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In the present work, we investigated the role of natural killer (NK)
cells in combination therapy with oncolytic virus (OV) and borte-
zomib, a proteasome inhibitor. NK cells display rapid and potent
immunity to metastatic and hematological cancers, and they over-
come immunosuppressive effects of tumor microenvironment. We
developed a mathematical model to address the question of how
the density of NK cells affects the growth of the tumor. We found
that the antitumor efficacy increases when the endogenous NKs
are depleted and also when exogenous NK cells are injected into
the tumor. These predictions were validated by our in vivo and in
vitro experiments.

oncolytic virus | NK cells | bortezomib | partial differential equations
models | tumor microenvironment

ncolytic viruses (OVs) such as herpes simplex virus 1

(oHSV) are genetically modified to target and kill cancer
cells while not harming healthy normal cells and are currently
being studied under multiple clinical trials for safety and effi-
cacy (1). The Food and Drug Administration (FDA) approval
of T-Vec, an oHSV for advanced melanoma patients, points to
this therapy’s potential for the treatment of advanced cancers (2,
3). A better understanding of the mutual interaction between
OVs and the immune system in combination with approved
chemotherapy agents may support improvement in the designs
of therapeutic strategies to eradicate cancer cells.

Aggressive tumor growth necessitates increased synthesis and
degradation/recycling of many proteins (4). Two major cellular
mechanisms of protein degradation are the autophagy-lysosome
system (autophagy) and the ubiquitin—proteasome system. The
latter involves initial ubiquitination and proteasome-mediated
degradation of targeted proteins, making proteasome inhibitors
effective antitumor drugs (2).

Bortezomib is a peptide-based proteasome inhibitor and an
FDA-approved drug for multiple myeloma and mantle cell
lymphoma. Yoo et al. (3) have demonstrated that bortezomib-
induced unfolded protein response in many tumor cell lines
(glioma, ovarian, and head and neck) up-regulated the expres-
sion of heat shock protein 90 (HSP90), which then enhanced
viral replication through the promotion of nuclear localization
of the viral polymerase in vitro. This led to synergistic tumor
cell killing in vitro, and a combination treatment of mice with
oHSV and bortezomib showed improved antitumor efficacy in
vivo (3). The follow-up study (5) illustrated that treatment
of cancer cells with bortezomib followed by oHSV infection
led to an RIPK1-dependent necroptotic cell death and JNK-
dependent reactive oxygen species production. This combination
therapy also increased the surface expression levels of natural
killer (NK) cell-activating markers and enhanced proinflam-
matory cytokine secretion. These findings demonstrated that
the synergistic interaction between oHSV and bortezomib, a
clinically relevant proteasome inhibitor, augments the cancer
cell killing and promotes overall therapeutic efficacy. There-

WWWw.pnas.org/cgi/doi/10.1073/pnas.1715295115

fore, there is a solid ground for combining these agents in a
clinical trial.

In this work, we considered the role of NK cells on infected
and uninfected tumor cell clearance after treatment with borte-
zomib and OVs and its impact on therapeutic efficacy. We can
experimentally manipulate the number of NK cells by either
depleting the endogenous NK cells or by injecting exogenous NK
cells into the tumor. Since NK cells kill cancer cells, increasing
the number of NK cells will result in increased killing of can-
cer cells. However, the killing of virus-infected tumor cells will
decrease the number of virus particles, and, thereby, the antitu-
mor effect of the OV will also be reduced. We are thus led to
the following question: What should be the optimal number of
NK cells in anticancer treatment with OV-bortezomib therapy?
We addressed this question with a mathematical model and val-
idated our conclusions with experimental results in vitro and in
vivo. The model is represented by a system of partial differen-
tial equations (PDEs), and the conclusions are stated in terms
of the ratio of the density of NK cells (N) to the density of
cancer cells (G). The model predicts that the antitumor treat-
ment is more effective if N/G is either small or large and is less
effective for intermediate values of N/G. These conclusions are
validated experimentally in terms of the number of cancer cells
that were in the tumor and also in terms of survival time of
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mice bearing intracranial patient-derived primary glioblastoma
multiforme (GBM).

Mathematical Model and Experimental Results
State Variable Definitions. We introduced the following variables:

«, density of uninfected cancer cells (cells/mm?®)
y, density of infected cancer cells (cells/mm®)
n, density of dead cancer cells (cells/mm®)

K, density of endogenous NK cells (cells/mm?)
K’, density of injected NK cells (cells/mm®)

v, density of virus particles (#/mm®)

B, concentration of bortezomib (g/mm?®).
Interactions between these variables are shown in Fig. 1.

Cancer Cell Density (x,y,n). To describe the time evolution of
densities of different types of cancer cells (uninfected, infected,
and dead cells), we took into account the proliferation of can-
cer cells and the virus infection of cancer cells, followed by a
clearance process, and the passive movement due to the veloc-
ity field u resulting from the tumor growth. The equations
for z,y, and n were modified from the model by Friedman
etal. (6):

%—I—V( u)=V-(DVz)+Az(l —z/x0) — Bav
— B12B —y1zK — 3K’ (1]
dy
5tV () =V (DVy) + fav — by — fayB
—2yK —73yK’ 2]
on
87+V( u)=V-(DVn)+dy+ payB — pn, (31

where D is the diffusion coefficient, X is the proliferation rate of
uninfected tumor cells with carrying capacity zo, 5 is the infection
rate, ¢ is the infected cell lysis rate, p is the removal rate of dead

Critical balance between Bortezomib-assisted /
OV therapy and immune response Tumor

@ 'mmune cells
(O Tumor cells in OV-therap

Necrotic cancer

cell@/v

VN

Infected cancer

ot

oV
( / )4 -|-Bortezom|
| Endogenous
NK cells

Uninfected cancer cells

Exogenous
NK cells

N

Fig. 1. A regulatory network involving OV therapy (gray circles) and
immune response (black squares) in bortezomib-assisted OV therapy. Arrows
indicate induction and activation. Hammerheads indicate inhibition.
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cells, 8 is the bortezomib-induced apoptosis of tumor cells, 52
is the bortezomib-induced necroptotic cell death rate of infected
cells, 1 and -2 are the killing rates of uninfected and infected
cells by endogenous NK cells, respectively, and 41 and ~4 are the
killing rates of uninfected and infected cells by exogenous NK
cells, respectively.

Endogenous NK Cells (K). The combination of OV and borte-
zomib induces necrotic cancer cells (n) to recruit NK cells (5).
This recruitment is facilitated by cytokines IFN-y and TNF-«
from necrotic cells. For simplicity, we assumed that the recruit-
ment rate was proportional to n-55 where kg is a constant.
Hence,

oK B
S TV (K= V~(DVK)+)\1n(1+oz2k +B>—MKK.
[4]

Exo NK Cells (K’). NK cells were injected into the tumor as adju-
vant therapy (Materials and Methods). The injections began at
day ¢; =3 and continued for 7 days, at rate Ayx. We model the
dynamics of K’ by the equation

oK'
ot

+V - (K'u)=V-(DVK")+ Ank Lty 1y +0) — i K, [5]

where Iy, ¢+ =1if 1 <t <t + 7, and = 0 otherwise.

Density of Free Virus Particles (v). The virus is replication-com-
petent, and we denote by b the number of viral particles released
when an OV infected cell dies by lysis. In addition, the borte-
zomib improves viral replication by a factor proportional to B
(5). Hence, the equation for v is the following:

v

5 =V (DY) + b3y (1 +a1 B) = yu. [6]

where + is the removal rate of viruses.

Bortezomib (B). Bortezomib is continuously supplied to the tumor
via intraperitoneal injection and diffusion through the tissue.
We took into account the consumption from the internalization
of bortezomib in both uninfected and infected tumor cells and
natural decay at rate up. Hence,

oB

5=V (DeVB) +1p — (112 + p2y)

B
——— —upB 7
ks i+ B HED [7]
where I is the effective rate of bortezomib that is supplied to
the tumor.

Velocity (u). We assumed that the total density of all of the cells
is constant at each spatial point,

r+y+n+K+K =0 (O:constant), [81

and that the boundary of the tumor moves with the velocity of u
of the cells. We also assumed that all of the cells have the same
diffusion coefficient. By adding Eqgs. 1-5, we get an equation
for u:

5
V-u=) " RHSof Eq. (j). [91
j=1
This determines u in the radially symmetric case, where u = ue,
(e, is the unit radial vector), and the tumor boundary r = R(¢) is

given by ‘m“) =u(R(t), t). For simplicity, all of the subsequent
51mu1at1ons were performed for the radially symmetric case.
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Applications to Cancer Cell Killing

Increased NK Cell-Mediated Antitumor Efficacy in Response to
Increased NK Cell Injection. We investigated the effect of adju-
vant NK cell therapy on tumor growth. Fig. 2 was obtained when
we injected NK cells into the tumor with various injection rates
Ank =0.62,1.2,3.2/5.2 in Eq. 5. We saw that the increased
NK cells (Fig. 24) killed more uninfected tumor cells (Fig.
2B) than only OV and bortezomib (OV-bortezomib) therapy.
Since these NK cells also attack OV-infected cells, this enhanced
immune response resulted in a decrease in the OV popula-
tion (Fig. 2C). Fig. 2D shows the relative number of infected
cell populations and relative number of killed cancer cells by
NK cells. Overall, we saw that NK cell-mediated tumor cell
killing was increased and OV-bortezomib-mediated infection
was decreased as the NK cell injection rate (Anx ) was increased.
We concluded that NK cell adjuvant therapy can enhance glioma
cell killing, even though NK cell treatment reduces oHSV
replication.

Either Small or Large NK Cells Lead to Better Antitumor Efficacy.
Since activated NK cells impede viral infection, replication,
and ultimately tumor cell lysis, leading to virus clearance, we
tested the impact of NK cells on the antitumor efficacy of OV—
bortezomib combination therapy by depleting NK cells with
anti-Asialo-GM1 antibody (Fig. 3). In Fig. 34, in the NK-KD
column (K =0, K’'=0), the bars represent the relative number
of killed cancer cells by NK-mediated immune response (black
bar) and relative population of infected cells (gray bar) at day
40. The rightmost set of bars (Exo-NK cells) corresponds to
the case wherein both endogenous and exogenous NK cells are
present in the tumor, satisfying Eqs. 4 and 5. The center column
[BASE (WT)] corresponds to the case wherein endogenous NK
cells satisfy Eq. 4 with K’ =0. Fig. 3 B-E shows time courses of
tumor volume and populations of OVs, endogenous NK cells,
and exogenous NK cells, respectively. Intratumoral injection of
NK cells into the tumor microenvironment 3 d after oHSV treat-
ment in bortezomib-treated mice enhanced NK cell-mediated
immune attack to reduce the tumor size (Fig. 3B, dotted line).

A B 100
S04 S
= - 2
=503 /\NK—S.Z =
é 2 2 ; 30
20 ' N
Z0.1 12 &
) e g
S 0 NK() S0
0 5 T lOd 15 20 NK(-)0.62 1.2 32 52
ime (days) NK injection rate (/\NK)
(ZIOO D 100
§ Il NK-mediated killing
§ S Il Infected cells
.L; 50 % 50
2, s}
o =
8, =
>
© o0
NK(-)0.62 12 32 52 NK(-)0.62 12 32 52
NK injection rate (A ) NK cell injection rate (A, )
Fig. 2. Simulation results for NK cell-mediated antitumor cell killing and

infected cells with various NK injection rates (Ank). (A) Time courses of
exogenous NK (exo-NK) cell populations for Ayx = 0.0 (NK—), 1.2, 3.2, and
5.2.(t; =3, 7 =0.1). (B) Normalized population (percent) of uninfected can-
cer cells for Ay = 0.0, 0.62, 1.2, 3.2, and 5.2. (C) Normalized OV population
(percent) for Ayx =0.0, 0.62, 1.2, 3.2, and 5.2. (D) NK cell-mediated antitu-
mor killing (blue) and infected cell populations (red) at final time (t = 40 d)
for various injection rates [Ayx = 0.0 (NK—), 0.62, 1.2, 3.2, and 5.2].
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Fig. 3. Both NK cell depletion and NK cell adjuvant therapy significantly

enhance antitumor efficacy of mice treated with both bortezomib and
oHSV. (A) Simulation results in antitumor efficacy (black bars) and infected
cell population (gray bars) at day 40 for cases of NK cell-depletion (NK-KD),
control (base), and exogenous NK cell injection (Exo-NK). (B-E) Time courses
of tumor volume (B) and populations of OVs (C), endogenous NK cells (D),
and exogenous NK cells (E) for the corresponding cases.

Since these NK cells also kill OVs within the infected tumor
cells, the virus population was significantly reduced (Fig. 3C),
and the effect of necroptotic cell death in the tumor popula-
tion via OV-bortezomib therapy was also reduced. By contrast,
in the NK cell-depletion case (NK-KD), there was no contribu-
tion to tumor cell killing from endogenous and exogenous NK
cells (K =0, K’ =0). In particular, increased survival of infected
cells (Fig. 34; gray bars) from the immune attack led to the sup-
pression of tumor growth (Fig. 3B, dashed line) due to a rapid
replication of OVs (Fig. 3C, dashed line). The oscillation seen in
the tumor volume and virus density can be explained as follows:
The increase in tumor volume in the first 20 d (as a result of an
increase in the uninfected and infected tumor cells) was accom-
panied by increased virus density. The increased anticancer virus
level then resulted, during the following 8 d, in a decrease in
tumor volume, and, correspondingly, in a decrease in the den-
sity of infected cells and virus. After day 28, the virus level was
too small to stop the tumor volume from growing. By compar-
ing these results with the control case, our mathematical model
predicts that (i) depletion of endogenous NK cells removes the
immune attack on infected tumor cells, resulting in increased OV
activity and overall tumor killing; and (if) injection of NK cells
into the tumor system increases tumor cell killing by NK cells,
leading to improved antitumor efficacy. Thus, the model predicts
that the number of killed cancer cells (and the anticancer effi-
cacy) is larger when the number of NK cells is very small or very
large, as opposed to in the case of an intermediate number of NK
cells. These findings are confirmed in the experiments below.
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Effect of Bortezomib on OV Replication and Antitumor Efficacy. In
Fig. 4, we investigated the effect of bortezomib treatment on
antitumor efficacy of OV therapy in the absence (blue bars)
and presence (red bars) of exogenous NK cells for various
bortezomib supply rates: (Iz =0(B(—)), 1.1 x 1073(B1), 5.1 x
1072%(B2),1.3 x 107 (B3),1.5 x 10~ (B4)). In the absence of
exogenous NK cells, tumor volume was decreased as the borte-
zomib level was increased compared with the control case
[B(—);15 =0.0], leading to a better antitumor efficacy (Fig. 44,
blue bars). Bortezomib enhanced virus replication (Fig. 4D,
blue bars) and infected cell population (Fig. 4C, blue bars),
leading to better OV-boosted cancer cell killing. This enhance-
ment of viral activities in the presence of bortezomib concurred
well with experimental results in previous studies (3, 5). How-
ever, the effect of the bortezomib treatment was minimal in
the presence of exogenous NK cells. For example, virus repli-
cation (Fig. 4D, red bars) and infected cell population (Fig.
4C, red bars) were insignificant, leading to little change in
antitumor efficacy (Fig. 44, red bars). This behavior of low
response for various bortezomib levels was also observed in our
experiments.

Experimental Validation. Fig. 54 shows the survival time in mice
bearing intracranial patient-derived primary glioma (GBM30)
tumors treated with bortezomib and oHSV. The survival time
for mice treated with OV-bortezomib was much shorter than
the survival time for mice undergoing the same OV-bortezomib
therapy with either depletion of their endogenous NK cells
or with introduction of their NK cells by exogenous NK cell
injection. NK cells were depleted by using anti-Asialo-GM1
antibody given to mice by intraperitoneal injection 2 d before
virotherapy, followed by semiweekly injections for the duration
of the experiment as described in ref. 7; we and other inves-
tigators have used this antibody to deplete NK cells in mice.
We also confirmed ablation of NK cells in the spleen of mice
after treatment with this antibody. In tumor-bearing mice after
treatment with oHSV, this antibody reduced NK cell infiltra-
tion by nearly fivefold, as described in ref. 7. Fig. 5B illustrates
a dynamic antitumor killing model with NK cell function as
a key parameter. Necroptic cell death increased the expres-
sion of tumor cell surface receptors that are known to activate

A B
Q
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£ 3
2038 508
20,7 £07
= =]
= 0.6 0.6
0.5 0.5
B(-) Bl B2 B3 B4 B(-) Bl B2 B3 B4
C1 D1
-w/oExo—NK
- -WExo—NK
Q 1]
205 205
< S
0 0
B(-) BI B2 B3 B4 B(-) Bl B2 B3 B4

x-axis: [.=0(B(-)), I.1e=3(B1),5.1e-2(B2), 1. 3e~1(B3), 1.5e~1(B4)

Fig. 4. Effect of bortezomib on antitumor efficacy. (A) Normalized tumor
volume at day 40 without (blue bars) and with (red bars) exogenous
NK cell injection for various bortezomib supply rates (I =0(B(—)), 1.1 x
103(B1), 5.1 x 10°%(B2), 1.3 x 10~ "(B3), 1.5 x 10~ '(B4)). (B-D) Relative
population of uninfected cancer cells (B), infected cancer cells (C), and oHSV
(D), corresponding to A.
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Fig. 5. (A) Experimental results: Kaplan-Meier survival curves of mice
treated with bortezomib (Bort) and oHSV with or without adjuvant NK
cell therapy. Both NK cell depletion and NK cell adjuvant therapy signifi-
cantly enhance antitumor efficacy of mice treated with both bortezomib
and oHSV. (B) A model depicting the impact of bortezomib and oHSV
combination therapy on NK cell activity in vivo.

NK cells (CD155, CD112, and CDS58, drawn as blue triangles
on tumor cells). This also resulted in increased expression of
TRAIL on NK cells, which led to the induction of apoptosis in
tumor cells. Despite increased NK cell activation, the depletion
of NK cells (step ii) improved antitumor efficacy and suggests
that the primary antitumor response was likely due to direct
virus targeting of the cancer cell population. Our findings also
showed that complementing endogenous NK cells with adju-
vant NK cell immunotherapy improved overall efficacy (step iii),
probably through the facilitation of a robust NK cell-mediated
tumor cell killing response beyond the limits of endogenous NK
cells which focused on both infected and uninfected tumor cell
populations.

As shown in Fig. 6, we investigated the effect of adjuvant
NK therapy on tumor growth using in vitro (Fig. 64) and in
vivo (Fig. 6B) experiments. We first examined the effect of NK
cells on tumor cell killing in coculture with various tumor:NK
cell ratios (G:NK = 1:0.5, 1:1, 1:2, and 1:4) (Fig. 64). As the
relative population of NK cells in the coculture was increased,
the relative NK cell-mediated killing was significantly increased
from 29 to 74%, while the population of GFP+ infected cells
decreased from 21% (control case) to 6%. (See SI Appendix for
detailed analysis of cell death due to OV infection and immune
attack.) We next tested in vivo the effect of increasing the level
of adjuvant treatment with NK cells for patient-derived pri-
mary GBM tumor-bearing mice treated with bortezomib and
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Fig. 6. Comparison between experimental data and simulation results on
NK cell adjuvant therapy. (A) In vitro experimental results for control (NK—)
and increasing number of NK cells in coculture system. (B) Kaplan-Meier sur-
vival curves of adjuvant NK therapy in mice treated with bortezomib (Bort)
and oHSV therapy. High numbers, but not lower numbers, of adjuvant NK
cell therapy significantly enhanced antitumor efficacy.

oHSV. In agreement with the results shown in Fig. 64 (the cases
bortezomib + oHSV vs. bortezomib + oHSV + NK), we found
that increasing the level of exogenous NK cells improved mice
survival. This was to be expected from Fig. 2D of our model
simulation.

Discussion

The recent FDA approval of T-Vec for advanced nonresectable
melanoma patients underscores the potential of biological OV
therapy to treat aggressive cancers. Yoo et al. (3) have shown
that bortezomib, a proteasome inhibitor, up-regulated expres-
sion of HSP90, which enhanced nuclear localization of the viral
polymerase, resulting in the promotion of virus replication and
antitumor efficacy of OV therapy.

Previous studies demonstrated that the tumor microenviron-
ment plays an important role in tumor growth (8, 9) and OV
therapy (10). In particular, modulation of host immune attack
may reduce intratumoral invasion of innate immune cells, includ-
ing macrophages and NK cells, and can increase viral propa-
gation, leading to enhanced antitumor efficacy (7, 11, 12). It
was also shown that macrophage- and microglia-secreted TNF«
induces oHSV-infected tumor cell apoptosis, thus lowering viral
replication and efficacy (13).

NK cells are essential components of the innate immune sys-
tem and play a critical role in host immunity against cancer (14).
Only ~10% of all lymphocytes in the peripheral blood are NK
cells, whereas T lymphocytes make up 50-70% of all lympho-
cytes (15). However, the NK cell ability to recognize and kill
“invaders” and tumor cells without the requirement of antigen
exposure has been seen as a promising factor in the treatment
of malignant diseases, including cancer (15-17). NK cells dis-
play rapid and potent immunity to metastatic and hematological
cancers, and current studies seek to exploit their antitumor prop-
erties in the clinic (18). Immunosuppressive effects of tumor
microenvironment can be overcome by including exogenous NK

Kim et al.

cells in a combination treatment (19). Different approaches of
NK cell therapy, including bortezomib (20), are in experimental
and clinical trials targeting various agents, pathways, and recep-
tors of microenvironmental cells (20-39). In the present work, we
considered a particular combination treatment, OV-bortezomib
therapy, and studied the effect of exogenous NK cell injection
and reduced NK cells by depleting endogenous NK cells using
anti-Asialo-GM1 antibody.

We have developed a mathematical model by a system of
PDE:s to study the effect of NK cells on OV-bortezomib therapy.
We have shown that OV-bortezomib therapy can be exploited by
manipulating the number of NK cells. By reducing the number of
endogenous NK cells, or by increasing the number of exogenous
NK cells, the efficacy of the antitumor treatment is increased.
We have conducted in vitro and in vivo experiments that are in
agreement with the conclusions of the mathematical model. The
mathematical model also predicts that a small delay in NK cell
adjuvant therapy may allow a greater virus spread before the
adjuvant therapy, thereby increasing antitumor efficacy. How-
ever, a large delay in adjuvant therapy decreased the advantage
of NK cell-induced tumor cell killing, leading to worse antitu-
mor efficacy. It is important to note that while NK cell depletion
was initiated 2 d before viral injection, the adjuvant cell therapy
was given a few days (3 d) after OV treatment to exploit the NK
cell-induced changes in the tumor microenvironment after OV
therapy. The mathematical simulation thus predicts that a sce-
nario in which transient NK cell depletion before virus therapy
followed by NK cell adjuvant therapy given after OV-bortezomib
therapy would have the maximal benefits (SI Appendix, Figs.
S4 and S5). In particular, Fig. 5 shows that either strategy, i.e.,
NK cell depletion or exogenous NK cell injection, increased sur-
vival time, although it is not clear which of the two strategies is
better. The answer should also depend on negative side effects
associated with the depletion of NK cells (weak immune sys-
tem) and with the injection of exogenous NK cells (toxicity and
inflammation).

Materials and Methods

Mathematical Modeling Methods. All model simulations were performed by
using a finite volume method with fractional step method (40) as well as
the nonlinear solver nksol for algebraic systems. The model equations were
solved on an adaptive spatial grid and an adaptive time step.

Cell Culture and Virus. Patient-derived primary GBM neurospheres, GBM30,
were obtained from E. Chiocca, Ohio State University, Columbus, OH, and
U251T3 cells were created in our laboratory (May 2009) as a tumori-
genic clone of U251 cells by serially passaging these cells three times in
mice (5). Monkey kidney epithelial-derived Vero cells were purchased from
the American Type Culture Collection in 2015. GBM30 and U251T3 were
authenticated by the University of Arizona Genetics Core via short tandem
repeat profiling in January 2015. Vero cells have not been authenticated
since receipt. GBM30 cells were maintained as tumor spheres in neu-
robasal medium supplemented with 2% B27 without vitamin A, human EGF
(20 ng/mL), and basic FGF (20 ng/mL) in low-attachment cell culture flasks.
U251T3 and Vero cells were maintained in DMEM (Gibco BRL) supplemented
with 10% FBS. All cells were maintained at 37 °Cin a humidified atmosphere
with 5% carbon dioxide and maintained with 100 U of penicillin per mL and
0.1 mg of streptomycin per mL. Cells were routinely monitored for changes
in morphology and growth rate. All cells were negative for Mycoplasma.
The construction and generation of oHSV, 34.5ENVE, has been described,
and virus was prepared and titered as described (41). Virus was propagated
in Vero cells as described (42).

Live/Dead Cell Staining. U251T3-mCherry, which stably expresses mCherry,
was pretreated with or without 12 nmol/L bortezomib for 16 h followed
by PBS or oHSV treatment at a multiplicity of infection of 0.01 (EDsg). Two
hours after oHSV infection, the cells were washed to remove unbound virus
and then overlaid with different numbers of primary donor-derived human
NK cells. Twenty-four hours later, cells were harvested and stained with a
Live/Dead Fixable Aqua Dead cell staining solution (Invitrogen) according to
the manufacturer’s instruction. The percentage of dead cells was quantified
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by flow cytometry using a fluorescence-activated cell sorter (LSRII; Becton-
Dickinson), and data were analyzed by using FloJo software as described
(5, 43).

Animal Surgery. All mouse experiments were housed and handled in accor-
dance with the Subcommittee on Research Animal Care of the Ohio State
University guidelines and have been approved by the Institutional Review
Board. Six-week-old female athymic nu/nu mice (Charles River Laboratories)
were used for all studies. Athymic nude mice bearing intracranial GBM30
tumors were treated with bortezomib (0.8 mg/kg) intraperitoneally twice
a week for the duration of the study and with oHSV on day 10 after
tumor implantation. For NK cell depletion experiments, 100 uL of 1 mL
of Asialo-GM1 antibody combined with 1 mL of water (Wako; 986-10001)
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