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Purpose: Previously, clinical trials of experimental virotherapy
for recurrent glioblastoma multiforme (GBM) demonstrated that
inoculation with a conditionally replication-competent Ay,34.5
oncolytic herpes simplex virus (0HSV), G207, was safe. Following
the initial safety study, a phase Ib trial enrolled 6 adult patients
diagnosed with GBM recurrence from which tumor tissue was
banked for future studies.

Patients and Methods: Here, we analyzed tumor RNA sequenc-
ing (RNA-seq) data obtained from pre- and posttreatment
(collected 2 or 5 days after G207 injection) biopsies from the phase
Ib study patients.

Results: Using a Spearman rank-order correlation analysis,
we identified approximately 500 genes whose expression pat-

Introduction

Glioblastoma multiforme (GBM) are central nervous system (CNS)
tumors that are uniformly fatal with median survival of 12 to 15 months
from initial diagnosis and 4 to 6 months after recurrence, despite all
modalities of therapeutic intervention (1, 2). Standard of care, includ-
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tern correlated with survival duration. Many of these genes
were enriched for the intrinsic IFN-mediated antiviral and
adaptive immune functional responses, including immune cell
chemotaxis and antigen presentation to T-cells. Furthermore,
we show that the expression of several T-cell-related genes was
highest in the patient with the longest survival after G207
inoculation.

Conclusions: Our data support that the oHSV-induced type I
IEN production and the subsequent recruitment of an adaptive
immune response differed between enrolled patients and
showed association with survival duration in patients with
recurrent malignant glioma after treatment with an early gen-
eration oHSV.

ing tumor resection, chemotherapy, and radiation currently offers
limited survival benefit. The immunosuppressive microenvironment
of GBM tumors contributes to this dismal prognosis (3-5). High-grade
gliomas, including GBMs, express increased levels of immunosup-
pressive cytokines and demonstrate immune infiltrates that promote
immune evasion and tumor progression (6, 7). Upon recurrence,
GBMs commonly transition to a mesenchymal subtype characterized
by even more enhanced immune suppression and a subsequent worse
prognosis (8, 9). Designed to stimulate the immune system to attack
tumor cells, immunotherapies are an evolving strategy for cancer
treatment and have demonstrated remarkable responses in many
malignancies. Oncolytic virotherapy, in particular, involves genetically
engineered viruses designed to selectively replicate in tumor cells,
relieving immunosuppression in the tumor microenvironment and
enhancing antitumor immune responses.

Three phase I clinical trials investigated the safety of the
oncolytic herpes simplex virus (oHSV), G207, in a cohort of 36
patients with recurrent GBM (10-12). As this was one of the
first oHSVs tested in humans, the G207 trials were designed
conservatively for safety. G207 lacks both copies of the y,34.5
neurovirulence gene and contains a lacZ gene insertion that
inactivates the viral ribonucleotide reductase (U39 gene) and
therefore has restricted replication in vitro and in vivo (10, 13).
In a traditional 343 dose-escalation phase I trial, treatment was
reported safe and produced no dose-limiting toxicities (10). Several
G207-treated patients in this trial had impressive clinical
responses: 2 subjects were long-term survivors (5.5 and 7.5 years
in the pretemozolomide era), while a third subject died from an
unrelated cause at 10 months post-G207 injection but had no
viable tumor cells detected upon autopsy (10).

Following the initial safety study, a phase Ib trial enrolled 6 adult
patients diagnosed with either GBM recurrence or progression.
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Translational Relevance

Oncolytic virotherapy is an evolving treatment strategy for many
types of malignancies and is gaining traction in several research and
clinical settings. The increasing use of virotherapy in clinical trials
offers the unprecedented opportunity to perform molecular studies
on tumor tissue before and after treatment. Here, we use RNA
sequencing and gene expression panels to identify transcriptomic
differences in recurrent glioblastoma multiforme following vir-
otherapy with G207 in a phase I trial. Our data suggest that IFN
production, the ensuing recruitment of an adaptive T-cell immune
response, and detection of G207 viral transcripts 5 days after
injection were associated with overall survival duration in our
cohort of patients. Altogether, our findings demonstrate the var-
iability in immune response in different patients after virotherapy
and elucidate immune transcript changes that likely are associated
with a more successful response to antitumor oncolytic
virotherapy.

Following surgical resection but prior to oHSV injection, all patients
received radiotherapy and all but 1 patient received chemotherapy.
Patients were then treated twice with G207-an initial intratumoral
stereotactic injection of the virus, followed 2 or 5 days later by an en
bloc resection and infusion of the virus again into the resection cavity
(Fig. 1A) (11). The phase Ib trial demonstrated safety in administering
multiple oHSV doses into the brain including into the resection cavity.
Analyses of resected tumor tissue including THC staining and PCR of
viral genes revealed marked cytotoxic lymphocyte infiltration and the
presence of HSV DNA, respectively, indicating an active antitumor
response. Overall, the highly attenuated G207 modestly extended
median survival (6.6 months). Survival varied between patients with
1 patient deriving no discernable benefit from virotherapy (60 days
survival post-G207) and another living for 21 months after G207
therapy.

In this study, we sought to identify biological differences that could
elucidate the variable survival duration associated with G207 virother-
apy. A summary of patient demographics, tumor subtype, survival, and
analyses performed in this study are shown in Fig. 1B. We generated
RNA sequencing (RNA-seq) from pre- and post-G207 treatment tumor
biopsies to investigate changes in gene expression during the treatment
interval. Based upon our previous IHC analyses demonstrating cytotoxic
immune cell infiltrates in some long-term survivors, we hypothesized
that gene expression indicative of an active immune response would be
characteristic of patients with improved survival (11).

Patients and Methods

Clinical trial specimens

We obtained fixed tumor specimens from the phase Ib G207 clinical
trial (NCT00028158), in accordance with institutional review board
(IRB) approval. GBM subtypes for each tumor were defined based on
analysis of microarray data to assign subtypes at the time of initial
diagnosis, more than 10 years ago.

RNA extraction, library preparation, and sequencing

RNA was extracted using Covaris truXTRAC formalin-fixed, par-
affin-embedded (FFPE) total nucleic acid kit. For pre-G207 samples,
RNA was subjected to DNase treatment and ribodepletion using
Mlumina TruSeq Stranded total RNA kit; paired-end 151 bp reads
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were generated on Illumina HiSeq 4000. For post-G207 samples, RNA
libraries were prepared using Illumina TruSeq stranded mRNA Kkit;
paired-end 50 bp reads were generated on Illumina GAIIx.

RNA-seq data processing, visualization, and differential
expression

We generated normalized expression values [transcript per million
(TPM) values] as follows: FASTQ files were used as input for Salmon in
mapping-based mode using human reference transcriptome RefSeq
GRCh38 (14). We used standard Salmon parameters with bootstrap-
ping set to 100. Gene-level TPMs were generated using tximport (15).
When indicated, we filtered genes for gene type “protein_coding” and
used the resulting genes for downstream analyses (16). For principal
component analysis (PCA), the top 500 most variable genes were
identified using rowVars from matrixStats R package and then
evaluated by unsupervised two-dimensional PCA using the R stats
function prcomp (17). We used pheatmap R package for unsuper-
vised hierarchical clustering. CIBERSORT was used to predict
immune cell abundance from RNA-seq data; TPM expression
values and the provided LM22 gene expression signature matrix
were used as input for absolute mode with parameters set to 1,000
permutations and quantile normalization disabled before proces-
sing (18). Differential gene expression analysis was performed using
DESeq2 R package with longest term survivor compared with a
reference group composed of other responders (PT103 and PT105)
who survived longer than the average 150 days expected for a
diagnosis of recurrent GBM (19).

Functional annotation and pathway analysis

Significant genes identified in our Spearman correlation analysis
were used for functional annotation analysis using The Database for
Annotation, Visualization, and Integrated Discovery (DAVID) ver-
sion 6.8 and for pathway analysis using Qiagen Ingenuity Pathway
Analysis (IPA) software (20). For IPA analysis input, we included
P values from our Spearman analysis as well as fold changes (FC) for
each gene; FCs were calculated using TPM from the longest survivor
(PT107) divided by average TPM from the two shortest term survivors
(PT101 and PT108).

NanoString gene expression profiling and cell-type prediction

Multiplexed gene expression profiling was performed using the
PanCancer Immune Profiling Panel (version 1.1) from NanoString
Technologies. Tumor-extracted RNA (150 ng) was prepped according
to manufacturer’s protocol. Data were normalized using housekeeping
genes noted within the panel and analyzed using the advanced analysis
module of nSolver software. The advanced analysis module uses a
previously published method to measure the abundance of various cell
populations, using marker genes which are expressed stably and
specifically in given cell types (21). These values are referred to as
cell type “scores” throughout our manuscript.

IDHT1 p.R132 and /IDH2 p.R172 high-depth sequencing

Tumor DNA (1-10 ng) was used as a template for PCR. Isocitrate
dehydrogenase 1 (IDHI) p.R132 primers (GRCh38): forward (5'-
ACCTTGCTTAATGGGTGTAGAT-3’) and reverse (5- CTGC-
AAAAATATCCCCCGGC -3') and Isocitrate dehydrogenase 2
(IDH2) p.R172 primers (GRCh38): forward (5'- CAGAGACAAGAG-
GATGGCTAGG-3') and reverse (5- TTCCGGGAGCCCATCA-
TCTG-3'). PCR was performed using 2x Q5 MM (New England
BioLabs) and 200 nmol/L primers with the following conditions:
30" at 98°C, 30 cycles of 10” at 98°C, 20" at 58°C, 20” at 72°C, and
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A 1. Confirm GBM recurrence
2. Administer fractional
G207 dose (1.5x 108 PFU)

3. Resecttumor (2 or 5 days later )
4, Administer remaining G207 dose
(1x 10° PFU)

5. Survival

> correlative

biologic studies

. *Archive *DNA/RNA
' { studies
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) * Histology * Immune
Resect tumor
Patient data Sample data
Patient ID Age (years) Sex  GBM subtype [DHT:pR132 or IDH2:pR172 mutation? Survival (days post-G207) | Tumor sample timepoint  RNA-seq NanoString
PT101 52 M Mesenchymal No 13 Pre-G207 X X
Pre-G207 (2d) X X
PT103 57 F Classical/Proneural No 233 Pre-G207 X
Post-G207 (2d) X S
PT105 39 F Mesenchymal No 263 Pre-G207 X X
Post-G207 (2d) X X
PT106 47 F  Mesenchymal No 165 Pre-G207 X
Post-G207 (2d) X X
PT107 66 F  Mesenchymal No 623 Pre-G207
Post-G207 (5d) X X
PT108 66 M Proneural/Neural No 60 Pre-G207 X
Post-G207 (5d) X X
Figure 1.

Overview of the G207 clinical trial design and patient demographics. A, Phase Ib-enrolled patients were treated with a fractional G207 dose [15% of the recommended
phase Il dose (RP2D)] after biopsy confirmation of malignant GBM recurrence based on histopathology. Patients then underwent tumor resection 2 or 5 days later and
had the remaining G207 RP2D dose injected into the margins of the resection cavity. The resected G207-treated tumor samples were then divided and analyzed as
shown in the schematic. Our manuscript focuses specifically on RNA studies. B, Summary of patient clinical trial identifiers, GBM tumor subtype, /DHI/2 hotspot
mutational status, survival post-G207 treatment (in days), and available samples for our study. Timepoint of when the sample was taken is shown as 2 or 5 days (‘d")
post-treatment. “X” indicates available data for RNA-seq and/or NanoString gene expression assays. PFU, plaque-forming units.

a final extension of 5" at 72°C. Amplified products were purified using
1.8X SPRIselect and then amplified for an additional 30 cycles followed
by end-repair and dA-tailing using NEBNext Ultra IT DNA Library
Prep kit reagents. The reaction was followed by adapter ligation with
unique molecular identifier-Integrated DNA Technologies (UMI-
IDT)-indexed adaptors. Adaptor-ligated samples were purified using
1.0X SPRIselect followed by 0.9X SPRIselect and used for library
amplification with Q5 MM and Illumina P5/P7 primer mix. A
post-PCR 1.2X SPRIselect clean-up was performed, and libraries were
pooled and sequenced on iSeq100 to achieve high-depth sequencing
coverage more than 4,500X.

Statistical analysis

We calculated Spearman rank-order correlation coefficients as
follows—for each gene, we calculated rank of TPM values for each
sample and calculated rank for patient survival (measured in days
posttreatment, i.e., 1 = longest survival and 6 = shortest survival). We
then calculated Spearman rank-order correlation for each gene using
TPM rank compared with survival duration in all 6 patients. A two-
tailed ¢ test was performed using calculated ¢ values for each correlation
value [t= \/((rz *df)/(1 — 1%)), where df is degrees of freedom = 4] and
the TDIST function in Microsoft Excel. We then filtered by P < 0.05 to
get a final set of genes (n = 502) for analyses. Significance testing
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Table 1. Top gene ontology terms associated with G207-induced
gene expression changes.

Term FDR® Count® %°

Immune response 4.80E-09 28 12.0
Neutrophil chemotaxis 3.80E-07 12 5.1

Chemokine-mediated signaling pathway 5.80E-07 12 5.1

Monocyte chemotaxis 1.50E-05 9 3.8
Inflammatory response 9.00E-05 20 8.5
Antigen processing and presentation 9.20E-05 9 3.8
Lymphocyte chemotaxis 2.20E-04 7 3.0
Cell chemotaxis 2.60E-04 9 3.8
Chemical synaptic transmission 3.30E-04 15 6.4
Positive regulation of inflammatory response 5.00E-04 9 3.8
Cellular response to IFNy 8.70E-04 8 3.4

Note: The top 500 most variable genes identified through RNA-seq analysis
were uploaded to the DAVID. The most significant biological processes asso-
ciated with the 500 identified genes are displayed in the table.

®FDR, Benjamini FDR.

Count, number of genes in our uploaded dataset of 500 that match with
number of genes for that biological process.

“Percentage of genes in our uploaded dataset that match with number of genes
for that biological process.
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Table 2. Biological processes which correlate with survival in
post-G207 samples are associated with immune response.

ID? Term FDR® Count® %

G0:00006955 Immune response 2.08E-14 35 14.7

G0:0042110 T-cell activation 6.84E-07 1 4.6

G0:0032496  Response to 8.04E-07 17 7.1
lipopolysaccharide

G0:0002250 Adaptive immune response  1.26E-04 14 5.9

G0:0006954  Inflammatory response 228E-04 21 8.8

G0:0050776  Regulation of immune 6.79E-03 13 55
response

G0:0031295 T-cell costimulation 1.36E-02 9 3.8

G0:0045060 Negative thymic T-cell 1.46E-02 5 21
selection

G0:0050852  T-cell receptor signaling 4.25E-02 n 4.6
pathway

G0:0032715 Negative regulation of IL6 4.71E-02 6 25
production

G0:0032088  Negative regulation of NF-xB  6.53E-02 8 3.4
transcription factor activity

GO0:0030816  Positive regulation of cAMP  7.15E-02 4 1.7
metabolic process

G0:0007166  Cell surface receptor 1.14E-01 14 5.9
signaling pathway

G0:0042130  Negative regulation of T-cell 1.89E-01 6 25
proliferation

G0:0010818 T-cell chemotaxis 1.96E-01 4 17

G0:0032720  Negative regulation of tumor 2.16E-01 6 25
necrosis factor production

G0:0019835 Cytolysis 2.39E-01 5 2.1

G0:0006935 Chemotaxis 3.39E-01 9 3.8

G0:0007169  Transmembrane receptor 4.43E-01 8 3.4
protein tyrosine kinase
signaling pathway

G0:0070098 Chemokine-mediated 5.51E-01 7 29

signaling pathway

Note: Genes with significant P values in our Spearman rank-order analysis were
uploaded into the DAVID database. The top 20 results sorted by decreasing FDR
P value are displayed.

?ID, GO database identifier.

®FDR, Benjamini FDR.

“Count, number of genes in our uploaded dataset of 500 that match with number
of genes for that biological process.

9percentage of genes in our uploaded dataset that match with number of genes
for that biological process.

between cell types (displayed in Fig. 3B) was performed using an
unpaired, two-sided ¢ test. Adjusted P values in Tables 1 and 2 are
Benjamini FDR and were output from DAVID. Adjusted P values
in Table 3 are Benjamini FDR and were output from DESeq2.

Data availability statement

The RNA-seq and NanoString gene expression data presented in
this publication have been deposited in NCBI's Gene Expression
Omnibus (GEO) and are accessible through GEO Series accession
number GSE164105 (https://www.ncbi.nlm.nih.gov/geo/query/acc.
cgitacc=GSE164105).

Results

As shown in Fig. 1, 6 patients underwent tumor resection 2 (PT101,
PT103,PT105,PT106) or 5 days (PT107 and PT108) after receiving the
first of two inoculations of G207. Most patients (PT101, PT105, PT106,
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Table 3. Differentially expressed genes in patient with longest
survival versus all other responders are associated with antigen
presentation and cytotoxic response.

Gene Immune function Log,FC FDR?
CCLI3 Chemotactic factor that attracts 6.97 0.000
monocytes, lymphocytes, basophils, and
eosinophils
IL2RA Constitutively expressed in resting 452 0.000
memory T cells
FOSB 3.36 0.000
CIQTNF1 3.46 0.000
GFAP -3.07 0.000
MMPI2 5.87 0.003
IGFBP6 3.55 0.008
CLEC4G Plays a role in the T-cell immune response 4.17 0.030
and viral entry into cell
CHAT 6.69 0.038
CXCL9 Chemotactic for activated T cells; binds to  3.76 0.053
CXCR3
POSTN 3.83 0.064
CALBT 3.50 0.064
COLI3AT 3.20 0.064
TRH 459 0.098
ADAMTS9 216 0.098
COLI9AT1 3.13 0.128
SIK1 3.59 0.130
HLA-DQAT Antigen presentation/processing 2.69 0.130
TIMD4 Involved in regulating T-cell proliferation  3.40 0.204
and lymphotoxin signaling
GZMB Secreted by NK cells and CTLs and 2.79 0.204
proteolytically processed to generate
the active protease, which induces target
cell apoptosis
CD8A Found on most CTLs; T-cell coreceptor 2.61 0.207
FAMIIOC 274 0.223
HMGA2 3.37 0.227
LDLR 1.82 0.231
STUM -1.88 0.231
ITK Encodes an intracellular tyrosine kinase 271 0.236
expressed in T cells; thought to play a
role in T-cell proliferation and
differentiation
FAM46C May be involved in induction of cell death 2.35 0.236
HMOXT 219 0.236
THBS1 1.57 0.239
COL5A1 1.62 0.242

Note: Differential expression analysis was performed using DESeqg2 to compare
the patient with longest survival post-G207 (PT107) versus all other responders.
Genes with FDR < 0.25 are displayed. Immune function(s) for each gene, if any,
are displayed and were curated manually from both Entrez gene and UniProtkB/
Swiss-Prot summaries.

2FDR, Benjamini FDR.

PT107) had a mesenchymal GBM while 2 patients (PT103, PT108) had
a classical/proneural subtype. Tumors were genotyped for IDHI:R132
and IDH2:R172 mutations, but no driver mutations were detected in
any samples. To identify whether certain gene expression changes
correlated with virotherapeutic response and improved survival, we
analyzed tumor-extracted RNA via RNA-seq. We also evaluated the
immune-specific expression profiles as a proxy for estimating types
and abundance of infiltrating immune cells using a predesigned
commercially available gene expression panel (PanCancer Immune
Profiling Panel, NanoString Technologies, Inc.).
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PCA and hierarchical clustering of RNA-seq gene expression values is driven by G207 treatment in pre- and posttreated biopsies. A, The top 500 most variable
protein-coding genes were used to perform unsupervised PCA. Samples are colored by clinical trial identifiers while shapes designate timepoint relative to G207
treatment. B, Unsupervised hierarchical clustering of RNA-seq expression values, using the topmost 500 variable genes between all samples. Each column represents
a gene, while rows represent individual samples. Color legend represents the log, calculated relative expression scaled per column (gene). Sample annotations are
displayed on left and include cluster ID (based on hierarchical clustering), treatment timepoint (pre- or post-G207), and GBM tumor subtype.

Gene expression differences in pre- versus post-G207-treated
tumor specimens

We first compared pre- and post- G207 treatment RNA-seq using
unsupervised PCA. The PCA results clearly segregated pre- and
posttreatment groups with a PCl separation of 58% (Fig. 2A).
G207 treatment had a greater impact on gene expression-based sample
clustering than did GBM subtype (PC2; 18%, Y axis Fig. 2A). Similarly,
unsupervised hierarchical clustering separated the samples into two
distinct clusters, indicating that G207 virotherapy was the primary
driver of transcriptome-based clustering (Fig. 2B).

Next, we sought to determine any biological functions associated
with the post-G207 treatment gene expression cluster. We performed
Gene Ontology (GO) analysis using the PC1 component genes. As
shown in Table 1, our analysis revealed that genes enriched in G207-
treated samples characterized biological processes involving immune
response, including immune cell recruitment, antigen processing and
presentation, and positive regulation of the inflammatory response.
GO classification by “molecular function” revealed significant asso-
ciation with chemokine activity while pathway mapping using GO
analysis and the Kyoto Encyclopedia of Genes and Genomes (KEGG)
database revealed enrichment for cytokine and chemokine signaling
pathways (Supplementary Table S1).

We further characterized RNA extracted from pre- and post- G207~
treated samples by multiplex gene expression analysis focusing on a
panel of 770 immune response genes representing 24 different
immune cell types (PanCancer Immune Panel). Again, PCA analysis

502 Clin Cancer Res; 28(3) February 1, 2022

with this data revealed that G207 treatment, more than any other
component including GBM subtype, had the greatest effect on
immune gene expression changes (PC1 = 41%; Supplementary
Fig. S1A). Similar to the RNA-seq analysis described above, unsuper-
vised hierarchical clustering using the PanCancer immune gene
expression data revealed two distinct clusters of pre- and posttreat-
ment samples (Supplementary Fig. S1B).

We then examined which immune cell types in particular were
enriched in the post-G207 samples. Here, 109 marker genes specific to
24 major immune-cell populations were used to assign “cell type
scores” (see methods). Nearly all post-G207 samples have higher
abundance of immune cells relative to pre-G207 samples (Fig. 3A).
Specifically, G207 treatment significantly increased the cytotoxic,
T-cell, natural killer (NK and NK-CD56dim), macrophage, neutro-
phil, and dendritic cell (DC) scores (Fig. 3B). In addition to comparing
the individual cell type absolute scores that changed significantly
post-G207, we also compared the relative immune cell scores, mea-
sured as a proportion of total immune score (Fig. 3C). These results
indicated G207 reduced the proportion of infiltrating exhausted
T-cells, in that the largest change was the ratio of exhausted T-cells
to total tumor-infiltrating lymphocytes (TIL; Fig. 3C). The greatest
relative changes following G207 treatment involved an increased
proportion of T-cells (CD4 and CD8), CD8" T-cell to exhausted
CD8" T-cell ratio, and the NK CD56 dim to total TIL ratio. These
results also demonstrated that T-cell: TIL and DC:TIL ratios increased
following G207 treatment, and that the exhausted cytotoxic T-cell

CLINICAL CANCER RESEARCH
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Figure 3.

Immune cell type scores using PanCancer gene expression panel are higher in post-G207 versus pre-G207 samples. A, Heatmap displaying immune cell types (rows)
and samples (columns). Annotations for treatment timepoint and response are displayed as colors at top. Relative abundance of cell types is estimated based on
marker genes identified in PanCancer immune panel for each sample, and values are scaled per row. “Responders” are defined as patients who survived beyond the
median survival of 150 days. B, Boxplots for specific immune cell type measurements against timepoint (blue = pre-G207, red = post-G207) are shown. Cell type
measurements are derived from expression of marker genes in the PanCancer immune panel (see Methods). “Total TILs” score was calculated as the average of all cell
type scores whose correlations with CD45 exceeded 0.6. P values were calculated using an unpaired, two-sided t test. C, Cell type scores in post-G207 samples
relative to pre-G207 samples. Displayed is the difference in mean-centered cell type scores for each cell type, shown as the difference in post-G207 relative to pre-
G207. Red indicates values for post-G207 treatment while blue indicates values for pre-G207 treatment. CD45, CD45-positive cells.

population relative to TIL score declined. Our analysis also showed
relatively minor changes in the CD8 to T-regulatory cells and T-
regulatory cells to TIL ratios when comparing pre- and post-G207
treatment data.

Next, RNA-seq results from the pre- and post- G207 treatment
samples were analyzed using CIBERSORT-based deconvolution.
CIBERSORT scores indicated that PT107 (best responder, as
defined by longest survival following G207 treatment) had the
highest proportion of TILs post-G207 treatment. In particular,
PT107 had a higher proportion of memory CD4 T cells, CD8
T-cells, and macrophages compared with all other patients. PT108
(worst responder, as defined by shortest survival following G207
treatment) had the lowest infiltration of TILs present in the
posttreatment biopsy (Supplementary Fig. S2A). We sought to
validate deconvolution results orthogonally using two additional
algorithms: quanTIseq and xCell via TIMER2.0 web server (22-24).
The additional algorithms yielded similar predictions in that PT107
post-G207 had higher CD8 T-cells than any other sample
(Supplementary Fig. S2B).

Correlation analysis of gene expression and survival duration

We sought to test our hypothesis that immune expression changes
enriched in post-G207 treatment RNA were associated with survival
following treatment. Median survival of GBM recurrence is 4 months
(150 days), and while 4 of 6 G207-treated patients from the phase Ib
study survived longer than this, their survival duration was quite
variable (Fig. 1B).

AACRJournals.org

We tested whether there was a direct correlation between the post-
G207 treatment gene expression levels (TPM) and survival (days)
using a Spearman rank-order correlation analysis. Our goal was to
identify genes associated with oHSV antitumor response in terms of
overall survival (OS; Fig. 4A) and to assess whether these genes were
enriched for treatment-related biological or immune functions. Our
initial Spearman correlation analysis identified 502 protein-coding
genes that directly correlated with OS (Fig. 4B; for the full list see
Supplementary Table S2A). IPA analysis revealed over half of these
“survival-related” genes participate in immune response pathways
(Table 2 and Fig. 4C). When we identified upstream regulatory
pathways in IPA using the same set of 502 genes, both the intrinsic
antiviral response (pattern recognition receptor activation of a type I
IEN response) and adaptive immune response (T-cell & NK-cell
stimulatory cytokine production—IL21, IL27, IL12, IENy) correlated
with OS (Supplementary Fig. S3). IPA regulatory effect analysis of the
Spearman significant genes revealed the top regulatory networks
regulate immune cell chemotaxis (mononuclear and lymphocytic)
and antigen presentation to T-cells (Supplementary Fig. $4).

As expected, most enrolled patients (4 of 6) in the phase Ib clinical
trial harbored the more common mesenchymal subtype of GBM based
on microarray analysis. The patient with the longest survival duration
post-G207 (PT107) had a mesenchymal GBM whereas the patient with
the shortest survival post-G207 (PT108) had a proneural GBM. We
sought to identify whether differences between GBM subtypes biased
our initial gene expression findings. Therefore, we reanalyzed only the
4 patients with mesenchymal GBMs using the same Spearman
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Figure 4.

Spearman correlative analysis reveals significant set of genes associated with patient survival. A, Schematic correlative approach (TPM per gene vs. days of survival).
d, days. B, Summary of the significant genes whose Spearman P values were < 0.05. The full list of genes can be found in Supplementary Table S2A. C, Example of
three of the 502 genes analyzed and their relationship between gene expression and survival; black dots represent mesenchymal tumors while red dots represent

proneural or other subtype.

correlation approach described above and identified 655 genes (P <
0.05) that directly correlated with survival (Supplementary Table S2B).
Of these survival-related genes in the mesenchymal subset, 165 over-
lapped with our Spearman gene list from our entire cohort (Supple-
mentary Table S2C). IPA analysis of the overlapping genes (n = 165)
revealed an association with immune functions including T-cell
chemotaxis, recruitment of lymphocytes, and immune-cell migration
in these tumors (Supplementary Fig. S5). The remaining survival-
related genes (n = 490) did not overlap with the larger cohort survival
genes and were unique to the mesenchymal subgroup. These genes,
upon IPA analysis, were associated with neuronal and metabolic
signaling pathways but not with any immune-related pathways (Sup-
plementary Table S3). These results suggest OS correlated with
immune response to oHSV treatment and was not related to an
immune response unique to the mesenchymal subgroup that poten-
tially biased our survival analysis.

Identification of immune-specific genes enriched in the patient
with longest survival following G207 treatment

This analysis compared gene expression and pathway analysis
differences between PT107 and other responders, defined by a
survival time of longer than 4 months following G207 administra-
tion. We sought to identify differentially expressed genes in PT107
that might explain their extraordinary response (623 days survival
post-G207). Using DESeq2, a total of 15 significant (| log,FC | > 2
and FDR < 0.1) differentially expressed genes were identified
between PT107 compared with all other responders (Table 3).
Several of the overexpressed genes in PT107 relative to other
responders, including CCL13, ILI2RA, CXCL9, GZMB, and HLA-
DQAI are associated with recruitment of T-cells and other lym-
phocytes, antigen presentation, and apoptosis.
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Discussion

The first replication competent oHSV we tested in humans,
G207, was conservatively designed for safety and therefore replicated
poorly (25). Yet, it had demonstrable antiglioma effects, including
improved survival in some patients. The results of these trials showed
that an oHSV: (i) could be safely injected into the brains of patients
with GBM, (ii) could be safely injected repeatedly, and (iii) did not
produce dose-limiting toxicities.

Using next-generation RNA-seq techniques and other gene expres-
sion assays, our studies identified biological pathways that illustrate
differences in immune-mediated responses to virus treatment as a
function of the duration of survival across patients. We detected
approximately 500 genes that significantly correlated with patient
survival and demonstrated that approximately 50% of these genes
were related to immune response pathways and functions. Network
IPA analysis and RNA-seq deconvolution of immune-cell populations
after treatment with oHSV revealed associations with patient survival
and identified important mechanistic events related to cellular infil-
trate changes including an increase in the myeloid, cytotoxic, and
T-cell populations, suggesting a relationship between immune gene
response and survival duration. Previously published data from this
clinical trial cohort examined CD4 and CD8 infiltrate primarily but
did not examine potential immune function response differences on
a more global scale between samples (11). The original studies
examining PT107 (best responder) IHC staining of CD3 or CD8
described limited changes to the infiltrate. However, we speculate
that for the tumor sections, heterogeneity plus proximity to the
injection site could pose bias when performing IHC on a single
tumor section. Our current RNA-based analyses sample an entire
paraffin-embedded section of tumor tissue and therefore offer an
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integrated analysis from the entire biopsy sample. Our gene expres-
sion analyses provide a more nuanced interpretation of immune-
cell and tumor-associated gene expression changes over the entirety
of the tumor section and a snapshot of the bulk RNA profile of the
tumor resected after oHSV injection.

Our results do not exclude the possibility that the improved immune
response could be related to viral gene expression. The previous
publication at the time of the clinical trial demonstrated RNA copies
of HSV polymerase were detected at the highest amounts from the best
responder (PT107) but that viral DNA copies were similar between all
the treated patients (11). Similarly, we performed metagenomic align-
ment of RNA-seq data from post-G207 samples and identified G207 (o
herpes virus) transcripts present only in PT107 but no other samples
(Supplementary Table S4). Other patients in this study, however, had
survival durations beyond the median survival expected for GBM
recurrence and had immune activation identified in gene expression
pattern changes, indicating our analyses show immune response
changes independent of viral activity.

Of particular interest to the clinical implications for our research is
how these results should impact our ongoing immunotherapy and
oncolytic virotherapy trials. The gene sets identified permit further
interrogation of gene expression response predictors when evaluating
the impact of different recombinant oncolytic viruses. Currently, there
are numerous active oncolytic viral clinical trials ongoing, five of which
involve the treatment of CNS tumors using recombinant herpes virus
vectors of various designs [ClinicalTrials.gov; search term: (oncolytic)
AND (virotherapy OR viral therapy) AND (herpes simplex virus OR
HSV) and then manually filtered for “conditions” of brain tumor]. We
anticipate that similar evaluative approaches to clinical trial samples will
identify mechanisms that are integral to oncolytic virotherapy efficacy
and will further inform future studies. Current results from preclinical
models suggest that early viral replication, IFN induction, T-cell
stimulatory activity, and shifts in macrophage polarization, activation,
and antigen presentation are integral to oHSV therapeutic
success (26-30). In addition, there are preclinical data indicating that
early NK-cell activity during the first few hours following viral treat-
ment can limit the initial viral burst, potentially limiting the ensuing
myeloid and adaptive responses (31-34). Our G207 clinical trial gene
expression analyses support each of these results and, taken together,
demonstrate the complexity of the immune-mediated response after
virotherapy and the importance of monitoring for these responses.

The study has certain limitations, the most notable being the limited
numbers of patient samples available for analysis. We studied pre- and
posttreatment samples from 6 patients with nine samples (3 pre-G207
and 6 post-G207) available for RNA-seq and ten samples (4 pre-G207
and 6 post-G207) for NanoString gene expression assay. Even without
pretreatment samples for all 6 patients, we demonstrated that immune
gene expression was higher in post-G207 samples relative to the pre-
G207 samples available (as displayed in Figs. 2 and 3). To further
demonstrate that GBMs prior to any immunotherapy have low immune
infiltration at baseline, we analyzed RNA-seq data from The Cancer
Genome Atlas (TCGA) and other datasets available through the
GEO (35). The fraction of GBM tumors predicted to have significant
immune infiltration was lower than any other brain cancer and as
expected, was lower than other extracranial solid tumors; furthermore,
the fraction of those immune cells predicted to be CD8 T-cells was
approximately 2% (Supplementary Table S5). These analyses support
our manuscript results that the overexpression of CD8 T-cell transcripts
(and therefore inference of infiltration of CD8 T-cells) are relatively low
in GBMs at baseline and the increase is likely due to the G207 treatment
in our patients. Other studies have previously demonstrated via RNA-

AACRJournals.org

oHSV in GBM Elicits Different Imnmune Gene Responses

seq, immunofluorescent staining, and flow cytometry that recurrent
GBMs had low representation of immune infiltration—particularly low
in IFN- and T-cell-related pathways, like what we observed in our pre-
G207-treated tumors (36, 37). Finally, in a recent report from
NCT 02457845, a phase I clinical trial to determine the safety of injecting
G207 into pediatric recurrent high-grade gliomas, the authors demon-
strated few immune-related cells in the initial core biopsies prior to G207
treatment via IHC staining for CD8 (38).

Taken together, our transcriptional analyses demonstrate that
treatment with the oHSV G207 in recurrent GBMs significantly shifted
tumor-associated gene expression and profoundly altered the intra-
tumoral cellular immune populations and their activities. One patient
had an extraordinary clinical response, almost 2-year survival after
treatment of recurrent GBM, that corresponded with these posttreat-
ment immune-related sequelae which included higher expression of
many T-cell- and IFN-related genes. Using RNA-seq and gene
expression data, our analysis suggests that responsive patients exhib-
ited increase in genes involved in antigen presentation as well as
improved cytotoxic and T-cell adaptive immune activity following
virotherapy, all of which corresponded with improved survival.
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