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ABSTRACT
Immunotherapy with oncolytic herpes simplex virus-1 therapy offers an innovative, targeted, less-toxic
approach for treating brain tumors. However, a major obstacle in maximizing oncolytic virotherapy is a lack
of comprehensive understanding of the underlying mechanisms that unfold in CNS tumors/associated
microenvironments after infusion of virus. We demonstrate that our multiplex biomarker screening platform
comprehensively informs changes in both topographical location and functional states of resident/infiltrating
immune cells that play a role in neuropathology after treatment with HSV G207 in a pediatric Phase 1 patient.
Using this approach, we identified robust infiltration of CD8+ T cells suggesting activation of the immune
response following virotherapy; however there was a corresponding upregulation of checkpoint proteins PD-1,
PD-L1, CTLA-4, and IDO revealing a potential role for checkpoint inhibitors. Such work may ultimately lead to
an understanding of the governing pathobiology of tumors, thereby fostering development of novel ther-
apeutics tailored to produce optimal responses.
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Introduction

Effective, less-toxic therapies for malignant pediatric brain tumors
represent an unmet clinical need. The significant morbidity and
mortality associated with childhood brain cancer is compounded
by neurotoxicity within the developing brain caused by current
therapies (e.g., hormone dysfunction, neurosensory and neuro-
cognitive decline).1 Novel, targeted therapies directed toward
tumor cells are needed to improve outcomes and reduce dama-
ging side effects in children with brain cancer. Oncolytic herpes
simplex virus (oHSV) therapy offers an innovative, targeted, less-
toxic approach for treating pediatric brain tumors. Our institution
has conducted 3 Phase 1 trials of a first-generation oHSV (G207),
which has both copies of γ134.5 deleted and a lacZ insertion in the
ribonucleotide reductase locus for added protection, given alone

and with a single small dose of radiation in adults with recurrent
high-grade glioma.2–4 These trials conclusively demonstrated
safety of injecting high doses [up to 3 × 109 plaque-forming
units (PFU)] directly into the tumor or surrounding brain tissue,
and approximately 50% of patients had radiographic evidence of
tumor response, including two long-term survivors (>5.5 years).

Our preclinical data indicate that children are likely the ideal
candidates for oHSV; we recently reported that 10 pediatric
patient-derived brain tumor xenografts were on average ~40-fold
more sensitive to killing by oHSV than 8 adult patient-derived
glioblastoma (GBM) xenografts.5 Moreover, pediatric medullo-
blastoma tumor cells (including the most resistant group 3
tumors) and chemo- and radio-resistant CD133+ orCD15+ cancer
stem cells were highly sensitive to oHSV, and CD133+ glioma cells
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were likewise sensitive and had no inherent resistance to oHSV.6–8

Based on our preclinical findings, we have ongoing clinical trials of
G207 alone or combined with a single 5 Gy dose of radiation in
children with recurrent or progressive malignant supratentorial
(NCT02457845) and cerebellar tumors (NCT03911388).9,10 The
critical obstacle to maximizing oHSV and achieving more durable
responses is developing a strategy to amplify and thenmaintain the
anti-tumor immune response induced by the virus.11 Recent stu-
dies have shown that human brain tumors evade immune surveil-
lance through “checkpoint” proteins which inhibit tumor
infiltrating lymphocytes and prevent T cell activation.12 Higher
expression of these proteins in brain tumors has correlated with
worse patient outcomes and blocking these proteins with check-
point inhibitors has resulted in dramatic responses in somehuman
cancers.13,14 However, significant challenges to inciting andmain-
taining a potent anti-tumor immune response remain for the
immunologically privileged site of the brain.

In an effort to maximize the anti-tumor immune response
of oHSV, we have developed an innovative multiplex biomar-
ker screening platform that is capable of evaluating changes in
both the topographical location, architectural distribution and
functional states of resident and infiltrating immune cell types
that play a role in resultant tumor/immunopathology after
infusion of G207. Recent advances in multiplex immunofluor-
escence techniques have allowed simultaneous visualization of
a small set of antigens on formalin-fixed, paraffin-embedded
tissue for disease diagnosis and translational research.15 Here,
we describe our novel methodology that allows for simulta-
neous visualization of antigen labels that highlight the neu-
roinflammatory response, immune checkpoint state, tumor
phenotype, and vascular niche. We applied this technique to
study the treatment response of a patient with pediatric GBM
following G207 virotherapy. The results garnered will inform
the next series of pediatric virotherapy clinical trials via the
identification of adjuvant targets (e.g. checkpoint proteins) to
maximize efficacy.

Materials and methods

Patient/gross tissue pathology

Pre-treatment biopsy tissue from an 11-year-old female with
a right parietal lobe glioblastoma was obtained to confirm recur-
rent tumor prior to treatment with G207 per protocol. Post-
treatment HSV tissue from the same patient was obtained during
tumor resection approximately 3 months after the infusion of
G207.

Tumor biopsy/tissue processing

The University of Alabama at Birmingham Institutional Review
Board reviewed and approved the trial and study (IRB-
150319005); the studies described below have been performed in
accordance with our Assurance of Compliance approved by the
Department of Health and Human Services. Informed consent
was obtained from the patient’s parent and assent was obtained
from the patient prior to being screened for treatment. Biopsies
were taken to confirm presence of tumor tissue prior to placement
of catheters. Following frozen section demonstration of recurrent

tumor, 3 silastic catheters were placed in stereotactically prede-
fined coordinates of tumor.10

Both pre- and post-G207 treatment brain tumor tissue
blocks were fixed in 10% neutral buffered formalin and
underwent standard clinical processing into paraffin blocks.
In brief, following serial dehydration in 70% (25 minutes),
80% (40 minutes), 90% (25 minutes), and 3 changes of abso-
lute alcohol (25 minutes each) at 35°C, the tissue blocks were
incubated in 2 changes of xylene solution (40 minutes each) at
the same temperature and transferred through 4 separate
paraffin baths (25 minutes each) at 58°C. Finally, the tissue
blocks were embedded in paraffin and sectioned at 5 µm
thickness for multiplex fluorescence immunohistochemistry.

Immunohistochemistry

Briefly, 4 µm sections were obtained from formalin-fixed,
paraffin-embedded block preparations. The immunostaining
was accomplished with a fully-automated immunostainer
(Bond IHC stainer, Leica Biosystems, IL). Clinical immuno-
histochemistry was performed with ready-to-use antibodies
from Leica Biosystems directed against CD3 (clone: LN10),
CD4 (clone: 4B12), CD8 (clone: 4B11) and CD68 (clone:
514H12). Appropriate positive and negative control slides
were prepared; the negative control slides consisted of tissue
sections of each case processed without the addition of pri-
mary antibody.

Multiplex fluorescence immunohistochemistry

Multiplex fluorescence immunohistochemistry was performed
on 5 µm-thick paraffin sections sourced from pre- and post-
HSV treated GBM tissue using up to 4 iterative rounds of
sequential immunostaining with select antibody panels (see
Supplemental Table 1 for each panel) tailored for deep pheno-
typing of GBM cytoarchitecture and examination of the tumor
microenvironment. Each round of antibody staining was
imaged by fluorescence microscopy followed by antibody strip-
ping and tissue restaining steps to repeat the cycle, each time
using a different antibody panel, which ultimately culminated
in screening 18 different validated biomarkers relevant to GBM
phenotyping per each tissue section. Briefly, the sections were
first deparaffinized using a standard xylene/ethanol rehydra-
tion protocol followed by antigen unmasking with a 10-minute
heat mediated antigen retrieval step in 10 mM Tris/EDTA
buffer pH 9.0 (Tris/EDTA buffer) using a 800W microwave
set at 100% power. The sections were then incubated with
Human BD Fc Blocking solution (BD Biosciences) to saturate
endogenous Fc receptors, and then in True Black Reagent
(Biotium) to quench intrinsic tissue autofluorescence. The
sections were then immunoreacted for 1 hour at RT using
1–5 μg/ml cocktail mixture of immunocompatible Antibody
Panel #1 targeting neuroinflammatory cell phenotypes. This
step was followed by washing off excess primary antibodies in
PBS supplemented with 1 mg/ml bovine serum albumin (BSA)
and staining the sections using a 1 μg/ml cocktail mixture of the
appropriately cross-adsorbed secondary antibodies (purchased
from either Thermo Fisher, Jackson ImmunoResearch or Li-
Cor Biosciences) conjugated to one of the following spectrally
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compatible fluorophores: Alexa Fluor 430, Alexa Fluor 546,
Alexa Fluor 594, Alexa Fluor 647 or IRDye 800CW. After
washing off excess secondary antibodies, sections were coun-
terstained using 1 μg/ml DAPI (Thermo Fisher Scientific) for
visualization of cell nuclei. Slides were then coverslipped using
Immu-Mount medium (Thermo Fisher Scientific) and imaged
using a multi-channel wide field epifluorescence microscope
(see below). After imaging, tissue bound primary and second-
ary antibodies were both stripped off the slides after a 5-minute
incubation at RT in NewBlot Nitro 5X Stripping buffer (Li-Cor
Biosciences) followed by 1-minute additional heat mediated
antigen retrieval step in Tris/EDTA buffer. The above proces-
sing cycle beginning with re-blocking of tissues in Human BD
Fc Blocking solution was repeated and the same sections then
incubated using a second mixture of antibodies (Antibody
Panel #2) targeting select checkpoint proteins. The whole pro-
cess was sequentially repeated two more times using Antibody
Panels # 3 and 4 to characterize GBM phenotypes and the
vascular niche, respectively.

Multiplex fluorescence immunohistochemistry image
acquisition

Images were acquired from whole specimen sections using the
Axio Imager.Z2 slide scanning fluorescence microscope (Zeiss)
equipped with a 20X/0.8 Plan-Apochromat (Phase-2) non-
immersion objective (Zeiss), a high resolution ORCA-Flash4.0
sCMOS digital camera (Hamamatsu), a 200W X-Cite 200DC
broad band lamp source (Excelitas Technologies), and 7 custo-
mized filter sets (Semrock) optimized to detect the following
fluorophores: DAPI, Alexa Fluor 430, Alexa Fluor 488, Alexa
Fluor 546, Alexa Fluor 594, Alexa Fluor 647 and IRDye 800CW.
Image tiles (600 × 600 μm viewing area) were individually cap-
tured at 0.325 micron/pixel spatial resolution, and the tiles seam-
lessly stitched into whole specimen images using the ZEN 2 image
acquisition and analysis software program (Zeiss), with an appro-
priate color table having been applied to each image channel to
either match its emission spectrum or to set a distinguishing color
balance. Pseudocolored stitched images acquired from all 4
rounds of antibody staining and imaging were then exported to
Adobe Photoshop and overlaid as individual layers to create
multicolored merged composites as previously described.16

Quantification and statistical analysis

Quantification was performed on a total of n = 6 random regions
of interest (ROI) by a clinically trained neuropathologist (RL).
The number of nuclei, as determined via DAPI positive staining,
was ≥100 per ROI. Data are expressed as percentage of positive
cells for a given marker over the total number of DAPI positive
cells; these data are presented via standard box-and-whiskers
plots, in which the central-line represents the median and the
upper and lower bounds of the boxes are min andmax value. All
statistical tests were performed in GraphPad Prism (version 5.00
for Mac, GraphPad Software). Data were tested for normality
using a D’Agostino and Pearson omnibus normality test and

subsequently assessed for homogeneity of variance. Data that
passed both tests were further analyzed using a two-tailed
unpaired Student’s t-test. For all statistical tests, p-value <0.05
were considered statistically significant.

Results

The complex host-tumor relationship is the result of interplay
between tumor cells, normal parenchyma, stromal elements,
and the immune system. Despite such acknowledged com-
plexities, a comprehensive method capable of phenotyping
clinically relevant tissue (e.g. pre- and post-treatment) has
yet to emerge. Herein, we successfully demonstrate the ability
to analyze clinical tissue samples with a plex of antibodies (18
in total). ROIs centered on hemorrhage as defined by glyco-
phorin A (GPA) and the tumor vasculature (i.e. the relative
presence or absence thereof) as defined by PECAM-1/CD31
and collagen IV serve as tissue landmarks in pre-treatment
(Figure 1a,b) and post-treatment tissue (Figure 2a,b). Of note,
quantification of the percentage of CD31 (4.1% ± 1.0% pre- vs
3.3% ± 0.5% post-, p-value = 0.511, Figure 3a) and collagen IV
(3.7% ± 0.9% pre- vs 4.3% ± 0.5%, p-value = 0.596, Figure 3b)
positive cells were not statistically different.

Influx of CD8+ effector T-lymphocytes after oncolytic HSV
G207 therapy

Using the antibody panel 1 (Supplemental Table 1, neuroin-
flammatory cell phenotyping), we demonstrated a massive
influx of T-lymphocytes after treatment with oHSV G207 as
evidenced by CD3, CD4, and CD8 expression. Prior to HSV
therapy, there was a dearth of adaptive immunity noted
throughout the pre-treatment tissue and within the examined
ROIs (Figure 1c and 4). Examination of post-treatment tissue
revealed a massive influx in CD3+CD8+ T cells throughout the
tissue (Figure 2c and 5) and a significant increase in the
proportion of CD3 (0.3% ± 0.1% pre- vs 4.7% ± 1.5% post-,
p-value = 0.016, Figure 3c), CD4 (0.0% ± 0.0% pre- vs
0.9% ± 0.4% post-, p-value = 0.031, Figure 3d), and CD8
(0.3% ± 0.1% pre- vs 3.8% ± 1.3% post-, p-value = 0.021,
Figure 3e) positive cells within examined ROIs; while
CD3+CD4+ T cells did increase post-treatment, the vast
majority of CD3+ cells were effector CD8+ T cells (Figure 5).
In addition, a greater proportion of macrophages (i.e. CD68
positive cells) and microglia (i.e. IBA1 positive cells) were
observed in post-treatment tissue (Figure 2c and 5) compared
to pre-treatment tissue (Figure 1c and 4), both throughout the
tissue and within the examined ROIs. These findings were
further validated using standard clinical immunohistochemis-
try on representative tissue blocks (Figure S1). Of note, about
a 3 fold-increase in the percentage of CD68 (5.5% ± 0.7% pre-
vs 14.0% ± 1.3% post-, p-value = 0.002, Figure 3f) and IBA1
(6.6% ± 0.9% pre- vs 18.0% ± 1.7% post-, p-value <0.0001,
Figure 3g) positive cells were found. Beyond oncolysis, these
data suggest that oHSV therapy increases and/or amplifies the
anti-tumor immune response.
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Upregulation of checkpoint proteins cytotoxic
T-lymphocyte–associated antigen 4 (CTLA-4),
programmed cell death protein 1 (PD-1), programmed
death ligand 1 (PD-L1), and indoleamine 2,3-dioxygenase
(IDO) after treatment with oncolytic HSV

The analysis of antibody panel 2 (Supplemental Table 1, check-
point proteins) allowed us to further characterize the immunor-
egulatory state of our pre- and post-treatment tissue biopsies.
Given the noted influx of T-lymphocytes described above we
sought to characterize their expression of CTLA-4 and PD-1,
checkpoint proteins that hold relevant clinical/prognostic value
and in so doing found a robust increase in the proportion of
CTLA-4 (0.2% ± 0.1% pre- vs 3.4% ± 1.1% post-, p-value = 0.013,
Figure 3h) and PD-1 positive lymphocytes after treatment
(0.2% ± 0.2% pre- vs 3.1% ± 0.5% post-, p-value = 0.002;
Figure 3j). We noted that the few CD8+ T-lymphocytes in pre-
treatment samples expressed CTLA-4, albeit weakly (Figure 6d),
whereas CTLA-4was ubiquitously expressed onCD8+ cells post-
treatment (Figure 7d). Furthermore PD-1 was highly expressed
on both CD4+ and CD8+ cells post-treatment (Figure 7e) In
addition to examining lymphocyte expression of checkpoint
proteins, we examined tumor cells for expression of PD-L1
and IDO. PD-L1 expression was significantly increased with
8.4% ± 0.9% cells expressing PD-L1 after treatment with G207
(Figures 3k and 7f) compared to 0.5% ± 0.3% cells pre-treatment

(p-value = 0.001; Figure 6f). While faint IDO expression was
seen in both pre- and post-treatment tissue (Figures 6c and 7c),
there were significantly more cells with strong expression of IDO
after treatment (4.0% ± 0.7% pre- vs 15.3% ± 3.7% post-,
p-value = 0.0105 Figure 3i). These data suggest that while there
is a vigorous immune cell infiltration of the tumor after oHSV,
there is a concurrent increase in checkpoint protein expression
in both tumor cells and immune cells.

Markers of stemness (Nestin/Sox2)/glia (GFAP/Vimentin/
s100β) and replication (PCNA) demonstrate complex
tumor heterogeneity

We sought to characterize tumor cell phenotype and global
replication by means of antibody panel 3 (GBM cell phenotyp-
ing). Intensity of vimentin/nestin staining appeared relatively
stable pre- (Figure 1d and S2) and post-HSV treatment
(Figure 2d and S3) with no detectable differences in the percen-
tage of vimentin (68.4% ± 9.1% pre- vs 83.2% ± 3.8% post-,
p-value = 0.165, Figure 3l) or nestin (50.0% ± 7.6% pre- vs
54.5% ± 11.6% post-, p-value = 0.751, Figure 3m) positive cells.
Furthermore, we did not detect any significant difference in the
proportion of Proliferating Cell Nuclear Antigen (PCNA) posi-
tive cells in the pre-treatment (Figure S2) versus post-treatment
tissue (Figure S3; 20.4% ± 2.9% pre- vs 24.1% ± 4.9% post-,

Figure 1. (a). Pre-treatment tissue biopsy; white boxes define two representative regions of interest (ROI) 1 and 2 enlarged in A1–E1 and A2–E2, respectively.
(b). vascular panel; blue: DAPI, green: collagen IV, yellow: CD31, red: glycophorin A (GPA). (c). inflammatory panel; blue: DAPI, green: CD4, yellow: CD3, orange: CD8,
teal: IBA1, magenta: CD68. (d). glia stem panel; blue: DAPI, green: nestin, purple: vimentin, yellow: proliferation cell nuclear antigen (PCNA). (e). glia differentiation
panel; blue: DAPI, green: glial fibrillary acidic protein (GFAP), yellow: S100β, magenta: SOX2.

e1678921-4 J. D. BERNSTOCK ET AL.



p-value = 0.531, Figure 3n). Similarly, there was not a significant
difference in expression of GFAP in pre-treatment (Figure S4)
and post–treatment (Figure S5) tissue (77.4% ± 8.5% pre- vs
61.2% ± 10.5% post-, p-value = 0.256, Figure 3o). Finally, we
quantified the proportion of S100β and SOX2 positive cells
(Figures S4 and S5) and found a 3-fold increase in the percentage
of S100β cells (9.1% ± 2.7% pre- vs 31.3% ± 6.0% post-,
p-value = 0.008, Figure 3p) and a significant reduction of

SOX2 positive cells (93.1% ± 1.9% pre- vs 59.9% ± 12.0% post-,
p-value = 0.020, Figure 3q) post-treatment compared to pre-
treatment.

Discussion

Despite the appeal of precision medicine, targeted therapeutics
capable of successfully treating progressive pediatric high-grade

Figure 2. (a). Post-treatment tissue biopsy; white boxes define two representative ROIs 1 and 2 enlarged in A1–E1 and A2–E2, respectively. (b–e). Refer to Figure 1
legend for biomarker definition.
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gliomas based on unique features of a patient’s individual
tumor have yet to materialize. The paucity of therapeutic
options stands in stark contrast to the multitude of research
efforts and clinical trials. The limited success of such a massive
research investment demands a reevaluation of the pathobiol-
ogy of pediatric brain tumors and a subsequent refinement of
experimental/therapeutic approaches. Emerging immunofluor-
escence approaches have promised to provide a new perspective
for understanding the tumor microenvironment, bringing the
spatial relationships between immune cells and tumor cells into
view.17 Accordingly, herein we have validated our novel in situ

multiplex immunofluorescence biomarker screening approach
and effectively demonstrated its use for the architectural assess-
ment of tumor immunopathology and response to virotherapy.
We simultaneously identified 18 relevant biomarkers that are
reflective of the vascular niche, inflammation, replication, stem-
ness and glial differentiation in an effort to fully characterize the
pathogenesis/biology of such brain tumors and ultimately
develop treatment modalities; for example, the high expression
of checkpoint proteins after oHSV treatment identifies a rich
target for checkpoint protein inhibitor therapy to maintain an
anti-tumor immune response.

Figure 3. Quantification of the percentage of positive cells over DAPI positive cells in pre-treatment (pre-) and post-treatment (post-) samples. (a). CD31;
(b). Collagen IV; (c). CD3; (d). CD4; (e). CD8; (f). CD68; (g). IBA1; (h). CTLA-4; (i). IDO; (j). PD-1; (k). PD-L1; (l). Vimentin; (m). Nestin; (n). PCNA; (o). GFAP; (p). S100β;
(q). SOX2. Data are percentage of positive cells over DAPI and shown via standard box-and-whiskers plot in which the central-line represents the median and the
upper and lower bounds of the boxes are min and max values. *: significant at a threshold of p < .05. **: significant at a threshold of p < .01. ***: significant at
a threshold of p < .001.
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In addition to selective tumor cell killing, oHSV may trigger
anti-tumor immune responses. This may occur by several
mechanisms: (1) the release of tumor neoantigens following onco-
lytic cell death; (2) stimulation of antiviral immune responses; (3)

suppression of tumor immune evasion mechanisms; and (4)
expression of engineered proinflammatory cytokines. In this
pilot study, we directly visualized the spatiotemporal properties
of the activated cytotoxic T cell response due to oHSV treatment

Figure 4. (a). Pre-treatment tissue biopsy stained with neuroinflammatory cell phenotyping (Panel 1 from Supplemental Table 1) antibodies; white boxes define the
region of interest. (b–h). Single marker pictures (B–G) and merge (H) of the ROI indicated in (A). Blue: DAPI, green: CD4, yellow: CD3, orange: CD8, teal: IBA1,
magenta: CD68.

ONCOIMMUNOLOGY e1678921-7



in a pediatric patient with GBM. We show robust tumor infiltra-
tion at ~90 days post-treatment in focal regions of interest near
the vascular niche. Additionally, we saw a significant increase in
microglia andmacrophages. This may be related to the increase in
S100β which has been shown to act as a chemoattractant for
macrophages.18 Importantly, we identified robust infiltration of
a CTLA-4+ PD-1+ T cell population, and tumor cells demon-
strated upregulation of PD-L1 and IDO. Cancer immunotherapy
strategies, including CTLA-4 blockade (e.g. ipilimumab), PD-1/
PD-L1 inhibition (e.g. nivolumab; pembrolizumab), or IDO inhi-
bition (e.g. indoximod; epacadostat) activate the cell-mediated
immune response against tumor cells. The expression of CTLA-
4 and PD-1 on cytotoxic T cells and PD-L1 and IDO on tumor

cells after treatment with oHSV suggests the potential for synergy
between oncolytic virus treatment and checkpoint inhibitors.19–21

Such work sets the stage for the comprehensive description of
CNS tumor pathobiology and may ultimately be extended to
other diseases/disorders or insults to the CNS that require
a comprehensive profile of tissue response to damage or disease.
It is prudent to note that iterative rounds of multiplex IHC
staining may ultimately increase the number of screened biomar-
kers to hundreds or even thousands per tissue section, which may
become feasible for broader clinical-scale use with improvements
in automation. Currently, we are in the process of expanding our
biomarker panels by developing novel combinations of validated
antibodies capable of fully characterizing the complex response of

Figure 5. (a). Post-treatment tissue biopsy stained with neuroinflammatory cell phenotyping (Panel 1) antibodies; white boxes define the region of interest.
(b–h). Refer to Figure 4 legend for biomarker definition.
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brain tumor tissue and the response to experimental therapeutics.
Further, computational solutions are being devised to leverage this
technology in order to comprehensively and robustly quantify the
histologic changes mediating complex cellular processes in brain
tumors and other neuropathological disorders using existing

quantitative algorithms for image segmentation and analysis
(e.g. the FARSIGHT toolkit).22 More advanced computational
solutions are also being developed that will employ machine
learning algorithms customized to our imaging paradigm, ulti-
mately enabling easily scalable image data analysis to support

Figure 6. (a). Pre-treatment tissue biopsy stained with checkpoint protein (Panel 2 from Suplemental Table 1) antibodies; white boxes define the region of interest.
(b–k). Single marker pictures (b–f), PD-1 and PD-L1 (g), merge (h), and neuroinflammatory cell markers (i–k) of the ROI indicated in A. Blue: DAPI, green: IDO, cyan:
CTLA-4, yellow: PD-1, red: PD-L1.
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systems biology and translational research into devising optimal
treatment strategies to reduce the burden of neurological disease/
disorders and/or traumatic insults.23 Computational advances, in
combination with future mechanical automation of the sample
preparation, can improve the scalability of this methodology so
that it may be routinely performed on patients monitored for
treatment response after virotherapy or other immunotherapies.24

Increased application of our novel in situmultiplex immunofluor-
escence will also promote an improved understanding of the
range of immune and tumor cell response to virotherapy, and
with clinical correlation will provide biological insights in patient
stratification and monitoring response to treatment. Immediate
implications from this work suggest that adjuvant immunother-
apy with agents such as ipilimumab (an inhibitor of CTLA-4),

Figure 7. (a). Post- treatment tissue biopsy stained with checkpoint protein (Panel 2) antibodies; white boxes define the region of interest. (b–k). Refer to Figure 6
legend for biomarker definition.

e1678921-10 J. D. BERNSTOCK ET AL.



pembrolizumab or nivolumab (inhibitors of PD-1), atezolizumab
or durvalumab (inhibitors of PD-L1), or epacadostat or indoxi-
mod (inhibitors of IDO) may be beneficial in an effort to sustain
the secondary immune response initiated by virotherapy.

Conclusion

In summary, our novel in situ multiplex immunofluorescence
screening approach and imaging platform is a useful modality
capable of providing a comprehensive analysis of the complex
changes that occur in tumor cytoarchitecture specifically after
immunologically centered therapies (e.g. virotherapy). Taken
together, the results demonstrate that our multiplex biomar-
ker screening platform lays the groundwork for the compre-
hensive characterization of changes that occur within the
brain before and after treatment of a CNS neoplasm.
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