tg mice were a gift of Michael Bev-
an and were bred in-house at the University of Jowa Animal Care
Facility. OT-I, Thyl.1*, and TCRP KO mice were obtained from
Jackson Laboratories and bred in-house at the University of Iowa
Animal Care Facility. Mice used in all experiments were female
and 6-10 weeks in age at the onset of experimentation. All ani-
mals were handled in accordance with guidelines established by the
University of Iowa Institutional Animal Care and Use Committee.

Adoptive transfer. Thyl.1* OT-I or P14 TCR-tg CD8* T cells
were isolated from naive female donor blood. Red blood cells
(RBCs) were lysed using ACK lysis buffer (in-house). Frequencies
of TCR-tg cells were determined by flow cytometry. Approximately
10* OT-I cells or 2 x 10* P14 cells were adoptively transferred i.v.
via tail vein injection one day prior to infection or immunization.

Dendritic cell-recombinant Listeria monocytogenes (DC-rLM) prime
boost immunization. Dendritic cell (DC) priming was performed
as described previously (51). Briefly, lipopolysaccharide-matured
FMS-like tyrosine kinase-3 ligand—induced (Flt-3L—-induced) spleen
cells were digested with collagenase II/DNase and then incubat-
ed for 2 hours at 37°C with 2 uM of peptide (OVA,, .., GP,, ,,
or TRP2 . ). CDIllc" DCs were enriched using anti-CDl1l1c
microbeads (Miltenyi Biotec). Subsequently, 5 x 10° peptide-coated
DCs were injected i.v. via tail vein injection. Seven days later, mice
were boosted with 107 colony forming units (CFU) of attenuated
(actA~~, inlB~"), recombinant Listeria monocytogenes (trLM) express-
ing 'OVA2577254’ 'GP:aHU or 'TRPZIsO—lss Lv.

mRNA vaccine preparation and immunization. Briefly, an
expression cassette was cloned into a pMRNAXxp expression
plasmid. The expression cassette encoded flanking 5’ and 3’
untranslated regions (UTRs), an A76 mutant ubiquitin (to drive
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more efficient proteasomal processing), a flexible linker (FL)
sequence, and a string of H2-D® and H2-KP" restricted optimal
8/9-mer CD8"* T cell epitopes specific to the UbMel-OVA vac-
cine (TRP1,,, .., TRP2 ... GP100,, ,,, OVA, ) and UbF-
lu-GP33 vaccine (NP, ..., PA, .., GP.. ) (49, 65, 67). Each
CD8" T cell epitope was flanked by sequences for AAY (alanine,
alanine, tyrosine) to provide optimal residues for efficient pro-
teasomal cleavage (65) (Supplemental Table 2). In vitro mRNA
expression driven by a type II T7 promoter element, capping, and
polyadenylation was achieved using an NEB-ARCA T7 kit (New
England Biolabs) supplemented with 50% yUTP and 5mCTP.
RNA was purified using a RNeasy mini kit (Qiagen) according
to manufacturer’s instructions. RNA integrity was validated by
RNA bleach gel. mRNA was packaged into lipid nanoparticles
(LNP) using a Precigenome Nanogenerator Flex microfluidics
device. Here, mRNA diluted in 50 mM sodium acetate (pH 5.0)
constituted the aqueous phase. The organic phase was prepared
by combining a neutral lipid mixture (#PG-SYN_LFIML, Lipid-
Flex; Precigenome) in 99.5% ethanol with cationic lipid SM-102
at a molar ratio of 6:4. The amine/phosphate (N/P) ratio was
fixed at 6 for all LNP preparations. At a 3:1 aqueous:organic
flow rate ratio, these fractions were mixed at a total flow rate 3
ml/min using a micromixer chip (#CHP-MIX-4; Precigenome)
and a commercial microfluidic mixing system (NanGenerator
Flex; Precigenome). The mRNA-LNP was then purified and
concentrated using a Milentyi Amicon centrifugation filter with
a 10 kD molecular weight cutoff. The encapsulation efficiency
and encapsulated mRNA concentration was confirmed using a
Quant-iTTM Ribogreen Assay Kit (Thermo Fisher). LNP size
was measured at 90-125 nm using a Zetasizer Nano ZS. Mice
were vaccinated i.m. in the right quadriceps or i.v. via tail vein
injection with 2.5 nug (Supplemental Figure 7) or 5 pg (all other
figures) of encapsulated mRINA and were boosted 7 or 28 days
later in the same manner.

Antibody depletion and blockade. To deplete Thyl.1* OT-I or
P14 Ty mice received 1 dose of 2 pug a-Thyl.1 antibody i.p.
(clone 19E12; BioXcell) (27). To deplete endogenous T, ., mice
received 2 doses of 200 pg a-GR-1 antibody i.p. (clone NIMP-R14;
BioXcell) spaced 2 days apart (58). To block PD-L1 signaling,
mice received serial doses of 200 pg a-PD-L1 antibody i.p. (clone
10F.9G2; BioXcell) spaced 3 days apart (32).

Tumor cell lines and injections. The murine B16-F10, B16-OVA,
and B16-GP33 melanoma cell lines were grown in RPMI 1640
media (Gibco) with L-glutamine supplemented with 10% fetal calf
serum (FCS) and supplementum complementum (made in-house).
Confluent cells were detached with 0.25% Trypsin-EDTA (Gibco).
Mice were injected with 102 B16 cells in a total volume of 10 pl i.c.
Mice were alternatively injected with 2 X 10° B16 cells in the right
flank in a total volume of 100 pl s.c.

The murine GL261-quad cassette-luciferase (GL261-QUAD-
Luc) glioblastoma cell line was kindly provided by Aaron John-
son by way of John Ohlfest (Masonic Cancer Center, University
of Minnesota, Minneapolis, Minnesota). This quad cassette cell
line is engineered to express 4 model antigens (OVA,, .,
GP100,, ,,, OVA,,, .., and the alloantigen Ea,, ) as well as lucifer-
ase (Luc) to enable bioluminescence imaging. GL261-QUAD-Luc
cells were grown in Dulbecco’s modified Eagle media (DMEM,
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Gibco) with L-glutamine supplemented with 10% FCS and sup-
plementum complementum (made in-house). Confluent cells were
detached with TrypLE Express Enzyme (Gibco). Mice were inject-
ed with 2 x 10* GL261 cells in a total volume of 2 pl i.c. containing
2.5% methylcellulose.

Lymphocytic choriomeningitis virus intracranial infection. Lympho-
cytic choriomeningitis virus (LCMYV) infection was performed with
103 plaque forming units (PFU) of LCMV strain Armstrong in a
total volume of 10 pli.c.

Attenuated recombinant rLM intracranial infection and bacterial
counts. 'LM infection was performed with 10> CFU of attenuated
(actA™, inIB"), rLM expressing -PA,,, ..
i.c. To determine rLM bacterial burden, brains were isolated and

in a total volume 10 pl

weighed in 5 ml 0.2% Igepal (Millipore Sigma). The tissue was
homogenized and plated with 10-fold serial dilutions on Tryptic
Soy Broth (TSB) / streptomycin plates. Colony counts were deter-
mined after overnight plate incubation at 37°C.

1VIS. GL261-QUAD-Luc burden was assessed by IVIS at spec-
ified timepoints posttumor injections. Approximately 5-10 minutes
prior to IVIS imaging, mice were injected i.p. with 3 pg of VivoG-
lo D-Luciferin (ProMega) and were anesthetized with 2% isoflu-
rane during image acquisition. Luminescence in equal-sized areas
of interest were quantified using Xenogen Living Image software
(Caliper Life Sciences).

Tumor measurements. Tumor volumes were monitored every
other day using a vernier caliper. Tumor volume was calculated
using the equation: V = (4 x 3.14 X A x B?)/3, where V is volume
(mm?), A is the largest diameter (mm), and B is the smallest diam-
eter (mm) (73).

Tissue collection and cellular isolation. Mice received an 1.v. injec-
tion of 2 pg anti-CD45 (30-F11, BioLegend) conjugated to a flu-
orophore 3 minutes prior to tissue harvest. Blood samples were
collected via retroorbital bleed. RBCs were lysed with ACK lysis
buffer. Spleens were isolated and dissociated through a 70 um filter
followed by RBC lysis with ACK lysis buffer. Pooled (4-8) cervical
draining lymph nodes, thymi, and subcutaneous B16 tumors were
isolated and dissociated through a 70 um filter. Livers were isolated
and digested in liver digestion buffer (Gibco) for 1 hour at 37°C.
Lungs and kidneys were isolated and digested in Collagenase II/
DNase (Millipore Sigma) for 1 hour at 37°C. Livers, lungs, and kid-
neys were dissociated through a 70 pm filter and separated using a
35% Percoll (GE Healthcare) gradient spun at 510 x g for 10 min-
utes at 25°C followed by RBC lysis with Vitalyse (CMDG). Brain
and meninges were isolated and digested in CollagenaseD/DNase
(Millipore Sigma) for 45 minutes at 37°C. Brain and meninges were
then dissociated through a 70 pm filter. Brains were further separated
using a layered 70% and 37% Percoll (GE Healthcare) gradient spun
at 910 x g for 20 minutes at 25°C. Brain mononuclear cells were
collected at the gradient interface. Following meningeal extraction,
cleaned cranial bone was mashed with a mortar and pestle to extract
bone marrow. Cranial bone samples were filtered through a 70 um
filter followed by RBC lysis with Vitalyse (CMDG).

Cell staining and flow cytometry. To assess antigen-specific CD8*
T cell populations, in-house prepared H2-D® or H2-K® restrict-
257-2647 TRP1455463’ TRP2180—188’
, peptides were incubated with

ed tetramers specific for OVA
GP100 NP and PA

25337 366-3747 22423
cells at a dilution of 1:100 with Fc block at 4°C prior to surface

The Journal of Clinical Investigation

antibody staining. Otherwise, single-cell suspensions were surface
stained with Fc block for 30 minutes at 4°C with a panel of fluo-
rescently labeled antibodies (Supplemental Table 1). Samples were
then fixed with Cytofix (BD Bioscience) at 25°C for 10 minutes. To
assess cytokine production, single-cell suspensions were incubated
in the absence or presence of 1 uM OVA,, . peptide or 200 nM
GP,, ,, peptide with brefeldin A (BioLegend) for 5-6 hours at 37°C.
Stimulated and unstimulated cells were similarly stained for surface
markers at 4°C, permeabilized using a FoxP3 transcription factor
staining kit (Tonbo/Cytek), and stained for cytokines at 25°C. After
staining, cells were transferred to 1.2 ml microtiter tubes (Thermo
Fisher) in FACS buffer and approximately 15 ul of Count Bright
Absolute Counting Beads were added to each tube (Thermo Fish-
er). Flow cytometry data were acquired on a LSRFortessa flow
cytometer (BD Bioscience) and analyzed using FlowJo software
v.10 (FlowJo LLC) using Downsample and UMAP plug-ins. Cells
were analyzed utilizing the gating strategies available in Supple-
mental Figure 8 and Supplemental Figure 9.

Brain immunohistochemistry. Freshly extracted whole brain spec-
imens were embedded within Peel-A-Way embedding molds (Ther-
mo Fisher) containing 37°C liquid 4% low melting-point agarose
(Promega) dissolved in 1X PBS. Molds were cooled at 4°C until the
agarose mixture solidified. The embedded molds were then placed
on a PELCO easiSlicer vibratome (Ted Pella) in a cranial-to-cau-
dal position vertically. Sections of 200 pm were cut spanning from
olfactory bulb to brainstem and were placed in wells containing
cold 1X PBS. Brain tissue sections were stained with antibodies
for 2 hours at 4°C in 1X PBS with Fc block (Supplemental Table
1). Stained brain tissue was washed twice in PBS and mounted on
Superfrost Plus microscope slides (Thermo Fisher) to dry. Slides
were coverslipped in ProLong Gold Antifade Mountant containing
DAPI (Thermo Fisher). Whole-slide images were acquired using an
Olympus VS120 slide-scanning microscope and reviewed in Oly-
VIA software v.2.9.1 (Olympus). ImageJ v.1.53t and Adobe Pho-
toshop v.21.0.3 were utilized for image processing. Neuroanatom-
ical localization was cross-referenced with the Allen Brain Atlas
(http://www.brain-map.org).

Statistics. All statistical analyses were performed using
GraphPad Prism (v9.0). When indicated, 2-tailed unpaired Stu-
dent’s ¢ tests were performed when comparing 2 independent
groups, paired ¢ tests when comparing 2 paired groups, and
1-way ANOVA with Tukey’s multiple comparisons test when
comparing more than 2 groups. Significant differences in surviv-
al were determined using a log-rank (Mantel-Cox) test. P values
are indicated in individual figures, and P < 0.05 was considered
statistically significant.

Study approval. Mouse studies were performed at the University
of Towa with approval from the Institutional Animal Care and Use
Committee under protocol 3051102.

Data availability. All raw data associated with the main article
and supplemental material are included in the Supporting Data
Values file. Other data are available upon request.
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