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Malignant peripheral nerve sheath tumors (MPNSTs) are a
highly aggressive neoplasm of the peripheral nervous system
and are resistant to most conventional cancer therapies. We
previously showed that pretreatment with ruxolitinib (RUX)
enhanced the efficacy of oncolytic herpes simplex virus
(oHSV) virotherapy in this murine sarcoma model. A low
abundance of tumor-infiltrating leukocytes and limitations in
conventional flow cytometry restrict analyses to a narrow sub-
set of immune cells, potentially introducing a confirmation
bias. To address these limitations, we developed a 46-color
spectral flow cytometry panel for the detailed analysis of im-
mune cell dynamics following repeated oHSV dosing. Beyond
the cytotoxic T lymphocyte (CTL) and regulatory T cell
(Treg) changes reported in our earlier studies, RUX+oHSV
treatment modulates myeloid and other lymphoid compart-
ments, including germinal center B cell populations with
enhanced activation. RUX+oHSV therapy also increased cyto-
kine-expressing CD4(+) populations, predominantly granzyme
B(+) cytotoxic-like, interferon (IFN)-g(+) T helper type 1
(Th1)-like, and interleukin (IL)-21(+) T follicular helper
(Tfh)-like phenotypes, within the tumor infiltrates, suggestive
of potential tertiary lymphoid structure development in the
treated tumors. Here, we illustrate the utility of a high-dimen-
sional spectral flow cytometry panel that permits simultaneous
evaluation of intratumoral CD4/CD8 T cell, Treg, gd-T cell,
natural killer T (NKT) cell, B cell, NK cell, monocyte, macro-
phage, granulocyte, myeloid-derived suppressor cell (MDSC),
and dendritic cell functional changes fromRUX+oHSV-treated
MPNSTs.
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INTRODUCTION
Malignant peripheral nerve sheath tumors (MPNSTs) are a highly
aggressive neoplasm of the peripheral nervous system, affecting
both children and adults. They constitute approximately 10% of all
soft-tissue sarcomas, with an annual incidence of 1.46 per million per-
son years and a prevalence of 8%–13% in patients with neurofibroma-
tosis type 1 (NF1).1,2 These tumors are associated with poor prognosis
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and stand as the primary cause of mortality in patients with NF1. The
5-year survival rate ranges from 20% to 54%, dropping even further in
cases that are unresectable or metastatic.3 Surgery is the primary
treatment for MPNSTs, but most cases are diagnosed at advanced
stages, limiting the efficacy of surgical resection. MPNSTs are resis-
tant to conventional therapeutics, and with the lack of FDA-approved
drugs for MPNST treatment, clinical trials have explored experi-
mental therapies, such as checkpoint inhibition, macrophage target-
ing, and oncolytic viruses (OVs).3,4 OVs, including oncolytic herpes
simplex viruses (oHSVs), are modified viruses that selectively repli-
cate in cancer cells, resulting in both tumor cell lysis (oncolysis)
and the initiation of an immune response against the tumor (immu-
notherapy). Pre-clinical studies have shown that tumor-associated
immune cell infiltrates are integral to re-establishing immune
surveillance.5,6

Monitoring immune cell population changes after virotherapy by
flow cytometry is integral to delineating cellular and functional
changes associated with the treatment response. Comprehensive
assessment of immune effector infiltrates and their response to
oHSV treatment involves the evaluation of cytokine expression
changes and surface marker upregulation. However, limited immune
infiltrates in some treated tumors can restrict phenotypic assessment
and may introduce confirmation bias into studies. This may also limit
contextualized or integrated assessment of immune response changes
and increases the need for repeated expensive animal studies for com-
plete characterization. Techniques like single-cell RNA sequencing
and mass cytometry offer multiparameter assessments but are rela-
tively expensive and require specialized equipment and expertise,
limiting their accessibility in some research settings. Spectral flow
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cytometry overcomes some of these challenges by providing a high-
dimensional immune cell analysis that improves the depth and sensi-
tivity of tumor-infiltrating leukocyte (TIL) analysis.

Here, we developed a 46-parameter spectral cytometry panel that can
characterize both the lymphoid and myeloid compartments and in-
cludes intracellular cytokine and transcription factor (FOXP3) stain-
ing for immune functional assessments. This staining panel provides
sufficient sensitivity for detecting immune cell changes, applicable not
only in leukocyte-rich samples (e.g., peripheral blood, bone marrow,
lymphoid organs) but also in environments with limited leukocyte
presence (e.g., tumors). In this study, we demonstrated its utility in
evaluating immune effector changes following oHSV treatment com-
bined with the FDA-approved JAK protein kinase inhibitor ruxoliti-
nib (RUX). We previously demonstrated that RUX+oHSV combina-
tion therapy reduced murine sarcoma growth, prolonged survival,
and increased activated CD8(+) T cell frequency, shifting the cyto-
toxic T cell-to-regulatory T cell (Treg) ratios within tumors early
post-treatment.7 We also explored how the loss of CD8(+) T cells
impaired RUX+oHSV therapeutic activity. Due to limited number
of detectors in conventional flow cytometry and the small number
of available leukocytes, these studies were restricted to evaluating
the cytotoxic cellular response and Treg changes and did not fully
examine CD4 functional changes or other immune compartments,
such as B cells, natural killer (NK) cells, and myeloid cell subsets,
or later immune cell changes after repeat oHSV treatment. To address
this limitation, we used our new spectral flow panel to investigate de-
layed lymphoid and myeloid immune response changes post-tumor
treatment. This approach provided a more comprehensive under-
standing of the immune landscape while overcoming limitations
posed by variations in immune infiltrate abundance. Here, we intro-
duce this spectral panel and show that RUX pretreatment followed by
repeated oHSV MPNST treatment induces CD4(+) and B cell func-
tional changes, suggesting that a complex and polyfunctional immu-
notherapeutic response contributes to RUX+oHSV therapy efficacy.7

RESULTS
Development of a spectral flow cytometry panel for assessing

oHSV-related TIL changes

OV treatment alters the composition and function of TILs within a
complex tumor microenvironment. To comprehensively evaluate
the impact of oncolytic HSV (oHSV) on TIL activity following treat-
ment, we developed a 46-color high-dimensional flow cytometry
panel with minimal spectral overlap (similarity index % 0.98) and
optimized marker selection based on expression levels and fluoro-
chrome brightness. A best-fit approach with commercially available
antibodies was used due to the limited availability of certain combina-
tions (Figure 1A; Table S1), and the panel was initially validated for
spectral overlap and performance using antibody-binding beads.

Most antibodies demonstrated enhanced performance, with a greater
than one logarithmic (log) difference in themean fluorescence intensity
(MFI) between positive and negative signals (Figure S1). Antibodies tar-
geting interleukin (IL)-21, CD11b, CD5,major histocompatibility com-
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plex (MHC) class II, CD62L, Siglec-5, and GL-7 displayed Rhalf-log
differences. These smaller MFI differences, however, still provided reli-
able positive peaks suitable for cellular staining applications.

Next, we conducted serial dilution experiments (1:400–1:2,000) to
determine the optimal antibody concentrations for staining leukocyte
subpopulations. Splenocytes were used for initial evaluations, with
bone marrow cells and peripheral blood cells (PBCs) (Figure 1B)
used in subsequent experiments to refine antibody concentrations
for improved B cell phenotype discrimination. Stimulation with phor-
bol 12-myristate 13-acetate (PMA) and ionomycin in the presence of
a Golgi block allowed the assessment of antibodies against activation
markers (CD25, CD44, and CD69) and intracellular cytokines (tumor
necrosis factor alpha [TNF-a], interferon [IFN]-g, IL-4, IL-12, IL-
17A, IL-21, granzyme B [GzB]). The highest dilution yielding a rela-
tively high stain index (SI) was selected as the optimal concentration
for each antibody (Figure S2).

Myeloid and lymphoid population assignments and gating

strategy

Using validated antibody concentrations, we next implemented a
comprehensive gating strategy to analyze PMA/ionomycin-stimulated
splenocytes and fresh blood/bone marrow. Upon finalizing this gating
strategy, we applied a similar approach to TILs. Forward- and side-scat-
ter parameters were used to exclude debris and select viable leukocytes
(Figure 2A). Viable CD45(+) cells were further identified using low
Zombie NIR viability stain and high CD45 expression.

Within the live CD45(+) population, we categorized CD19(+) B cells
into regulatory (Bregs) and effector subsets, such as transitional cells,
marginal zone (MZ) cells, follicular (FOL) cells, germinal center (GC)
cells, PBs, and PCs, based on specific markers (Table 1).8–13 B1 cells
were characterized among CD19(+)B220(�) populations.14 B cell
activation was characterized by evaluating the expression levels
(MFI) of CD80, CD86, MHC class II, and CD69.13

Among CD19(�) cells, NK cells, T cells (CD3[+]), and NKT cells
were identified.15,16 T helper (CD4[+]) and cytotoxic (CD8[+])
T cells were distinguished within T cells. Tregs were identified by
FOXP3 expression in CD4(+) cells. Both CD4(+) and CD8(+)
T cells were also analyzed for surface markers (Ly6C, CD44,
CD62L, CD49b, CD103, CD25, CD69) and intracellular cytokines
(TNF-a, IFN-g, IL-4, IL-17A, IL-21, GzB). PD-1 expression on
T cells was analyzed as an early activation marker or an indicator
of potential exhausted phenotypes.17 Classification of CD44 and
CD62L expressions allowed categorization of CD44(�), CD62L(+)
naive, CD44(+)CD62L(+) central memory (TCMs), and CD44(+)
CD62L(�) effector/effector memory (TEFF/TEM) T cells.18 CD103
expression identified tissue-resident memory T (TRM) cells,19,20

and their activation was evaluated by CD25 and CD69 expression.21

Myeloid cells were gated on CD19(�)CD3(�)NK1.1(�)CD93(�)
CD138(�) populations, followed by specific marker gating (Ta-
ble 1).22–28 The activation of myeloid cells was defined by CD80,



Figure 1. Preparation of single-cell suspension from blood and tissues for spectral flow staining

(A) Complete list of antibodies used in designing the spectral panel. (B) Schematic diagram illustrating the protocol for isolating leukocytes from tumors, lymph nodes (LNs),

spleen, blood, and bone marrow. The single-cell suspension was incubated with a Golgi block (brefeldin A) with or without PMA/ionomycin at 37�C for 5 h. The cells were

washed at 500 � g for 5 min with PBS and stained for live/dead (L/D) at 37�C for 10 min. Following washing with FACS buffer (PBS, 5% FBS, 0.01% NaN3), the cells were

stained for surface markers for 40 min at room temperature (RT) using antibodies listed in (A). Samples were washed again, fixed, and permeabilized using FoxP3 fixation/

permeabilization buffer and stained overnight (O/N) for intracellular targets at 4�C. Samples were washed and acquired using a spectral flow cytometer. The diagram was

created with BioRender.com. NFB, NovaFluor Blue; NFY, NovaFluor Yellow; AF, Alexa Fluor; S NIR, Spark NIR; cF, cfluor; S Blue, Spark Blue. L/D differentiation with Zombie

NIR (BioLegend).
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CD86, andMHC class II expression, with PD-L1 indicating inhibitory
signaling.29,30 These markers were quantified using MFI to assess
cellular activation, antigen presentation, or suppression of T cell ac-
tivity. Frequencies of specific marker-expressing cell populations
were expressed as percentages of their parent population or total
CD45(+) cells.

RUX+oHSV treatment reducesmyeloid cell populations in tumors

Our previous study demonstrated enhanced CD8(+) T cell activity
with RUX preconditioning and C134 oHSV therapy.7 We used this
model as a reference in the current study to validate our multiparam-
eter flow cytometry panel and investigate immune changes, especially
after repeated oHSV dosing. Mice bearing established tumors (n = 8
per cohort) were treated with PBS or RUX (60 mg/kg) for three
consecutive days, followed by two doses of PBS or C134 (3 � 107

PFU) 1 week apart (Figure 2B). Four days after the final oHSV treat-
ment (day 11 post-initial oHSV treatment), TILs were incubated for
5 h in the presence of a Golgi plug, stained for surface markers and
intracellular targets, and analyzed by spectral flow cytometry.

Immune infiltrate increased but absolute myeloid cell numbers re-
mained constant following RUX+oHSV therapy (Figures 3A–3C).
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However, the relative myeloid abundance (40% in PBS-treated tu-
mors) decreased proportionally (20% in RUX+oHSV-treated tumors)
and was related to the lymphocyte influx after oHSV therapy
(Figures 3D and S3A). This proportional decrease in myeloid cells
was consistent across subsets such as Ly6G(+) granulocytes/
myeloid-derived suppressor cells (MDSCs) (Figures 3E and S3B)
and F4/80(+) macrophages (Figures 3F and S3C). Ly6CHI inflamma-
tory monocytes (Figures 3G and S3D), Siglec-F(+) eosinophil (Fig-
ure 3H), and CD11c(+) dendritic cell (data not shown) populations
did not change significantly between treatment groups. These find-
ings suggest that RUX pretreatment potentially plays a significant
role in reducing the frequency and absolute number of immunosup-
pressive myeloid cells within the tumor microenvironment.

Both CD4(+) and CD8(+) T cells are activated and have a pro-

inflammatory and polyfunctional effector phenotype in

RUX+C134-treated tumors

Because T cell populations increased post-RUX+C134 treatment, we
anticipated that both T helper and cytotoxic T cell populations were
equally responsible for this large lymphocyte infiltrate. RUX+C134
treatment increased the absolute number of both CD4 and CD8 pop-
ulations (Figures S4A and S4B), predominantly the CD4(+) popula-
tion, leading to an increase in CD4(+) frequency and a subsequent
CD4:CD8 ratio increase (Figure 4A). Notably, other lymphoid popu-
lations, such as NKT and NK cells, remained unaffected in their pro-
portions, numbers, and functions (Figures S4C–S4F).

Consistent with our prior findings,7 RUX+oHSV treatment increased
effector (TEFF) or effector memory (TEM) phenotypes with a subse-
quent decrease in the naive population within the CD8 compartment
(Figures 4B and S4G). There was also an increase in Ly6C and GzB,
both single and co-expressions (Figures 4C–4F), within these
CD8(+) T cells, indicative of an improved pro-inflammatory and
cytotoxic profile.31,32 Consistent with this improved activity, they
also exhibited increased expression of CD69 and CD28, suggestive
of recent activation (Figures 4G, S4H, and S4I).

Similarly, RUX+C134 treatment amplified CD4(+) T cell infiltration
within tumors, displaying a TEFF/TEM phenotype with reduced naive
cell markers (Figure 4H). Like the pro-inflammatory CD8(+) T cells,
these CD4(+) T cells exhibited higher Ly6C expression and lower
Figure 2. Flow gating strategy and experimental design

(A) Gating strategy on acquired samples was performed using FlowJo v.10.8.1. Cellular

parameters. Singlets and viable CD45(+) cells were selected. B cells (CD3[�]CD19[+]) w

(NK) cells, plasma cells (PCs), and CD3(+) cells. CD3(+) cells were further characterized a

cytotoxic T cells, regulatory T cells (FoxP3+), or FoxP3(�)CD4(+) T helper cells. Both T ce

CD69, and PD-1) and intracellular cytokines (TNF-a, IFN-g, IL-4, IL-17A, IL-21, granz

populations, followed by sequential specific markers to gate neutrophils/granulocytic m

monocytic MDSCs (mMDSCs), and macrophages. Activation of B cells and myeloid cells

CD80, CD86, CD69, and MHC class II expression. Frequencies of specific marker-expr

total CD45(+) cells. (B) Schematic of experimental design for murine tumor studies. Th

67C-4 tumor cells per flank. When the tumor size reached 50–300 mm3, mice were ran

(60 mg/kg) or PBS at �3, �2, and �1 day before PBS or oHSV (3 � 107) treatment on

tumors and tissues were harvested and analyzed using spectral flow cytometry.
PD-1 levels (Figure 4I), indicative of enhanced pro-inflammatory ac-
tivity and a reduced likelihood of exhibiting an exhausted phenotype.
Furthermore, increased CD69 (Figures 4J and S4J) and CD28 expres-
sion (Figure 4K) supported their activated status. Conversely,
RUX+C134 decreased FOXP3(+) Tregs (Figure 4L), indicating a shift
in the activation-inhibition immune balance toward enhanced
effector functions after repeat oHSV dosing.

Next, we examined CD4(+) T cell cytokine and effector profiles to
identify how RUX+oHSV altered CD4(+) T cell function. Intratu-
moral CD4(+) T cells were incubated in the presence of a Golgi block
without exogenous stimulating agents for 5 h and stained for cyto-
kines (IFN-g, TNF-a, IL-4, IL-10, IL-17A, and IL-21) and GzB. Func-
tionally active CD4(+) T cells expressing cytokines or GzB repre-
sented 2.97%–32.14% of total intratumoral CD4 infiltrates. oHSV
treatment increased the frequencies of functionally active CD4(+)
T cells compared to mock treatment (Figures 4M and S4K), with a
decreased anti-inflammatory-to-pro-inflammatory ratio (Figure S4L)
and no significant difference between the treatment groups when
anti-inflammatory cytokines like IL-4 and IL-10 were examined indi-
vidually (Figure S4M). Likewise, pro-inflammatory cytokines IL-17A
and TNF-a also did not differ significantly (Figures 4N and S4N).
Pretreatment with RUX significantly increased GzB-expressing
CD4+ T cells to 17.76% ± 4.84% (absolute count: 1,044 ± 442)
compared to 13.58% ± 3.94% (absolute count: 508 ± 371) observed
with oHSV treatment alone (Figure 4O). This combination therapy
resulted in a nearly 2.5-fold increase in the percentage and a
21-fold increase in the absolute count of these cells relative to the
Rux+PBS control group (Figure 4O). Similarly, the Rux+C134 treat-
ment significantly elevated IFN-g-expressing CD4+ T cells by
approximately 2-fold in percentage and 8-fold in absolute count
compared to PBS-treated tumors (Figures 4O and S4O). These find-
ings indicate that Rux and C134 together promote the differentiation
of CD4+ T cells toward cytotoxic-like Th1 phenotypes. Moreover,
increased IL-21(+)CD4(+) T cell populations (Figure S4P) suggested
the potential involvement of follicular helper (Tfh)-like functions
within the treated tumors. In summary, the spectral staining results
reinforce our previous observation that RUX+oHSV treatment in-
creases TEFF/TEM populations and activity within the tumor and
show that this is not limited to CD8 T cell activity but also involves
a large CD4 influx with increased activity.7
debris and dust particles were excluded using forward- (FSC) and side-scatter (SSC)
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Table 1. Lineage markers to define intratumoral immune populations

Phenotypes Markers used

Total B cells CD19+CD3-CD11b-

Transitional B cells T1 CD19+IgM+IgDLowCD93+CD23-

Transitional B cells T2/T3 CD19+IgD+IgMIntCD93+CD23+

Marginal Zone B- cells (MZ-B) CD19+IgM+IgDLowCD93-CD23-

Follicular B- cells (FOL-B) CD19+IgD+IgMIntCD93-CD23+

Germinal Center B- cells CD19+CD138-GL-7+

Plasmablasts CD19+CD138+

Isotype Switched B- cells (ITS-B) CD19+IgD-IgM-

Plasma Cells
CD19�CD3�CD49b�
NK1.1�CD93+CD138+

B1 cells
B220�CD19+CD23�
CD5+(B1a)/CD5�(B1b)

Regulatory B cells CD19+CD1d+CD5+

Mature NK CD49b+NK1.1+

NKT cells CD3+NK1.1+

T cells CD3+ (CD4+Th/CD8+Tc)

Tregs CD4+FoxP3+

Neutrophils CD11b+Ly6G+

Eosinophils CD11b+Siglec5+

Monocytes CD11b+Ly6Chi/lo

Macrophages F480+

Plasmacytoid dendritic cells (DCs) B220+CD11c+CD11b�
Classical DCs B220�CD11b+CD11c+

Lymphoid DCs B220�CD3�CD8a+CD11c+
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RUX+oHSV treatment increases activated GC-B cells in tumors

Next, we investigated RUX+oHSV treatment’s impact on B cell pop-
ulations in the tumor microenvironment. Absolute B cell numbers
were similar between all treatment cohorts (Figure 5A), but
CD19(+) B cell frequency decreased in RUX+C134-treated tumors
compared to other treatments and was related to the large T cell influx
in this treatment cohort. The B cell subpopulations differed between
treatment groups, which suggests different functional effects between
the treatment groups.

Our multiparameter panel can discriminate between transitional (T1/
T2/T3) B cells, FOL-B cells, MZ-B cells, GC-B cells, PBs, and PCs. In
all treatment cohorts, FOL-B cells formed the majority B cell sub-
group, comprising 69%–93% of the total B cell population (Figure 5B).
CD5(+)CD1d(+) Bregs were lower in RUX+C134-treated tumors
(Figure S4Q), whereas MZ-B cells, PBs, PCs, and isotype-switched
(ITS) B cells did not differ between the treatment groups (data not
shown). B1 cells (CD19[+]IgM[+]IgDlowB220[�]CD5[+]B1a/CD5
[�]B1b) cells were absent in all the tumors (Figure S5A) and therefore
excluded from this study. Notably, RUX+C134 treatment increased
both the absolute number and frequency of B cells expressing GL7
(Figure 5C), a marker of functional GCs in secondary lymphoid tis-
sues.12,33,34 There was also increased costimulatory (CD80, CD86)
6 Molecular Therapy: Oncology Vol. 33 March 2025
and activation (CD69) surface expression on the B cells isolated
from the RUX+C134-treated tumors compared to the oHSV-treated
tumor samples (Figures 5D, 5E, S5B, and S5C), suggesting increased
activity. MHC class II expression levels (Figure S5D) and frequency
(data not shown) did not differ between C134- and RUX+C134-
treated tumors.

DISCUSSION
Oncolytic virotherapy mediates its therapeutic effects through direct
viral infection and lysis of infected tumor cells, as well as indirect
immune-mediated activity induced by the virus. Tumors with rela-
tively higher baseline levels of immune cell infiltrates typically show
a further increase in immune activity in response to oHSV therapy.
However, other, colder tumors exhibit minimal immune infiltrates
even after virotherapy. Analyzing immune responses in such cold
tumors is challenging due to the limited number of cells available
to study using conventional flow cytometry, which allows for only
a limited numbers of parameters to be assessed simultaneously.
This limitation necessitates either focusing on a single cell popula-
tion or conducting multiple experiments to obtain a comprehensive
phenotype profile of immune changes induced by virotherapy. To
overcome this, we developed a 46-colored multiparametric spectral
flow cytometry panel to comprehensively assess the immune cell
landscape, even with limited tumor immune cells. To illustrate its
utility, we used a tumor model in which we previously described
how RUX alters oHSV intratumoral activity (viral replication and
IFN-stimulated gene [ISG] expression), resulting in initial immune
infiltrate changes. These prior studies were focused on CD8(+) and
Treg population changes because of limited leukocyte numbers and
the constraints of conventional flow cytometry.7 Now, by devel-
oping this larger spectral panel, we can simultaneously characterize
both the lymphoid and myeloid immune compartment changes,
providing new insights into how RUX+oHSV therapy impacts the
myeloid, CD4(+), and B cell compartments within the treated
MPNST microenvironment.

Using this multiparameter panel, we again recapitulated the previ-
ously reported CD8/Treg changes and show that these changes persist
beyond the initial viral treatment and remain evident even after
repeated oHSV dosing. The spectral panel also demonstrated a
more complex T cell and B cell immune response that was not recog-
nized previously, where myelosuppressive populations proportionally
decline as CD4(+) infiltrates predominate. The results also reveal
that RUX+C134 therapy did not change dendritic cell populations
at day 11 post-initial treatment. This contrasts with our recently
published findings on IL-12-armed oHSV therapy, where the cyto-
kine-expressing oHSV increased this antigen-presenting cell popula-
tion and its activity.35 Neither cytokine-armed or non-armed oHSV
significantly impacted NK or NKT cell numbers or functions at later
time points. Studies have shown that oHSV-induced NK cell re-
sponses are typically immediate and transient, peaking around day
3 post-treatment.36–38 The lack of detectable changes at day 11 in
our studies likely reflects the delayed timing of the analysis, missing
these early, short-lived responses.



Figure 3. Intratumoral immune cell composition

Treated tumors (n = 8) were harvested on day 11 post-first dose of treatment. Tumor infiltrates were isolated, stained with fluorescent-labeled antibodies, and analyzed using

spectral flow cytometry. (A) Representative flow plots, proportions, and absolute numbers of live CD45(+) immune cell infiltrates within tumors. (B) Pie charts showing the

percentage compositions of B cells, T cells, myeloid cells, and NK cells within CD45(+) infiltrates. (C) Boxplot diagrams illustrate the proportions and absolute numbers of

CD11b(+) myeloid cells among the different treatment groups. (D) Proportions and absolute numbers of NK1.1(�)TCRgd(�)CD3(+) T cells within the treated tumors. (E)

Proportions of CD11b(+)Ly6G(+) granulocytes/granulocytic myeloid-derived suppressor cells (gMDSCs) within treated tumors. (F) Differences in the proportions of F4/80(+)

macrophages within treated tumors. (G) Proportions of intratumoral inflammatory monocytes. (H) Eosinophil proportions. Results are presented as box-and-whisker plots

showing the median, with the 25th–75th percentile range as the box and the 5th–95th percentile as the whiskers. Dunn’s post hoc analysis was done for multiple com-

parisons, with statistically significant values represented as *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001.
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In our current study, virotherapy-treated tumors contained T cells
with increased Ly6C surface expression. This upregulation occurred
most consistently following RUX+C134 treatment and was also
accompanied by greater activation marker expression, suggesting
increased inflammatory activity.31,32,39 While Ly6C is a classical
monocyte marker, its expression in CD8(+) T cells correlates with
pro-inflammatory traits and IFN-g production.31,32 The functional
implications of Ly6C in CD4(+) T cells are less clear, althoughmurine
models show that it associates with increased GzB and IFN-g expres-
sion during viral infections.39 RUX+C134 treatment increased pro-
inflammatory CD4(+) T cell effector infiltrates and CD4 activation
while reducing Treg populations in the tumor environment.
RUX+C134 also increased CD4(+) T cells that expressed GzB (cyto-
lytic-like), IFN-g (T helper type 1 [Th1]-like), and IL-21 (Tfh-like),
indicative of a polyfunctional immune response.
GzB, a serine protease primarily associated with cytotoxic lympho-
cytes, such as NK cells and CD8(+) T cells, can also be expressed
by activated CD4(+) T cells, conferring cytolytic capabilities.40,41

Within tumors, GzB-expressing CD4(+) T cells constitute a signifi-
cant proportion (�2%–40%) of the total CD4(+) T cell population
across various cancer types42 and can lyse tumor cells.43,44

Conversely, CD4(+)FoxP3(+) Treg populations can also contain
GzB(+) populations that promote immune suppression.45,46 In our
C134+RUX-treated tumors, the CD4(+)GZB(+) population occurred
within FOXP3(�)-gated samples, suggesting that they represent tu-
mor-related cytolytic populations rather than suppressive functions.
The higher frequencies of GzB(+)CD4(+) T cells observed in our
study, alongside CD8(+) cells in the same locale, highlight CD4(+)
T cells as a relevant source of GzB within tumors. Considering our
observation of this increase in pro-inflammatory, polyfunctional
Molecular Therapy: Oncology Vol. 33 March 2025 7
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CD4(+) T effectors and CTLs, a decrease in Tregs, and the improved
anti-tumor response, we postulate that these GzB-expressing CD4(+)
T cells may contribute to tumor cytolytic activity. Future studies will
investigate their specific contribution to the C134 therapeutic effect in
tumors.

Our study revealed that RUX+C134 treatment significantly
increased the population of Tfh-like cells and GL7High B cells with
an activated phenotype within tumors compared to other treatment
groups. These immune cell populations are typically associated with
GC reactions in lymphoid tissues and tumors, where they play crit-
ical roles in B cell activation, maturation, and functions.12,47–49 In
this study, Tfh cells were present in all cohorts; however, their pres-
ence with activated GL7(+) B cells within the tumor microenviron-
ment only occurred in the RUX+C134-treated cohort and suggests
the possible formation of localized lymphoid-like structures, which
could enhance local immune responses and contribute to the
observed therapeutic efficacy in this sarcoma model.50,51 However,
definitive evidence of tertiary lymphoid structure formation in our
murine syngeneic tumor models would require further spatial and
temporal studies. The treatment-mediated differences in B cell phe-
notypes observed in this study may indicate enhanced B cell activity,
including increased production of pro-inflammatory cytokines or
tumor/virus-targeting antibodies in RUX+C134-treated mice. How-
ever, the study was designed to examine relatively early changes and
focused on spectral panel validation. Serum or plasma sample
collection from treated mice at later time points would also allow
for a more comprehensive investigation of humoral response differ-
ences following this therapy.

This study also highlights the transformative potential of our multi-
parametric spectral flow cytometry panel. This advanced tool not
only enables the detailed analysis of immune phenotypes within the
tumor microenvironment but also holds broad applicability for
studying immune responses in various other disease models in
mice. By providing a comprehensive view of immune cell dynamics,
this multiparameter panel provides a valuable tool for both investiga-
tors interested in tumor immunotherapy and other diseases that
would benefit from immunological phenotyping, such as immune
dysregulation and deficiency or organ transplant outcomes in murine
models.52,53 The panel was optimized for immune cells from C57Bl/6
Figure 4. Tumor-infiltrating T cell frequencies, phenotypes, activation status, a

Treated tumors (n = 8) were harvested and tumor cells isolated and stained with fluoresc

proportion and ratio of CD4(+) and CD8(+) T cells among PBS- and oHSV-treated tu

effector/effector memory (TEFF/TEM), and CD44(+)CD62L(+) central memory (TCM) ph

sentative flow plots showing the expression of Ly6C and granzyme B (GzB) on CD8(+) T

GzB-expressing CD8(+) T cells. (F) Proportions of both Ly6C- and GzB-expressing CD8

(H) Proportional differences of naive, TCM, and TEFF/TEM phenotypes of intratumoral CD4

of intratumoral CD4(+) T cells expressing pro-inflammatory marker Ly6C and a marker

CD4(+) T cells from treated tumors. (K) Intensity of CD28 expression within CD4(+) T cells

and absolute number of FOXP3(+) regulatory T cells (Tregs) within tumors among treated

the percentage composition of CD4(+) T cells expressing GzB, interferon-g (IFN-g), tum

CD4(+) tumor infiltrates. (O) Proportions and absolute numbers of intratumoral CD4(+)

*p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001.
mice, and its effectiveness in other mouse strains with different geno-
types and potentially varying immune cell marker expression may
require further antibody substitution and concentration adjustments.
In conclusion, here we present a validated a 46-parameter spectral
flow cytometry panel, confirming its accuracy by replicating results
in a well-established tumor model. This panel uncovered previously
unrecognized immune responses to RUX+oHSV therapy, high-
lighting the enhanced efficacy of this combination. The panel’s
demonstrated versatility extends its transformative potential across
various cancer and disease models in mice, offering a powerful and
cost-effective tool for advancing immune profiling.

MATERIALS AND METHODS
Cell lines and viruses

The murine MPNST line, 67C-4, was generously provided by Dr.
Nancy Ratner (University of Cincinnati, Cincinnati, OH) and main-
tained in DMEM and 10% FBS. C134 is a Dg134.5 virus derived from
C101 that contains the HCMV IRS1 gene under control of the HCMV
IE promoter in the UL3/UL4 intergenic region and was previously
described.54

Animal tumor studies

Animal studies were approved by the Nationwide Children’s Hospital
Institutional Animal Care and Use Committee (IACUC, protocol no.
AR19-00177) and performed in accordance with guidelines estab-
lished by the Department of Defense and the National Institutes of
Health (NIH) Guide for the Care and Use of Laboratory Animals.
A flank 67C-4 MPNST model in C57BL/6 mice was chosen for this
study. For the study, 3- to 4-week-old C57BL/6 mice were obtained
from Envigo (Frederick, MD) and implanted subcutaneously with
4 � 106 cells in 50 mL of phosphate-buffered saline (PBS)/flank. Tu-
mor sizes were measured biweekly by caliper after implantation, and
tumor volume was calculated by length � width � height. Similar to
our previous study, animals were randomized into treatment groups
when tumors reached 50–300 mm3 in size and treated with 3 doses of
RUX (INCB018424, ApexBio; 60 mg/kg) or PBS intraperitoneally
(i.p.) each day prior to PBS or oHSV C134 (3 � 107 PFU in 50 mL
PBS/flank) treatment intratumorally (ITu). Tumors were injected
with PBS or oHSV (3 � 107 PFU in 50 mL PBS/flank) a second
time 7 days following the first treatment. Mice were sacrificed at
day 11 following the first oHSV treatment (day 4 after the second
nd functions

ent-labeled antibodies to analyze using spectral flow cytometry. (A) Differences in the

mors. (B) Proportional differences of CD44(�)CD62L(+) naive, CD44(+)CD62L(�)

enotypes of intratumoral CD8(+) T cells among the treatment groups. (C) Repre-

cells. (D) Proportions of total Ly6C-expressing CD8(+) T cells. (E) Proportions of total

(+) T cells. (G) Proportions of CD8(+) T cells expressing early activation marker CD69.

(+) T cells among the treatment groups. (I) Representative flow plots and proportions

of potential exhaustion, PD-1, among different cohorts. (J) Proportions of activated

on a single-cell basis, measured bymean fluorescence intensity (MFI). (L) Proportion

groups. (M) Proportions of cytokine-expressing CD4(+) T cells. (N) Pie chart showing

or necrosis factor alpha (TNF-a), interleukin-17A (IL-17A), and IL-21 among the total

T cells expressing GzB and INF-g. Statistically significant values are represented as
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Figure 5. Tumor-infiltrating B cell numbers, their phenotypes, and activation status

Treated tumors (n = 8) were harvested and tumor cells isolated and stained with fluorescent-labeled antibodies to analyze using spectral flow cytometry. (A) Representative

flow plots, proportions, and absolute numbers of CD19(+) total B cells within the treatment groups. (B) Pie chart showing the percentage composition of B cell phenotypes:

transitional (T1/T2/T3), follicular (FOL), marginal zone (MZ), germinal center (GC), plasmablasts (PBs), and plasma cells (PCs) among total immune infiltrates within the treated

tumors. (C) Representative flow plots, proportions, and absolute numbers of GL7(+) GC-B cells within the tumors. (D) Differences in the mean fluorescence intensity (MFI) of

CD80 and CD86 expression between C134 and C134+RUX treatments. (E) Representative flow plots and proportions of B cells expressing B cell activation markers CD69

and CD86. Statistically significant values are represented as *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001.
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oHSV dose). Tumors were harvested and processed immediately for
phenotyping.

Isolation of blood cells, splenocytes, bone marrow cells, and

tumor infiltrates

Flowpanel optimizationwas performedusing peripheral blood, spleno-
cytes, or bone marrow cells. Following optimization, tumor infiltrates
were used as samples for comprehensive phenotyping in this study.

Peripheral blood collection

Peripheral blood was obtained through direct cardiac puncture using
a 30G needle and 1 mL syringe following the protocol outlined previ-
ously.55 In brief, blood was collected in EDTA vacutainers and imme-
diately placed on ice. Samples were transferred to 15mL conical tubes,
treated with 3 mL of red blood cell lysis buffer (ACK, Gibco, Wal-
tham,MA) for 10 min at room temperature, washed with 7mL of me-
dia, and finally resuspended in 1 mL of media for further processing.

Splenocyte isolation

Spleens were collected in a 5 mL plastic tube containing RPMI and
10% FBS on ice and were mechanically dissociated by passing them
through a 70 mm cell strainer using a sterile 5 mL syringe plunger.
Splenocytes were washed and treated with ACK lysis buffer as
described for peripheral blood, washed, and finally resuspended in
FBS+10% DMSO. Aliquots of 1 mL containing 10 million cells/vial
were stored at �80�C for 72 h in a Mr. Frosty freezing container
(Thermo Fisher Scientific, Waltham, MA) before being transferred
to liquid nitrogen for long-term storage.

Bone marrow isolation

Bone marrow was isolated from the tibias and femurs of mice as pre-
viously described.56 Briefly, bones were collected in 5 mL RPMI and
10% FBS, transported on ice, and the marrow was flushed out into a
sterile Petri dish. The cells were collected, treated with ACK lysing so-
lution, washed, and resuspended in the required volume of media for
immediate processing in flow cytometry experiments.

Tumor infiltrate isolation

Flank tumors were harvested and homogenized by mechanical
disruption using scissors and the TissueRuptor II (Qiagen). The ho-
mogenized samples were passed through a 70 mm cell strainer and
pelleted, and leukocytes were separated by Ficoll (Ficoll-Paque PRE-
MIUM 1.084, Cytiva, Marlborough, MA) overlay. The leukocyte
buffy coat was isolated, washed, and reconstituted in the required vol-
ume of media for flow cytometry staining.

Staining of cells for flow cytometry

Flow panel optimization was initially performed using frozen spleno-
cytes, freshly isolated PBCs, or bone marrow cells from tumor-
bearing mice. Fresh tumor infiltrates were then characterized with
the optimized panel. On the day of staining, frozen splenocytes
were thawed, washed, and resuspended in RPMI with 10% FBS.
Approximately 2 � 106 cells (splenocytes, PBCs, or bone marrow
cells) or leukocytes from whole tumors were transferred into 5 mL
round polypropylene tubes (Falcon, Durham, NC) for staining with
fluorochrome-conjugated antibodies.

For studies involving intracellular cytokine and cell activation,
cells were stimulated with a cocktail of PMA and ionomycin
(eBiosciences, San Diego, CA) for 1 h, followed by the addition
of brefeldin A (eBioscience, San Diego, CA). Subsequently, cells
were incubated for an additional 5 more hours at 37�C with 5%
CO2. Post-stimulation, cells were washed and incubated with
Zombie NIR fixable viability dye (BioLegend) at a 1:1,000 dilution
for 20 min at 37�C. Fc receptors on cells were blocked for 15 min
with anti-mouse CD16/CD32 (eBiosciences, San Diego, CA). Sur-
face staining was carried out by incubating cells with 300 mL of
appropriately diluted single antibody (for dilution experiment)
or combinations of anti-mouse antibodies (full panel) for 40 min
at room temperature in the dark. Following washing, cells were
fixed and permeabilized using the FoxP3/transcription factor
staining buffer set (eBiosciences).

For intracellular staining, fixed-permeabilized cells were treated with
300 mL of appropriately diluted antibodies targeting intracellular cy-
tokine(s) or transcription factor(s) overnight at 4�C. Samples were
washed the following day and resuspended in 300 mL of fluores-
cence-activated cell sorting (FACS) buffer (PBS+5%FBS+0.01% so-
dium azide). Data acquisition was performed using a Cytek Aurora
spectral flow cytometer with five lasers (355, 405, 488, 561, and
640 nm) and 64 detectors, employing SpectralFlo v.3.1.0 (Cytek Bio-
sciences, Fremont, CA). The acquired data were analyzed using
FlowJo v.10.8.1 (BD Biosciences, Franklin Lakes, NJ). Markers of
interest were expressed either as a percentage of the parent cell
population or as absolute event counts. Gates were assigned by com-
parison to samples stained with antibodies using the fluorescence-
minus-one method for cytokines as an assessment for nonspecific
binding.

Panel design, antibody list, and working concentration of

antibodies

Amultiparametric spectral flow panel capable of detecting functional
changes in the myeloid and lymphoid compartments using surface
and intracellular staining was developed using the antibodies specific
to lineage markers, activation, inhibition, memory phenotypes, cyto-
kines, and transcription factors.

First, using the similarity index (Cytek Biosciences), we selected 46
fluorochromes with minimal spectral overlap. Fluorochromes were
assigned to markers based on cellular expression levels, with brighter
fluorophores paired with low-expressing markers.

Antibodies were obtained from BD Biosciences, BioLegend, Thermo
Fisher Scientific, R&D Systems (Minneapolis, MN), and Bio-Rad Lab-
oratories (Hercules, CA). Antibody performance was tested using
immunoglobulin isotype-independent spherical beads (Invitrogen,
Carlsbad, CA), ensuring appropriate laser excitation and emission
detection of the antibodies.
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Optimal antibody concentrations were determined by serial dilutions
(1:400 to 1:2,000) tested on splenocytes, blood, and bone marrow
cells. PBCs were mixed with bone marrow cells in a 1:1 ratio to test
antibodies specific for B cell phenotypes. Cells were stimulated with
PMA and ionomycin to assess the optimum dilution of antibodies tar-
geting cytokines and activation/exhaustion markers. Unstained cells
served as the “no-antibody” control. The SI was calculated using
FlowJo v.10.8.1, and higher dilutions with optimal SIs were selected
for the panel.

Statistical analysis

Differences in the frequencies and absolute quantities of cells express-
ing specific markers among treated and non-treated cohorts were
compared with one-way ANOVA or a Student’s t test. To control
for type I error, the Benjamini-Hochberg method was employed for
adjusting multiplicities related to primary hypotheses. Adjusted
p < 0.05 was considered significant. All statistical analyses were per-
formed using Prism GraphPad v.10.1.0 (GraphPad Software, San
Diego, CA). Statistical significance was designated with asterisks as
follows: *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001.
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