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In brief

Single oncolytic virus treatment in
patients with glioblastoma induces deep
and persistent T cell activation against
tumor cells. Direct and sustained T cell
engagement with tumor cells upon
treatment correlates with survival
outcome.
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SUMMARY

A recent first-in-human clinical trial demonstrated that survival in glioblastoma (GBM) patients following
rQNestin34.5v.2 oncolytic virus treatment was associated with immune activation signatures. This study
was registered at ClinicalTrials.gov (NCT03152318). Here, we provide in situ evidence of ongoing T cell-medi-
ated cytotoxicity against tumor cells at late time points following single treatment, with deep and persistent
T cell infiltration into tumor regions. Shorter distances between cleaved caspase-3* tumor cells and gran-
zyme B* T cells were associated with longer progression-free survival following treatment. Pre-existing tu-
mor-infiltrating T cells expanded locally upon treatment, correlating with longer overall patient survival.
T cells with an early activation program closely interacted with tumor cells and were strongly enriched
upon treatment. Viral remnants were restricted to necrotic regions, while T cells infiltrated deeply into live tu-
mor regions. These data demonstrate that single oncolytic virus treatment can expand pre-existing T cell
clones and trigger persistent T cell-mediated immunity against GBM.

INTRODUCTION

The development of targeted therapies and immunotherapies for
glioblastoma (GBM) has proven to be challenging due to the
remarkable genetic heterogeneity and plasticity of malignant
cells. Plasticity has hindered the development of targeted thera-
pies partly because malignant cells can shift between neural-
precursor-like (NPC-like), oligodendrocyte-like (OPC-like),
astrocyte-like (AC-like), and mesenchymal-like (MES-like)
cellular states.” A repertoire of T cells targeting diverse tumor an-
tigens could potentially deal with such tumor cell heterogeneity,
but some of these GBM cell states evade immune recognition by
downregulation of major histocompatibility complex (MHC) class
I molecules and expression of ligands for inhibitory receptors on

T cells, including PD-L1 (programmed cell death 1 [PD-1]),
CLEC2D (CD161), and CD155 (T cell immunoreceptor with Ig
and ITIM domains [TIGIT])."™ Clinical trials with immune check-
point blockers active in multiple other cancer types have yielded
negative results in GBM.®™" The fundamental challenge is that
GBM is poorly infiltrated by T cells, and the sparsely infiltrating
T cells are primarily residing in perivascular spaces rather than
infiltrating deeply into tumor regions.? Therefore, it is important
to develop therapeutic interventions that enable deep and sus-
tained T cell infiltration in GBM as the foundation of combination
therapies.

Oncolytic viruses have generated significant interest based on
their selective replication in cancer cells and induction of immu-
nogenic cell death.® Oncolytic viruses based on herpes simplex
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virus type 1 (oHSV-1) were the first to be evaluated in clinical
trials. The FDA has approved an oHSV-1 virus, Talimogene laher-
parepvec (T-VEC), for the treatment of unresectable stage I1IB-IV
melanoma. A significant difference in overall survival was
observed in melanoma patients with stage Ill-lVM1a disease:
46.8 months in the T-VEC arm compared with 21.5 months in
the granulocyte macrophage-colony stimulating factor (GM-
CSF) arm.?° Teserpaturev (G47A) was approved in Japan for
the treatment of recurrent GBM (rGBM) based on a phase 2 clin-
ical trial in which the virus was administered intratumorally up to
six times. ' It is a genetically engineered oHSV-1 in which the
ICP34.5 (neurovirulence factor), ICP47 (inhibitor of antigen pre-
sentation), and /ICP6 (viral replication) genes were inactivated.
The clinical trial leading to regulatory approval demonstrated
increased densities of CD4" and CD8* T cells following repeated
virus injection, but there is a very limited understanding of the
functional states and spatial interactions of the induced T cell
populations.'®

In a recently reported first-in-human clinical trial in rGBM
(clinicaltrials.gov, arm A of NCT03152318), we evaluated rQNes-
tin34.5v.2 (CAN-3110, linoserpaturev), an oHSV-1 in which
expression of the viral ICP34.5 gene was controlled by the nestin
promoter, a gene overexpressed in GBM."" Post-treatment re-
sections showed increased T cell infiltration, with T cell receptor
(TCR)B-based T cell fraction correlating with survival indepen-
dently of HSV-1 serology.'" These clinically relevant findings
motivated this study, which sought to develop a deeper mecha-
nistic understanding of T cell programs following oHSV treat-
ment using highly multiplexed spatial proteomics (CODEX) and
spatial transcriptomics (Xenium) technologies.

RESULTS

Deep, persistent T cell infiltration following a single
oncolytic virus injection

The goal of this study was to investigate the spatial interactions
of T cells with tumor and other immune cells using CODEX'? and
Xenium'® technologies on tissue specimens from arm A of the
phase 1 rQNestin34.5v.2 clinical trial.''" CODEX was used to
visualize and quantify ongoing T cell-mediated cytotoxicity
against GBM cells based on the proximity of granzyme
B-positive (GZMB*) CD8 T cells and cleaved caspase-3 positive
(cl-Casp3*) tumor cells. TCR repertoire analysis in tumor and
blood specimens at pre- and post-treatment time points was
used to identify treatment-expanded T cell clones. Such
expanded TCR clonotypes were spatially mapped in situ with a
high degree of specificity using the Xenium spatial transcriptom-
ics platform, enabling visualization of early T cell activation pro-
grams in expanded T cells that closely interacted with tumor
cells (Figure 1A). We established a 27-marker CODEX panel for
detailed characterization of immune, stromal, and cancer cell
states (Tables S1 and S2). We imaged 28 large tumor regions
from 16 post-treatment cases, leading to the clustering and
annotation of 3.8 million cells belonging to 11 cell types
(Figures S1A and S1B) and 21 regions from 16 pre-treatment bi-
opsies (Figure S1C). Consistent with Ling et al.,’" we observed
that oHSV treatment resulted in a substantial increase in GBM
infiltration by CD8 T cells, CD4 T cells, and B cells (Figures 1B
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and 1C). An increase in FoxP3* CD4 T regulatory cells was
also observed, likely driven by the Ilymphocyte influx
(Figure 1C). However, CD8 T cells expanded to a greater extent
than regulatory T cells, resulting in a significant increase in the
CD8/regulatory T cell (Treg) ratio from pre- to post-treatment
(median ratio: 6.8 pre versus 21.1 post, p = 0.0042, paired Wil-
coxon test) (Figure S1D). Notably, we detected formation of
lymphoid aggregates (Figure 1Ba) as well as deep T cell infiltra-
tion into tumor regions (Figure 1Bb) in samples collected at long
time intervals post-oHSV treatment (Figure 1B). CD8 and CD4
T cell densities relative to time from oHSV injection showed
high variability between cases at early time intervals (months
0 to 3). Substantial T cell infiltration was observed for long time
intervals following single oHSV injection (months 6 to 25),
including for >2 years in one patient (Figure 1D). Elevated T cell
infiltration was observed across collection time points and
oHSV doses, including the lowest dose range (Figures 1E
and S1E).

To further investigate dynamic changes in T cells, tumor mo-
lecular profiles, and the presence of HSV, Xenium spatial
transcriptomics analysis was performed on paired pre- and
post-oHSV samples from eight patients. A 380-gene immuno-
oncology panel was complemented with 100 custom probes
targeting (1) early T cell activation markers (including NR4A1
and CD69),"* (2) 50 expanded TCR clonotypes identified in
pre- and/or post-oHSV samples, (3) GBM malignant cell
states,’ and (4) key HSV genes (ICP4, ICP22, ICP27, ICP34.5,
and gC). A total of 2.4 million cells were clustered and annotated
as 11 cell types (Figures S1F and S1G). Parallel quantification of
T cells with Xenium demonstrated similar enrichment post-
treatment, with a median density of 30.4 cells/mm? in pre-
versus 138 cells/mm? in post-treatment samples (p = 0.0078)
(Figure STH).

Spatial evidence of T cell-mediated cytotoxicity against
GBM cells

In post-oHSV samples, we observed extensive T cell infiltration
into the tumor parenchyma at late time points following treat-
ment, as illustrated for two representative patients (P28 and
P34) at 253 and 100 days post-oHSV treatment, respectively
(Figures 2A and S2A). CODEX imaging revealed robust infiltra-
tion by both CD4" (green) and CD8" (magenta) T cells pene-
trating deeply into GFAP* (blue) tumor regions. T cells formed
dense clusters in lymphoid aggregates (Figure 2Aal), while
deeper into tumors, T cell infiltration varied markedly between
subregions, with areas of high T cell densities (Figure 2Aa2) or
sparse infiltration (Figure 2Aag). T cell infiltration was quantified
using two complementary maps: (1) a continuous color map
showing CD3¢* cell density (top middle) and (2) a bivariate color
map (top right) depicting T cell-tumor co-localization or exclu-
sion (Figures 2A and S2A). Robust T cell infiltration was
confirmed in additional samples collected between 24 and
331 days following oHSV injection (Figure 2B). These findings
were confirmed by spatial transcriptomics, which showed close
contact between T cells (red) and tumor cells (blue) in different
tumor areas (Figures 2Ca-2Cd, S2Be, and S2Bf). Other T cell
populations were localized in lymphoid niches adjacent to
vasculature (Figure S2B, zoom regions g and h).
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Figure 1. Persistent deep T cell infiltration after single oncolytic virus treatment

(A) Cartoon summary of study design.

(B) CODEX images from two post-treatment resections (146 and 331 days) showing lymphoid aggregates (a) and deep CD8" and CD4™" T cell penetration into the
GFAP* tumor bed (b).

Scale bars: 1 mm (top row) and 100 um (regions a and b).

(C) Boxplots of immune cell densities in paired pre- versus post-treatment samples measured by CODEX (log+ cells/mm?). Wilcoxon signed-rank p values are
shown.

(D) Scatterplot of CD8 and CD4 T cell densities versus months after treatment.

(E) Fold-change in T cell density (post/pre, CODEX, log+q scale) versus time after treatment, colored by collection time.

See also Figure S1.
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Importantly, we captured GZMB™ T cells in close proximity to
apoptotic cl-Casp3* tumor cells in situ (yellow arrows in
Figure 2D). This pattern was observed across multiple speci-
mens and is consistent with cytotoxic activity of GZMB* T cells
against tumor cells. To quantify interactions between T cells
and apoptotic tumor cells, T cells and tumor cells were stratified
by GZMB and cl-Casp3 expression intensity (Figure S2C). First,
cell densities were computed for each GZMB T cell and cl-Casp3
tumor category. GZMB" CD8* and CD4" T cells were the only
cell populations that positively correlated with cl-Casp3™ tumor
cells (r = 0.4, p = 0.035 and r = 0.5, p = 0.007, respectively)
(Figures 2E, S2Da, and S2Db). By contrast, GZMB" CD8*
T cells were negatively correlated with the density of cl-Casp3™
tumor cells (r = —0.5, p = 0.007) (Figure S2Dc). The time of sam-
ple collection did not seem to have an impact on the observed
correlation (Figure S2D). Cl-Casp3™ tumor cell density was
higher in samples with a higher density of GZMB" CD8 T cells
(10 versus 3 cells/mm?, p = 0.011) (Figure 2F). Conversely, sam-
ples with a higher density of cl-Casp3" tumor cells (upper quar-
tile) had a higher density of GZMB" CD8 T cells (8 versus 2 cells/
mm?, p = 0.0031) (Figure 2F, right).

We quantified the spatial relationships between GZM
T cells and tumor cells using a nearest-neighbor analysis
approach, which revealed distinct gradients in both T cell and tu-
mor cell states. GZMB, PD-1, and CD44 levels were highest in
T cells located close to tumor cells (Figure 2G), consistent with
an antigen-experienced cytotoxic phenotype (p = 0.016)
(Figure S2E). By contrast, GZMB'® CD25* T cells were located
at larger distances from tumor cells and enriched in lymphoid
niches (Figure 2G). T cells in these lymphoid niches showed
higher levels of Ki67 (p = 0.026) (Figure S2E), indicative of active
proliferation in these microenvironments. These patterns were
apparent when averaging values per distance bin across all sam-
ples (Figure S2F).

To explore how tumor cells were shaped by proximity to
T cells, we performed a reciprocal spatial analysis examining tu-
mor cell marker expression based on distance to GZMBM-™med
T cells. Analysis of tumor marker expression across distance
categories revealed distinct gradients dependent on proximity
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to T cells (Figure 2H). Tumor cells in close contact with
GZMB"™ed T cells showed significant expression of cl-Casp3
(apoptosis), CLEC2D (CD161 ligand, immune evasion), MHC-I
(antigen presentation), and GBM tumor markers. Conversely,
more distant tumor cells exhibited higher CA9 levels, a marker
of hypoxic regions.'® Of note, the distribution of tumor cells
across these T cell-specific distance bins was not uniform, and
most tumor cells were in the >300 pm distance bin
(Figure S2G). Detailed examination of MHC-I and CA9 expres-
sion (Figure S2H) demonstrated opposing patterns, with signifi-
cantly higher MHC-I levels in tumor cells located closer to T cells
(p = 0.00016), while CA9 expression progressively increased
with greater distance from T cells (p = 8.7e—06), peaking in areas
furthest from infiltrating GZMB""™¢¢ T cells. These inverse rela-
tionships were maintained when averaging values across
distance bins (Figure S2I), with expression patterns crossing at
a distance of ~85 pm from T cells, suggesting a critical distance
for T cell interaction and tumor adaptation within the
microenvironment.

To assess the clinical and biological relevance of this
spatial metric, we examined whether the proximity between
GZMB" ™4 T cells and tumor cells correlated with patient
outcome and tumor growth (n = 16 patients). This spatial rela-
tionship was correlated with progression-free survival (PFS): pa-
tients with above-median PFS exhibited shorter T cell-tumor cell
distances (175 pm versus 262 pm, p = 0.038) (Figure 2I, left),
consistent with more effective T cell-mediated tumor immunity.
The functional relevance of this metric was further supported
by its correlation with tumor growth: shorter GZMB"™24 T cell-
tumor cell distances were associated with lower tumor growth
rates following oHSV injection (p = 0.028) (Figure 21, right).

Molecular evidence of early activation and tissue-
residency programs in tumor-interacting T cells

To further characterize T cell functional states following oHSV
treatment, we analyzed our Xenium dataset for key T cell pro-
grams: early activation (NR4A1/Nur77, CD69, IFNG, and TNF),
tissue residency (ITGAE/CD103 and ZNF683/HOBIT), cytotox-
icity (PRF1, GZMB, GZMA, GNLY, and GZMK), proliferation

Figure 2. Evidence of in situ cytotoxicity by GZMB™* T cells against GBM cells

(A) CODEX composite of P28 (253 days post oHSV) with three regions of interest (ROIs): (a1) lymphoid aggregate, (a2) tumor-T cell interaction, (a3) tumor core.
Center: CD3e* T cell density heatmap (cells per 100 um?). Right: bivariate T cell versus tumor cell density, highlighting spatially heterogeneous yet deeply
infiltrating T cell population. Scale bars: 1 mm (top row) and 50 pm (regions a1-a3).

(B) Additional CODEX fields from four cases illustrating deep T cell infiltration into tumor regions.

Scale bars: 100 pm.

(C) Xenium images from P34 (day 100) showing T cells (red) interacting with tumor cells (blue) across zooms a-d. Scale bars: 1 mm (left panel) and 10 pm

(regions a-d).

(D) CODEX: CD8" T cells (red) expressing GZMB (green) adjacent to cl-Casp3* tumor cells (white), providing evidence for ongoing cytotoxicity (yellow arrows) at
multiple time points post-oHSV. Scale bars: 20 pm (large field of view) and 5 pm (zoom).
(E) Pairwise Spearman correlation heatmap (CODEX) between immune subsets and cl-Casp3™ tumor-cell density. Individual correlations (a—c) are shown in

Figure S2D. Spearman’s r and p values are shown.

(F) Boxplots of CODEX cell densities. Left: cl-Casp3™ tumor cell density (cells/mm) stratified by GZMB™ CD8* T cell density (median threshold). Right: GZMB"

CD8" T cell density stratified by cl-Casp3" tumor cell density (upper quartile).

(G) Dot plot of T cell markers based on proximity to tumor cells.
(H) Dot plot of tumor cell markers based on proximity to T cells.

(1) Correlation of PFS (left) and tumor growth rate (right) with average distance of tumor cells to GZMB" T cells (n = 16 patients). Wilcoxon rank-sum p values are

shown.
See also Figure S2.
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(legend continued on next page)

1292 Cell 189, 1287-1304, March 5, 2026



Cell

(MKI67 and cell cycle genes), stem-like state (SELL, CCR?7,
TCF7, and IL7R), interferon pathway (IFNA1, ISG15, and
STAT1), and exhaustion (PDCD1/PD-1, LAG3, and TOX). Quan-
tification revealed significant post-treatment enrichment of
T cells with such molecular programs (Figure S3A). Unsuper-
vised clustering identified 12 distinct T cell clusters, consolidated
into 8 CD8* and 2 CD4" states (Figures 3A, 3B, and S3B-S3D).

We identified a subset of CD8" T cells exhibiting hallmarks of
recent TCR engagement through expression of NR4A1/NUR77
and CD69. This population was also enriched in expression of
IFNG and TNF cytokine and CCL3 and CCL4 chemokine genes
(Figure S3D, red box). NR4A1/NUR77 is one of the earliest tran-
scription factors upregulated following TCR activation, providing
evidence of persistent tumor antigen recognition.'*'® Spatial co-
localization analysis confirmed that these activation markers
were co-expressed within T cells in close contact with tumor
cells (Figure 3C).

Post-treatment samples showed dramatic expansion of all
T cell populations compared with pre-treatment specimens,
with CD8" tissue-resident T cells exhibiting the most pro-
nounced increase (average log2FC = 3.03), followed by CD8*
stem-like T cells (average log2FC = 2.87) and CD4* regulatory
T cells (average log2FC = 2.46, all p = 0.0078) (Figures 3D and
S3E). The proportional representation of different T cell states
was similar across post-treatment samples, with CD8" tissue-
resident cells comprising ~16% and early activated CD8*
T cells representing ~5% of the total T cell population
(Figure S3F). To determine how T cell states were influenced
by spatial context, we quantified distances between T cells
and tumor cells using the approach described in Figure 2.
Opposing spatial gradients of gene expression were observed
in T cells above versus below the median distance (35.4 pm) to
tumor cells. T cells located closer to tumor cells showed enrich-
ment of tissue-residency (ITGAE/CD103, ZNF683/HOBIT, and
CXCR6)'" and interferon-inducible (IFIT3, ISG15, and MX7)
genes, while stem-like features (SELL, TCF7, and IL7R) gradually
increased with larger distances from tumor cells (Figure 3E).

Examination of the spatial distribution of T cells expressing
specific markers (>1 count) revealed striking organization rela-
tive to tumor cells (Figure 3F). T cells positive for early activation
markers were located closer to tumor cells, with median dis-
tances below the overall median (35.4 um) for PRF1*, IFNG™,
GZMB*, and NR4A1/Nur77* cells. By contrast, T cells express-
ing stem-like markers were positioned further away from tumor
cells. Bootstrap analysis comparing marker-positive versus
marker-negative T cells (Figure S3G) confirmed these spatial
preferences, with activation markers (NR4A1, CD69, IFNG, and

¢? CellPress

OPEN ACCESS

TNF) consistently enriched in tumor-proximal regions. Statistical
comparisons showed significant differences (p < 0.001) for all
markers except CD69: T cells with activation markers (IFNG*
and NR4A1*) were 7.8 and 2.8 pm closer, while cells with
stem-like markers (IL7R* and TCF7* cells) were 27.4 and
25.1 pm farther from tumor cells (Figure 3G).

This spatial organization extended systematically across addi-
tional functional markers, with tissue-residency genes (ZNF683/
HOBIT, ITGAE/CD103, and CXCR6) and cytotoxic molecules
(GZMA, GZMB, and PRF1) showing the highest expression in tu-
mor-proximal regions and gradually decreasing with distance.
Notably, expression of chemokines CCL4 and CCL5 and their
CCR5 and CCR1 receptors was prominent in T cells in close
proximity to tumor cells, consistent with a chemokine-mediated
mechanism by which activated T cells recruit additional T cells
into tumor regions.'® By contrast, stem-like markers (IL7R,
TCF7,and SELL) displayed the inverse gradient, with expression
progressively increasing at greater distances from tumor cells
(Figure 3H). Visual examination confirmed these patterns, with
early activated and tissue-resident T cells embedded within tu-
mor regions (Figure 3l). This spatial polarization of T cells with
early activation markers near tumor cells provides strong evi-
dence for ongoing tumor antigen recognition and TCR engage-
ment following oHSV therapy.

Spatial compartmentalization of the T cell response
following oHSV

Following oHSV treatment, we observed robust immune cell infil-
tration across multiple lineages (Figure S4A) in the Xenium data-
set. Plasma cells showed the strongest enrichment (log2FC =
3.47, p = 0.0156) in post- versus pre-treatment samples, fol-
lowed by T cells (log2FC = 2.91, p = 0.0078). Among myeloid
cells, only dendritic cells showed enrichment (log2FC = 1.46,
p = 0.0078) (Figure S4B).

Immune infiltration exhibited remarkable spatial organization:
CD8" tissue-resident and early activated T cells localized near
tumor cells, while CD8" stem-like T cells were distant
(Figure 4A). Quantitatively, when comparing T cells in close con-
tact with tumor cells (0%—-20%; 0-15 pm) versus those most
distant (80%-100%; 140-5,369 pm), we observed over 5-fold
enrichment of IFN-responsive and early activated CD8 T cells
(p = 0.0156 and p = 0.0391) followed by tissue-resident CD8
T cells (fold change = 2.2, p = 0.0391) in the tumor-proximal
zone, while stem-like CD8 T cells were 1.75-fold depleted from
these regions (p = 0.0234) (Figure 4B).

We next performed cellular neighborhood (CN) analysis, iden-
tifying 14 clusters consolidated into eight functional zones

C) Early T cell activation program and NR4A1* CD8 T cells in close contact with tumor cells for post-treatment sample P34 (Xenium). Scale bars: 10 pm.
D) Post- versus pre-oHSV enrichment of T cell states. Log2 fold changes tested against zero using Wilcoxon signed-rank test.

F) Spatial distribution of activation, residency, and stem-like marker-positive T cells (>1 transcript) by distance to tumor cells.

(
(
(E) Differential gene expressionin T cells closer (<35 pm) versus more distant (>35 pm) to tumor cells by Xenium. Adjusted Wilcoxon rank-sum p values are shown.
(
(

G) Median tumor-proximity difference between marker-positive and marker-negative T cells. Median differences with 95% bootstrap confidence intervals are

shown; adjusted Wilcoxon rank-sum p values are shown.

(H) Dot plot of T cell gene expression gradients across tumor cell proximity bins.

(I) Xenium image illustrating spatial localization of early activated and tissue-resident T cells infiltrating into tumor areas for post-treatment samples. Scale bars:

1 mm (left panels) and 25 um (regions a-d).
See also Figure S3.
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(Figures 4C and 4D): tumor, tumor-T cell interface, plasma cell,
lymphoid aggregate, vasculature, peri-necrotic, and necrotic re-
gions. The largest T cell compartment (~40%) corresponded to
the tumor-T cell interface, followed by tumor (30%) and lymphoid
aggregate (16%) CNs (Figure 4E). Within lymphoid aggregates,
35% of T cells were stem-like CD8" cells, closely interacting
with B cells and dendritic cells (Figure 4F). These stem-like
T cells are associated more closely with B cells (56 pm) and den-
dritic cells (119 pm) than tissue-resident CD8" T cells (279 and
257 pm) (Figures S4F and S4G).

CN-lymphoid aggregate T cells upregulated lymphoid tissue
organizing genes (CXCL13, LTB, and CCL19) and B cell/dendritic
cell interaction markers (CD40, CD28, and ICOS). Conversely,
T cells in the CN-tumor T cell interface expressed interferon, tis-
sue residency, and the early activation markers (NR4A1, red ar-
row in Figure 4G). We confirmed robust expression of CXCL13
and CCL19 within lymphoid aggregates (Figure 4H). However,
this neighborhood did not display canonical features of tertiary
lymphoid structures because it lacked defined B and T cell zones
and germinal center formation (Figure 4F).

To further evaluate the immunosuppressive landscape within
these CNs, we analyzed the expression of inhibitory molecules
by macrophages and monocytes according to their spatial loca-
tion. Strikingly, myeloid cells expressed distinct sets of immuno-
suppressive molecules based on their neighborhood context
(Figure S4H). In CN-lymphoid aggregates, macrophages/mono-
cytes preferentially expressed CLEC2D and TGFB1, while those
in the CN-tumor neighborhood exhibited high levels of CD276
(B7-H3), VEGFA (vascular endothelial growth factor A),
and SPP1.

CODEX analysis reproduced the same CNs (Figures S41-S4K),
including lymphoid aggregates of T, B, and dendritic cells; a
tumor-T cell interface (47% tumor, 5% CD8" T cells); and peri-
necrotic regions with macrophages and neutrophils. Tumor-infil-
trating T cells showed cytotoxic (GZMB* CD44") profiles, while
lymphoid-cluster T cells were proliferative (Ki67* and CD44")
(Figure S4K).

Residual oncolytic virus restricted to necrotic tumor
regions

We performed HSV immunohistochemistry (IHC) on formalin-
fixed, paraffin-embedded (FFPE) sections consecutive to those
used for CODEX analysis to localize oHSV, and 32.1% of regions
(9/28) showed some labeling. We did not detect HSV staining in
viable tumor regions. Rather, HSV antibody labeling was only
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observed in necrotic regions characterized by low or absent
DAPI (DNA) signal, explaining the diffuse HSV antibody labeling
in positive regions (Figure 5A). To identify which cell types
were spatially associated with HSV-positive regions, we
measured distances between cell types and HSV-positive areas
detected by IHC. Quantitative spatial analysis revealed distinct
immune cell compartmentalization around HSV™* regions. Human
leukocyte antigen (HLA)-DR* macrophages and neutrophils
were enriched (log2FC > 1) in the immediate proximity to sites
with residual HSV (0-50 um interval). By contrast, both CD8"
and CD4* T cells showed pronounced depletion from the same
areas (log2FC = —3.47 and —2.01, respectively) (Figures 5B
and S5A).

We further probed the presence of HSV nucleic acids by
leveraging our custom Xenium panel, which included probes tar-
geting 5 key HSV genes: the immediate-early genes (ICP4,
ICP22, and ICP27), surface glycoprotein for viral entry (gC),
and the neurovirulence factor (/ICP34.5). HSV viral nucleic acids
were detected in necrotic areas of 4 out of 8 post-treatment sam-
ples. Importantly, no robust HSV signal was detected in pre-
treatment samples, even in HSV seropositive patients prior to
OoHSV injection (P21, P32, P34, and P46) (Figure 5C). In post-
treatment sample P34, we identified a small focal necrotic region
characterized by HSV transcripts but lacking viable cells, as evi-
denced by degraded nuclear staining that prevented cell seg-
mentation (Figures 5C, red asterisks, and S5B, zoomed). Simi-
larly, in post-treatment sample P05, HSV was detected at the
tumor margin, adjacent to an area characterized by low tran-
script counts and degraded nuclear staining (Figure S5C).

Systematic quantification of HSV transcripts revealed that viral
targets were detected in a subset of post-treatment samples,
with most cells remaining HSV-negative. The highest viral posi-
tivity was observed in sample P05 (post), where HSV transcripts
were detected in up to 25% of cells, again concentrated in re-
gions with necrotic features and low overall transcript counts.
All other samples had less than 1% positive cells (Figure S5D).
When defining HSV-positive cells as those containing at least
one viral transcript, we found enrichment in the tumor and low-
count/necrotic compartment only in post-treatment samples,
while other cell types showed background levels of viral RNA
(Figure S5E).

We quantified distances between each cell type and HSV* re-
gions (nearest 20 cells) (Figure 5D). Low-count/necrotic cells
were closest (~120 pm median), while T and B cells were farthest
(>200 pm). Cell-type proportions across distance intervals

Figure 4. Spatially organized CNs underpin coordinated immunity
(A) Distribution of T cell state proportions relative to tumor cell proximity.

(B) Log=-fold enrichment of T cell states in proximal (0%—-20%; 0-15 um) versus distal bins (80%-100%; 140-5,369 um) relative to tumor cells. Log2 fold changes

tested against zero using Wilcoxon signed-rank test.

(C and D) Cell composition of Xenium-based CN analysis as normalized values (C) or proportions (D).
(E) Distribution of T cell states in CNs by total cell counts (top) or proportion (bottom).

(F) Xenium composite image showing stem-like CD8 T cells interacting with B cells and dendritic cell lysosome-associated membrane protein (DC-LAMP)*
dendritic cells inside lymphoid aggregates in three post-treatment tumors. Scale bars: 500 pm (large overviews for P34, P28, and P21) and 100 pm (zooms
a—d).

(G) Volcano plot representing differentially expressed genes between T cells in lymphoid aggregates or the tumor-T cell interface. Adjusted Wilcoxon rank-sum p
values are shown.

(H) In situ Xenium image localizing CXCL13 and CCL19 transcripts within lymphoid aggregates. Scale bar: 50 pm.

See also Figure S4.
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Figure 5. Residual oncolytic virus localizes to necrotic tumor regions

(A) IHC-CODEX composite: HSV protein (brown) restricted to necrotic regions with degraded DAPI and absent GFAP (red dotted line). Scale bars: 2 mm (a and b)
and 200 pm (c-e).

(B) Fold enrichment of cell types near HSV* foci (0-50 pm, n = 9 tumors) (CODEX).

(C) Xenium detection of HSV (ICP4, ICP22, ICP27,ICP34.5, gC) in necrotic areas (red dotted line) of post-treatment samples. Red star indicates focal expression
(see Figure S5B). Scale bars: 1 mm (left column) and 2.5 mm (right column).

(D) Distance to nearest HSV* region (defined as 20 HSV* cells). Low-count/necrotic cells were closest, and B cells, T cells, and plasma cells were most distant.
(E) Cell type composition across increasing distance intervals from HSV* regions.

(F) Xenium image showing macrophages/monocytes and neutrophils surrounding an HSV™* region.

Scale bars: 500 pm.
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Figure 6. Expansion of TCR clonotypes and their spatial localization post-oHSV treatment
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(Figure 5E) showed enrichment of necrotic and tumor cells within
0-50 pm of HSV" sites surrounded by macrophages/monocytes
(Figure 5F), yet progressive enrichment of T cells at larger
distances.

In the limited subset of HSV* samples, concordant protein
(IHC) and nucleic acid detection (Xenium) were restricted to
necrotic, non-viable regions (Figures 5C, 5F, and S5C). It is
possible that the Xenium probes detected residual viral DNA
rather than RNA given the necrotic nature of these regions.
This spatial segregation between T cells and residual HSV-con-
taining areas indicates that viral antigen recognition is unlikely to
represent the ongoing driver of deep T cell infiltration into live tu-
mor areas at late time points following treatment.

Expansion of pre-existing tumor-infiltrating T cell clones
by oHSV
To assess the specificity of ongoing T cell responses, we ob-
tained bulk tumor and blood TCRp chain (TRBC) sequencing
from 33 pre- and post-oHSV patients.'” We observed marked
expansion of T cell clonotypes post-treatment, with prominent
representation of highly expanded clones post-treatment in a
subset of patients (Figure S6A). Notably, productive clonality
significantly increased in post-oHSV tumor samples (p =
0.0320), while remaining stable in matched peripheral blood
mononuclear cells (PBMCs; p = 0.62) (Figure 6A). To further
investigate local amplification of the T cell response, we
computed the fold change between pre- and post-treatment
samples in tumor and PBMC compartments: tumor-infiltrating
T cells underwent large shifts, reaching up to 1,024-fold higher
inferred density, whereas PBMCs remained near baseline
(Figure S6B), indicating a tumor-localized response. To investi-
gate factors driving heterogeneous T cell responses, we exam-
ined the impact of dexamethasone, which is commonly used to
control GBM-associated edema.'? Treatment with dexametha-
sone for >100 days correlated with reduced T cell clonality
following oHSV treatment (r = —0.414, p = 0.04), indicative of
depletion of expanded clonotypes (Figure S6C). Therefore,
dexamethasone exposure could significantly impair intratu-
moral T cell responses, consistent with previous studies in
GBM.3,20,21

TCR repertoire analysis revealed that on average 13% of pre-
oHSV clonotypes were also detected in post-treatment samples,
with over 200 unique TCR clones for P34 (Figures 6B and 6C).
We classified patients as having either “expanded” or “con-
tracted” shared clonotype repertoires (Figure 6D, left). Patients

Cell

whose shared clonotypes expanded post-treatment had longer
survival than those with contracted repertoires (p = 0.012)
(Figure 6D, middle), with median overall survival of 445 versus
235 days (p = 0.033) (Figure 6D, right).

To investigate whether expanded clonotypes were virus spe-
cific, we screened TCRp chains against VDJdb?® (n = 95,565)
and McPAS-TCR?® (n = 36,474), including T cells specific for
HSV-1 (Ling et al.,* n = 81, including 50 oHSV-specific TCRs)
and HSV-2 (Dong et al.,*® n = 71). We selected clonotypes en-
riched at least 2-fold between pre- and post-treatment time
points or counted at least 10 times in post-treatment samples.
Only 15 of 1,246 clonotypes matched known specificities, mainly
non-HSV viruses, and none matched HSV (Figure 6E). A tumor-
reactive signature®®=® (high expression of CXCL13, ENTPD1,
ZNF683, and ITGAE; low expression of IL7R and TCF7) was en-
riched in T cells within 50 pm of tumor cells across all eight post-
treatment samples (p = 0.0078) (Figure S7A), consistent with tu-
mor reactivity at these later time points.

To spatially track shared T cell clonotypes in situ, we focused
on two distinct categories of expanded T cell populations: “pre-
existing clonotypes” (detected both pre- and post-oHSV) and
“emergent clonotypes” (detected only post-oHSV, although
potentially below the detection threshold in pre-treatment sam-
ples). For spatial mapping in our Xenium assay, we selected
the most highly expanded clonotypes from both categories for
two patients, P28 and P34, who demonstrated robust T cell re-
sponses and had among the highest proportion of shared TCR
clonotypes between pre and post treatment (Figures 6B, red ar-
rows, and S6D, red boxes). These patients also exhibited high
T cell densities in the CODEX dataset, increasing the probability
of detecting expanded clonotypes despite analysis of single
5 um sections.

We targeted 35 clonotypes per patient. Using a >10 post-
treatment template threshold, we selected 8 pre-existing and
27 emergent clonotypes for P28 and 15 pre-existing and 20
emergent for P34, and 43 of 70 passed probe QC for Xenium
(Figure S6E). Clonal dynamics (Figure 6F) revealed a striking
contrast between PBMC and tumor compartments: while most
clonotypes showed modest expansion in PBMCs, they demon-
strated dramatic enrichment in the tumor microenvironment,
with log2FC values of >6 (64-fold) for some TCRs. All clonotypes
were enriched in the tumor compartment compared with
matched PBMCs (P28, p = 0.00093; P34, p = 1.3e—8), demon-
strating that T cell expansion was predominantly localized within
the tumor microenvironment rather than the systemic circulation.

(C) Number of unique TCR clonotypes shared between pre- and post-treatment tumor samples.
(D) Grouping of patients based on treatment-related expansion of pre-existing TCR clonotypes (left) and its correlation with overall survival (middle, boxplot with

Wilcoxon rank-sum test; right, Kaplan-Meier analysis with log-rank test p).

(E) Multi-layered donut chart of TCRp screening against TCR databases with annotated antigen specificity. Concentric rings show the match rate (outer),
database source (middle), and antigen specificity (inner). Numbers indicate TCR counts per category.
(F) Log=-fold enrichment of selected TCR clonotypes following treatment in PBMC and tumor for patients P28 and P34 (dotted line indicates absence of

enrichment). Wilcoxon signed-rank p values are shown.

(G) In situ detection of expanded TCR clonotypes in post-treatment sections; * indicates pre-existing expanded TCRs. Scale bars: 25 pm.

(H) In situ detection of pre-existing clonotype TCR_P28_26 in both pre- and post-treatment samples of patient P28. Scale bars: 25 pm.

(I) Cell state distribution for each TCR clonotype, showing enrichment for the CD8 tissue-resident state.

(J) Spatial proximity of expanded versus non-expanded T cells to tumor cells, shown with and without filtering for CD8 tissue-resident T cells. Bootstrap estimated

median differences and Wilcoxon rank-sum p values are shown.
See also Figure S6.
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Xenium-based TCR mapping demonstrated high specificity
and successful detection of expanded T cell clonotypes in situ.
Examination of raw TCR counts (Figure S6F) revealed highly spe-
cific labeling, with TCR probes selectively detecting transcripts
in the corresponding patient samples. Notably, control samples
from other patients’ samples showed no significant TCR detec-
tion. High-resolution imaging validated the specificity of our
approach, showing TCR transcripts localized within T cells
(Figure 6G, left), with some cells containing multiple copies of
the same TCR transcript (Figure 6G, middle). Additionally, clono-
types were detected in multiple T cells, and TCR_P28_34 was
detected in 1,985 T cells across the tissue (Figure 6G, right).
Importantly, we could spatially track individual clones over
time, as demonstrated by the pre-existing clone TCR_P28_26,
which was successfully detected in both pre- and post-treat-
ment samples (Figure 6H). Furthermore, approximately 77% of
the TCR probes (33/43) showed robust detection in their target
samples, with signals clearly distinguishable from the
background.

The expanded TCR-labeled T cells showed distinct functional
programs with high expression of tissue-residency genes
(ITGAE/CD103 and ZNF683/HOBIT) and cytotoxic state (PRF1
and IFNG). Many of the most expanded TCR clones had a prom-
inent fraction of CD8 tissue-resident T cells, with some clones
showing up to 50% enrichment of this T cell state (Figure 6l).
To quantify this preferential distribution, we compared cell state
enrichment across each targeted T cell clone (Figure 6l).

We reconstructed full-length TCRs from post-treatment sin-
gle-cell RNA sequencing (scRNA-seq) of patient P28. Among
clonotypes represented by at least four cells, more than half
were expanded, whereas singletons were almost all non-
expanded (Figure S6G). Expanded clones showed higher cyto-
toxicity and tissue-residency signatures than other T cells (p =
0.00079 and p = 0.0301) (Figure S6H).

Expanded T cell clonotypes were closer to tumor cells than
other T cells (median 32.3 versus 51.8 um) (Figure 6J, left), result-
ing in a significant median difference of —19.6 ym (95% CI:
[-20.7, —18.4], p < 10e—4). This effect persisted even after
excluding CD8 tissue-resident T cells (Figure 6J, right), with a
comparable median difference of —18.1 pm (95% CI: [-20.0,
—16.3], p < 10e—4), indicating that tumor proximity may reflect
TCR specificity rather than residency alone. Thus, clonal expan-
sion of T cells after oHSV was accompanied by tissue residency
and effector phenotypes in tumor-infiltrating T cells.

Spatial mechanisms of therapy resistance

Despite enhanced T cell responses following oHSV treatment,
not all patients demonstrated favorable clinical responses, sug-
gesting the presence of tumor-intrinsic resistance mechanisms.
We therefore characterized the molecular heterogeneity of tumor
cells and their spatial relationship with infiltrating T cells. Using
our custom Xenium panel, we classified tumor cells according
to established GBM cell states (Figure 7A)." These six GBM
cell states included neural-progenitor-cell-like populations
(NPC-like 1 and 2), oligodendrocyte-progenitor-cell-like popula-
tions (OPC-like), AC-like cells, and two MES-like populations
(MES-like 1 and MES-like 2, the latter characterized by a hypoxic
signature). We validated our annotation through expression of
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canonical marker genes (Figure S7B). Across samples, all six
GBM cell states were present with variable proportions
(Figure S7C). Following oHSV treatment, we observed a striking
redistribution of these cell states, with marked expansion of the
hypoxic mesenchymal population (tumor MES-like 2) from pre-
treatment to post-treatment samples at time of relapse (log2FC =
1.38, p = 0.00781) (Figures 7B and 7C).

To determine whether this hypoxic mesenchymal phenotype
might contribute to treatment resistance, we analyzed the spatial
relationship between tumor cells and infiltrating T cells. Differen-
tial gene expression analysis revealed that tumor cells most
distant from T cells (top 80th percentile, >149 pm) exhibited
significantly higher expression of hypoxia-related genes,
including CA9 and VEGFA, and core components of the MES-
like 2 (hypoxia) signature (ADM, DDIT3, ENO2, and HILPDA)
(Figure 7D). These genes displayed a progressive gradient of
expression that correlated with increasing distance from T cells
(Figure 7E). Interestingly, VEGFA was independently correlated
with the MES-like 2 (hypoxia) gene signature (cor = 0.64,
p < 1e-4). This gene had a robust expression and could be
used as a single gene to identify hypoxic regions.

Classifying malignant cell states by T cell proximity revealed
enrichment of the hypoxic MES-like 2 population in regions
most distant from T cells (r = 0.457, p < 10e—4) (Figures 7E,
7F, S7D, and S7E). In the furthest regions (90-100th percentile:
214-3,456 pm), hypoxic MES-like cells constituted up to 78%
of total tumor cells (Figures 7F and S7D). VEGFA-high hypoxic
areas showed striking T cell exclusion despite infiltration in adja-
cent non-hypoxic regions (Figure 7G), suggesting a mechanism
whereby hypoxic mesenchymal tumor regions inhibited T cell
infiltration. Exclusion was independent of HSV status
(Figure S7F) and NES (nestin) expression (Figure S7G). These
findings indicate that T cell exclusion was likely driven by the
hypoxic mesenchymal state rather than differential viral
replication.

In summary, our spatial analysis revealed that despite robust
T cell infiltration induced by oncolytic virus treatment, hypoxic
mesenchymal regions may represent potential sites of resis-
tance. These regions showed upregulation of key genes,
including VEGFA, that correlated with increasing distance from
T cells. This spatial organization suggests that hypoxic tumor mi-
croenvironments create zones of T cell exclusion, potentially
contributing to heterogeneous treatment responses despite in-
duction of anti-tumor T cell responses.

DISCUSSION

These data demonstrate that a single intratumoral oncolytic virus
treatment can induce deep, persistent T cell infiltration in human
GBM, including late time points (>6 months). Thus far, GBM has
been refractory to efforts to develop immune interventions, in
part because GBM is characterized by sparse T cell infiltration,
with T cells primarily residing in perivascular spaces rather
than infiltrating deeply into tumor areas.?° Importantly, residual
viral protein or nucleic acids were only detected in necrotic tumor
regions, and a systematic distance analysis demonstrated that
macrophages and neutrophils, but not T cells, were located
close to such necrotic regions. Rather, T cell infiltration showed
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Figure 7. T cell exclusion from hypoxic mesenchymal tumor regions

(A) UMAP of tumor cell states from Xenium data in pre- and post-treatment samples.

(B) Average proportions of tumor cell states before and after treatment across pre- and post-treatment samples.

(C) Log: fold change for tumor cell states between pre- and post-treatment specimens. Log2 fold changes tested against zero using Wilcoxon signed-rank test.
(D) Volcano plot of differentially expressed genes in tumor cells distant from T cells (>138 pm). Adjusted Wilcoxon rank-sum p values are shown.

(E) Dot plot showing expression of hypoxia-related genes in tumor cells according to distance to T cells.

(F) Tumor cell state proportions according to distance to T cells.

(G) Visualization of T cell exclusion by overlay of VEGFA expression (identifying hypoxic regions, green dotted line) and T cell signature (CD2, CD3D, CD3E, CD8A,
CD8B, GZMA, and GZMB) in post-treatment tumors. Scale bars: 1 mm.

See also Figure S7.
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a negative spatial correlation with such necrotic regions. This
spatial distribution of T cell infiltration is inconsistent with the
notion that sustained T cell infiltration into tumor regions is pri-
marily driven by viral antigen recognition at these late time
points.

We provide in situ evidence for T cell-mediated cytotoxicity in
human GBM based on close physical proximity of GZMB* CD8
T cells with tumor cells undergoing caspase-3-mediated
apoptosis (cl-Casp3™), a sensitive marker of T cell killing vali-
dated in vitro.*° Only GZMB-positive T cells spatially correlated
with cl-Casp3* tumor cells, while GZMB™ T cells showed the
opposite pattern. It was surprising that such cytotoxicity events
could be imaged in situ considering that apoptotic cells tend to
be rapidly removed by macrophages, a cell type abundant in
GBM.®'"** Distance-based analysis showed that tumor-prox-
imal CD8 T cells expressed higher levels of GZMB, PD-1, and
CD44, consistent with cytotoxic activity. This spatial relationship
between GZMB™ CD8 T cells and apoptotic tumor cells may be
clinically meaningful because it was associated with both slower
tumor growth and longer PFS following virus injection. However,
definitive proof of such T cell-mediated cytotoxicity would
require in vivo live cell imaging.

Spatial transcriptomics analysis using the Xenium platform
provided important evidence for an early activation program by
T cells positioned close to tumor cells, including expression of
NR4A1, CD69, IFNG, and TNF. We propose that this early
T cell activation program is induced by TCR-mediated antigen
recognition, most likely tumor antigens, given the large distances
between such T cells and necrotic areas containing residual viral
elements. T cells with such an early activation program repre-
sented a strongly enriched T cell state following treatment.
Importantly, we also demonstrated that pre-existing tumor-infil-
trating T cell clones were expanded by oncolytic virus treatment.
Spatial tracking of such expanded TCRs based on unique CDR3-
targeted probes documented close interactions of such clonally
expanded pre-existing T cells with tumor cells. Clonal expansion
by such pre-existing T cells was associated with a significant
survival benefit and may therefore be clinically relevant.
Together, these findings provide, to our knowledge, the first in
situ evidence that oHSV amplifies pre-existing tumor-infiltrating
T cells in human GBM that may recognize tumor antigens. This
suggests an engineering path for next-generation vectors that
include payloads designed to enhance the expansion and
persistence of pre-existing GBM-infiltrating T cells, including
IL-15 or 4-1BBL.

We propose that oncolytic virus treatment induces innate im-
mune activation in GBM cells, for example, through the cGAS-
STING pathway responsive to such a DNA virus,®>* leading to
enhanced presentation of GBM tumor antigens via the MHC-I
pathway to pre-existing tumor-reactive T cells. Oncolytic virus
treatment, of course, also induces an anti-viral T cell response
that may be prominent at early time points. However, we hypoth-
esize that at late time points, tumor-reactive T cells represent a
significant fraction of those cells that infiltrate deeply into the tu-
mor and exhibit molecular programs of early T cell activation.
These findings are consistent with the hypothesis that induction
of T cell-mediated tumor immunity is a major mechanism ac-
counting for the efficacy of oncolytic virus therapies.*®
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T cells are highly migratory cells, which complicates the anal-
ysis of their spatial interactions. We devised a novel approach to
examine T cell molecular programs based on their distance to tu-
mor cells. This revealed the large-scale organization of the
response, with tissue-resident T cells infiltrating deeply into tu-
mor regions while memory-like T cells were positioned in
lymphoid clusters. Tumor-proximal T cells expressed key tran-
scription factor ZNF683 (HOBIT), the integrin ITGAE (CD103),
and the cytotoxicity molecules GZMA, GZMB, and PRF1,
consistent with the tissue-residency program.’**® These tis-
sue-resident T cells also expressed the CCR5 and CCR1 chemo-
kine receptors responsive to CCL4 and CCL5, suggesting a
mechanism by which pioneer T cells recruit additional T cells
into tumor regions.'® At larger distances from tumor cells,
T cells with a memory program (TCF7, IL7R, SELL, and LTB)
were organized into lymphoid clusters with dendritic cells, B
cells, and other immune cells. These T cells likely represent a
reservoir of memory cells from which effector cells can be gener-
ated to sustain an anti-tumor response.

We also interrogated spatial mechanisms of resistance to
OHSV. Our spatial data demonstrated striking exclusion of
T cells from hypoxic regions, with a steep depletion gradient to-
ward hypoxic, mesenchymal tumor regions. Hypoxia has long
been recognized as a major organizing feature of GBM and as
a mechanism of resistance to established therapies, including
radiotherapy.®”° Also, prior work in other cancers has linked
hypoxia to T cell exclusion and exhaustion.*®*' These data sug-
gest that hypoxia creates a gradient hindering T cell infiltration
and/or causing T cell apoptosis, allowing tumor cells to adapt
while escaping from T cell-mediated cytotoxicity. These results
suggest combination therapies with oHSV, including PD-1-
VEGF bispecific antibodies that have shown clinical activity in
other cancer types.*>**> VEGF blockade can also reduce brain
edema, potentially enabling shorter dexamethasone exposure
to preserve tumor-infiltrating T cells.** Complementing these ob-
servations, our data indicate that prolonged dexamethasone
treatment significantly attenuates the therapeutic T cell
response. Careful steroid management (minimizing dose and
duration when clinically feasible) may therefore broaden the
impact of oncolytic virus therapy.

Limitations of the study

This study was performed with tissue specimens from a phase 1
clinical trial with rQNestin34.5v.2. On-treatment biopsies at a
defined time point would have been highly informative but are
challenging to perform in GBM due to its intracranial localization.
Our analysis therefore focused on surgical specimens at the time
of recurrence. This approach afforded the unique opportunity to
study the long-term impact of oncolytic virus treatment on T cell-
mediated immunity. While the T cell response at early time points
may be dominated by anti-viral T cells, such T cells may have
limited impact on long-term tumor control once the virus has
been contained. Given the cohort size (n = 16) and European-
only ancestry, we could not assess demographic associations
across ancestral backgrounds. Sex was balanced (8 females
and 8 males), and prior trial analysis found no association be-
tween sex and outcome.’" This study was not powered to detect
sex-associated effects across the immunologic and spatial
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endpoints. Unfortunately, no tumor cell lines were available from
any of the patients for systematic testing of the anti-tumor activ-
ity of T cells with close interactions with tumor cells. Also, only
TCRp chain sequences were available from most patients. Sys-
tematic discovery of the antigen specificity of such T cells will
require prospective tissue collection in a clinical trial to generate
tumor cell lines against which TCRs identified by scRNA-seq can
be tested for T cell-mediated cytotoxicity.
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Data and code availability

Raw and processed CODEX data are deposited in the EBI Biolmage Archive:
S-BIAD1921. Xenium data and processed Seurat objects are available through
GEO: GSE296577. Code for CODEX image processing is available at https://
github.com/DFCI-CODEX-group/CODEX-custom-pipeline, and full analysis
workflows for CODEX and Xenium are available at https://github.com/
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

CODEX data pre-processing this paper https://github.com/DFCI-CODEX-
group/CODEX-custom-pipeline

Xenium and CODEX data analysis this paper https://github.com/maximemeylan/

and figure generation

GBM_CAN3110

R https://www.r-project.org/ version 4.4.2

Leiden https://github.com/ version 0.4.3.1
TomKellyGenetics/leiden

Uwot https://CRAN.R-project.org/ version 0.2.2
package=uwot

Seurat https://satijalab.org/seurat/ version 5.0.2

Harmony https://github.com/ version 1.2.3
immunogenomics/harmony

Other

CODEX User Manual Rev_C

CODEX Instrument

Microscope Axio Observer 7 KMAT
Photometrics Prime BSI sCMOS

Light Source Colibri 7 FR-R[G/Y]BV-UV
Xenium In Situ for FFPE - Tissue Preparation
Xenium In Situ Gene Expression -

Akoya Biosciences

Akoya Biosciences

Carl Zeiss Microscopy GmbH
Carl Zeiss Microscopy GmbH
Carl Zeiss Microscopy GmbH
10x genomics

10x genomics

https://www.akoyabio.com/wp-
content/uploads/2021/01/
CODEX-User-Manual.pdf

Cat# INST3000U

Product ID# 491915-9880-010
Product ID# 410825-1035-000
Product ID# 423052-9770-000
CG000578 revF

CG000582 RevH

Probe Hybridization, Ligation & Amplification

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Human subjects and clinical trial information

Tumor samples were obtained from 16 patients with recurrent glioblastoma (rGBM) who were treated with a single intratumoral in-
jection of rQNestin34.5v.2, an oncolytic herpes simplex virus (0HSV) in which the viral ICP34.5 neurovirulence gene was placed under
the transcriptional control of the nestin promoter. Paired pre-treatment biopsies and post-treatment resection specimens were
collected from patients as part of a phase | clinical trial (NCT03152318). The cohort comprised patients aged 27-65 years (8 female,
8 male) treated at their first to fourth recurrence, with baseline KPS scores of 70-100. IDH-mutant disease was present in 5 of 16
patients, and 8 of 16 were HSV-1 seropositive prior to treatment. Clinical information including time to progression, overall survival,
and steroid (dexamethasone) administration were obtained from Ling et al."" All patients were of European ancestry. This phase 1
clinical trial was approved by the National Institutes of Health (NIH) Recombinant DNA Advisory Committee (RAC) Office of
Biotechnology Affairs (NIH no 1104-1100), the Dana Farber Harvard Comprehensive Cancer Center Institutional Review Board
(IRB) (no 16-557). It was sponsored under Investigational New Drug (IND) no. 16380 (Dr. E. A. Chiocca, Brigham and Women’s Hos-
pital, Boston, MA).

METHOD DETAILS

CODEX Multiplexed Immunofluorescence

Patient GBM Tissue Processing

Paired pre- and post-treatment tumor FFPE blocks from 16 rGBM patients with reasonable tissue size and morphological quality
were selected for CODEX multiplexed immunofluorescence experiments. For each FFPE block, a 5pm section was collected on a
prepared 22um x 22um poly-L-lysine coated coverslip for CODEX analysis. For each post-treatment FFPE block, an additional
5pm section consecutive to the CODEX section was collected on the regular slide for performing immunohistochemistry for oHSV.
CODEX Antibody Panel Design

The fundamental principles of CODEX multiplex imaging and the general strategies for experimental design on human FFPE tissue
have been described before*>“°. Basically, CODEX (CO-Detection by indEXing) multiplexed imaging is a highly multiplexed fluores-
cence imaging platform that enables simultaneous detection of dozens of protein markers on a single tissue section while preserving
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spatial resolution. In this approach, primary antibodies are conjugated to unique DNA oligonucleotide barcodes rather than fluoro-
phores. All barcoded antibodies are applied to the tissue in a single staining step, allowing concurrent binding to their respective tar-
gets. Following antibody staining, iterative cycles of imaging are performed. In each cycle, a subset of complementary fluorescently
labeled oligonucleotides is hybridized to the corresponding DNA barcodes, visualized by fluorescence microscopy, and subse-
quently removed through chemical stripping. This cyclic process enables multiplexed detection of a large number of protein targets
using a limited number of fluorescence channels. Nuclear counterstaining is included in each cycle to facilitate image registration
across imaging rounds. After image acquisition, individual imaging cycles are computationally aligned and combined to generate
a high-dimensional spatial protein expression dataset. The resulting images retain subcellular resolution and enable quantitative
analysis of cell phenotypes, spatial organization, and cell-cell interactions within the tissue microenvironment.

In the present study, a 27-protein marker CODEX panel was designed to enable comprehensive phenotyping of the tumor micro-
environment. The panel included markers for T cells (CD3e, CD4, CD8, PD-1, GZMB, CD25, FOXP3), other immune cell populations
(CD45, CD20, DC-LAMP, CD56, CD66b, CD68, CD163), stromal cells (CD31), GBM tumor cells (GFAP, CD44, CD133, CD24, Podo-
planin), and functional cell states (MHC-I, HLA-DR, PD-L1, CLEC2D, CA9, Ki67, cleaved-Caspase 3) (Table S1). Each antibody was
conjugated with a unique Akoya CODEX barcode by the CODEX Conjugation Kit (Akoya Biosciences, Cat# 7000009) following Akoya
CODEX User Manual Rev_C Chapter 4. The full details of antibodies and their conjugated Akoya CODEX barcodes are listed in
Table S2. All conjugated antibodies were validated before use in the present study.

CODEX Antibody Staining

CODEX antibody staining was performed from 16 patients on 21 regions for the pre-treatment samples and 28 regions for post-treat-
ment using CODEX Staining Kit (Akoya Biosciences, Cat# 7000008). The staining steps followed the Akoya CODEX User Manual
Rev_C Chapter 5, with optimization for the following aspects: 1. Following antigen retrieval, sections were placed in 5 ml Bleaching
Buffer (4.5% H,O, and 20 mM NaOH in PBS) in a 6-well plate with a lid. Two LED light pads were placed both below and above the
6-well plate to expose samples to the LED light for 45 minutes. The samples were then washed with PBS three times and equilibrated
in Akoya CODEX Staining Buffer. 2. Before addition of CODEX antibody cocktail to samples, 190 ul CODEX Blocking Buffer was
applied to each sample (1 hour incubation at room temperature). After the CODEX antibody staining was completed, all stained sam-
ples were stored at 4°C and imaged within one week.

CODEX Image Data Acquisition and Processing

CODEX imaging was performed on a custom platform connecting the Akoya CODEX Instrument with a Zeiss Axio Observer 7 wide-
field microscope equipped with a Colibri 7 Multicolor LED light source and a PRIME BSI high-resolution camera. All 27 CODEX
markers were arranged into a 12-cycle imaging program, in which the first and last cycles were blank for background subtraction.
The CODEX Reporter Plate corresponding to the 12-cycle program was prepared following Akoya CODEX User Manual Rev_C
Chapter 7 and applied to the Akoya CODEX Instrument. The CODEX Instrument was set up with CODEX Instrument Manager version
1.30.0.12 following Akoya CODEX User Manual Rev_C Chapter 8, then the sample was loaded onto Zeiss microscope stage. The
entire section was scanned using the DAPI channel to assess its location, size, and morphology, and large imaging regions were
selected (two per section when feasible, totaling 28 regions scanned). The 12-cycle imaging program was then performed. For
each imaging cycle, four fluorescent channels (DAPI, ATTO550, AF647, and AF750), 20x objective magnification, 5-layer multi-Z-
stack scanning, and focus map supported by Zeiss Definite Focus 2 module were applied through Zeiss ZEN software.

The raw image data were acquired in CZI format, transferred using CODEX Instrument Manager and processed using CODEX Pro-
cessor version 1.8.2.13. Deconvolution, background subtraction, extended depth of field, shading correction, and cycle alignment
were applied. Processed and stitched images of entire imaged regions were generated. Then, whole cell segmentation was per-
formed using DAPI (nuclear) and MHC-I (membrane) expression using a custom pipeline. Marker expression was quantified for
each segmented cell. In total, 3.6 million cells were analyzed across all samples (https://github.com/DFCI-CODEX-group/
CODEX-custom-pipeline).

Cell Type Annotation and Clustering

Cell clustering and annotation were performed through a multi-step process on the post treatment samples. First, marker expression
values were normalized to account for background and technical variation across samples. UMAP dimensionality reduction was then
applied to these normalized expression values using a set of structural markers to distinguish key cell populations: T cells (CD3e,
CD4, CD8), regulatory T cells (FOXP3, CD25), B cells (CD20), myeloid cells (CD68, CD163), neutrophils (CD66b), NK cells (CD45,
CD56), antigen-presenting cells (HLA-DR, DC-LAMP), vessels (CD31), and tumor cells (GFAP, CD133, CD44, CD24). Blank channels
were used to identify autofluorescent cells. Leiden clustering®” was applied on the UMAP nearest-neighbor graph which identified 56
clusters which were annotated into 11 distinct cell clusters based on expression patterns of lineage-defining markers. UMAP and
clustering were performed on a subset of the data (30% of the total cell count) and projected to the full dataset via the function
umap_transform from the uwot R package.*® Finally, cell annotations were manually finetuned using thresholds (DC-Lamp, B cells)
or neural networked based methods.*® Pre-treatment samples were annotated using XGBoost, a gradient boosting classifier trained
on the annotated post-treatment dataset. The reference dataset was balanced by sampling up to 10,000 cells per cell type, and a
stratified 80/20 train-validation split was used with early stopping to prevent overfitting. The model was trained on z-scored expres-
sion values of 20 structural markers (DAPI, CD45, CD3¢, CD4, FOXP3, CD8, CD25, DC-LAMP, HLA-DR, CD20, CD31, CD68, CD163,
CD66b, CD56, GFAP, CD133, CD44, Blank-1, Blank-3) to predict cell type labels, achieving optimal performance after early stopping.
Predicted annotations were manually refined using marker-based thresholds to correct misclassifications, particularly for dendritic
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cells, B cells, and T cell subsets based on CD45, CD3g, and lineage marker expression. Full code for pre-processing and figures avail-
able on github (github.com/maximemeylan/GBM_CAN3110).

CODEX data Availability

Comprehensive raw and processed CODEX data are deposited at EBI’s Biolmage archive repository under accession number Bio-
Image: S-BIAD1921.

Xenium Spatial Transcriptomics

Probe Panel Design

The 10X Genomics Xenium spatial transcriptomics platform was used to analyze 8 matched pre- and post-oHSV treatment pairs (16
samples total). The commercial 380-gene immuno-oncology panel was used with an additional 100 custom probes targeting early
T cell activation markers (including NR4A1 and CD69), expanded TCR clonotypes identified in pre- and/or post-oHSV samples, GBM
molecular state genes, and key HSV viral genes (ICP4, ICP22, ICP27,ICP34.5, gC). The 100-gene add-on panel (Design ID: PKK3C7)
was designed with 10x Genomics using a human brain GBM single cell reference and included custom targets (viral HSV sequences
and patients specific TCR CDR3 clonotypes). 8 probes per target were designed for non-TCR custom genes. For each TCR clono-
type a single probe was used, clonotype-specific nucleotide sequences were centered on the CDRS3 region with extended flanking
sequences on V and J genes (16 to 18 bp on each side) to support probe placement across validated ligation junctions and maximize
specificity. Probes were screened for potential cross-hybridization and cross-ligation across the entire panel. Targets with low pre-
dicted performance (design score <0.5) or lacking validated ligation junctions were removed. For a small number of clonotypes,
probes could not be designed due to unfavorable sequence composition (GC-rich or repetitive motifs), consistent with manufacturer
probe-design constraints. Final gene lists and custom target sequences were finalized prior to manufacturing (custom panel sum-
mary and design files provided in GEO entry GSE296577).

Patient GBM Tissue Selection and Processing

To perform 10X Genomics Xenium, paired pre- and post-treatment tumor FFPE blocks from 8 rGBM patients were selected based on
morphological tissue quality and T cell infiltration, which were considered more likely to capture sufficient spatial and molecular fea-
tures of T cells. For each selected FFPE block, a 5pm section was collected onto the Sample Area of 10X Genomics Xenium slides in
an RNAse-free working environment.

Xenium assay and imaging

Sections were processed using the Xenium Prime In Situ Gene Expression workflow (10x Genomics) according to the manufacturer’s
instructions. Slides were baked at 60 °C for 2 hours, deparaffinized, followed by decrosslinking. The 380-gene Immuno-Oncology
panel plus 100 custom probes were hybridized to tissue sections, followed by probe ligation, rolling-circle amplification, and iterative
fluorescent reporter hybridization. Before transcript imaging, a whole-slide morphology pre-scan was performed to capture overall
tissue layout and guide field-of-view (FOV) selection. FOVs containing tissue were manually selected on the Xenium Analyzer for
spatial transcript acquisition. No data were acquired from FOVs lacking tissue, these regions therefore appear empty/black in the
exported images and downstream analyses. Morphology pre-scan images and FOV selection for each sample are included in the
deposited Xenium dataset at GEO: GSE296577. Nuclei were identified based on the DAPI channel and used for cell segmentation
using the Xenium cell segmentation pipeline (default parameters, version 2.0.1.0). Cell boundaries were inferred by heuristic expan-
sion of nucleus boundaries by 5 pm in X-Y until they hit another boundary. Transcripts were assigned to segmented cells based on
their spatial coordinates relative to these inferred boundaries.

Data Preprocessing and Cell Type Annotation

Spatial transcriptomics was performed using the 10X Genomics Xenium platform. Cell segmentation was performed using the man-
ufacturer’s pipeline and data were further processed using a custom R workflow with Seurat.”® Low-quality cells with fewer than
50 UMls or 25 detected genes were removed and data from individual regions were merged. After filtering, a total of 2,401,946 cells
were retained for downstream analysis, with a median of 182 transcripts and 68 genes detected per cell across all samples. Pre-treat-
ment samples contributed 184,048 cells (median 143 UMIs and 59 genes per cell), and post-treatment samples contributed
2,217,898 cells (median 186 UMIs and 68 genes per cell).

Log-normalized gene expression data was dimensionally reduced using principal component analysis, excluding TCR and HSV-
specific transcripts. TCR and HSV transcripts were retained for targeted analyses and visualization but excluded from PCA/Harmony
to prevent sparse clonotype/viral features from driving global embeddings. Batch effects between samples were corrected using
Harmony integration.”’ UMAP visualization was generated from the integrated embeddings, and a shared nearest-neighbor graph
was constructed for community detection. Leiden clustering was applied to identify distinct cell populations.

Cell types were annotated using a two-tiered approach. First, major cell populations were identified based on canonical marker
expression, including T cells (CD3E, CD3D, CD8A), NK cells (KLRD1, NKG7, RUNX3), B cells (MS4A1, BANK1, TNFRSF13C), plasma
cells (XBP1, SDC1, MZB1), dendritic cells (ITGAX, CD1C, LAMP3), macrophages (CD68, CD163, CSF1R), neutrophils (S7100A9,
ITGAM), vasculature (PLVAP, FLT1, NOTCH3), stromal cells (MGP, FN1, LUM), and tumor cells (GFAP, EGFR, SOX2). This general
set of annotations was defined as tier-1. More refined annotations were then applied to define tumor molecular subtypes (NPC-like,
OPC-like, AC-like, MES-like and MES-like with hypoxia) based on established GBM subtype' markers and were referenced as tier-2
annotations.
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For T cell-specific analyses, T cells were selected based on tier-1 annotations and clustered using the Harmony-corrected PCA
approach while excluding potential contaminating genes from other cell types. T cell subclusters were annotated into functional
states including tissue-resident (ZNF683, ITGAE), early activated (NR4A1, CD69, IFNG), stem-like (IL7R, TCF7, SELL), proliferative
(MKI67, CDK1), IFN-responsive (IFIT3, ISG15), chemokine-producing (CXCL1, CCL2), NK-like (GNLY, KLRC1), regulatory (FOXP3,
CTLA4), and CD4 tissue-resident (CXCR6, KLRB1, CD40LG) T cells. (Full code will be available as described above).
Tumor-reactive signature scoring
For each Xenium T cell, we computed a tumor-reactive score as mean(CXCL13, ENTPD1, ZNF683, ITGAE) minus mean(/L7R, TCF7)
from normalized expression. T cell to tumor distance was obtained as described in the methods section labeled “Proximity analysis”,
T cells were classified as tumor-proximal <50 pm or tumor-distal >50 pm and scores were averaged per sample. Proximal versus
distal means were compared across the eight post-treatment samples using a paired Wilcoxon test.

Xenium data availability

Full output from Xenium spatial transcriptomic assays and complete processed Seurat object available at NCBI’s Gene Expression
Omnibus (GEO) accession number GEO: GSE296577. Full code for pre-processing and figures available on github (github.com/
maximemeylan/GBM_CAN3110).

Single-cell RNA-seq data generation

Fresh tumor was collected at the time of surgery and presence of glioblastoma was confirmed by frozen section. Tumor was mechan-
ically and enzymatically dissociated using a papain-based tumor dissociation kit (Miltenyi Biotec). Tumor cells were blocked in 1%
bovine serum albumin in Hanks buffered saline solution (BSA / HBSS). Tumors were first stained first with CD45 Vioblue (clone
REA747, Miltenyi Biotec) and CD3 PE (clone BW264/56, Miltenyi Biotec) direct antibody conjugates for 30 min at 4° C. Cells were
washed with cold PBS, and then re- suspended in 1mL of BSA / HBSS containing 1 mM Calcein AM (Life Technologies) and
0.33 mM TO-PRO-3 iodide (Life Technologies) to co-stain for 30 min before sorting. Live, single T cells (gating: Calcein AM+, TO-
PRO-3-, CD45+, CD3+) were sorted into individual wells of a 96-well twin.tec PCR plate (Eppendorf; Hamburg, Germany) that con-
tained 10pL/well of RTL buffer (Qiagen; Venlo, Netherlands), using a BD Biosciences Aria lll fluorescence-activated cell sorter (FACS)
with a 70pM nozzle. Plates were immediately centrifuged at 800 x g for 1 minute at 4°C and frozen on dry ice prior to whole transcrip-
tome amplification, library preparation and sequencing. Smart-seq2 whole transcriptome amplification, library construction, and
sequencing were performed as previously published'*?

Single-cell RNA-seq data pre-processing
The following preprocessing steps were performed before conducting downstream analysis: Cell filtering: We excluded cells with a
low number of detected genes (#genes), using a cutoff of #genes > 1000. Gene filtering: Given an expression matrix A with n genes

(rows) and m cells (columns), the mean expression of gene i across cells is given by E; (1 ny = Z}": 1 % For most analysis we kept the
7000 genes with the highest E_i value across samples. Normalization: For most analyses, TPM values in the matrix were normalized

accordingto = log 2 (% + 1) . The values were divided by 10 since the actual complexity is assumed to be in the realm of ~100,000

and not 1 million as implied by the TPM measures. For most analyses the data was centered (each gene was centered across all
cells). Centering was done across all samples, or per sample, depending on the analysis.

T Cell Receptor (TCR) Analysis

TCR Sequencing and Clonotype Identification

Bulk TCR beta (TRBC) sequencing data was obtained from matched tumor and peripheral blood mononuclear cell (PBMC) samples
collected before and after oHSV treatment available at dbGaP under accession number phs003378.v2.p1. These data, generated
using the immunoSEQ platform, included metrics of productive rearrangements per ng of input DNA, productive clonality, and tem-
plate abundance for each sample.

To identify expanded TCR clonotypes, we compared the frequency of each clonotype between pre- and post-treatment samples.
Clonotypes were classified as “pre-existing” if detected in both pre- and post-treatment samples, or “emergent” if detected only
post-treatment. For pre-existing clonotypes, expansion was quantified as log2 fold change in template abundance per ng of
input DNA.

Clonotype selection for Xenium probe design

For spatial tracking, we selected the 15 most expanded pre-existing clonotypes and 10 most abundant emergent clonotypes from
each of two patients (P28 and P34) who demonstrated robust T cell responses. Custom Xenium probes were designed targeting the
CDRS regions of selected clonotypes. These probes were engineered with left and right halves spanning the V and J genes respec-
tively, with ligation occurring in the middle of the CDR3 region to ensure high specificity for individual TCRs.

TCR screening against public databases

We screened only expanded clonotypes, defined as either pre-existing clones with log2 fold-change >1 between post- and pre-treat-
ment tumor samples or emergent clones detected only post-treatment with >10 templates (per ng DNA). For each clonotype, we
extracted TRB V gene, CDR3 amino-acid sequence, and TRB J gene. Gene names were standardized across datasets by removing
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allele suffixes (for example *01), normalizing separators, and collapsing leading zeros to canonical forms. We then performed exact
matching on V gene + CDR3 + J gene against human TRB records from VDJdb?? and McPAS-TCR,?® and against curated HSV-12*
and HSV-2 TRB?® datasets. Matches were deduplicated at the level of sample_id + CDR3p + V + J, and summarized as unique hits
per database as well as overlaps across databases. Pathogen annotations from the databases were harmonized to common labels
(for example EBV, CMV, Influenza A, SARS-CoV-2, DENV) for reporting. Because only TRB sequences were available for this anal-
ysis, some true antigen specificities may be unresolved due to unknown paired TCRa chains.

Spatial Analysis Methods
Proximity Analysis
Cell-to-cell distances were calculated using a nearest-neighbor approach. For each cell, the distance to the three closest cells of a
specific type was calculated and averaged. Cells were categorized based on their proximity to other cell types, and distance-based
differential expression analysis was performed to identify genes and proteins that correlated with spatial location.

For HSV proximity measurements the number of neighbors was set to 20 to identify putative focal HSV detection rather than po-
tential background staining.
Cellular Neighborhood Analysis
Cellular neighborhoods were identified using an approach adapted from Schiirch et al.,*® that considered both cell phenotypes and
their spatial relationships. First, a cell-cell interaction network was constructed based on proximity. Then, neighborhoods were
defined as regions enriched for specific patterns of cell-cell interactions. This analysis identified distinct cellular neighborhoods,
including tumor-dominated, tumor — T cell interface, vasculature-rich, peri-necrotic, and lymphoid aggregate regions.

HSV Detection

Immunohistochemistry of HSV

HSV immunohistochemistry was performed on an FFPE section adjacent to a CODEX section. Anti-herpes simplex virus type 1 (rab-
bit polyclonal, Agilent, Cat# B0114) was used. The HSV immunohistochemistry slides were scanned at 20X magnification. HSV
immunohistochemistry images were spatially registered with CODEX images to analyze the relationship between residual viral pro-
tein and immune cell infiltration.

Viral Transcript Detection

HSV transcripts were detected in Xenium data using custom probes targeting key viral genes. Cells were classified as HSV-positive if
they contained at least one viral transcript.

QUANTIFICATION AND STATISTICAL ANALYSIS

Paired and unpaired statistical tests were used as appropriate: Wilcoxon signed-rank tests were used for paired comparisons, and
Mann-Whitney U tests for unpaired comparisons. For fold change analyses, log2 fold changes were calculated per sample with pseu-
docount adjustment (1 for cell density or 0.001 for other measures), and fold changes across samples were tested against zero using
Wilcoxon signed-rank tests to determine significance of enrichment or depletion. Correlation analyses were performed using
Spearman correlation coefficients. Survival analyses utilized Kaplan-Meier methods with log-rank tests. Statistical significance is
indicated either by p values in the figures, or denoted as: *p < 0.05, **p < 0.01, **p < 0.001; p values less than 0.05 were considered
statistically significant.

ADDITIONAL RESOURCES

CODEX User Manual Rev_C used for CODEX antibody staining and image data acquisition: https://www.akoyabio.com/wp-content/
uploads/2021/01/CODEX-User-Manual.pdf

Xenium user guide
https://www.10xgenomics.com/support/in-situ-gene-expression/documentation/steps/assay/xenium-prime-in-situ-gene-
expression-with-optional-cell-segmentation-staining-user-guide

Code for CODEX data processing pipeline:

https://github.com/DFCI-CODEX-group/CODEX-custom-pipeline

Code for full analysis of CODEX and Xenium: https://github.com/maximemeylan/GBM_CAN3110

Clinical trial NCT03152318 registration: https://clinicaltrials.gov/study/NCT03152318
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Figure S1. CODEX and Xenium annotation and cell-type distribution, related to Figure 1

(A) UMAP of CODEX cell clusters annotated by cell populations.

(B and C) Dot plots of lineage-defining marker expression in CODEX analysis of post-treatment (B) and pre-treatment (C) samples.
(D) Boxplot of CD8 T cell to regulatory T cell ratio by time point. Wilcoxon signed-rank p values are shown.

(E) CODEX-based quantification of T cell and B cell densities relative to oHSV dose.

(F) Xenium UMAP showing annotated cell clusters.

(G) Dot plot of lineage-defining marker expression for cell types identified by Xenium spatial transcriptomics.

(H) Boxplot showing T cell enrichment post- versus pre-treatment (Xenium dataset, density per mm?). Wilcoxon signed-rank p values are shown.
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Figure S2. GZMB-caspase 3 proximity and spatial gradients, related to Figure 2

(A) CODEX composite figure of resection sample P34 collected at 100 days post oHSV. Three regions are shown: (a1) lymphoid aggregate, (a2) tumor-T cell
interface, and (a3) tumor core. The top middle plot shows a heatmap of CD3e* T cell density (cells per 100 pm2 bin). The top right plot shows bivariate maps of T cell
versus tumor cell density, highlighting spatially heterogeneous yet deeply infiltrating T cell populations. Scale bars: 1 mm (top row) and 50 pm (regions a1-ag3).
(B) Xenium images of tumor P21 resected at day 91 post oHSV illustrating interactions of T cells (red) with tumor cells (blue) in the tumor bed (zooms e and f) and
formation of lymphoid aggregates (zooms g and h). Scale bars: 1 mm (left panel) and 50 pm (regions e-h).

(C) Histograms of GZMB and cleaved-caspase 3 detection scores used for thresholding.

(D) Scatterplots illustrating significant associations of densities between GZMB" CD8 or CD4 T cells with cl-Casp3™ tumor cells. Spearman’s r and p values are
shown.

(E and F) Expression of GZMB, CD44, PD-1, and Ki67 in T cells in distance bins relative to tumor cells. Wilcoxon rank-sum p values are shown.

(G) Tumor cell distribution (left, number; right, percentage) across T cell distance bins.

(H and I) MHC-I and CA9 expression in tumor cells relative to distance to T cells. Wilcoxon rank-sum p values are shown.
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Figure S3. T cell clustering and functional programs, related to Figure 3

(A) Xenium-based enrichment of T cell functional states post-treatment compared with pre-treatment. Wilcoxon signed-rank p values are shown.
(B and C) UMAP of T cell clusters and violin plots of marker expression.
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(D) Heatmap showing gene programs across T cell clusters. The red box highlights the cluster of T cells with an early activation program.

(E) Distribution of densities of T cell states in pre- versus post-treatment specimens Wilcoxon signed-rank p values are shown.

(F) Representation of T cell state abundance and proportions post-treatment.

(G) Proximity to tumor cells for marker-positive and marker-negative T cells. Median differences with 95% bootstrap confidence interval and Wilcoxon rank-sum
adjusted p values are shown.
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Figure S4. Spatial organization of CNs, related to Figure 4

(A and B) Immune cell-type enrichment in post- versus pre-treatment specimens. Adjusted Wilcoxon rank-sum p values shown (A), log2 fold changes tested
against zero using Wilcoxon signed-rank tests.

(C and D) Heatmaps representing the 17 initial CNs prior to grouping and annotation (Xenium dataset).

(E) Composition of initial CNs for tumor P28 post oHSV. Scale bar: 2.5 mm.

(F) Median distance of each T cell state to dendritic cells and B cells.

(G) Distribution of distances to dendritic cells and B cells for CD8 stem-like and CD8 tissue-resident T cells.

(H) Expression of genes associated with immunosuppressive functions of macrophages/monocytes according to their spatial location in CNs.

(I and J) Cell composition of CODEX-based CNs analysis as normalized values (1) or proportions (J).

(K) Dot plot of T cell markers in CODEX CNs.
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Figure S5. HSV detection and immune cell composition in proximity to residual virus, related to Figure 5

(A) CODEX cell-type distribution based on distance from HSV* areas.

(B) Zoom of a focal HSV* area from Figure 5C, showing individual HSV gene targets in necrotic tumor cells (absence or fragmented DAPI labeling). Scale bar:
50 pm.

(C) Xenium detection of HSV transcripts in necrotic areas characterized by low cellular transcript abundance (red dotted lines) for the P05 post-treatment sample.
Scale bars: 1 mm (top row) and 100 um (bottom row).

(D and E) HSV transcript count distribution by sample, time point (D), and cell type (E).
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Figure S6. TCR sequencing and Xenium probe validation, related to Figure 6
(A) Bar plots showing the proportion of the T cell repertoire occupied by clonotypes counted multiple times in tumor samples.

(B) Log: fold change between post- versus pre-treatment specimens for T cells (per ng of gDNA) and productive clonality for PBMC and tumor samples. Wilcoxon
signed-rank p values are shown.
(C) Impact of dexamethasone treatment duration on T cell productive clonality. Pearson’s r and p values (left) and Wilcoxon rank-sum p values (right) are shown.
(D) Selection of post-treatment tumor samples P28 and P34 (red boxes) featuring substantial fold change enrichment in clonality and T cell density for spatial

mapping by Xenium.
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(F) Quantification of expanded TCR clonotypes detected by Xenium spatial transcriptomics in patients P28 and P34, with control samples (P05, P21, P32, P45,
P46, and P51) demonstrating probe specificity and minimal cross-reactivity.

(G) Confirmation of expansion status of selected TCR clonotypes for patient P28 using scRNA-seq-based TCR analysis.

(H) Cytotoxicity and tissue-resident memory gene signature enrichment in expanded versus non-expanded TCR clones for patient P28 (scRNA-seq). Wilcoxon
rank-sum p values are shown.
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Figure S7. Tumor cell state distribution relative to distance to infiltrating T cells, related to Figure 7

(A) Boxplot showing tumor-reactive signature score in T cells positioned close (<50 pm) or distant from tumor cells (>50 pm) across eight post-treatment Xenium
samples. Tumor-reactive signature was based on CXCL13"9", ENTPD1"'9", ZNF683"9", ITGAE", IL7R"°", and TCF7'°". Wilcoxon signed-rank p values are
shown.

(B) Dot plot showing marker expression validating tumor cell state classification for the Xenium assay.

(C) Tumor cell state composition across samples at pre- versus post-treatment time points.

(D) Tumor cell state proportions according to proximity to T cells for each post-treatment sample.

(E) Correlation of the proportion of MES-like 2 tumor cells with distance to T cells for each post-treatment sample. Spearman’s r and p values are shown.

(F) Proportion of HSV-positive tumor cells according to their molecular state.

(G) Correlation of the nestin (NES) expression in tumor cells with distance to T cells for each post-treatment sample. Spearman’s r and p values are shown.
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