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Recurrent glioblastoma (rGBM) remains incurable. One barrier to the development of effective rGBM therapies is
the difficulty in collecting posttreatment tumor tissue. Serial multiomic assays from longitudinal rGBM biopsies
may uncover tumor responses to a treatment. Here, we obtained 97 serial rGBM biopsy cores over 4 months from
the first two patients participating in a clinical trial of repeated intratumoral dosing of the immunotherapeutic
agent CAN-3110. Multiomic analysis of the biopsy cores revealed therapeutic effects, including longitudinal and
spatial reshaping of the rGBM’s microenvironment, expansion of new T cell tissue-resident effector memory clo-
notypes against CAN-3110 epitopes and other undetermined antigens, and expression of human leukocyte anti-
gen (HLA)-presented immunopeptides, including cancer testis antigens. Moreover, serial integrated multimodal
analyses provided evidence of therapeutic responses to CAN-3110 despite traditional magnetic resonance imag-
ing indicating progression. Clinically, the two treated patients achieved a pathologic response or stable clinical
disease, respectively. These results show the value of longitudinal tissue sampling to understand rGBM'’s evolution
during administration of an investigational therapy.

INTRODUCTION as radiation therapy. For some therapeutics, such as immunother-

Effective therapies for glioblastoma (GBM) remain elusive, with most
patients dying within 2 years of diagnosis (1, 2). Evidence demon-
strating biological effects of new therapeutics is critical to support
advancement to later-stage trials. Current evaluation of treatment out-
come relies on changes in gadolinium enhancement or T2/FLAIR
(fluid-attenuated inversion recovery) hyperintensity of brain magnetic
resonance imaging (MRI). However, these surrogate assessments
cannot determine whether the trial’s therapeutic agent successfully
engaged its hypothesized target, nor can they determine whether
progressive MRI findings are because of accumulating underlying
tumor or inflammatory changes associated with prior treatment, such

apies, MRI changes can mimic tumor recurrence, making it difficult
to know whether the intervention was successful. Thus, reliance
on MRI changes to accurately assess response among patients with
GBM is often limited and can be misleading.

Recognizing these limitations, window-of-opportunity trials and
phase 0 trials have been used in the clinical development of some ther-
apies for GBM (3-5). In both approaches, a posttreatment tumor spec-
imen, typically obtained after a short exposure to an investigational
therapy, can be used to determine the extent to which a therapy cross-
es the blood-brain barrier, engages its molecular target, or alters the
tumor microenvironment (TME) (6-8). Given that these approaches
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assess only a single point in time, they do not provide important infor-
mation about the complex evolutionary changes in the biology of
GBMs over the course of multiple treatments as a function of the in-
vestigational agent. Moreover, a single time point of sampling may
not correspond with the time of optimal biological activity of the
investigational agent and may miss important biological events in
response to treatment. Approaches that include longitudinal sam-
pling of the tumor before and at multiple predefined time points after
therapy administration could address this shortcoming (9-12).

There has been reluctance to institute a longitudinal GBM biopsy
paradigm in clinical trials because of concerns related to safety, costs,
sampling bias, ethical issues, and patient exposure to multiple surger-
ies. Liquid biopsies have been advocated as alternatives to surgical bi-
opsy for longitudinal analyses, but to date, these have been limited to
genomic or proteomic assays and have not provided a complete repre-
sentation of the complex changes occurring in GBM tumors and the cel-
lular microenvironment (13, 14). There is an unexplored opportunity
to safely study the therapeutic perturbations imposed on GBM tumors
during a trial on the basis of the recent confluence of sophisticated
molecular pathology technologies using small tissue samples (15);
exquisite bioinformatics for analyses of cellular, molecular, and immu-
nologic phenotypes and genotypes at the DNA, RNA, protein, and me-
tabolite level (referred to as multiomics) (15); and increased precision
and safety of modern neurosurgical image-guided biopsy techniques.

We initiated a feasibility study of serial planned tumor biopsies
(pretreatment baseline plus up to five time points over 4 months) in
patients with recurrent GBM (rGBM) with concomitant intratumoral
injection of the oncolytic herpes simplex virus 1 (HSV1) CAN-3110
(16) at each time point. Ninety-seven serial multisector biopsies were
collected for the first two patients in this trial and were analyzed by
spatial tumor cyclic immunofluorescence (CyCIF), single-cell RNA
sequencing (scRNA-seq), proteomics, phosphoproteomics, immu-
nopeptidomics, and tumor T cell clonotype characterization, in ad-
dition to traditional histopathologic techniques, to longitudinally
map the cellular and molecular evolution of the rGBM to im-
munotherapeutic perturbation by CAN-3110 (clinicaltrials.gov:
NCTO03152318). Serial analyses from these two patients support
that serial CAN-3110 administration reshapes the TME both spa-
tially and longitudinally, with influx of immune cells expressing
markers and transcripts consistent with antitumor activity. Of rele-
vance, tumor expansion of T cell clonotypes temporally matched
up-regulation of human leukocyte antigen (HLA) expression and
expression of several immunopeptidomes, some of which have been
reported to be cancer and testis antigens; we also identified the
expansion of T cell clones against CAN-3110 epitopes. Although
traditional MRI analyses for both patients showed changes con-
sistent with tumor progression by standard radiologic assessment
in neuro-oncology (RANO) criteria (17-19), the multiomic analyses
coupled with histopathologic and clinical outcomes revealed evi-
dence of positive pharmacodynamic and therapeutic effects. There-
fore, our report supports the potential value of longitudinal analyses
of rGBM samples acquired at predefined time points during a clini-
cal trial of investigational therapy.

RESULTS

Trial timeline and rGBM biopsy allocation

Per protocol, the longitudinal biopsies and intratumoral doses of
CAN-3110 were designed to be carried out over 120 days (Fig. 1A).
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Among the first two patients enrolled in this trial, expected to accrue
a total of 12 participants, a total of 80 rGBM biopsies were harvested
before each CAN-3110 intratumoral injection over 4 months, includ-
ing 6 to 13 biopsies per time point per patient, with an additional 17
biopsies collected in a posttrial resection for DFCI1 (one of the two
patients in the trial). Each biopsy was obtained stereotactically at a
location different from the planned CAN-3110 injection site. At the
time of repeat treatment, biopsies were obtained from the approxi-
mate site of the prior injection. Tumor material was processed as
fresh, snap-frozen, or paraffin-embedded samples on the basis of a
tumor tissue prioritization algorithm and allocated for multiomic
analyses, including traditional histopathology, bulk and scRNA-seq,
multiplex immunofluorescence, proteomics/phosphoproteomics and
immunopeptidomics (Fig. 1B). Tumor, cerebrospinal fluid (CSF),
and peripheral blood mononuclear cell (PBMC) samples were also
banked for possible additional future analyses. This finding demon-
strated that the planned longitudinal procurement of GBMs could be
performed successfully.

Clinicopathologic and imaging outcomes

Both patients (DFCI1 and DFCI2) tolerated the serial tumor biopsy
and CAN-3110 injection procedures well without dose-limiting tox-
icities (tables S1 and S2). Data file S1 illustrates the time course of
MRI scans with the concomitant routine histopathologic exam of
each serially collected biopsy core collected right before each CAN-
3110 dose for each patient. Traditional histopathologic examination
of day 0 biopsy cores revealed infiltrating glioma mixed with some
treatment effect (necrosis and gliosis). Progressively increased con-
trast enhancement consistent with recurrent tumor was observed
on serial MRI scans obtained during study therapy before each
treatment for both patients (Fig. 2A, fig. S1A, and data file S1). In
contrast, serial biopsies after initiation of study therapy showed an
increased proportion of reactive cells, plasma cells, lymphocytes,
and mononuclear cells, consistent with an immune reactive process,
and decreased microscopic tumor content relative to the pretreat-
ment baseline for both patients, with no evidence supporting a de-
myelinating process (data file S1).

Patient DFCI1, a 56-year-old, right-handed male, developed pro-
gression of a right frontal GBM (IDH, isocitrate dehydrogenase,
wild type; MGMT, O6-methylguanine-DNA methyltransferase, par-
tially methylated) 50 weeks after initial diagnosis that was followed
by standard chemoradiation and four cycles of adjuvant temozolo-
mide. The study therapy was initiated 5 months after completion of
radiation therapy. While on the study therapy, 26 biopsy cores were
collected from six biopsy locations along four needle tracks across
four successive CAN-3110 injection time points over 63 days. An
additional 17 tumor biopsies were collected from three locations
during a posttrial resection 106 days after the first CAN-3110 injec-
tion. MRI scans after each biopsy/injection were annotated with the
anatomic regions of the biopsy(ies)/injection(s) (fig. S1A, data file
S1, and movie S1). Traditional MRI after 3 months on the study
therapy suggested continued tumor growth and led the patient and
physicians to stop the trial; the patient underwent a craniotomy to
resect the mass 106 days after initiation of the study therapy. Histo-
pathologic findings revealed substantial inflammatory infiltrates, ne-
crosis with treatment effect, and infrequent microscopic tumor cells
(data file S1). The patient then was treated with an immune check-
point inhibitor, but a subsequent MRI was interpreted as progres-
sion (fig. S1A and data file S1). At this point, the patient decided to
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Fig. 1. Clinical trial schema and tissue allocation. (A) Schematic timeline of se
CAN-3110 oncolytic HSV1 (formerly known as rQNestin34.5v.2) (67) on approxima

rial GBM stereotactic biopsy and longitudinal stereotactic intratumoral injections of
tely days 0, 15, 30, 60, 90, and 120. The protocol timing allowed a few days difference

from these times, explaining why, in subsequent figures, labels, and text indicate days that are slightly different (e.g., day 16 instead of day 15 or day 119 instead of

day 120). (B) Design showing use of serial locoregional investigative biopsies obta

ined before successive injections of CAN-3110. Stereotactic biopsies were preplanned

for pathology, spatial imaging, and multiomic analyses. FFPE, formalin-fixed, paraffin-embedded.

discontinue further therapy and to focus on quality of life. He re-
mained active with his family and continued his work for ~3 months.
He decided to pursue comfort measures only in an inpatient hospice
facility, where he died ~12 months from initiation of the study ther-
apy and 20 months from original GBM diagnosis. Brain autopsy re-
vealed further mixed findings, including a necrotic tumor mass with
inflammatory cells and some infrequent tumor cell infiltration in the
right cortex and into the corpus callosum with no demyelination
or evidence of brain inflammatory changes (fig. S1B). There was no
tumor in the brainstem. The cause of death was indeterminate be-
cause only a brain postmortem had been consented to.

Patient DFCI2, a 66-year-old, right-handed woman initially
underwent resection of a left parieto-occipital GBM (IDH wild type;
MGMT unmethylated), followed by standard radiochemotherapy
and six cycles of adjuvant temozolomide. She developed local tumor
progression after ~21 months of surveillance follow-up and enrolled
in this trial. Figure 2A, fig. S1A, data file S1, and movie S2 illustrate
the time course of MRI scans with the concomitant routine histo-
pathologic exam of each serial biopsy collected right before each
CAN-3110 dose. She underwent the planned six stereotactic tumor
biopsy procedures with intratumoral CAN-3110 administration

Ling et al., Sci. Transl. Med. 17, eadv2881 (2025) 8 October 2025

over 120 days, yielding 54 tumor biopsy cores from 12 biopsy lo-
cations along nine needle tracks. After her initial CAN-3110 dose,
subsequent tumor biopsies throughout the study revealed ongoing
inflammatory changes and minimal residual tumor. She remained
clinically stable for 18 months, although serial MRI scans revealed
continued local enhancement (fig. S1A and data file S1). At 18 months,
a brain MRI revealed evidence of new enhancement along the sple-
nium as she developed a right hemiparesis and dysphasia (data file
S1). Salvage systemic therapy with bevacizumab and niraparib was
initiated, and the patient remains alive.

Longitudinal spatial evolution was observed in
CAN-3110-treated rGBMs

MRI follow-up showed no radiographic response to treatment in
either patient, with rapid growth of enhancing lesions in both
patients continuing posttreatment (Fig. 2A). However, the longi-
tudinal collection of tissues in these patients allowed us to assess mo-
lecular and cellular changes in these tumors over time that were
not apparent through radiographic imaging. Tumor content at
each biopsy location was assessed by digital pathology assessment
(fig. S2) and CyCIF (fig. S3) (20, 21). Pathological assessment by
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Fig. 2. Proximity to CAN-3110 injection is associated with decreased tumor content and increased immune signature scores. (A) Enhancing tumor volumes as
assessed by MRI across time. The vertical black bar on the left indicates initial GBM diagnosis; day 0 = day of first CAN-3110 injection; vertical right bar indicates last follow-
up (black = deceased, green = alive). (B) Pathological assessment of the percentages of each slide containing atypical cellular regions using automated digital H&E quan-
tification versus the distance biopsies were taken from nearest prior CAN-3110 injection site. Spearman’s rank correlation rho and P value are shown above the plot. Also
see fig. 2. (C) GBM (Sox2*) cell frequencies as measured by CyCIF versus the distance biopsies were taken from nearest prior CAN-3110 injection site. Spearman’s rank
correlation rho and P value are shown above the plot. Also see fig. S3. (D) Heatmaps ordered by time showing GBM cell frequency (as determined by CyCIF Sox2*), patho-
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mune cell quantifications from CyCIF over time in DFCI1 (top) and DFCI2 (bottom). Also see fig. S3.
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hematoxylin and eosin (H&E) staining revealed wide variations in
atypical cellular regions and tumor cell percentages by collection
site and time point (figs. S2 and S4, A and B), with CyCIF staining
of Sox2 showing tumor cell proportions of <5% in most sampling
locations, with a steady decrease in GBM cell proportion over time
for DECI1 (figs. S3 and S4C). Although Sox2 staining was nomi-
nally correlated with H&E-based measures of atypical cellular re-
gions, Sox2™ proportions varied from 4 to 20% in samples assessed
as >80% atypical cellular regions by H&E (fig. $4D), suggesting sub-
stantial cellular locoregional heterogeneity not readily apparent by
routine pathology.

Both atypical cellular regions (as determined by automated H&E
quantification) and tumor cell proportions (as determined by Sox2™
CyCIF) were significantly correlated (P = 0.0020 and P = 0.0037,
respectively) with distance from the nearest prior CAN-3110 tumor
administration site, with higher tumor proportions associated with
farther distance from treatment (Fig. 2, B and C). However, the
manual pathologist quantification of tumor cell percentages from
H&E slides did not show a significant reduction (fig. S4, E and F).
Conversely, CyCIF and pathological assessments of tumor content
were not associated with MRI enhancement (Fig. 2D) or spatial lo-
cation (fig. S4G).

Tumor cells were further assessed by scRNA-seq using copy num-
ber variation (CNV) inference to identify neoplastic cells (fig. S5, A
and B), followed by classification into tumor cell transcriptional
subtypes (22). DFCI2’s samples contained too few neoplastic cells to
assess. The analysis of samples from DFCI1 showed a shift from as-
trocyte (AC)-like to mesenchymal (MES)-like neoplastic cells after
CAN-3110 treatment (fig. S5, C to E).

Given the observed relationship between tumor content and
CAN-3110 tumor injection site, we hypothesized that immune acti-
vation may also be spatially related to CAN-3110 location. To test
this, we applied single-sample gene set enrichment analysis (ssGSEA)
on bulk RNA-seq data from the collected biopsies to assess 13 im-
mune gene signatures (23) previously shown to be positively corre-
lated with survival in patients with HSV-1 seropositivity treated with
CAN-3110 (16). Whereas DFCI1 had too few samples for meaning-
ful statistical analyses, 11 of the 13 signatures in DFCI2 had positive
correlations [false discovery rate (FDR) < 0.2] with the biopsy dis-
tance from the prior CAN-3110 tumor injection site (Fig. 2E), sug-
gesting a localized impact of therapy on these signatures. The immune
impact of CAN-3110 treatment was confirmed by CyCIF staining of
immune cell subpopulations, revealing increases in CD45" leuko-
cytes, CD163" macrophages, and CD8" T cells after therapy for both
patients (Fig. 2F, fig. S3, and table S3). These results suggest that both
patients had growing lesions with low tumor cellularity and increas-
ing inflammation after treatment with CAN-3110, with lower tumor
content and higher immune gene signature scores nearer to sites of
CAN-3110 injection.

Longitudinal impact of CAN-3110 therapy was observed in
global proteomic signatures

To further understand changes in the TME after therapy, we per-
formed overall proteome (figs. S6 and S7) and concomitant gene ex-
pression analyses. Longitudinal changes in multiple proteins assayed
were observed at each time point (figs. S6 and S7). For DFCI1, the
posttrial craniotomy proteome appeared similar to the initial pro-
teome (fig. S6A), whereas the proteomic changes for DFCI2 followed
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a different trajectory, with larger changes at 15 and 30 days followed
by smaller changes at other time points (fig. S7A). Hierarchical clus-
tering of the temporal proteomic changes resulted in multiple co-
regulated clusters (figs. S6B and S7B); temporal trajectories (figs. S6C
and S7C) and biological processes (figs. S6D and S7D) represented
by each of these clusters are provided. Most of these processes were
related to metabolism, cellular transport signals, inflammation, and
host responses to pathogens. There were multiple serial changes in
the Hallmark gene signatures (fig. S8).

Longitudinal changes were observed in the GBM global
phosphopeptidome during CAN-3110 treatment

Next, we analyzed the temporal evolution of proteins with phos-
phorylated serine, threonine, and tyrosine in the serial biopsies ob-
tained from each patient during the successive injections with
CAN-3110 (figs. S9 and S10). Dynamic changes in phosphorylated
proteins were also detected for both patients, following relatively
similar trajectories (fig. SI0A). Peptides with coregulated changes
clustered into seven or nine clusters for DFCI1 or DFCI2, respec-
tively (fig. S10B); temporal trajectories for each cluster are presented
in fig. S10C. We identified signaling pathways or processes where at
least one of the biopsies revealed a change that was significant with
an FDR less than or equal to 0.05 (fig. S9). Several of the genes in
identified pathways have been implicated in tumor proliferation,
such as MAPK1, EGFR, CDK1, and CK2A1.

Longitudinal changes in the GBM immunopeptidome were
observed during serial CAN-3110 injections

GBM is known to have reduced HLA expression (24), a factor
thought to be responsible for immunoevasion likely because of re-
duced presentation of immunopeptides. The gene expression and
phosphoproteomic change led us to ask whether there was longitu-
dinal evidence of changes in HLA expression with the expression
of novel immunopeptides. The measured HLA-A, HLA-B, HLA-C,
and HLA-DR expression levels were above the day 0 pretreatment
baseline for nearly all biopsies collected after day 0 (Fig. 3A). Next,
we screened for immunopeptides, and similar to HLA expression,
HLA-I-bound immunopeptide representation was higher than
the day 0 baseline in nearly all post-CAN-3110 biopsies for both
patients, with nine-nucleotide oligomer immunopeptides predomi-
nating and select proteins, such as interferon-o inducible protein 6
(IFI6) and glial fibrillary acidic protein (GFAP), being most repre-
sented in the immunopeptidome (Fig. 3B and fig. S11). Several
up-regulated immunopeptides belonged to previously identified
pan-cancer cancer testis antigens (CTAs) and glioma-associated
testis-specific antigens (Fig. 3C) (25-29). Further, receptor tyrosine
kinase signaling, interferon responses, and apoptosis pathways were
significantly (FDR < 0.05) up-regulated at numerous post-CAN-
3110 time points relative to day 0 in both patients, supporting a
temporal response to treatment (Fig. 3D). In addition, identified
HLA-bound peptides (fig. S11, B to F) are known to be present in
both glia and tumors (such as GFAP and myelin basic protein) (30),
and some have been associated with GBM progression and invasion
(such as VIM and S100A9) (30-38). The sum of these results thus
indicated that the serial biopsy/injection procedures did increase
immune activation signatures and HLA-immunopeptidome expres-
sion, with some of these being known glioma-associated CTAs and
tumor-associated antigens.
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Fig. 3. HLA expression and immunopeptide abun-
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Longitudinal scRNA-seq revealed dynamic immune
population changes after CAN-3110 therapy

CAN-3110’s impact on immune populations was further assessed us-
ing scRNA-seq. Immune cells in tumors were clustered into T/natural
killer (NK), myeloid, B, and plasma cells (fig. S12A). Analyses of the
serial changes in GBMs showed that the proportion of cells changed
with time. The baseline TME primarily consisted of nonimmune cells,
presumably tumor and glial cells with a minimal presence of immune
cells, consistent with the immunologically “cold” classification of
GBM (39). The TME changed substantially over each injection and
biopsy time point, and by the day 60 to 90 time points, more than 90%
of the TME was composed of immune cells, including T cells, plasma
cells, and myeloid cells (fig. S12, B to E).

We identified 25 clusters of T and NK cells in the rtGBM biopsies
(Fig. 4, A to C). Tumor effector T cells (T cells; IFN G'LAG3*CD8",
GZMK'IFNG'CD8", and PDCDI"CTLA4"CD4" T cells) were
observed at higher than baseline frequencies at nearly all posttreat-
ment time points for both patients (Fig. 4B), with expansion of nov-
el (not detected at baseline) T cell clonotypes and contraction of several
preexisting T cell clonotypes during the longitudinal trial (Fig. 4, D
and E). These results indicated that the serially treated rGBMs were
infiltrated with activated CD4" and CD8" Teg cells, suggesting an
ongoing immunologic response.

The proportion of plasma cells also increased with time, and
these cells also exhibited a transcriptional signature (CD79A, MZB1,
XBP1, CD38, CD27, IGHGI, and JCHAIN) characteristic not only
of maturation and antibody production but also of antigen presenta-
tion (fig. S12F) (40-46). The baseline GBM TME was also highly
infiltrated with myeloid cells, including tumor-associated microg-
lia, monocytes, and macrophages (fig. S13A) (47-50). Complex and
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dynamic shifts in multiple myeloid cell subpopulations occurred
during the longitudinal biopsies and CAN-3110 injections (fig. S13,
B and C). These shifts occurred with both immune-active M1 my-
eloid cells (fig. S13, D to F) and immunosuppressive M2 myeloid
cells (fig. S13, G to I). Together, the longitudinal single-cell RNA
analyses showed that the serial CAN-3110 injection changed the
baseline TME with increases in immune-active plasma cells and Teg
cell clonotypes and complex changes in the myeloid cell population,
where a baseline of immunosuppressive M2 cells became more infil-
trated with immune-active M1 cells, including ¢cDCI cells.

HSV-reactive T cells were observed in rGBM biopsies

after therapy

To characterize the T cell responses observed posttherapy, 96 T
cell receptor (TCR) o/ chain pairs from the most expanded T cell
clonotypes identified from single-cell TCR sequencing were recon-
structed and screened for antigen specificity. In total, 192 TCRa/p
pairs from 169 TCR clonotypes (n = 83 and n = 86 from DFCI and
DEFCI2, respectively) were cloned and expressed using a lentiviral
vector in healthy donor T cells using our established protocol (51).
The reactivity mediated by each TCR was measured on TCR-
transduced T cells as CD137 surface up-regulation after stimulation
with patients’ autologous Epstein-Barr virus (EBV)-immortalized
lymphoblastoid cell lines (EBV-LCLs) pulsed with viral lysates from
the oncolytic rQNestin34.5v.1 (a preclinical strain of CAN-3110),
common viruses, or with overlapping peptide pools encoding for
immunogenic epitopes from cytomegalovirus (CMV), EBV, influ-
enza virus (Flu), and HSV1/2. A representative screen is shown in
fig. S14A. We detected, for example, 31 TCRs (DFCI1: n = 9; DFCI2:
n = 22) with specificity to CMV or EBV epitopes (fig. S14B). The
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Fig. 4. Teg cell frequencies increased posttherapy. (A) Uniform Manifold Approximation and Projection (UMAP) showing T and NK cell subclusters from scRNA-seq
analysis. (B) Longitudinal changes in tumor Tess cell populations (IFNG*LAG3*CD8* Teg cells, GZMK*IFNG*CD8" Tef cells, and PDCD1* CTLA4TCD4™ Teg cells) in DFICT (in red)
and DFCI2 (in blue). (C) Dot plot showing marker gene expression for NK and T cell clusters as shown in (A) and (B). (D) Phenotypic distribution of top 25T cell clones in
DFCI1 (left) and DFCI2 (right). (E) Alluvial plot showing flux of each clone at each time point in DFCI1 (left) and DFCI2 (right). The second and third biopsies were allocated
for scRNA-seq as shown in Fig. 1B. The biopsy locations used in the analyses are shown in the x-axis labels of (E).
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screening resulted in the identification of 50 TCRs (DFCI1: n = 25;
DFCI2: n = 25) with reactivity to rQnestin34.5 v.1/CAN-3110 and/or
to HSV lysates or proteins (HSV/rQNestin34.5v.1/CAN-3110-reactive
TCRs; Fig. 5A and fig. S14C). The analysis of single-cell profiles of
tumor-infiltrating lymphocytes (TILs) harboring CD8-restricted
HSV/CAN-3110-reactive TCRs (16 clonotypes) revealed an enrich-
ment (FDR < 0.2) in IFNGTLAG3"CD8" Teg cells in both DFCI1
and DFCI2. Similarly, TILs with CD4-restricted HSV/CAN-3110-
reactive TCRs (34 clonotypes) were enriched (FDR < 0.2) among
PDCDI1*CTLA4"CD4" Teg cells in DFCI2, although no significant
enrichment was observed for DFCI1 (Fig. 5B and fig. S15, A to D).
CD8" HSV/CAN-3110-reactive TILs displayed a tissue-resident
transcriptional program driven by the up-regulation of the Hobit
(ZNF683) transcription factor (52-56) and characterized by an acti-
vated profile that lacked expression of TOX, a marker of termi-
nal exhaustion (Fig. 5C). In addition, none of the CD4* HSV/
CAN-3110-reactive TILs exhibited an immunosuppressive FOXP3*
regulatory T cell profile (fig. S15D).

No HSV/CAN-3110-reactive TILs in biopsies from DFCII or
DFCI2 were detected at the day 0 time point, but the abundance of
these cells significantly increased over time (P = 0.039 and P = 0.011
for DFCII and DFCI2, respectively), eventually making up more
than 15 and 30% of intratumoral T cells for DFCI1 and DFCI2, re-
spectively (Fig. 5D). When analyzed in combination with radio-
graphic imaging, HSV/CAN-3110-reactive T cells were largely
restricted to biopsies taken within enhancing regions of the tumor,
particularly in DFCI2, who was HSV1 seropositive (Fig. 5E). HSV/
CAN-3110-reactive T cell frequency was nominally correlated with
distance from prior CAN-3110 injection sites for CD4" but not for
CD8*' T cells (Fig. 5F). The lack of spatial constraint for the CD8”
T cells may reflect their migratory abilities, with the distribution of
CD4" T cells being possibly related to lower HLA-IT expression near
CAN-3110 tumor injection sites (Fig. 5G). These results demon-
strate that CAN-3110 treatment elicits CD4" and CD8* HSV/
CAN-3110-reactive T.g cells with spatially defined distributions
according to MRI enhancement and distance from virus injection.
These data also show that the activity of CAN-3110 is specific, given
that presumed bystander T cells (anti-CMV/EBV) do not show in-
creased abundance or evidence of specific spatial localization. To-
gether, the data from these first two patients reveal that longitudinal
intratumoral CAN-3110 treatment leads to temporal changes in tu-
mor density, GBM tumor cell states, immune activation signatures,
immunopeptides, anti-HSV T cells, and MRI enhancement. It also
leads to spatial changes in tumor density, HLA-II proteins, anti-
HSV T cells, and immune signatures (fig. S16).

DISCUSSION

Confirmation of adequate pharmacokinetic exposure and pharma-
codynamic effects in the tumor at serial, defined time points during
therapy has not been routinely performed for GBM. We hypothe-
sized that the convergence of modern neurosurgical technology
with sophisticated multiomic molecular analysis (15) would allow
for safe and informative longitudinal tumor sampling during onco-
lytic CAN-3110 immunotherapy, successfully capturing the cellu-
lar and molecular responses in the rGBM undergoing an applied
immune perturbation. We hypothesized that integrative analyses of
multiomic data from longitudinal planned tumor biopsies would
critically aid interpretation of serial MRI changes, which are the
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historical benchmark for response assessment in this disease. As
proof of concept, data on biopsies collected from the first two trial
participants showed that (i) longitudinal GBM sampling is feasible
and that patients can tolerate multiple serial tumor biopsy proce-
dures; (ii) multiomic profiling provides insights into GBM response
to CAN-3110 that was missed by routine imaging and pathology;
and (iii) dense longitudinal sampling found spatial and temporal
relationships between treatment and disease with just two patients,
although these relationships were not apparent in our previous
trial of 41 patients with less robust tissue collection (16). Serial bi-
opsies also suggested that (i) decreased tumor content spatially
correlated with distance from treatment site and a shift in tumor
phenotype and increased inflammation after therapy; (ii) immune
signatures previously shown to be correlated with survival in pa-
tients treated with CAN-3110 (16) were spatially related to distance
from treatment location; (iii) up-regulation of immunopeptides,
some of which have been described as CTAs and glioma-associated
testis antigens, occurred after CAN-3110 administration along
with proteomic pathways associated with immune activation; and
(iv) treatment-reactive T cells increased posttherapy with spatially
defined distributions not observed in bystander T cells, with ex-
pression of the gene encoding Hobit, known to be associated with
tissue-resident memory-like Teg cells and with responses to immu-
notherapy (52-56).

Between 5 and 13 tumor biopsy cores were collected from be-
tween one and three locations along one or two needle tracks at
each planned time point for each patient. In both patients, serial
gadolinium-enhanced MRI results were consistent with tumor re-
currence during the trial (17-19). However, multiomic analyses of
the GBM biopsies showed predominantly immune alterations in
the TME, rather than tumor recurrence. These results indicate a
discordance between MRI response assessment of tumor progres-
sion (57) and biopsy results consistent with reactive changes and
diminished tumor, underscoring that MRI criteria may be limited
or even misleading in the evaluation of investigational therapies
such as immunotherapies.

Patient 1 was only 4 months from radiation therapy, and the ini-
tial biopsy before CAN-3110 injection showed evidence of radiation
therapy-induced changes (necrosis with few tumor cells), and an
MRI scan showed increased enhancement as compared with previ-
ous MRI scans. However, during the CAN-3110 serial clinical trial,
as the enhancement in the MRI increased, one routine and cus-
tomary interpretation would be progression or radiation-induced
pseudoprogression and, consequently, CAN-3110 therapy failure.
Instead, the multiomic analyses of the serial biopsies showed that
the increased observed enhancement was likely due to the CAN-
3110-elicited inflammatory and immune changes rather than to the
traditional interpretation of tumor progression or radiation thera-
py-induced pseudoprogression.

Multiomic analyses of the longitudinal biopsies showed intratu-
moral enrichment of T cells that may establish immunological
memory, where T cells underwent clonal expansion coupled with
up-regulation of HLA immunopeptidomes, some of which were
identified as known CTAs and glioma-associated testis antigens
(25-29). Among these HLA-I peptides, CTAs are particularly impor-
tant for tumor immunogenicity (58). Their expression in GBM has
been well documented and is linked to improved prognosis
(26, 59, 60). CTAs offer a unique advantage in cancer immunothera-
py because they are typically lowly expressed in healthy tissues while
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Fig. 5. HSV/CAN-3110-reactive T cells are
present in the tumor with increasing fre-
quency over time. (A) Heatmap showing re-
activities of TCRs identified as HSV/CAN-3110
reactive. CD137 up-regulation was mea-
sured on TCR-transduced (mTRBC') CD8" or
CD8™(CD4Y) T cells cultured with autologous
B cells immortalized with EBV (EBV-LCLs) and
pulsed with controls, viral lysates, or peptide
pools from commercially available immuno-
genic HSV1-HSV2 proteins. Background de-
tected on transduced T cells stimulated with
dimethyl sulfoxide (DMSO)-pulsed EBV-LCLs
was subtracted. Left track: Patients’'TCRs were
divided on the basis of detection among CD4*
or CD8* T cells (from scRNA-seq). Control TCRs:
untransduced cells (n=1) or T cells transduced
with irrelevant TCRs (n = 2). rQNestin34.5v.1
is a precursor to rQNestin34.5v.2 (CAN-3110)
(61, 66). (B) Box plots show T cell cluster fre-
quencies for CD8™ (top) and CD4" (bottom) T
cells with known reactivities. y-axis values are
plotted as a percentage of all T cells with the
same experimentally determined reactivity
[i.e., experimentally tested but with no de-
termined specificity (unknown), CMV/EBV
(CMV_EBV), or HSV/CAN-3110 (HSV_OV)]. FDR
values from paired t tests are shown for all
T and NK clusters where FDR < 0.2 in at least
one patient. Box plots for T and NK clusters
with FDR > 0.2 are provided in fig. S15D. CMV/
EBV-reactive clones were omitted from the
CD4" plot, given that no CMV/EBV-reactive CD4
clones were identified in our study. (C) Marker
gene expression for CD8 T cells with CMV, EBV,
HSV/CAN-3110 (HSV_OV), or unknown reactiv-
ity for DFCI1 (left) and DFCI2 (right). (D) sScRNA-
seg-based T cell frequencies over time for
DFCI1 (left) and DFCI2 (right) for T cells with
varying reactivities. Odds ratios per day and
P values are shown above each plot showing
results for each reactivity group from logistic
regression of T cell counts (reactive versus non-
reactive) versus time. (E) scRNA-seg-based
frequencies of varying T cell reactivities ver-
sus the distance each biopsy was taken with-
in apparent tumor enhancement as observed
in MRI. Two HSV1 points for DFCI1 are almost
entirely overlapping at 2.2 mm and 12%. Odds
ratios and P values are shown above each
plot for Fisher’s exact test (two-sided) assess-
ment for each reactivity for a difference in
reactive versus nonreactive T cell counts in
combined samples outside apparent tumor

(x < 0) versus combined samples inside apparent tumor (x > 0). (F) Frequency of HSV1/CAN-3110-reactive CD8 (left) or CD4 (right) T cells versus the distance each bi-
opsy was collected from the nearest prior CAN-3110 injection site. r and P values are from Pearson’s correlation. (G) Scatterplot of expression of HLA-II (-DR) proteins
from proteomic profiling (z-scores calculated across all assayed samples on a per-patient basis) versus distance from biopsy site to nearest prior CAN-3110 injection site.
A linear regression trend line is shown with the shaded area representing the t distribution-based 95% confidence interval of the mean. Spearman’s correlation coef-
ficient (rho) and P value are shown above the plot. Precise tissue locations could not be determined for the DFCI1 day 106 resection surgery, so this time point is miss-

ing from (E) to (G).
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enhancing tumor immunogenicity. These findings suggest that in-
flammation induced by CAN-3110 through recruitment of HSV/
CAN-3110-reactive TILs may also promote the release and pre-
sentation of tumor-specific (rather than viral-based) antigens; these
antigens, in turn, might be targeted by tumor-reactive T cells. We
also characterized the identity of T cell clonotypes reacting against
HSV/CAN-3110 epitopes and showed their expansion as emergent
clones in GBM. Although we could not detect reactivities to tumor
(nonviral) epitopes among dominant intratumoral T cell clones, we
speculate that such a response might remain subdominant com-
pared with those elicited by CAN-3110 and might be elicited at
later time points. Further studies on less abundant TCR clonotypes
emerging after therapy are warranted to investigate the spreading
of tumor antigens induced by CAN-3110 treatment. However, the
finding of up-regulation of HLA-immunopeptides with emergent
tumor T cell clonotypes suggests that there may be specific antitu-
mor immunity occurring, perhaps suggesting the occurrence of
epitope spreading as discussed below. Coupled with the clinical cor-
relation of a marked pathologic response in patient 1 and durable
stable disease without further treatment in patient 2, our findings
suggest that serial CAN-3110 may be eliciting antitumor immunity.

The infiltration of HSV/CAN-3110-reactive CD4* and CD8* T
cells, coupled with their spatial localization in the tumor, makes it
likely that the observed cellular, immunologic, and molecular per-
turbations are a result of the serial CAN-3110 injections rather than
a sham effect from repeated biopsy/injection injury to the tumor. In
our previous report (16), we also showed that preexistent serolo-
gy to HSV1 was associated with improved survival after CAN-3110
and with more viral clearance of injected tumors. Therefore, serial
injections with CAN-3110 may increase the antitumor immune ef-
fect, perhaps through epitope spreading as HSV-reactive T cells and
antibodies attempt to clear CAN-3110-infected tumor cells.

Integrating the multiomic analyses shows temporal and spatial
differences in tumor and immunologic responses to CAN-3110.
Temporally, there were increased immune activation signatures,
immunopeptides, MES-like GBM cells, HSV/CAN-3110-reactive T
cells, and MRI enhancement with decreased tumor density and AC-
like GBM cells. Spatially, tumor density, HLA-II proteins, and HSV/
CAN-3110-reactive CD4" T cells decreased with distance from the
previous CAN-3110 injection site. Conversely, reduced HLA-I, M1
signatures, myeloid-derived suppressor cell trafficking, coactivation
molecules, and CD8" Teg cells increased with distance from the
previous CAN-3110 injection site (fig. S16). This suggests that mul-
tiple locoregional administrations of CAN-3110 can reshape the
TME of GBM lesions, eliciting beneficial antitumor immunity.

The implementation of serial biopsies and multiomic analyses
into routine clinical practice could occur by striving for workflow
processes and patient care paradigms where each biopsy becomes a
same-day outpatient procedure, such as what is done for chemo-
therapy infusions. Each procedure would be performed under con-
scious sedation anesthesia, and the length of each procedure would
be minimized to an hour or less for patient comfort, as we did in this
trial. Although the integrated “omic” analyses were not part of clini-
cal care or decision-making for this trial, if serial biopsies become
accepted in the evaluation of current standard of care or experimen-
tal therapies, then the serial omic analyses will need to become clin-
ically certified molecular tests, with results that are accessible in a
time frame that allows for clinical decision-making, similar to ge-
nomic exome sequencing platforms being used today.
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Limitations of this study are several. First, it only encompassed
the first two patients in this trial, and it may not be reflective of the
entire cohort of 12 patients planned for this trial. As of July 2025, 9
of the 12 patients have been accrued, and multiomic analyses of lon-
gitudinally collected rGBM, CSE and blood samples before and af-
ter CAN-3110 are ongoing. Instead of waiting for the final analyses
on all 12 patients, which is still a few years away, we argue that the
current clinical feasibility and scientific data should be published
now, although they only represent these first two patients. We hope
that this study can launch a discourse on the value of longitudinal
tissue sampling for GBM for current and future clinical trials, so
that we can improve our understanding of investigational therapy
effects. Second, there was evidence of heterogeneity in the biopsy
samples at multiple time points and locations. However, the trajec-
tory of longitudinal changes compared with the day 0 preinjection
biopsy does suggest validity in the observed cellular and molecular
analyses from CAN-3110 tumor injections. Third, although we used
traditional MRI to follow patient outcomes, arguments could be
made that additional imaging modalities based on positron emis-
sion tomography or other MRI sequences could help detect true
progression from the inflammatory pseudoprogression observed in
this trial. However, imaging modalities are unlikely to provide the
detailed information obtained with the integrated multimodal omic
analyses of cellular and molecular pathways possible with tumor tis-
sue acquisition. Last, we have not reported on the longitudinal CSF
and blood correlates, which will be the subject of future reports.

Overall, these findings illustrate that longitudinal tumor biop-
sies are safe and feasible for patients with GBM. Further, serial in-
terrogation by longitudinal biopsy cores of rGBM during therapy
uncovered therapeutic pharmacodynamic effects that could not be
surmised by routine MRI or clinical analyses. The breadth and depth
of data generated from analyses performed on longitudinal tumor
biopsy cores underscore the value of this approach in the context
of therapeutic drug delivery. However, overall biologic conclusions
will require additional similar analyses among patients who con-
tinue to enroll in this trial. Our results provide impetus to adopt a
previously unrecognized paradigm for GBM investigational drug
development that incorporates longitudinal tumor sampling in clin-
ical trials. Longitudinal sampling provides real-time assessments of
tumor response to therapeutic perturbation over time. The number
and schedule of longitudinal tumor biopsy core samplings in future
studies should be based on the expected mechanism of action and
pharmacokinetic features unique to each investigational agent. In-
vestigational agents with evidence of intratumoral delivery and
pharmacodynamic impact on the tumor based on longitudinal sam-
pling should be prioritized for further clinical development over
those that do not, thereby allowing precious clinical and patient re-
sources to be committed to investigational agents with the greatest
promise for patients with these devastating tumors.

MATERIALS AND METHODS

Study design

This was an open-ended, multi-institutional, unblinded, three-armed
(arms A to C), dose-escalation phase 0/1 trial. The first arm of
the trial (arm A) involved nine cohorts of participants (n = 30)
treated in a three-plus-three dose-escalating design with CAN-3110
[formerly known as rQNestin34.5v.2 (61)] injected in a single area
of tumor followed by a 10th cohort (n = 12) of patients treated with
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one dose injected in two to five sites of the tumor. No dose-limiting
toxicities (DLTs) were observed, and a maximum-tolerated dose
(MTD) was not defined for a single time-point injection of CAN-
3110 (16). A second, yet unpublished, arm (arm B) was assessed to
test the safety of administration of cyclophosphamide as a single pre-
immunomodulatory dose before injection of a single CAN-3110 dose
of 10° or 10° plaque-forming units (PFUs) in nine participants.

The primary objective of arm C (present study of 2 of 12 total pa-
tients) was to determine the safety of up to six intratumoral repeated
doses of rQNestin34.5v.2/CAN-3110, first in a cohort receiving 10°
PFUs per time point, followed by a cohort receiving 10” PFUs per time
point for cumulative doses of 6 x 10° or 6 x 10’ PFUs. The secondary
objectives for arm C were to assess the therapeutic benefit including
overall survival (OS), progression-free survival, tumor objective re-
sponse rate, and rate of pseudoprogression. Exploratory objectives
were to assess (i) the longitudinal persistence of rQNestin34.5v.2 anti-
gen, DNA, and transcripts in injected rGBM; (ii) the longitudinal
changes in cellular, molecular, and immunologic variables in injected
glioma; (iii) the longitudinal changes in blood biomarkers from in-
jected glioma; (iv) the correlation of longitudinal changes in sampled
glioma cellular, molecular, and immunologic variables with changes
in peripheral biomarkers and CSF biomarkers via Ommaya; and (v)
the spatial correlation of longitudinal MRI changes with anatomic
biopsy and injection sites of rQNestin34.5v.2.

Arm C incorporated a Bayesian optimal interval (BOIN) design
(62) in which the CAN-3110 dose was planned to be decreased to
1 X 107 PEUs per dose if the MTD was exceeded in the 1 x 10° PFU
cohort and increased to 1 X 10° PFUs per dose if the MTD was not
exceeded at the 1 X 10® PFUs per dose level. The BOIN design
was used to adaptively guide both intrapatient dose escalation,
which determined the number of repeat doses/injections that a pa-
tient can safely receive, and interpatient dose escalation between
patient cohorts. The MTD was defined as the dose with the target
DLT rate of 0.3, determined on the basis of the design recommenda-
tion using isotonic regression and the totality of the safety data. As
part of the trial, an Ommaya reservoir was also placed in the frontal
horn of the lateral ventricle during the day 0 procedure, and CSF
was also obtained at each procedure. In addition, blood was col-
lected before and after each procedure to isolate PBMCs. Both CSF
and PBMC studies were planned to provide longitudinal peripheral
biofluid correlations with the longitudinal stereotactic biopsies.

Regulatory approvals

This phase 1 clinical trial was approved by the National Institutes of
Health (NIH) Recombinant DNA Advisory Committee (RAC) Of-
fice of Biotechnology Affairs (NIH no. 1104-1100) and the Dana-
Farber Harvard Comprehensive Cancer Center Institutional Review
Board (IRB) (no. 16-557). It was sponsored under Investigational
New Drug (IND) no. 16380 [E.A.C., Brigham and Women’s Hospi-
tal (BWH), Boston, MA].

Patient characteristics

DECI1 was a 54-year-old right-handed Caucasian male with a
history of a gross total resection of a right frontal GBM, IDH wild
type [MGMT promoter partially methylated; point mutations TERT,
TP53, and PIK3CB; tumor mutational burden (TMB), 1.2 Mb] after
a presentation of progressive headaches. He underwent standard
radiation therapy with daily temozolomide followed by four cy-
cles of adjuvant temozolomide, at which point radiographic tumor
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progression was documented. Progression diagnosis occurred 7 months
from his initial surgery and nearly 4 months from completion of ra-
diation therapy. The patient was neurologically intact at that time
and enrolled in the longitudinal CAN-3110 trial. Stereotactic biopsy
at study enrollment confirmed infiltrating GBM, and the study ther-
apy was initiated. The time course and dose of CAN-3110 and rele-
vant findings at each study time point are summarized in table S4.
Three days after his baseline CAN-3110 injection, he developed a
fever to 38.8°C accompanied by nausea and chills. No source of the
fever was identified, and his symptoms resolved within 24 hours. As
noted in table S4, he remained neurologically intact throughout the
course of study treatment except for mild subjective left-hand weak-
ness, which developed after procedure 3 (day 30) and resolved with
five doses of tapering dexamethasone over 3 days (4 mg for first day,
2 mg for second, and 1 mg for days 3 to 5). The patient was treated
once more with a short course of dexamethasone on day 78 to day
80. The day before the fifth study procedure (day 90), the patient
elected to withdraw from the study because of concern of possible
tumor progression based on MRI findings at that time. He under-
went an elective craniotomy with resection of the enhancing mate-
rial noted on brain MRI (data file S1) at the day 100 time point.
Histopathologic review revealed predominantly inflammation, im-
mune infiltration, and evolving gliosis with no clear evidence of tu-
mor recurrence (data file S1).

DFCI2 was a 66-year-old right-handed female with a history
of germline BRCAI mutation, estrogen receptor/progesterone re-
ceptor (ER/PR) negative, Her2" breast cancer (previously treated
and disease-free) who underwent a gross total resection of a ring-
enhancing left occipital GBM IDH wild type [MGMT promoter un-
methylated; with epidermal growth factor receptor (EGFR) focal
amplification; two-copy loss CDKN2A/B; TMB 1.8/MB] after a pre-
sentation of progressive expressive aphasia and a right homonymous
hemianopsia. She underwent standard radiation with concurrent te-
mozolomide over 6 weeks followed by adjuvant temozolomide for
six cycles. Twenty-one months after completing adjuvant temozolo-
mide, she developed radiographic progression, at which point her
baseline expressive aphasia and homonymous hemianopsia were
stable. She enrolled in the longitudinal CAN-3110 trial and under-
went a stereotactic biopsy confirming infiltrating GBM (data file
S1). The time course and dose of CAN-3110 and relevant findings at
each study time point are summarized in table S5. Throughout the
study, her baseline neurologic deficits persisted, and she developed
subjective, mild right-sided weakness after dose 3, which improved
with a 3-day dexamethasone pulse, but nonetheless has persisted. At
the time of the preparation of this report, DFCI2 has fully complet-
ed the study therapy. However, there was continued enhancement
with some slight increase with evolution of her clinical picture: Al-
though independent, by 18 months, serial MRI scans showed new
enhancement across the splenium with clinical evolution of a right
hemiparesis and increased dysphasia (data file S1). Treatment with
dexamethasone, bevacizumab, and niraparib was initiated. She re-
mains alive at 24 months.

Informed consent

Each patient signed a standard Brigham and Women’s Hospital (BWH)
informed consent form for clinical procedure for each stereotactic
biopsy and then a protocol-specific research consent form for in-
jection of the investigational agent [DFCI protocol number 16/557,
principal investigator (PI): E.A.C., BWH, and Mass General Brigham]
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and for the collection and scientific analyses of each biopsied GBM
core (DECI protocol number 10/417, PI: K.L.L., BWH/DFCI). Each
of these three consents was reaffirmed before each of the planned
procedures on days 0, 15, 30, 60, 90, and 120. Subsequently each
of the two patients in this trial signed a separate BWH consent
for public release and deidentification of their personal health
information (PHI) data for this publication and other possible
public disclosures.

Eligibility criteria

The size of the enhancing component of the tumor had to be >1 cm
to allow both a tumor size that could be biopsied at one site and in-
jected at a different site. The initial tumor had to be <2 cm in greatest
maximal diameter and located in either the nondominant cortex or
in the occipital dominant cortex to maximize patient safety while al-
lowing for the six time-point injections over 4 months. The tumor
was also required to be sufficiently far from the functional cortex
defined as sensorimotor and speech centers and associated fiber
tracts to allow for anticipated completion of the serial treatments
over 4 months as judged by the treatment team. Patients were re-
quired to have a Karnofsky performance score of at least 70, ade-
quate organ function, no dexamethasone therapy within 14 days
of study therapy initiation, and no prior anti-angiogenic therapy
including bevacizumab.

AE grading

Adverse events (AEs) were graded on the basis of CTCAE v5.0 cri-
teria. The determination of attribution was complex in this setting
because these could be due to CAN-3110, to the longitudinal mul-
tiple surgical procedures, or to the natural course of disease. Within
the protocol, several scenarios were provided to aid each principal
investigator and the sponsor in considering factors that would allow
attribution to one or a combination of etiologies.

Neurosurgical technical notes

Each intervention for the two patients reported here was carried out
in the operating room as an outpatient procedure at BWH. Patients
underwent conscious and not general anesthesia, with local anes-
thesia applied for skull fixation and scalp incision. The frameless
stereotactic apparatus was the Navigus device with Stealth navigation
stations (Medtronic Inc.). Biopsy site(s) and injection sites were pre-
identified before each procedure, ensuring that the latter was in a
separate area of tumor. Biopsy sites were selected to be close to the
previous treatment injection site for subsequent procedures (days 15,
30, 60, 90, and 120). Surgical planning for biopsy sites and injection
sites was reviewed preoperatively by the site PIs using an app-based
platform (Acesis Inc.). CSF was obtained from the Ommaya catheter
after each tumor biopsy and treatment administration to avoid brain
shifts that could hamper the precision of the intraoperative biopsy
and injection. In addition, diuretics (mannitol, Lasix) and corticoste-
roids were not administered unless medically necessitated, and the
patient’s head was left in a horizontal position without the custom-
ary head elevation to minimize brain shift. No hemostatic material
(gelfoam, surgicel) was placed in the used burr hole at each injection
to minimize the amount of absorbable foreign material that could
harbor bacteria. A single layer of interrupted vertical mattress su-
tures was used to close the skin without a separate layer of galea
sutures. These sutures were removed in a sterile manner in the oper-
ating room at the day 15 and day 30 time points, whereas sutures at
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subsequent time points were removed in the office. A postopera-
tive MRI scan was obtained within 6 hours to allow determination
of the anatomical sites for each biopsy and for each injection.

For both patients in this report, each dose of CAN-3110 was
1 X 10® PFUs reconstituted in 1 or 2 ml (based on number of injec-
tions in tumor) of sterile saline and injected through the SmartFlow
(MRI Interventions Inc.) cannula by hand over ~5 min. The dose at
each time point was administered to a single intratumoral location
except for the day 0 dose for DFCI2, which was equally divided be-
tween two intratumoral locations (0.5 x 10® PFUs in 1 ml each). The
injection catheter was left in place upon completion of the injection
for 5 min before being removed.

Biopsy site names

Each individual biopsy site location (d_63_L1,d_63_L1D,d_63_L2,
etc.) reflects a single biopsy needle position at which multiple biopsy
cores may have been collected. For a site named d_63_L1, the biopsy
would have been collected at trial day 63 in location 1 for that sur-
gery. Note that location names are specific to each surgery and are
not conserved across time points (L1 in the first surgery may not be
related to L1 in the second surgery, etc.). If the biopsy needle was
moved to a deeper depth along the same needle track, then the dif-
ference in location was denoted by appending “D” to the prior loca-
tion (if day 63 cores were taken at one location, then the needle was
inserted farther and additional cores were collected; the first location
would be d_63_L1 and the second location would be d_63_L1D). If
cores were collected from a different biopsy needle track, then a new
location name was used (d_63_L2).

Statistical analysis

For assays on biopsy core tissue, technical replicates were not per-
formed unless otherwise noted in figure legends. For TCR specific-
ity screening, two or three technical replicates were performed for
each negative control and HSV/CAN-3110 response condition on
the basis of the availability of stimulating reagents, with other con-
ditions being performed in singlet. For analyses involving statisti-
cal tests, each test is noted in the figure legend. All tests were two
sided. For correlative analyses, Pearson’s correlation P values (two-
sided, based on t distribution) or Spearman’s correlation P values
(two-sided, based on ¢ distribution) were calculated on the basis of
appearance of data as having a linear or nonlinear trend. Spearman’s
correlation tests were also performed where variables violated the
bivariate normality required for Pearson’s correlation tests. For
Pearson’s correlation analyses, the violation of bivariate normality
was tested using the Henze-Zirkler’s test. For t tests, normality was
tested using the Shapiro-Wilk test, and any comparisons with sig-
nificant deviation from normality (FDR < 0.1) were discarded. For
immunopeptidomic enrichment analyses, the default test (Fisher’s
exact test) for the Enrichr analysis software was used. All individual-
level tabular data are presented in data file S2.

Supplementary Materials
The PDF file includes:

Methods

Figs.S1to S16

Tables S1to S5

Legends for movies S1 and S2

Legends for data files S1 and S2
References (67-86)
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