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Long-acting interleukin-7 improves the
efficacy of oncolytic viral therapy in
glioblastoma
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Despite advances in immunotherapy, the prognosis for patients with glio-
blastoma (GBM) remains poor. The efficacy of GBM-targeted immu-
notherapies is limited by the paucity of functional T cells in the tumor
microenvironment, a consequence of the local and systemic immunosup-
pression prevalent in patients with GBM. To overcome these challenges, here
we develop a treatment strategy we term “expand and pull,” which uses sys-
temic administration of rhIL-7-hyFc, a long-acting recombinant human inter-
leukin-7, to increase peripheral T cell abundance (“expand”), followed by
intratumoral oncolytic virus treatment to recruit these cells to the tumor
microenvironment (“pull”). We show that rhiL-7-hyFc improves the efficacy of
multiple oncolytic viral therapies in syngeneic immuno-resistant mouse
models of glioma. Combining rhiL-7-hyFc and Zika virus (ZIKV) increases
systemic and intratumoral T cell abundance, improves cytotoxic T cell func-
tion, and delays expression of inhibitory checkpoint receptors, resulting in
long-term tumor-free survival. We observe similar survival efficacy in experi-
ments using a safer, genetically modified A10 3’-UTR ZIKV, as well as the
clinically tested oncolytic adenovirus, Delta24-RGD. Collectively, our findings
demonstrate that augmentation of both the systemic and local immune
responses improves the utility of GBM-targeted immunotherapies.

Glioblastoma (GBM) is the most common and aggressive primary brain  immune checkpoint blockade in GBM have failed*?, likely because the
tumor; median survival is approximately one and a half years'. Current  tumor microenvironment (TME) has a paucity of functional tumor-
standard of care includes surgical resection followed by radiotherapy infiltrating lymphocytes (TILs)*. Additionally, as a side effect, che-
and temozolomide'. Multiple phase 3 clinical trials investigating motherapy and radiation can induce prolonged systemic lymphopenia
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and immunosuppression. Even in the absence of treatment, brain
tumors are associated with immune dysfunction and lymphopenia’.
Importantly, systemic lymphopenia is associated with shorter survival
in patients with GBM®°. Addressing systemic lymphopenia and
enhancing immune function within the TME may therefore be crucial
for improving treatment outcomes and extending survival in patients
with GBM.

Lymphopenia in patients with GBM is associated with decreased
levels of interleukin-7 (IL-7)'°, a homeostatic cytokine that is critical for
T cell development, survival, and proliferation via activation of the JAK-
STAT pathway". Using rhIL-7-hyFc, (NT-17, efineptakin alfa), a long-
acting homodimeric recombinant human IL-7, we previously observed
an increase in systemic CD4" and CD8" T-cell abundance in mice

bearing brain tumors”. When combined with radiation, rhiL-7-hyFc
treatment resulted in a modest increase in survival using two glioma
models, GL261 and CT2A. However, the addition of rhIL-7-hyFc to
temozolomide and radiation did not provide an additional survival
benefit'”. Therefore, we hypothesized that an additional intratumoral
immunogenic stimulus may be needed to attract these circulating
T cells into the TME.

Oncolytic viral therapies have attracted increasing interest in
multiple cancers. Specifically, for the treatment of GBM, Zika virus
(ZIKV)**, adenovirus®, herpesvirus', measles virus”, and poliovirus™
have all been studied. Recently, a phase 1/2 clinical trial combining
oncolytic adenovirus Delta24-RGD (D24-RGD, DNX-2401, tasadeno-
turev) with an antibody against PD-1 was found to be safe; however, it
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Fig. 1| Expansion of peripheral T cells with rhIL-7-hyFc prior to intratumoral
oncolytic ZIKV injection significantly improves treatment efficacy.
A Experimental schematic. CT2A or SB28 cells were implanted in the right striatum
at day 0. Tumor engraftment was confirmed with bioluminescence imaging on day
6. Mice then received subcutaneous injections of rhIL-7-hyFc on day 7 and 10,
followed by intratumoral ZIKV injection on day 14. Blood was collected weekly and
B CD45*, C CD3', D CD4", and E CD8" cells were quantified via flow cytometry
(center line represents mean, error bars represent standard deviation). F CT2A
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survival curve (representative of n =3 independent experiments). G SB28 survival
curve (representative of n =2 independent experiments). Statistical differences
were determined by (B-E) two-way ANOVA test with Tukey’s posttest (*P < 0.05;
**P<0.01; **P<0.001), and (F and G) log-rank test (*P<0.05; **P<0.001;
P < (0.0001). Multiplicity-adjusted log-rank tests are reported in Supplementary
Table 1. Source data and exact p values are provided as a Source Data file. BLI
bioluminescence imaging, ZIKV = Zika virus, IL-7 = rhIL-7-hyFc.
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Fig. 2 | Long-term survivors following ZIKV and rhIL-7-hyFc treatment are
protected against tumor rechallenge through a CD8+ T cell dependent
mechanism. A Experimental schematic. Surviving mice from SB28 studies with
ZIKV and rhIL-7-hyFc were rechallenged 120 days later with implantation of 1000
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as controls. After all rechallenged mice had cleared the tumors, a second rechal-
lenge was performed after 60 days in combination with CD8" T cell depletion.
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matched controls (top) and after second rechallenge in setting of CD8" T cell
depletion (bottom). Absolute number of circulating D CD45*, E CD3", F CD44" CD8*
and G CD8' PD-1" at 3 days prior, or 3 and 7 days after tumor rechallenge (each data
point represents one individual mouse; control n=9, rechallenge n =4). Repre-
sentative of n =2 independent experiments. Bar columns represent the mean, and
error bars represent the standard deviation. Statistical differences were determined
by (B) log-rank test (**P<0.01), and (D-G) two-sided student’s t-test (*P < 0.05).
Source data and exact p-values are provided as a Source Data file. ZIKV = Zika virus,
IL-7 = rhIL-7-hyFc.

did not meet the primary efficacy endpoint of the study®”, suggesting
that improvements in the function of immune cells in the TME are
needed. Previously, we and others demonstrated that ZIKV, a flavivirus
that causes congenital brain anomalies by targeting fetal neuronal
progenitor cells, has specific oncolytic activity against glioma stem
cells™"?, which are a treatment-resistant subpopulation of cells within
GBMs?%, Beyond its direct effect on tumor cells, intratumoral ZIKV
treatment of GBM prolonged survival by promoting a CD8" T cell-
mediated anti-tumor response'*". Combining oncolytic ZIKV therapy
with anti-PD-1 checkpoint inhibition provided an additive benefit,
further supporting the critical role of cytotoxic T cells in the treatment
efficacy conferred by ZIKV. In preparation for clinical application, we
engineered an interferon (IFN) sensitized ZIKV recombinant strain, A10
3-UTR ZIKV, which cannot be transmitted by mosquitoes®. This strain
also proved effective, although less potent than wild-type ZIKV in
mouse models of glioma™. A10 3-UTR ZIKYV is safe when injected into
the brains of rhesus macaques *.

Given these findings, our current study investigates whether
leveraging rhIL-7-hyFc-driven T cell expansion, in combination with
oncolytic ZIKV therapy, enhances an immune-mediated anti-tumor
response in immunosuppressive and treatment-resistant GBM models.

The underlying rationale of this therapeutic approach, which we term
“expand and pull,” involves first treating the systemic immune com-
partment with rhiL-7-hyFc (“expand”), followed by an intratumoral
oncolytic stimulus to draw these T cells into the TME (“pull”) to engage
and clear cancer cells that remain after viral oncolysis. Our results
demonstrate that rhIL-7-hyFc boosts the effectiveness of multiple
oncolytic viral therapies. The combination of rhIL-7-hyFc and ZIKV
increases T cell abundance, both systemically and locally in the TME,
enhances cytotoxic T cell function, and delays the expression of inhi-
bitory checkpoint markers, thereby prolonging tumor-free survival.
Similar improvements in survival are noted with A10 3’-UTR ZIKV and
the oncolytic adenovirus D24-RGD. Overall, our findings suggest that
the “expand and pull” treatment approach could substantially improve
the efficacy of immunotherapies for GBM.

Results

Expansion of peripheral T cells with rhiIL-7-hyFc prior to intra-
tumoral oncolytic ZIKV treatment improves survival

Given that T cell-mediated tumor clearance is critical for oncolytic ZIKV
therapy, we hypothesized that augmenting T cell abundance with rhIL-7-
hyFc prior to intratumoral ZIKV administration could further enhance
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efficacy. We chose the CT2A and SB28 murine glioma models for our
study due to their resistance to immunotherapy and their resemblance
to the human glioma microenvironment> %, After confirming tumor
engraftment with bioluminescence imaging, we treated mice with a
subcutaneous injection of rhIL-7-hyFc on post-implantation day 7 and
10, followed by intratumoral ZIKV on day 14 (Fig. 1A). To evaluate the
systemic effects of rhIL-7-hyFc in our model, we collected blood from
SB28 tumor-bearing mice and quantified CD45", CD3", CD4", and CD8"
lymphocytes using flow cytometry. We collected blood samples on day
0 prior to tumor implantation (baseline), and on days 7, 14, 21, and 28.
Mice treated with rhIL-7-hyFc had significant increases in CD45" leuko-
cytes (19.1-fold, p < 0.0001; Fig. 1B) as well as CD3" (39.8-fold, p < 0.0001;
Fig. 1C), CD4" (7.8-fold, p<0.0001; Fig. 1D), and CD8" (97.2-fold,
p <0.0001; Fig. 1E) T cells on day 14 compared to diluent vehicle-treated
control animals. In mice implanted with CT2A tumors, treatment with
either rhiL-7-hyFc or ZIKV monotherapy prolonged survival compared
to control mice. Furthermore, the combination of rhIL-7-hyFc with ZIKV
further improved survival compared to rhiL-7-hyFc monotherapy alone,
with approximately 60% of mice surviving long-term. (Fig. 1F). Con-
sistent with its known immunotherapy-refractory phenotype?, the SB28
glioma model did not respond to either rhIL-7-hyFc or ZIKV mono-
therapy. However, the combination of rhIL-7-hyFc and ZIKV treatment
significantly prolonged median survival compared to all other groups
tested, with 40% long-term survivors (p < 0.05; Fig. 1G). To understand
the temporal dynamics of tumor growth and regression, we performed
serial bioluminescence imaging and found that most tumors regressed
during the first week after ZIKV treatment (Supplementary Fig. 1A).
These data suggest that increasing T cell abundance with rhIL-7-hyFc
prior to ZIKV administration enhances the therapeutic efficacy in both
immunotherapy-resistant CT2A and SB28 tumors. To verify that our
findings were not sex-specific, we repeated the survival experiment
using SB28 tumors in male mice. These results confirmed that the sur-
vival benefit observed with the combination of rhIL-7-hyFc and ZIKV was
also seen in male mice (Supplementary Fig. 1B). Interestingly, when the
order of treatments was reversed (intratumoral ZIKV on day 7 and rhiL-
7-hyFc on day 8, Supplementary Fig. 1C) there was a significant increase
in mouse mortality approximately one week after completing treatment
(Supplementary Fig. 1D, E). Plasma samples collected from these mice at
this time point showed markedly elevated levels of IL-13, IL-4, IL-5, IL-6,
IL-10, TNF-o, and IFN-y, compared to plasma from control mice treated
with diluent on day 8, as well as from mice receiving two doses of rhiL-7-
hyFc followed by ZIKV on day 14 (Supplementary Fig. 1F). These findings
suggest that the mice were developing symptoms consistent with
cytokine release syndrome, underscoring the importance of treatment
timing in our “expand and pull” approach.

Long-term survivors following ZIKV and rhIL-7-hyFc treatment

are protected against tumor rechallenge through a CD8" T cell

dependent mechanism

To model the tumor recurrence that inevitably occurs in patients, we
performed rechallenge experiments in mice that were long-term sur-
vivors of CT2A and SB28 gliomas after rhiL-7-hyFc and ZIKV treatment.
For rechallenge, we implanted the homologous CT2A or SB28 tumor
cells into the contralateral side of the brain 120 days after primary
tumor implantation, long after ZIKV has been cleared (Fig. 2A, Sup-
plementary Fig. 2A)>". All age-matched control mice died within
40 days as expected, whereas 100% of SB28 rechallenged and 65% of
CT2A rechallenged long-term survivors were protected (Fig. 2B, Sup-
plementary Fig. 2B). Bioluminescence imaging demonstrated that
tumors were cleared by post-rechallenge day 21 (at day 141, Fig. 2C). To
assess the differences in circulating T cells between long-term survi-
vors and age-matched control mice during the tumor rechallenge, we
obtained blood samples 3 days prior to rechallenge (baseline), as well
as at 3 and 7 days post-rechallenge. At 7 days post-rechallenge,
although there was no difference in total circulating CD45"

lymphocytes (Fig. 2D), rechallenged mice had increased numbers of
circulating CD3" (Fig. 2E) and CD44* CD8" T cells (Fig. 2F). Additionally,
a higher proportion of CD8* T cells in the rechallenge group expressed
PD-1 (Fig. 2G), suggesting an expansion of circulating antigen-
experienced CD8" T cells as PD-1 is commonly upregulated upon T
cell activation and is used as a marker of antigen-experienced T cells®.
Fernandez-Poma et al. demonstrated that PD-1* TILs exhibit enhanced
anti-tumor activity and improve the efficacy of adoptive T cell
therapy”, further supporting the functional relevance of PD-1
expression in our model. Given prior findings demonstrating
the necessity of CD8" T cells for long-term protection following
ZIKV therapy", we tested whether the sustained protection
after rechallenge conferred by rhIL-7-hyFc and ZIKV treatment
was CD8" T cell dependent. Following tumor clearance after the
first rechallenge, the surviving mice then underwent a second
SB28 tumor rechallenge in the right hemisphere at day 180 in
the setting of CD8" T cell depletion. When we depleted CDS8*
T cells, the protection was lost (Fig. 2B, C). To further validate this
finding, we also treated a separate cohort of long-term survivors
with IgG control antibody and demonstrated that these control
mice retained long-term protection against rechallenge compared to
their CD8" T cell-depleted counterparts (Supplementary Fig. 2C).
Together, these data demonstrate that rhIL-7-hyFc and ZIKV
treatment protects against tumor rechallenge through a CD8" T
cell-mediated mechanism. Of note, the CD8 cell surface marker is also
expressed on other subsets of immune cells, including NK cells, plas-
macytoid dendritic cells, and a subpopulation of conventional den-
dritic cells. Through immune profiling via flow cytometry, we
determined that anti-CD8 antibody treatment predominantly depleted
CD8" T cells (Supplementary Fig. 2D). However, there was also a
reduced percentage of c¢DCls in the spleen, although this reduction
was not noted in the draining cervical lymph nodes (Supplementary
Fig. 2E-G).

In vivo treatment with rhiL-7-hyFc and ZIKV enhances both the
quantity and quality of tumor infiltrating T cells

To determine whether pre-treatment with rhiL-7-hyFc increases T cell
infiltration into the TME, we performed immunohistochemistry stain-
ing for CD8 antigen on brain sections collected on post-implantation
day 21 (Fig. 3A). Tumors treated with rhIL-7-hyFc and ZIKV combina-
tion therapy had noticeably increased intratumoral CD8 antigen
staining compared to rhiL-7-hyFc or ZIKV monotherapy as well as
control (Fig. 3B, Supplementary Fig. 2H, I). To determine the dynamics
of the intratumoral T cell population following treatment, we per-
formed immune profiling via flow cytometry on day 17 and 21 post
tumor implantation (3 and 7 days after ZIKV injection, respectively)
(Fig. 3A, Supplementary Fig. 3A). Mice treated with rhIL-7-hyFc had a
significantly increased number of CD3" T cells at day 17 (4.5-fold,
p<0.0001), regardless of intratumoral ZIKV injection or PBS control.
However, at day 21, the combination of rhiIL-7-hyFc and ZIKV had the
greatest increase in intratumoral CD3" T cells compared to all other
groups (5.4 to 42.6-fold, p <0.05) (Fig. 3C). The numbers of tumor-
infiltrating CD4* and CD8" T cells with different treatments followed a
similar trend (10.3 to 29.6-fold increase at day 21, p<0.01 and 4.4 to
71.4-fold increase, p <0.05, respectively; Fig. 3D, E). This pattern of
increased T cell infiltration was also observed at day 21 in the CT2A
model (Fig. 3F). At day 21, rhiL-7-hyFc and ZIKV treatment also sig-
nificantly increased the abundance of activated CD44* CD8' T cells (2.6
to 39.3-fold, p <0.05; Fig. 3G, Supplementary Fig. 3B). Because per-
forin and granzyme B are critical for CD8" T cell-mediated cell
killing***!, we performed a peptide re-stimulation assay on isolated
TILs prior to quantifying expression of these effector molecules by
flow cytometry. Intratumoral ZIKV treatment significantly increased
the proportion of perforin- and granzyme B-expressing CD8" T cells
(1.7-fold and 3.7-fold, respectively, p < 0.001; Fig. 3G, H). Coupled with
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the increased number of intratumoral CD8" T cells, these data
demonstrate that the combination of rhIL-7-hyFc and ZIKV resulted in
the greatest number of perforin® effector CD8* T cells in the TME
(Supplementary Fig. 3C). The absolute numbers of granzyme B, IFN-y,
and TNF-a positive CD8" T cells were also increased following combi-
nation therapy in both SB28 and CT2A models (Supplementary
Fig. 3D-I).

We also quantified various other immune populations within the
TME (Supplementary Fig. 4A); this analysis showed decreases in
microglia (CD45™ CD11b™) and neutrophils (CD45"" CD11b"e" CD88*
Ly6G") after ZIKV treatment compared to the PBS control in SB28
tumors (Supplementary Fig. 4B). However, these myeloid cell trends
were not observed in the CT2A model, suggesting that these effects
may be model-specific rather than a direct result of the treatment
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Fig. 3 | Increased quantity and quality of tumor-infiltrating CD8+ T cells fol-
lowing ZIKV and rhIL-7-hyFc combination therapy. A Experimental schematic.
Brain, draining cervical lymph node, and peripheral blood were collected on days 17
and 21. B Representative brain sections with immunohistochemistry staining for
CD8. Immunophenotyping via flow cytometry of C CD3*, D CD4", and E CD8' T cell
tumor infiltration with ZIKV and rhIL-7-hyFc treatment in SB28 tumor-bearing mice
(PBS+diluent n=9, PBS +IL7 n=10, ZIKV+diluent n=9, ZIKV +IL7 n=10) and

F CT2A tumor-bearing mice (PBS+diluent n=35, PBS +IL7 n =35, ZIKV+diluent n=7,
ZIKV +1L7 n=8). G Absolute number of CD44* CD8" T cells in the tumor micro-
environment. Percentage of intratumoral CD8" T cells expressing H perforin and
I granzyme B (each data point represents one individual mouse; PBS+diluent n=6,
PBS +IL7 n=9, ZIKV+diluent n=9, ZIKV +IL7 n =10). J Gating of flow cytometry

data on tumor-specific CD8" T cells as defined as CD45" CD3" CD8" tetramer” in a
representative brain sample among SB28-bearing mice treated with ZIKV + rhIL-7-
hyFc (right) and PBS + rhiIL-7-hyFc (middle). Quantification of percentage and
number of tumor-specific CD8" T cells in the K, L brain, M-P draining cervical
lymph node, and Q blood following treatment with ZIKV and rhIL-7-hyFc (each data
point represents one individual mouse; PBS+diluent n=35, PBS +IL7 n=5, ZIKV
+diluent n=5, ZIKV +IL7 n=35). Bar columns represent the mean, and error bars
represent the standard deviation. Statistical differences were determined by (C-1,
K-Q) one-way ANOVA test with Tukey’s posttest (*P < 0.05; **P< 0.0L;, ***P< 0.001,
***p < (0.0001). Source data and exact p values are provided as a Source Data file.
BLI bioluminescence imaging, ZIKV = Zika virus, IL-7 = rhIL-7-hyFc.

(Supplementary Fig. 4C). Notably, there was an increase in MHC-I
expression on CD31" endothelial cells in both models (Supplementary
Fig. 4D-G), suggesting a potential mechanism by which ZIKV may
mediate CD8" T cell migration into the TME, as previous studies have
demonstrated that MHC-I expression on endothelial cells can serve as
an antigen-specific pathway for CD8" T cells to cross the blood-brain
barrier *.

Given the differences in IFN-y and cytotoxic perforin and gran-
zyme B production, we hypothesized that treatment with ZIKV
increases activation and proliferation of the rhiL-7-hyFc-expanded
tumor-specific CD8" T cells. To investigate this, we compared the
percentage of tumor-specific CD8" T cells using an MHC-I tetramer
flow cytometry assay (Fig. 3), Supplementary Fig. 5A). Indeed, at day 21,
rhiL-7-hyFc and ZIKV treatment resulted in the highest number of
intratumoral tetramer-positive CD8" T cells compared to all other
groups (Fig. 3K, L). Furthermore, at day 17, both the total number of
tetramer-positive CD8" T cells and their relative proportion among all
CD3" T cells in the draining cervical lymph nodes were significantly
increased (Fig. 3M-P), indicating early expansion of this tumor-specific
CD8* T cell population in response to treatment. By day 21, mice
treated with rhIL-7-hyFc and ZIKV combination therapy had a higher
percentage of tetramer-positive CD8" T cells in the peripheral blood,
suggesting increased mobilization of tumor-specific CD8" T cells
(Fig. 3Q). Moreover, there was significant expansion of the effector
memory subset in both the blood and draining cervical lymph nodes
following combination treatment (Supplementary Fig. 5B, C). In sum-
mary, the combination of rhIL-7-hyFc and ZIKV not only increased the
numbers of tumor-specific, functionally active intratumoral CD8"
T cells but also likely contributed to the improved anti-tumor immune
response.

rhIL-7-hyFc and ZIKV increases tumor-infiltrating effector
memory CD8" T cells and expands TCR clonal populations

To further investigate the effects of the combination treatment of rhIL-
7-hyFc and ZIKV on TIL phenotype, we performed scRNA-seq on
CD45"e" cells isolated from the treated tumors of mice at post-
implantation day 21 (Fig. 4A). While all the major immune cell types
were present in all samples, there was enrichment in T cells following
rhIL-7-hyFc and ZIKV treatment, with a concomitant decrease in the
proportion of macrophage and monocytes (Fig. 4B). We divided the
T cells into subsets and refined our analysis to include only those cells
with a complete alpha-beta TCR sequence (including VD) genes and
CDR3 region). We performed T cell annotation by aligning with the
ProjecTILS ref. 33, and the annotated CD8" and CD4" T cells were then
analyzed independently.

CD8' T cells were classified as naive-like, early-activated, effector
memory, progenitor-exhausted (Tpex), or terminally-exhausted (Tex)
based on transcriptional patterns (Fig. 4C) and expression of cell-type
markers (Fig. 4D). The naive-like population expressed the naive T cell
markers SELL, IL-7R, Ccr7, and Tcf7, whereas the effector-memory
population expressed the effector molecules GzmB and GzmK. The

early-activated population represents an intermediate population and
expresses features of both naive and effector states. The Tex popula-
tion expressed canonical markers of exhaustion, including Tigit, Tox,
and Havcr2, whereas the Tpex population expressed both exhaustion
markers and some features of the naive and effector populations, such
as Ccr7 and Ifng. Comparing treatment groups, the predominant CD8"
T cell population in tumors following rhiL-7-hyFc and ZIKV treatment
was the effector memory population with a relative decrease in the
naive and exhausted populations (Fig. 4C). This correlates with an
overall decrease in expression of exhaustion-related genes as repre-
sented by the Exhaustion Score (factoring expression of Havcr2, Tox,
Tigit, and Lag-3) (Fig. 4E). ZIKV treatment alone demonstrated a similar
increase in the effector population with a decrease in exhaustion
marker expression. In contrast, rhiL-7-hyFc treatment alone expanded
the naive and Tpex populations. To better understand the reactivity of
these CD8" T cells, we analyzed the clonality of their TCR sequences.
Following treatment with rhIL-7-hyFc and ZIKV or ZIKV alone, there
was a decrease in the proportion of unique clonotypes and an increase
in the proportion of medium and large clonal populations, particularly
in the combination treatment group (Fig. 4F). This suggests clonal
expansion of CD8" T cell populations following rhIL-7-hyFc and ZIKV
treatment.

Next, given the impact of CD4" T cells on intratumoral CD8" T
cell function and exhaustion®, we analyzed CD4* T cell subsets,
including naive-like, helper-1 (Thl), follicular helper (Tfh), or reg-
ulatory (Treg). Of note, we observed minimal expression of markers
associated with Th2 and Th17 subsets. Comparing treatment groups,
the combination of rhIL-7-hyFc and ZIKV had the highest percentage
of Th1 CD4" T cells and the lowest percentage of Tregs (Fig. 4G). rhIL-
7-hyFc treatment alone had a higher percentage of naive-like cells, as
was observed for CD8" T cells. We then analyzed the Treg population
to compare gene expression associated with Treg activity. Tnfrsf9,
the gene encoding costimulatory receptor 4-1BB, is a marker of
activated (immunosuppressive) Tregs**. We found the lowest
Tnfrsf9 expression in the combination treatment group compared to
either monotherapy (Fig. 4H). We further validated these findings
using flow cytometry, which confirmed that mice treated with ZIKV
had a reduced proportion of Tregs in both the SB28 and CT2A
models (Fig. 41, J). Taken together, our findings indicate that treat-
ment with rhiIL-7-hyFc and ZIKV leads to a marked increase in intra-
tumoral effector CD4* and CD8" T cells and a decrease in CD8*
exhausted T cells and Treg cells.

rhIL-7-hyFc-treated CD8" T cells have increased IFN-y secretion
and delayed expression of inhibitory checkpoint receptors PD-1,
TIM-3, and LAG-3

To further evaluate the effect of rhIL-7-hyFc treatment on T cell
function in the TME, we co-cultured CD3" TILs collected on post-
implantation day 21 with SB28 or CT2A tumor cells ex vivo. CD3" TILs
from tumors treated with rhIL-7-hyFc and ZIKV had increased IFN-y,
IL-2, and TNF-a secretion compared to TILs isolated from brains of
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Fig. 4 | Single-cell RNA sequencing demonstrates the rhIL-7-hyFc and ZIKV
combination increases tumor-infiltrating effector memory CD8+ T cells and
expands TCR clonal populations. A Experimental schematic. SB28-bearing mice
received rhiIL-7-hyFc on post-implantation day 7 and 10, followed by intratumoral
ZIKV on day 14. Brains were collected on day 21 and sorted by flow cytometry on
CD45"e" cells for single-cell RNA sequencing (PBS+diluent n=5, PBS+IL7 n=5,
ZIKV+diluent n=4, ZIKV +IL7 n =4). Created in BioRender. Chheda, M. (2026)
https://BioRender.com/k7uv2i2. B UMAP representation of total cells. C UMAP
representations of the CD8" subset for each of the treatment groups. D Gene
expression analysis of relevant T cell genes and pathways for each cluster. The size
of the circle indicates the percentage of cells with the expression of each gene, and
the color indicates the average expression across the cells in that unique cluster.
E UMAP, and box plot of exhaustion score across treatment groups. F TCR clonal

expansion categories superimposed onto UMAPs for each treatment and corre-
sponding bar graphs. G, UMAP representation of CD4" subset and bar graph. H Box
plot of Tnfrsf9 expression in Treg subset. Percentage of intratumoral Tregs by flow
cytometry in I SB28 (PBS+diluent n=4, PBS +1L7 n=35, ZIKV+diluent n =5, ZIKV +
IL7 n=5) and J CT2A (PBS+diluent n=4, PBS +IL7 n =5, ZIKV+diluent n=8,

ZIKV +1L7 n=7) models (each data point represents one individual mouse). Bar
columns represent the mean, error bars represent the standard deviation. For box
plots (E, H), center line = median, box limits = upper and lower quartiles, whiskers =
1.5x interquartile range, points = outliers. Statistical differences were determined
by (I, J) one-way ANOVA test with Tukey’s posttest (*P< 0.05; **P<0.01;

***P < 0.001, ***P < 0.0001). Source data and exact p-values are provided as a
Source Data file. BLI bioluminescence imaging, ZIKV = Zika virus, IL-7 = rhIL-7-hyFc.
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Fig. 5 | rhIL-7-hyFc treatment improves T cell function in the immunosup-
pressive GBM microenvironment. A Multiplex cytokine array of tumor-infiltrating
CD3" T cells collected from rhiIL-7-hyFc and ZIKV-treated brains on day 21 compared
to those from ZIKV treatment alone (ZIKV+diluent n=2, ZIKV+IL7 n=2).

B Representative flow cytometry histograms of MHC I and MHC Il expression on
SB28 cells. C Quantification of C SB28 and D CT2A tumor cell MHC I expression
when co-cultured with CD3" TILs from rhIL-7-hyFc and ZIKV-treated mice, as well as
in the setting of IFN-y blocking antibody (each data point represents one experi-
mental replicate, n = 3). Percentage of E PD-1", F TIM-3", and G LAG-3" CD8' T cells in
the brain at day 17 and 21 (each data point represents one individual mouse; PBS

+diluent n=9, PBS +IL7 n =10, ZIKV+diluent n=9, ZIKV +IL7 n=10). H Absolute
number of circulating CD3*, CD4", and CD8" T cells following rhIL-7-hyFc and ZIKV
treatment (each data point represents one individual mouse). I Percentage of PD-1%,
TIM-3*, and LAG-3* CD8' T cells in circulation at day 21 (each data point represents
one individual mouse; PBS+diluent n=8, PBS+IL7 n=9, ZIKV+diluent n=8,

ZIKV +1L7 n=10). Bar columns represent the mean, and error bars represent the
standard deviation. Statistical differences were determined by (C-I) one-way
ANOVA test with Tukey’s posttest (*P < 0.05; *P < 0.01; **P < 0.001, **P < 0.0001).
Source data and exact p-values are provided as a Source Data file. ZIKV = Zika virus,
IL-7 = rhIL-7-hyFc.

mice treated with only ZIKV (Fig. 5A). In addition, both SB28 and
CT2A tumor cells, which are constitutively MHC-I negative”, exhib-
ited an increased upregulation of MHC-1 when co-cultured with CD3*
TILs from tumors treated with rhiL-7-hyFc and ZIKV, compared to
TILs from tumors treated with ZIKV alone (Fig. 5B). The addition of an
IFN-y blocking antibody abolished this effect, suggesting that the
combination of rhIL-7-hyFc and ZIKV may sensitize immunologically
‘cold’ tumors to CD8" effector T cells through an IFN-y-dependent
mechanism (Fig. 5C, D). We did not observe changes in MHC-II
expression in either model (Supplementary Fig. 5D, E). Given the
difference in IFN-y and overall cytokine production by rhIL-7-hyFc
and ZIKV-treated CD3" TILs, we assessed CD8" T cells for expression
of inhibitory immune receptors including PD-1, TIM-3, and LAG-3
(Supplementary Fig. 6A). At post-implantation day 17, mice treated

with rhiL-7-hyFc had a decreased proportion of PD-1* CD8" T cells
compared to those treated with diluent control (Fig. SE, Supple-
mentary Fig. 6B). However, at day 21, this effect was lost, and all
groups had a similar percentage of PD-1' CD8" T cells. Changes in the
expression of TIM-3 and LAG-3 followed a similar trend (Fig. 5F, G,
Supplementary Fig. 6C, D). These data suggest that pretreatment
with rhIL-7-hyFc improves tumor-infiltrating T cell cytokine produc-
tion and delays expression of inhibitory checkpoint receptors.
Additionally, at day 21, we detected a significantly increased
number of Tpex (PD-1° TCF-1" TIM-3) in the brain in the combination
group compared to all other groups (Supplementary Fig. 6E, F). We
did not detect significant differences in T cell populations in the
draining cervical lymph nodes at this time point (Supplementary
Fig. 6G). In systemic circulation at day 21, mice treated with rhIL-7-
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Fig. 6 | Adding anti-PD-1 blockade further improves the efficacy of ZIKV and
rhiL-7-hyFc combination therapy, while A10 3’-UTR ZIKV and D24-RGD ade-
novirus were also effective using the “expand and pull” treatment approach.
A Experimental schematic. In addition to the previously described treatment
paradigm, anti-PD-1 antibody injections were started on day 15. B Survival curve of
ZIKV, rhIL-7-hyFc, and anti-PD-1 treatment (representative of n=2 independent
experiments). C Survival curve of A10 3"-UTR ZIKV, rhIL-7-hyFc, and anti-PD-1

treatment (representative of n =2 independent experiments). D Survival curve of
D24-RGD adenovirus, rhiL-7-hyFc, and anti-PD-1 treatment (representative of n=2
independent experiments). Statistical differences were determined by (B-D) log-
rank test (*P< 0.05; *P< 0.0L, **P < 0.001, ***P < 0.0001). Log-rank test and False
Discovery Rate corrected p values are reported in Supplementary Tables 2-4.
Source data are provided as a Source Data file. Abbreviations: BLI = biolumines-
cence imaging, ZIKV = Zika virus, IL-7 = rhIL-7-hyFc.

hyFc and ZIKV had greater numbers of CD3*, CD4", and CD8" T cells
(Fig. SH). However, the percentage of PD-1*, TIM-3*, and LAG-3* CD8"
T cells was also highest in this group (Fig. 5I). Overall, these findings
suggest that the combination of rhIL-7-hyFc and ZIKV enhances T cell
functionality and promotes a pro-inflammatory response in TME,
while also delaying the upregulation of inhibitory checkpoint
receptors.

PD-1 checkpoint blockade further improves the efficacy of rhiL-
7-hyFc and ZIKV combination therapy

Given the increased expression of inhibitory markers on CD8* T cells at
post-implantation day 21 compared to day 17, we hypothesized that
the addition of an immune checkpoint inhibitor during this window
might further increase treatment efficacy. Using the SB28 glioma
model, which is resistant to immune checkpoint blockade alone”, we
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treated tumor-bearing mice with rhiL-7-hyFc and ZIKV, with or without
anti-PD-1 and its respective isotype control (Fig. 6A). Triple therapy
with rhIL-7-hyFc + ZIKV + anti-PD-1 was superior to rhIL-7-hyFc + ZIKV,
rhiL-7-hyFc + anti-PD-1, and ZIKV + anti-PD-1 treatments, leading to an
80% long-term survivor rate (Fig. 6B). Thus, the efficacy of the rhIL-7-
hyFc and ZIKV treatment regimen can be augmented further with
immune checkpoint inhibitors.

“Expand and pull” treatment paradigm works with immune-
sensitized ZIKV and D24-RGD adenovirus

To determine whether the “expand and pull” treatment approach is
generalizable, we also tested two other oncolytic viruses (Supple-
mentary Fig. 7A-C). As safety is a priority in any future clinical appli-
cation of ZIKV, we previously engineered a deletion of 10 nucleotides
in the 3’ untranslated region (A10 3’-UTR ZIKV) of the ZIKV-Dakar cDNA
clone', resulting in an immune-sensitized virus that cannot be trans-
mitted by mosquitoes and has a reduced ability to antagonize cell-
intrinsic innate immune responses®. Treatment of SB28 tumor-bearing
mice with rhIL-7-hyFc and A10 3’-UTR ZIKV was superior to either
treatment alone (Fig. 6C). Adding an immune checkpoint inhibitor,
triple therapy with rhIL-7-hyFc + A10 3’-UTR ZIKV + anti-PD-1, resulted
in 67% long-term survivors. Next, we applied the paradigm to D24-
RGD, a replication-competent, adenovirus that kills cancer cells and is
safe for treatment in humans**, rhiL-7-hyFc and D24-RGD treat-
ment improved survival outcome compared to D24-RGD treatment
alone, and the addition of an antibody against PD-1 further improved
the long-term survivor rate to 73% (Fig. 6D). In summary, using a highly
aggressive, immunosuppressive tumor model that has a paucity of
TILs in the TME similar to the human GBM context, we found that
treating with rhiL-7-hyFc followed by an oncolytic virus leads to
enhanced tumor clearance and improved mouse survival.

Discussion

Currently, several oncolytic viruses are being evaluated in clinical trials
for GBM"™¢, Many oncolytic viruses function through selective repli-
cation within cancer cells, triggering destruction of infected cells and
the release of progeny virus that spreads to adjacent tumor cells. Viral
infection of tumor cells also stimulates an immune response within the
highly immunosuppressive ‘cold’” TME, shifting it towards a more
immunologically ‘hot’ phenotype®“°. Despite these promising attri-
butes, the clinical efficacy of oncolytic viruses in GBM has been limited
by tumor heterogeneity and tumor-induced immunosuppression.
Combining oncolytic virotherapy with other treatment modalities may
be essential to overcome these limitations and enhance therapeutic
outcomes in GBM. Our study highlights an “expand and pull” treat-
ment approach, which augments the oncolytic and immunostimula-
tory effect of viral therapies, leading to improved survival in multiple
immunotherapy-resistant models of GBM.

For GBM, oncolytic therapies face the challenges of an immuno-
suppressive TME and a dysfunctional host immune system. GBMs
generally elicit few tumor-specific CD8" T cells, and many of these
exhibit an exhausted phenotype*. Overcoming these obstacles has
proven difficult, as evidenced by the failure of D24-RGD plus anti-PD-1
to meet its primary efficacy endpoint®. Tying the TME with the sys-
temic immunosuppression, intracranial tumors may prevent periph-
eral T cells from infiltrating tumors through bone marrow
sequestration’. To address these issues, we developed a treatment
strategy that first increases the abundance of circulating T cells and
subsequently attracts these cells into the tumor to engage cancer cells.
Recently, Campian et al. demonstrated that systemic administration of
rhiL-7-hyFc increases the number of cytotoxic CD8" T lymphocytes
both systemically and within tumors™. Building upon these findings,
our study incorporates an intratumoral oncolytic viral stimulus that
both pulls in T cells and promotes a pro-inflammatory shift in the TME.
Interestingly, we observed an increase in intratumoral T cells in rhIL-7-

hyFc-treated mice following intracranial injection of PBS alone, indi-
cating that perturbations of the blood-brain barrier (BBB) at the peak
of circulating T cell abundance can facilitate T cell influx into the brain.
However, without a conducive microenvironment, these T cells either
exit the brain or undergo apoptosis by day 7 post-PBS injection. In
contrast, the combination of rhiL-7-hyFc with ZIKV results in sub-
stantial proliferation of infiltrating T cells and a reduction of immu-
nosuppressive T regulatory cells. These findings underscore the
important role of both components of “expand and pull” for achieving
therapeutic success.

We believe at least one reason for efficacy from the combination
of rhiL-7-hyFc plus oncolytic virus is the increased level of T cell infil-
tration into the TME. In our model, ZIKV and rhIL-7-hyFc resulted in a
42.6-fold increase in the number of intratumoral T cells compared to
control mice treated with intracranial PBS injection, including a 29.6-
fold increase in CD4" T cells and a 71.4-fold increase in CD8" T cells.
Compared to mice treated with ZIKV alone, those treated with rhIL-7-
hyFc and ZIKV showed substantial infiltration and expansion with a 5.4-
fold increase in intratumoral CD3" T cells, a 10.3-fold increase in
CD4" T cells, and a 4.4-fold increase in CD8" T cells. In comparison
to other preclinical models, our approach appears to recruit more
T cells, particularly CD8"* T cells, into the TME. For example, immu-
noprofiling analyses after treatment with oncolytic D24-RGD
adenovirus*? and MV-s-NAP-uPA measles virus® monotherapy
revealed CD8" TIL counts ranging from 1000 to 4000 and 10,000 to
30,000 cells per brain, respectively. In comparison, treatment with
rhiL-7-hyFc and ZIKV resulted in a higher range of 60,000 to
170,000 T cells per brain.

The improved efficacy observed likely involves not only an
increase in the number of intratumoral T cells but also a boost in the
anti-tumor effector subset. In our study, pretreatment with rhiL-7-hyFc
generated a substantial pool of circulating effector CD8" T cells, which
were subsequently recruited into the TME by oncolytic ZIKV. Of note,
this approach bypasses concerns related to the BBB permeability of
the dimerized cytokine, as T cells are exposed to rhIL-7-hyFc prior to
entering the tumor site. These rhilL-7-hyFc-stimulated CD8" T cells
exhibited increased tumor-specificity, TCR clonality, expression of
perforin and granzyme B, and production of IFN-y, as well as delayed
expression of inhibitory receptors such as PD-1, TIM-3, and LAG-3.
Beyond the effects on cytotoxic T cells, treatment with rhIL-7-hyFc and
ZIKV also induced a pro-inflammatory shift in the TME, characterized
by increased helper CD4" T cells, reduced Tregs, and decreased Treg
activation. Collectively, these findings suggest that this therapeutic
strategy has the potential to counteract the immunosuppressive
effects of GBM, both at systemic levels and within the local TME, thus
improving the anti-tumor response.

Although our study primarily examines the effects on T cells,
particularly the CD8" subset, it is important to note that the IL-7
receptor is also expressed on B cells, NK cells, and, to a lesser extent,
dendritic cells, monocytes, and macrophages*’. Further research is
needed to investigate the impact of rhiL-7-hyFc on these additional cell
types in our treatment paradigm. Another limitation of this study is
that we focused exclusively on the IL-7 signaling axis, as we had pre-
viously established that rhIL-7-hyFc could independently support
systemic T cell expansion in similar glioma models'. Moreover, clinical
use of rhIL-7-hyFc has been effective at restoring lymphocyte counts in
patients without serious adverse effects**. Other cytokines such as
IL-2, IL-12, and IL-15 have also been shown to be important for T cell
proliferation and function. However, systemic IL-2 and IL-12 treatment
in clinical settings has been associated with dose-limiting toxicities***’,
and the practical use of IL-15 has been difficult as it requires a con-
tinuous intravenous infusion®. Recent advances in bioengineering
offer potential to improve cytokine stability and safety®*, encoura-
ging further exploration of these synthetic cytokines within our
treatment framework.
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In summary, our findings demonstrate that rhiL-7-hyFc markedly
increases tumor T cell infiltration and enhances anti-tumor activity
in vivo, leading to substantial improvements in survival. Moreover, this
“expand and pull” strategy has potential to generate an environment
where endogenous T cells more effectively target tumor cells, though
additional research on other immune subsets within the TME is nee-
ded. As more oncolytic viruses undergo clinical trials for GBM, our
study highlights rhIL-7-hyFc as a clinic-ready adjunct to augment the
anti-tumor immune response.

Methods

All animal procedures were performed in accordance with the
recommendations in the Guide for the Care and Use of Laboratory
Animals of the NIH (National Academies Press, 2011). Tumor growth/
burden was monitored regularly, and animals were euthanized upon
reaching predefined humane endpoints, including severe or persistent
neurological deficits, significant body weight loss (>10-15%), impaired
mobility or inability to access food and water, or other signs of pain or
distress. The protocols were approved by the Institutional Animal Care
and Use Committee at the Washington University School of Medicine
(protocol 24-0229).

Cell lines

The murine CT2A glioma cell line was purchased from Millipore Sigma.
The murine SB28 glioma cell line was generously provided by Dr.
Hideho Okada (University of California, San Francisco). CT2A cells
were cultured in DMEM (Invitrogen, Thermo Fisher Scientific) sup-
plemented with 10% fetal bovine serum (FBS) (Gibco) and 1% penicillin
G-streptomycin (Corning) and SB28 cells were cultured in RPMI media
supplemented with 10% FBS, 1% pen/strep, 1% HEPES (Corning), 1%
non-essential amino acid (Corning), and 1% sodium pyruvate (Corn-
ing). Cells were maintained at 37 °C in an incubator with 5% humidified
CO.. All cell lines were routinely tested for mycoplasma contamination
by PCR and authenticated by Short Tandem Repeat (STR) profiling
(Genome Technology Access Center, Washington University).

ZIKV, A10 3’-UTR-ZIKV, and D24-RGD virus propagation
Mouse-adapted ZIKV (Dakar strain) and A10 3’-UTR-ZIKV viral stocks
were propagated in Vero cells after inoculating at an MOI of 0.01 and
incubating for 72 h, as previously described'***. ZIKV and A10 3’-UTR-
ZIKV viral titers were determined by plaque assay as previously
described>. D24-RGD was propagated in A549 cells after inoculating at
an MOI of 0.01, as previously described®”. D24-RGD viral titer was
assessed in HEK293 cells using the Adeno-X Rapid Titer Kit (Takara,
632250).

rhiIL-7-hyFc
rhiL-7-hyFc (NT-17, efineptakin alfa) was generously provided by
NeolmmuneTech, Inc. (Rockville, MD).

In vivo mouse experiments

Single-cell suspensions of CT2A (4x10* cells in 3 pL) or SB28 cells (1x10?
cellsin 3 puL) were implanted into the right cerebral hemisphere of 8- to
9-week-old C57BL6/J female and male mice (Jackson Laboratory) after
mice were anesthetized with ketamine (10 mg/kg), xylazine (100 mg/
kg), and buprenorphine SR (1 mg/kg). The intracranial tumor implan-
tations were performed as previously described". Mice were stereo-
tactically injected with CT2A or SB28 cells in the right hemisphere with
the following sets of coordinates: 2.5 mm deep and 2.5 mm lateral to
bregma; or 2.5 mm deep and 2.5 mm lateral and 1.5 mm anterior to
lambda. Tumor engraftment was confirmed on day 6 with biolumi-
nescent imaging, and mice were randomly assigned to treatment
groups by total photon flux. Bioluminescence images were captured
on a Spectrum In Vivo Imaging System (PerkinElmer), and total bio-
luminescence was analyzed using Living Image software. When using

cell lines without a luciferase tag, mice were cage randomized prior to
starting treatment. rhIL-7-hyFc (10 mg/kg) was injected sub-
cutaneously on days 7 and 10. On day 14 after tumor implantation,
using the same burr hole, mice were treated with one intracranial
injection of 1x10° PFU ZIKV, 1x10° PFU A10 3-UTR-ZIKV, or 3 x10®
PFU Delta24-RGD, each in 10puL. Checkpoint blockade antibodies
against PD-1 (clone RMP1-14, Leinco Technologies), or corresponding
IgG2a control (clone 1-1, Leinco Technologies), were injected intra-
peritoneally on post-implantation days 15, 17, 19, and 21 at a dose of
10 mg/kg. For rechallenge experiments, long-term surviving mice were
implanted with homologous CT2A or SB28 tumor cells into the con-
tralateral side of the brain 120 days after primary tumor implantation.
For CD8" T cell depletion experiments, we injected depleting anti-
bodies (clone 2.43, Bio X Cell) intraperitoneally starting the day before
tumor rechallenge with an initial dose of 25 mg/kg and followed with
booster doses of 12.5 mg/kg every 5 days until post-rechallenge day 9.
Representative mice were bled to confirm depletion. Mice were mon-
itored daily for signs of neurological impairment and were euthanized
when moribund. Animal caretakers were blinded to treatments.

Immunohistochemistry

Brains were collected on post-implantation day 21, fixed in 4% paraf-
ormaldehyde (Electron Microscopy Sciences), embedded in paraffin
after graded ethanol dehydration, and cut into 5 pm thick sections.
Tissue sections were loaded into BOND (Leica Biosystems) for staining
with CD8 (Abcam, AB217344, dilution 1:1000). Slides were counter-
stained with hematoxylin and then scanned by Axio Scan Z1 (Zeiss).
Images were analyzed using HALO software (Zeiss).

Flow cytometry
Mice were anesthetized with ketamine (10 mg/kg) and xylazine
(100 mg/kg). Blood was collected, and then mice were perfused
with DPBS (Gibco) prior to the collection of the brain and draining
cervical lymph nodes. For peripheral blood evaluation, 50 ul of
blood was added to 1 ml of ACK lysis buffer and incubated for 10 min at
room temperature, followed by a single wash and addition of Fc
block (BioLegend, 156604), and then antibody staining. Brain and
lymph nodes were macerated over a 70 pm cell strainer using the piston
from a 3ml syringe to create single cell suspensions. Myelin was
removed from brain samples using a Percoll Plus (Cytiva, 17544501)
gradient. Cell suspensions were then washed once prior to Fc block
and antibody staining. For the peptide re-stimulation assay, SB28 TILs
were cultured with 25 pM luciferase-peptide (ABI Scientific, LMYRFEEEL)
and 25 pM GFP-peptide (ABI Scientific, DTLVNRIEL); CT2A TILs
were cultured with 25 uM mEpb4 (ELEQFESTIGFKLPNLRAAKRLWK),
25 pM mPomgntl (ECIIPDVSLSYHFGIVGLNMNGYF), and 25 pM mPlin2
(QQLQTTCQTVLVNAQRLPQNIQDQA)*.  Brefeldin A  (Biolegend,
420601) was added, and TILs were cultured for 4 h at 37 °C prior to
antibody staining. For MHC-I tetramer staining, class 1 monomers (H-2D°
or H-2K®) were loaded with the aforementioned peptides (Immunomo-
nitoring Lab, Washington University) and incubated with PE-streptavidin
(Biolegend, 405203) and D-biotin (Invitrogen, B20656) to generate PE-
conjugated tetramers. Cells were incubated with PE-conjugated tetra-
mers (dilution 1:50) for 15 min at 37 °C prior to other antibody staining.
Detailed phenotyping of murine lymphocytes was performed
using the following antibodies (all against mouse antigens): Fixable
Viability Dye-eFluor506 (Invitrogen, 65086614), CD45-APC-eFluor780
(Thermo Fisher Scientific, 47-0451-82), CD3-BV711(Biolegend, 100241),
CD4-PE-Cy7 (Biolegend, 116016), CD8a-BUV395 (BD Biosciences,
563786), CD11b-BV421 (Biolegend, 101236), CD11c-BV605 (Biolegend,
117334), CD19-APC (Biolegend, 115512), CD26-PE-Cy7 (Biolegend,
137810), CD31-PE-Cy5 (Thermo Fisher Scientific, 15-0311-82), CD44-PE-
CyS (Biolegend, 103010), CD44-BV786 (BD Biosciences, 563736),
CD62L-AF700 (Biolegend, 104426), CD88-PerCP-eFluor710 (Thermo
Fisher Scientific, 46-0882-82), CDI127-PE/Dazzle594 (Biolegend,
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135032), FoxP3-PE-CyS5 (Thermo Fisher Scientific, 15-5773-82), Perforin-
PE (Biolegend, 154306), Granzyme B-BV421 (Biolegend, 396414), TNF-
«-BV605 (Biolegend, 506329), interferon-y-APC (Biolegend, 505810),
PD-1-AF647 (Biolegend, 135230), CTLA-4-PE/Dazzle594 (Biolegend,
106318), TIM-3-BV605 (Biolegend, 119721), LAG-3-BV421 (Biolegend,
125221), TCF-1-PE (Cell Signaling, 14456S), TIGIT-BV786 (BD Bios-
ciences, 744215), Ly-6C-PE/Dazzle594 (Biolegend, 128044), Ly-6G-
BV785 (Biolegend, 127645), NK1.1-AF700 (Biolegend, 108730), H-2D"-
PE (Biolegend, 111508), I-A/I-E-BUV395 (BD Biosciences, 743876), Ki67-
PerCP-eFluor710 (Thermo Fisher Scientific, 46-5698-82), LIVE/DEAD-
Fixable Blue (1:400, Thermo, L34961), CD45-BUV395 (Thermo, 363-
0451-80), CD11b-BV570 (Biolegend, 101233), CDIlc-PE-Cy5 (1:400,
Biolegend, 117316), I-A/I-E-BUV496 (1:400, Thermo, 364-5321-80),
Ly6C-AF700 (1:800, Biolegend, 128023), Ly6G-APC-Fire750 (Biole-
gend, 127651), CD26-PE-Cy7 (Biolegend, 137809), CD88-BUV805 (BD
Biosciences, 748611), XCR1-BV421 (Biolegend, 148216), SIRPa-BUV737
(BD Biosciences, 741819), PDCA1-Spark-UV387 (Biolegend, 127044),
B220-PE-Fire810 (1:400, Biolegend, 103287), CD19-PE-Ccy5.5 (1:400,
Thermo, 35-0193-82), CD3-Spark-NIR685 (1:400, Biolegend, 100261),
CD4-BV510 (Biolegend, 100553), CD8-BUV615 (Thermo, 366-0081-82),
NK1.1-BUV661 (Thermo, 376-5941-80), TCRyS (BD Biosciences,
748993). Cells were stained with fluorochrome-conjugated anti-mouse
antibodies at a dilution of 1:200 unless otherwise noted. Corre-
sponding isotype controls were used for setting population gates. For
all staining procedures, cells were fixed (Biolegend, 420801), and
permeabilization (Biolegend, 421002) was performed if intracellular
staining was necessary. Absolute cell counts were determined using
TruCount beads (BD Biosciences, 340334) or cytometer event counts.
All samples were run on either an LSRFortessa X-20 (BD Biosciences) or
an Aurora (Cytek Biosciences). Data analysis was performed using
FlowJo v10.10.0 (BD Biosciences).

Single-cell RNA sequencing
For scRNA-seq experiments, mice were euthanized on post-
implantation day 21. Tumors were harvested, dissociated, and fil-
tered through a 70-micron cell strainer. A Percoll Plus (Cytiva,
17544501) density gradient was used for myelin removal. Live CD45-
high cells were sorted on a BD FACS ARIA-II flow sorter. Single-cell
RNA libraries were generated using the Chromium Next GEM Single
Cell 5’ library and Gel Bead Kit v1.1; T Cell Receptor (TCR) enrichment
was performed with the Chromium Single Cell V(D)) Enrichment Kit
for Mouse T cells as per manufacturer’s protocol (10X Genomics).
Library quality and concentration were determined using a Bioana-
lyzer Tapestation (Agilent) for library sequencing on the NovaSeq
6000 instrument at a sequencing depth of ~50 K read pairs per cell.
CellRanger v8.0.0 (10X Genomics) was used to process, align, and
generate feature-barcode matrices against the mouse reference
genome. Transcriptomic data were analyzed with the Seurat v5 R
package®’. Quality controls eliminated cells with the top 1% or bottom
7% of features/counts or with >5% mitochondrial content. Presumed
doublets were identified with DoubletFinder® and removed. Nor-
malization/variance stabilization was performed with SCTransform*,
and the datasets were integrated with Harmony®. Annotation of total
immune cells was performed manually by the identification of
canonical genes. T cell annotation was performed by alignment with
the ProjecTILs reference®. The Exhaustion Score was calculated as a
module score within Seurat and included the features Havcr2, Tox,
Tigit, and Lag3. V(D)J libraries were processed with CellRanger V(D))
v8.0.0(10X Genomics) and mapped onto a mouse V(D)) reference
genome. Clonotype analysis was performed with scRepertoire®, and
TCR were defined by “strict” criteria, including VDJC genes and
CDR3 sequence. Results were visualized with the dittoSeq package
The following publicly available pipelines were utilized for analysis:
standard preprocessing, quality control, SCTransform, Harmony Inte-
gration, and cluster analysis of scRNAseq data was based on Seurat v5

vignettes (https://satijalab.org/seurat/), doublet identification was based
on the DoubletFinder tutorial (https://rpubs.com/kenneditodd/doublet_
finder example), VDJ analysis was based on scRepertoire vignettes
(https://www.borch.dev/uploads/screpertoire/), T cell subset analysis
was based on the ProjecTILs tutorial (https://carmonalab.github.io/
ProjecTILs.demo/tutorial.html), and visualization was based on the dit-
toSeq tutorial (https://bioconductor.org/packages/release/bioc/
vignettes/dittoSeq/inst/doc/dittoSeq.html).

Ex vivo SB28-TIL co-culture

Tumor-infiltrating lymphocytes were collected from mice on post-
implantation day 21 and processed as described above. Live CD3" cells
were sorted on a BD FACS ARIA-II flow sorter. 10,000 CD3" T cells were
co-cultured with 5000 SB28 cells for 72 h. Mouse CD3/CD28 Dynabeads
(Gibco, 11452D) were added to the co-culture per the manufacturer's
protocol for T cell stimulation. Anti-mouse IFN-y (Leinco, I-1119) or IgG1
control (Leinco, I-1195) was added at 10 pg/ml. After 72 h, supernatant
was collected for multiplex cytokine ELISA (V-PLEX Proinflammatory
Panel 1 Mouse Kit, Meso Scale Diagnostics, K15048D-1), which was
performed per manufacturer protocol on a MESO QuickPlex SQ 120
(Meso Scale Diagnostics). T cells were removed via multiple washes and
SB28 cells were trypsinized and collected for flow cytometric analysis.

In vitro oncolytic viral kill assay

Wild-type ZIKV, A10 3-UTR-ZIKV, and D24-RGD were incubated with
250 SB28 cells, plated 24 hours in advance, using a range of multiplicity
of infection (MOI). After 72 hours, cell viability was assessed using
CellTiter-Glo Luminescent Assay (Promega, G7572) per manufacturer
protocol.

Statistical analysis

Data plots were generated using Prism 10.3.1 (GraphPad). All data are
representative of at least two independent experiments, unless spe-
cifically noted. The determination of sample size and data analysis for
this study followed the general guidelines for animal studies. Mouse
survival studies were analyzed using log-rank tests. To account for
multiple comparisons, we also conducted multiplicity-adjusted log-
rank tests employing the Benjamini-Hochberg procedure for false
discovery rate control. All other in vivo data were summarized using
means and standard deviations. The differences were compared using
atwo-sample Student’s t test, one-way analysis of variance (ANOVA), or
two-way ANOVA as appropriate, followed by post hoc Tukey’s test for
multiple comparisons for between-group differences of interest. For
all analyses, significance was set at a p-value of 0.05.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

Source data are provided with this paper. The data generated in this
study have been deposited in the Figshare database under accession
code https://doi.org/10.6084/m9.figshare.30521282. The scRNA-seq
data generated in this study have been deposited into the NGDC
genome sequence archive (GSA) with the accession number
CRA035950. The mouse reference genome (mm10-2020-A) required
for CellRanger can be downloaded from 10x Genomics (https://www.
10xgenomics.com/support/software/cell-ranger/latest/release-notes/
cr-reference-release-notes). The remaining data are available within
the Article, Supplementary Information or Source Data file. Source
data are provided with this paper.
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