'.) Check for updates

Regular Article

IMMUNOBIOLOGY

UV-inactivated HSV-1 potently activates NK cell killing of leukemic cells
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Herein we demonstrate that oncolytic herpes simplex virus-1 (HSV-1) potently activates

human peripheral blood mononuclear cells (PBMCs) to lyse leukemic cell lines and primary

e UV-inactivated HSV-1
activates Toll-like receptor
signaling in NK cells to kill
leukemic, but not normal,
allogeneic cells.

e UV-inactivated HSV-1
increases the therapeutic
efficacy of allogeneic
mononuclear cell infusions in
a xenograft model of AML.

acute myeloid leukemia samples, but not healthy allogeneic lymphocytes. Intriguingly, we
found that UV light-inactivated HSV-1 (UV-HSV-1) is equally effective in promoting PBMC
cytolysis of leukemic cells and is 1000- to 10 000-fold more potent at stimulating innate
antileukemic responses than UV-inactivated cytomegalovirus, vesicular stomatitis virus,
reovirus, or adenovirus. Mechanistically, UV-HSV-1 stimulates PBMC cytolysis of leukemic
cells, partly via Toll-like receptor-2/protein kinase C/nuclear factor-xB signaling, and
potently stimulates expression of CD69, degranulation, migration, and cytokine
production in natural killer (NK) cells, suggesting that surface components of UV-HSV-1
directly activate NK cells. Importantly, UV-HSV-1 synergizes with interleukin-15 (IL-15)
and IL-2 in inducing activation and cytolytic activity of NK cells. Additionally, UV-HSV-1
stimulates glycolysis and fatty acid oxidation—dependent oxygen consumption in NK
cells, but only glycolysis is required for their enhanced antileukemic activity. Last, we
demonstrate that T cell-depleted human PBMCs exposed to UV-HSV-1 provide a survival benefit in a murine xenograft model of
human acute myeloid leukemia (AML). Taken together, our results support the preclinical development of UV-HSV-1 as an adjuvant,
alone or in combination with IL-15, for allogeneic donor mononuclear cell infusions to treat AML. (Blood. 2016;127(21):2575-2586)

Introduction

Acute myeloid leukemia (AML) remains difficult to treat due to the
reappearance of chemoresistant leukemic cells, even though most
patients achieve a complete remission after first-line induction and
consolidation chemotherapy. Although bone marrow transplantation
(BMT) is considered to be a curative strategy for AML, 5-year disease-
free survival after BMT remains <80% for the most favorable
prognostic groups (inv16 or t[8;21])," and only 35% of high-risk AML
patients (complex karyotypes, monosomy, Flt-3 mutations, etc) survive
2 years after BMT.> More recent evidence suggests that survival may be
improved by haploidentical natural killer (NK) cell transplants,>* and
strategies that augment the efficacy of NK-cell destruction of leukemic
targets would thus be of utmost clinical importance.’

Herpes simplex virus-1 (HSV-1) is a large (>150 kb) double-
stranded DNA oncolytic virus (OV) of the a-subfamily of Herpesvir-
idae that has been engineered in various ways to preferentially infect
and lyse transformed cells, leaving normal cells relatively unharmed.®
Various OVs have shown excellent safety and promising therapeutic
efficacy against solid tumors in a number of clinical trials,”'* and
recently, Russell et al demonstrated that OV therapy may offer a
therapeutic benefit for patients with hematologic malignancies.'> The

authors treated 2 measles-seronegative multiple myeloma (MM)
patients with 1 X 10" TCIDs, (50% tissue culture infectious dose) of
an attenuated Edmonston measles vaccine strain engineered to express
the sodium/iodide symporter (MV-NIS). Despite increased neutraliz-
ing viral antibody titers and decreased circulating viral mRNA in the
weeks following MV-NIS administration, both patients exhibited
a dramatic reduction in tumor burden, and 1 patient remained es-
sentially free of MM for =6 months. It is thus intriguing to consider
the possibility that durable responses in patients with hematologic
malignancies may be possible with OV; however, in the absence of
significant viral loads, and in the presence of high antibody titers, the
mechanisms responsible for these responses remain to be elucidated.
NK cells are innate immune cells endowed with both antiviral and
antitumor activity, in large part via the recognition of target cells that
display “missing self” signals such as reduced HLA surface markers, or
increased expression of “stress” signals such as major histocompati-
bility complex class I-related chain molecules A and B and UL16-
binding proteins.'® In addition to recognizing missing self or stress
signals in tumors or virally infected cells, recent evidence suggests that
NK cells can also recognize viruses themselves, as in the case of
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cytomegalovirus (CMV; a 3-subfamily member of Herpesviridae),
which promotes the generation of memory-like NK cells in humans and
mice that are transplantable, and have an increased interferon-y (IFN-y)
and cytolytic response on encounter with target cells.'”"'® Notably,
reactivation of CMV in BMT recipients has been associated with an
antileukemic effect and a survival advantage,'>*° supporting the notion
that, because CMV is not oncolytic per se, viral reactivation or sub-
clinical latent infections may promote antileukemic immunity. In-
terestingly, HSV-1 has been shown to directly stimulate CD69 and
IFN-y expression in NK cells via toll-like receptor 2 (TLR-2),>' but
there is no evidence to date that HSV-1 stimulates antileukemic im-
munity. Herein we report that UV light—inactivated oncolytic HSV-1
(UV-HSV-1), alone or synergistically with interleukin-15 (IL-15),
potently stimulates the antileukemic activity of NK cells, in part via
TLR-2/protein kinase C (PKC)/nuclear factor (NF)-«kB signaling and
metabolic reprogramming of carbon metabolism. Importantly, we
provide evidence that this replication-defective vector may be used as
an adjuvant ex vivo to increase the therapeutic efficacy of allogeneic
donor mononuclear cell infusions.

Materials and methods

Cell lines, chemicals, and biochemicals

OCI-AML3 and Jurkat cells were maintained in RPMI-1640 medium
supplemented with 10% fetal calf serum (FCS), 1% glutamine, 100 U/mL
penicillin, and 100 p.g/mL streptomycin in a 37°C incubator containing 5% CO,.
CD34™" umbilical cord blood cells transduced with MN1 + ND13 oncogenes
(MN1/NDI3 cells)** were maintained in Iscove modified Dulbecco medium
supplemented with 15% FCS, 1% glutamine, 100 U/mL penicillin, 100 pg/mL
streptomycin, 10 ng/mL IL-3, 10 ng/mL granulocyte-macrophage colony-
stimulating factor (GM-CSF), 10 ng/mL Flt-3, 10 ng/mL stem cell factor (SCF),
and 10 ng/mL thrombopoietin. Foxp3 fixation and permeabilization buffers,
CellTrace 450, CellTrace 670, anti-human CD56 conjugated to allophycocyanin
(APC), anti-human CD34 conjugated to APC (clone 4H11), anti-human IFN-y
conjugated to e-Fluor 450, and anti-human CD69 conjugated to fluorescein
isothiocyanate (FITC) were obtained from EBiosciences (San Diego, CA). Golgi
Stop, Golgi Plug, and anti-human CD107a conjugated to FITC were obtained
from BD Biosciences. IL-2, IL-3, GM-CSF, SCF, Flt-3 ligand, thrombopoietin,
and IL-15 were from Peprotech (Rocky Hill, NJ). Pimonidazole and anti-
pimonidazole adducts conjugated to FITC antibody were from Hypoxyprobe
(Burlington, MA). Propidium iodide, 4’,6-Diamidino-2-phenylindole dihydro-
chloride (DAPI), sodium cyanide, 2-deoxyglucose, and etomoxir were from
Sigma-Aldrich (St. Louis, MO). Lactate scout strips and the portable lactate
analyzer were from Sports Resource Group (Minneapolis, MN) and used to
monitor lactate concentrations in culture supernatants as previously described.
Anti-human CD8 conjugated to phycoerythrin (PE), anti-human CD4 conjugated
to FITC, Lymphoprep, phosphate-buffered saline (PBS), Hanks balanced salt
solution (HBSS), CD32 (Fc receptor) blocking antibody, APC EasySep cell
separation kits, FITC EasySep separation kits, and PE EasySep cell separation
kits were from Stem Cell Technologies (Vancouver, Canada). PAM-3CSK
(TLR-2 agonist), CLO-97 (TLR-7/8 agonist), double-stranded RNA (TLR-7
agonist), polyl:C (TLR-7 agonist), and cytosine guanine dinucleotide oligo
(TLR-9 agonist) were from InvivoGen (San Diego, CA). All other chemicals
were obtained of the highest purity available from Sigma-Aldrich.

Isolation of peripheral blood mononuclear cells and separation
of CD4-, CD8-, or CD56-positive cells

Peripheral blood from healthy adult volunteers was collected under informed
consent (REB protocol H12-00727) in EDTA vacutainer tubes and immediately
diluted 1:1 with 23°C PBS. After mixing by inversion 15 to 20 times, 20 mL
blood was overlaid on top of 10 mL Lymphoprep medium in 50-mL conical
polypropylene tubes. Samples were then centrifuged at 800g for 20 minutes in a
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swing bucket Eppendorf 5804 centrifuge at 23°C. Centrifugation was allowed to
stop without brake, and buffy coats were carefully collected and washed 3 times
with PBS. Samples were finally resuspended in complete RPMI medium, and
cell density was determined by hemocytometer counts of Trypan blue-negative
cells. For isolation of CD56, CD8, or CD4 cells, peripheral blood
mononuclear cells (PBMCs) were resuspended at a density of 1 X 108
cells/mL in PBS supplemented with 2% FCS and 1:10 dilution of CD32
blocking antibody, and incubated at 23°C for 5 min. Cell suspensions were then
supplemented with 1.5 pwg/mL of CD56-APC and further incubated at 23°C
for 15 minutes, and target cells were isolated using EasySep kits per the
manufacturer’s instructions. CD56-depleted PBMCs were then used to
EasySep isolate CD8-positive cells (using CD8-PE) or CD4-positive cells
(using CD4-FITC). Purity of isolated cells was consistently >94% (98% for
CD56-positive cells). Supplemental Table 1, available on the Blood Web
site, lists the characteristics of the healthy donors used in this study.

Viral stocks and UV light inactivation

The HSV-1 vector was derived from HSV-1 strain 17+ by deletion of a repeat
region and the ICP47 gene and placing the US11 open reading frame under the
control of the ICP47 gene promoter. A CMV-driven green fluorescent protein
(GFP) gene was cloned between the long unique and short unique regions, where
the terminal repeat region occurs in the wild-type strain. This vector was named
USGL-P25, and is referred to as HSV-1 throughout the paper. HSV-1 strain G207
was akind gift of Neurovir (Vancouver, Canada). Vesicular stomatitis virus (VSV)
expressing GFP was a kind gift from Paul Rennie (Prostate Cancer Centre,
Vancouver General Hospital, Vancouver, Canada). Reovirus serotype 3 was akind
gift from Don Morris (University of Calgary, Calgary, Canada), and adenovirus-
expressing enhanced GFP was a kind gift from Wilfred Jefferies (University of
British Columbia, British Columbia, Canada). Viruses were UV inactivated by
exposure to 20 J UV light (~ 10 minutes at maximal power output) using a Herolab
UVT-M transluminator. Inactivation was confirmed by monitoring GFP/enhanced
GFP expression and oncolytic potential against OCI-AML3 cells.

Virus treatment of PBMCs or purified CD56, CD8,
or CD4 lymphocytes

PBMCs or purified CD56, CD8, or CD4 lymphocytes were resuspended
in complete RPMI medium at a density of 3 to 4 X 10° PBMCs/mL. Cell
suspensions were then treated with viruses at 0.0001 to 10 pfu/PBMC for varying
periods of time, and floating and adherent cells were harvested (using cell-free
dissociation buffer or PBS supplemented with 20 mM EDTA) and washed in
complete RPMI medium twice.

Measurement of cytolytic activity by flow cytometry

Normal lymphocytes or OCI-AMLS3, Jurkat, or MN1/ND13 cells (1 X 10° cells)
were washed once in HBSS (StemCell Technologies) and resuspended in 1 mL
HBSS containing 10 uM of CellTrace 670. Cells were incubated at 37°C in a
water bath for 15 minutes, followed by 3 washes in complete RPMI-1640
medium. Cells were then resuspended in 10 mL complete RPMI-1640 medium,
and 50-pL aliquots per well were seeded in 96-well plates. Primary leukemia
samples were thawed in the presence of DNase (50 wg/mL; Sigma-Aldrich),
washed 3 times in HBSS supplemented with DNase (10 pg/mL), and
resuspended in 1 mL HBSS containing 10 wM CellTrace 450. Primary leukemia
cell suspensions were then incubated at 37°C in a water bath for 15 minutes,
followed by washing and aliquoting as for the cell lines above. In some
experiments, primary samples were seeded on top of the mesenchymal stromal
cell (MSC) feeder layers (1000 MSCs per well). Sixteen hours after seeding of
target cells (primary AML, normal lymphocytes, or cell lines), human PBMCs
(or purified CD56 or CD8 lymphocytes) were added at the indicated ratios, and
the cocultures were further incubated for 4 hours (24-48 hours for primary AML
samples) in a 37°C incubator containing 5% CO,. Cell line/PBMC/lymphocyte
suspensions were collected into flow cytometry tubes containing 50 wL PBS
supplemented with 4000 FITC- or PE-labeled Bioplex calibration beads
(BioRad, Missisauga, ON, Cnada) and 10 pg/mL propidium iodide or DAPIL
Primary samples/PBMC suspensions were washed once in PBS, incubated with
CD32 blocking antibody (1:100 dilution in PBS; 50 pL) for 5 minutes at
23°C, and further incubated with anti-human CD34-APC—conjugated antibody
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(1:100 dilution) for 15 minutes at 23°C. Cell line and primary sample cell sus-
pensions were then washed once in PBS and analyzed by flow cytometry in a
FACSCalibur cytometer (BD Biosciences) using 488- (beads and propidium
iodide excitation) and 633-nm (Cell Trace 670) lasers, or a LSR Fortessa flow
cytometer (BS Biosciences) using 405- (Cell Trace 450/DAPI), 488- (beads),
561- (beads/propidium iodide), and 640-nm (CD34/Cell trace 670) excitation
lasers. Patient samples were analyzed by subgating on the CD34™" cells from
the Cell Trace 450 + gate. Results are expressed as % cell death; or % specific
cell death using the following formula: % specific cell death = (% death in test
sample — % death in control sample)/(100% — % death in control sample) X
100%; or (killed target cells — control dead cells)/1000 viable PBMCs.

Measurement of CD69 expression

After appropriate treatments, PBMCs were washed once with PBS, incubated
with CD32 blocking antibody (1:100 dilution in PBS supplemented with 1 p.g/mL
propidium iodide; 50 L) for 5 minutes at 23°C, and further incubated with anti-
human CD56-APC (1:100 dilution) and anti-human CD69-FITC (1:100
dilution) conjugated antibodies for 15 minutes at 23°C. Cells were then
washed once in PBS and analyzed by flow cytometry in a FACSCalibur
cytometer using a488-nm argon ion (CD69/propidium iodide) and 633-HeNe
(CD56-APC) excitation lasers. Results are expressed as % positive cells for
CD69 within the CD56™ gate.

Measurement of intracellular IFN-y and CD107a externalization

PBMCs (3 X 10° cells) were added to individual wells of a 96-well plate
containing 10000 Cell Trace 670-labeled OCI-AMLS3 cells. Cocultures were
then supplemented with Golgi Stop (1:1000), Golgi Plug (1:1000), and anti-
human CD107-FITC (5 pL/well) and incubated for 6 hours in a 37°C incubator
containing 5% CO,. Cell suspensions were collected, washed once in PBS,
incubated with CD32 blocking antibody (1:100 dilution in PBS; 50 wL) for
S minutes at 23°C, and further incubated with anti-human CD56-APC—conjugated
antibody (1:100 dilution) for 15 minutes at 23°C. Cells were then washed once in
PBS (supplemented with 2% FCS) and fixed and permeabilized using the Foxp3
fixation and permeabilization kit per the manufacturer’s instructions. Fixed/
permeabilized cells were stained for 1 hour at 23°C with 100 L of a 1:100
dilution of anti-human IFN-y conjugated to eFluor450 in permeabilization
buffer. Stained cells were washed twice in PBS and analyzed by flow cytometry
in an LSR Fortessa flow cytometer (BS Biosciences) using 405- (Cell Trace 450),
488- (CD107a), and 640-nm (CD56/Cell trace 670) excitation lasers. Target cells
were at least a logarithm more fluorescent than CD56 bright cells, allowing
adequate discrimination of target vs CD56™ cells, which is essential because
OCI-AMLS3 cells stain positive for both CD56 and CD107a (data not shown).
Results are expressed as % CD107a-positive CD56™ cells, % IFN-y—positive
CD56" cells, and mean fluorescent intensity of IFN-y—positive CD56™ cells.

Measurement of oxygen consumption by flow cytometry

Briefly, PBMCs were seeded in microfuge tubes (25-50 wL of a suspension
of 1.0 X 107 cells/mL) in complete RPMI medium supplemented with
pimonidazole (200 wM) and treated with 0.1 pfu/PBMC UV-HSV-1, 100 pM
etomoxir, or both agents simultaneously. For the experiment presented in
Figure 6F, EasySep purified CD56-positive cells were incubated in complete
RPMI medium for 4 hours, and magnetic beads, which interfere with oxygen
consumption measurements, were removed after several washes in complete
medium. CD56-positive cells were then resuspended in complete RPMI medium
(20 pL of a suspension of 1.0 X 107 cells/mL) and exposed to 0.1 pfu/cell UV-
HSV-1, or not, as for PBMCs above. Cell suspensions were then immediately
covered in light mineral oil and incubated for 4 hours at 37°C in a water bath.
Sodium cyanide or sodium azide (6 mM)—treated samples served as controls
to assess background and non-mitochondrial oxygen consumption. After
incubation, a micropipette with tip was inserted through the mineral oil, taking
care of expelling the oil that gets trapped, and the sample was recovered by slowly
pipetting up and down several times, being careful not to collect any oil. Oil
present on the outside of the pipette tip was wiped with a paper towel. Cells were
collected by centrifugation (1200g, 5 minutes) and washed once in PBS. Cells
were then incubated with CD32 blocking antibody (1:100 dilution in PBS;
50 pL) for 5 minutes at 23°C and further incubated with anti-human
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CD56-APC—conjugated antibody (1:100 dilution) for 15 minutes at 23°C.
Cells were then washed once in PBS (supplemented with 2% FCS) and fixed
and permeabilized using the Foxp3 fixation and permeabilization kit per the
manufacturer’s instructions. Fixed/permeabilized cells were stained for 1 hour
at 23°C with 100 pL of a 1:400 dilution of anti-pimonidazole antibody (FITC
conjugate) in permeabilization buffer. Stained cells were washed twice in PBS
and analyzed by flow cytometry in a FACSCalibur cytometer using 488-nm
argon ion (pimonidazole adducts) and 633-HeNe (CD56-APC) excitation
lasers. Results are expressed as mean fluorescent intensity after subtracting the
fluorescence intensity of the sodium cyanide (or sodium azide) control.

Migration assays

OCI-AML3—conditioned medium was prepared by resuspending 1 to 2 X 10°
OCI-AMLS3 cells in 7 mL complete RPMI medium and incubating for 48 to
72 hours. Cells were then centrifuged, and conditioned media were filtered through
a 0.2-pm filter. Conditioned media were stored at 4°C for =1 week; 500 pL
conditioned media was placed at the bottom of 24-well plates, and 6.5-mm,
5.0-pm pore size Transwell permeable supports (Corning, Lowell, MA) were
placed on top of the conditioned media, ensuring proper contact of the filter with
the media. PBMCs (2-4 X 10° cells) were added at 250 L to the top of the filter,
and plates were incubated for 2.5 hin a 37°C incubator containing 5% CO,. Cell
suspensions from the bottom of plate and top of permeable support were collected
and added to separate flow cytometry tubes containing 100 wL PBS supplemented
with 2% FCS and 4000 FITC- or PE-labeled Bioplex calibration beads. Cells were
then centrifuged and resuspended in CD32 blocking antibody (1:100 dilution in
PBS supplemented with 1 pg/mL propidium iodide; 50 L) for 5 minutes at 23°C
and further incubated with anti-human CD56-APC (1:100 dilution) antibody for
15 minutes at 23°C. Cells were then washed once in PBS, and absolute numbers of
live CD56" lymphocytes were determined by flow cytometry in a FACSCalibur
cytometer using 488-nm argon ion (beads/propidium iodide) and 633-HeNe
(CD56-APC) excitation lasers. Results are expressed as % migration = [live
CD56™ cells at bottom of plate/(live CD56" cells at bottom of plate) + (live
CD56" cells on top of permeable support)] X 100%.

Measurement of triglyceride content

After appropriate treatments, PBMCs were loaded with LipidTox neutral green
stain (1:200; Invitrogen, Carlsbad, CA) for 45 minutes in a 37°C incubator,
followed by staining with anti-human CD56-APC for 15 minutes at 23°C. After 2
washes in PBS, fluorescent emission at 525 nm was analyzed by flow cytometry in
a FACSCalibur cytometer using 488-nm argon ion (LipidTox) and 633-HeNe
(CD56-APC) excitation lasers. Results are expressed as mean fluorescent intensity.

Primary samples

Frozen bone marrow or peripheral blood samples from patients with AML and
frozen bone marrow—derived MSCs from normal donors were obtained from the
hematology cell bank at the BC Cancer Agency under REB protocol H12-00727.
Supplemental Table 2 summarizes the clinical characteristics of the AML samples
used. All experiments with primary AML samples were performed in triplicate,
and only AML samples exhibiting baseline viability >50% were used in this study.

Mice

NOD-Rag 1™ IL-2R-yc™" male mice producing human IL-3, GM-CSF, and SCF
(NRG-3GS mice derived from NSG-3GS mice®*) were bred in the animal
resource center at the British Columbia Cancer Research Centre. All mouse
experimental procedures were carried out in accordance with Canadian Council
on Animal Care guidelines with approval from the University of British Columbia.

Leukemia model

Fifteen NRG-3GS mice (average age, 15 weeks) were sublethally irradiated with
315 cGy of '*’Cs ~y-rays at 3.75 cGy/minute at 16 hours prior to being injected
intravenously (i.v.) with 5 X 10° MN1/ND13 cells as previously described.?
Twenty-eight days after implantation, engraftment was verified by flow
cytometry, and animals were assigned to 3 groups as follows: group 1, PBS,
5 mice, each received 200-pL injections of PBS i.v.; group 2, PBMCs, 5 mice,
eachreceived 3 X 10° human T cell-depleted PBMCs (in 200 wL of PBS i.v.);
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Figure 1. HSV-1 potently stimulates PBMC to kill leukemic cells. (A) Percent dead OCI-AMLS3 cells determined by flow cytometry as described in “Materials and methods” after culture
with PBMCs or PBMCs pre-exposed for 16 hours to 0.1 pfu/PBMC HSV-1 (30:1 effector:target). *P < .05 from control; **P < .0001 from PBMCs alone. (B) Representative flow cytometry
plots of OCI-AMLS3 cells infected or not with HSV-1, =PBMCs or PBMCs pre-exposed to HSV-1. (C) Representative flow cytometry plots of OCI-AML3 cells exposed to live or UV-
inactivated HSV-1. (D) Percent dead CD34 " primary leukemic cells determined by flow cytometry as described in “Materials and methods” after culture with PBMCs or PBMCs pre-exposed
for 16 hours to 0.1 pfu/PBMC of HSV-1 or UV-HSV-1 (30:1 effector:target). “P < .01 from control; **P < .001 from PBMCs alone. (E) PBMCs were exposed to increasing concentrations of
UV-inactivated viruses for 16 hours. Cytolytic activity against OCI-AML3 cells was determined as in B. *P < .05 from PBMCs alone; **P < .05 from VSV, Reo, or Ad at 10 pfu/PBMC.

group 3, PBMCs + UV-HSV-1, 5 mice, each received 3 X 10° human PBMCs
that had been exposed to 0.1 pfu/PBMC of UV-HSV-1 for 16 hours (washed 2
times in complete media, once in PBS, and resuspended in 200 wL of PBS for
i.v.injection). T-cell depletion was performed using the RosetteSep human CD3
depletion cocktail per the manufacturer’s instructions (StemCell Technologies).
Leukemia engraftment was monitored by flow cytometry by quantitating GFP/
yellow fluorescent protein (YFP) abundance within the live lymphocyte/
monocyte population. Survival was estimated by Kaplan-Meier curves and
analyzed for statistical significance using the log-rank (Mantel Cox) test in
GraphPad Prism software (La Jolla, CA).

Statistics

Unless otherwise indicated, results are expressed as mean * standard deviation
of =3 independent experiments. All experiments using cell lines or MN1/ND13
umbilical cord blood—transformed cells were performed in triplicate and repeated
at least twice. P values were determined by unpaired Student ¢ test or by a
pairwise ¢ test when comparing differences across various healthy donors.
P < .05 was considered significant.

Results
HSV-1 potently stimulates PBMCs to kill leukemic cells

To explore whether HSV-1 could stimulate innate immunity against
leukemia cells, we exposed the human AML cell line OCI-AML3,
or not, to GFP-expressing HSV-1 (1 pfu/cell), alone or in the presence

of PBMC:s for 48 hours. As well, to determine whether HSV-1 was
directly killing OCI-AML3 cells or stimulating PBMCs to induce
cytolysis of leukemic cells, OCI-AML3 cells were also cultured for 48
hours with PBMCs that had been previously exposed to, and washed
free of, GFP-expressing HSV-1 (0.1 pfu/PBMC; 16-hour pre-
exposure). Intriguingly, as shown in Figure 1A, PBMCs previously
exposed to HSV-1 were more effective than PBMCs alone or PBMCs
continuously exposed to HSV-1 in inducing cytolysis of OCI-AML3
cells. Moreover, as shown in Figure 1B, flow cytometric analyses
demonstrated expression of GFP in OCI-AML3 cells exposed to
HSV-1, indicating that these cells are permissive to infection, but GFP
expression was not detected in OCI-AML3 cells cultured with PBMCs
previously exposed to HSV-1, suggesting that in the absence of
permissive infection, PBMCs are stimulated by HSV-1 to become very
robust killers of leukemia cells. Consistent with this notion that in-
fectivity is not required to stimulate a robust innate antileukemic
immune response, similar results were observed using UV-HSV-1, as
shown in Figure 1C-E.

Herpesviridae family members may be unique in promoting im-
mune responses against leukemic cells, based on data showing an anti-
leukemic benefit of CMV reactivation in posttransplant patients.'®° To
address this possibility, we compared the cytolytic response of PBMCs
incubated with varying doses of UV-HSV-1, to UV-inactivated VSV
(UV-VSV), Reovirus (UV-REO), and Adenovirus (UV-AD). Strik-
ingly, UV-HSV-1 was ~1000-fold more potent than UV-AD and
UV-VSV and ~10 000-fold more potent than UV-REO in stimulating
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Figure 2. HSV-1 or UV-HSV-1 stimulates NK-dependent cytolysis of primary AML cells or cell lines but not of allogeneic healthy lymphocytes. (A) PBMCs exposed,
or not, to UV-HSV-1 (0.1 pfu/PBMC for 16 hours) were added to primary AML cells (30:1 effector:target) cultured on MSC feeder layers (except 3, which was cultured alone).
Cocultures were incubated for 48 hours, and % dead CD34™" cells were determined by flow cytometry as described in “Materials and methods.” (B) PBMCs exposed, or not, to
live HSV-1 were added to primary AML cells, and % dead CD34 " cells were determined after 48 hours as above. *P < .005 from PBMCs alone. (C) CD56-, CD4-, and CD8-
positive cells were purified from 2 healthy donors by EasySep methodology as described in “Materials and methods.” Isolated cells were then exposed, or not, to UV-HSV-1
(0.1 pfu/PBMC) for 16 hours and tested for their cytolytic activity against OCI-AML3 cells, and the results are expressed as killed OCI-AML3 cells per 1000 effector
lymphocytes. **P < .001 from CD4 or CD8, UV-HSV-1-exposed lymphocytes. (D-E) Healthy PBMCs were exposed, or not, to UV-HSV-1 as above, and their cytolytic activity
(30:1 effector to target ratio) against OCI-AML3 or healthy allogeneic lymphocytes (from the other donor tested in each graph) was determined as described in “Materials and

methods.” *P < .0001 from unexposed PBMCs.

PBMC:s to kill OCI-AMLS3 cells (Figure 1E), and similar results were
observed with PBMCs from several healthy PBMC donors (data not
shown). In addition, we compared our strain of HSV-1 (USGL-P25
derived from strain 1716) to G207, another strain of HSV-1 derived from
strain F, and observed that both viruses significantly (P < .01) enhanced
PBMC-induced cytolysis of Jurkat and OCI-AMLS3 cells at 0.1 pfu/
PBMC (supplemental Figure 1A). Last, during the revision of this
manuscript, it was observed that exposure of PBMCs to UV-inactivated
CMV did not increase their cytolytic potential (supplemental Figure 1B)
and did not promote CD69 upregulation on the surface of CD56 " cells
(supplemental Figure 1C), suggesting that the beneficial effects of CMV
reactivation in leukemia BMT recipients are likely mediated by adaptive
NK cells, rather than NK cell activation per se. These data suggest that

members of the a-subfamily of Herpesviridae uniquely enhance innate
immunity against a variety of hematologic malignancies.

HSV-1 stimulates PBMC cytolysis of primary AML cells cultured
alone or with MSCs

MSCs promote survival of AML cell lines and primary samples.> We
therefore asked whether the cytolytic efficacy of PBMCs previously
exposed to HSV-1 or UV-HSV-1 against AML primary samples would
be compromised by MSC feeder layers. Exposure of PBMCs for
16 hours to 0.1 pfu/PBMC of UV-HSV-1 (Figure 2A) or HSV-1
(Figure 2B) promoted a significant (P < .01) increase in cytolysis in 5
of 7 AML samples cultured on MSC feeder layers (AML 3 was
cultured alone). As observed for allogeneic healthy lymphocytes,
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Figure 3. UV-HSV-1 rapidly stimulates the cytolytic activity of PBMCs in a TLR-2/NK-kB—dependent manner. (A-B) PBMCs from 2 healthy donors were exposed to
UV-HSV-1 (0.1 pfu/PBMC) for 1, 4, and 16 hours, and their cytolytic activity against OCI-AML3 cells at the indicated effector:target ratios was determined. *P < .01 from time
0. (C) PBMCs from 3 healthy donors, or purified NK cells from 1 donor (donor M), were exposed to UV-HSV-1 (0.1 pfu/cell for 16 hours), anti-TLR-2 antibody (clone TL2.1;
10 pg/mL for donors B and L, 15 png/mL for donors F and M), or cycloheximide (CHX; 10 g/mL), and their cytolytic activity (30:1 effector:target) against OCI-AML3 cells was
determined. *P < .05 from UV-HSV-1 alone; **P < .01 from UV-HSV-1 alone. (D) Healthy PBMCs were exposed to UV-HSV-1 (0.1 pfu/PBMC for 16 hours), =1 uM Bay-
11-7082, and their cytolytic activity (30:1 effector:target) against OCI-AMLS3 cells was determined. *P < .01 from unexposed PBMCs; **P < .01 from PBMC + UV-HSV-1.

(E) Purified NK cells were exposed or not to UV-HSV-1 (0.1 pfu/PBMC for 16 hours),

+1 wM Bay-11-7082, and their cytolytic activity (10:1 effector:target) against OCI-AML3

cells was determined. *P < .01 from unexposed PBMCs; **P < .01 from PBMC + UV-HSV-1. (F-G) Purified NK cells were exposed, or not, to UV-HSV-1 for 60 minutes, and
the cellular localization of the NF-xB p65 subunit was determined by fluorescent immunohistochemistry. Bar graph represents manual scoring of translocation from =500 cells
and 6 different fields. *P < .0005 from unexposed PBMCs. White bar on images indicates 100-u.m interval.

UV-HSV-1-treated PBMCs were not cytolytic toward MSCs (data
not shown). The above data suggest that MSC coculture may not afford
complete protection from HSV-1 (or UV-HSV-1)-stimulated cytolysis.

UV-HSV-1 directly stimulates the cytolytic potential of NK cells
against leukemic but not normal allogeneic lymphocytes

A priori we hypothesized that the observed antileukemic effects were
mediated by innate immune cells, because none of our healthy do-
nors had ever been vaccinated with leukemia antigens. Indeed, on a per
cell basis, purified CD4" or CD8™ cells pre-exposed to UV-HSV-1
(0.1 pfu/cell; 16 hours) were significantly less effective at inducing
cytolysis of OCI-AML3 cells than purified CD56™ cells identically
pre-exposed to UV-HSV-1 (Figure 2C). Conversely, as shown in
supplemental Figure 2A, depletion of CD56" cells from PBMCs
largely abrogated the increased cytolytic potential observed with
their undepleted counterparts after exposure to UV-HSV-1. Moreover,
UV-HSV-1 also potentiated cytolytic activity of purified CD56™ cells
against the prototypical NK target cell line, K562, in a standard >'Cr

release assay (supplemental Figure 2B). These data suggest that NK cells
are directly activated by UV-HSV-1 and support our hypothesis that
they play a major role in the observed antileukemic effects. In addition,
because NK cells are thought to recognize missing-self signals in target
cells, we asked whether PBMCs pre-exposed to UV-HSV-1 would
induce cytolysis of healthy allogeneic lymphocytes. As shown in
Figure 2D-E, PBMC:s previously exposed to UV-HSV-1 were incapable
of inducing cytolysis of allogeneic lymphocytes, even though they
potently induce cytolysis of OCI-AMLS3 cells. Likewise, no cytolysis of
healthy allogeneic monocytes was observed in these assays (data not
shown). These data demonstrate that, at least in vitro, UV-HSV-1
stimulation of PBMCs induces selective cytolysis of malignant cells.

UV-HSV-1 rapidly stimulates the cytolytic potential of NK cells
via TLR-2/NF-«B signaling

To gain insight into the kinetics of activation of PBMCs exposed to
UV-HSV-1, we performed a time-course study with cells from 2
separate donors by exposing them to UV-HSV-1 (0.1 pfu/PBMC)
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Figure 4. UV-HSV-1 potently induces activation of NK cells. (A) PBMCs from 6 healthy donors were exposed to UV-HSV-1 (0.1 pfu/PBMC for 16 hours), and expression of
CD69 was determined by flow cytometry as described in “Materials and methods.” (B-C) PBMCs from 2 healthy donors were exposed to increasing concentrations of UV-HSV-1
for 16 hours, and CD69 expression was determined by flow cytometry. *P < .001 from unexposed PBMCs. (D) PBMCs from 3 healthy donors were exposed to UV-HSV-1
(0.1 pfu/PBMC for 16 hours) and degranulation (CD107a externalization) was determined by flow cytometry as described in “Materials and methods.” (E-F) PBMCs from 6 healthy
donors were exposed to UV-HSV-1 (0.1 pfu/PBMC for 16 hours), and the % of cells positive for IFN-y and the relative amounts of IFN-y in positive cells were determined by flow
cytometry as described in “Materials and methods.” (G) PBMCs from 3 healthy donors were exposed to UV-HSV-1 (0.1 pfu/PBMC for 16 hours), and migration toward OCI-AML3
conditioned media was determined by flow cytometry as described in “Materials and methods.” (H-J) PBMCs from 2 healthy donors were exposed to increasing concentrations of
UV-HSV-1 for 16 hours, and CD107a externalization and % of IFN-y™ cells was determined by flow cytometry. *P < .05 from unexposed controls.

for 1, 4, and 16 hours. As shown in Figure 3A-B, UV-HSV-1 sig-
nificantly increased the cytolytic potential of PBMCs as early as
1 hour after exposure, particularly in the donor with higher CD56™
content, and this effect was most apparent at higher effector:target
cell ratios. Because HSV-1 has been shown to activate TLR-2
signaling in NK cells,”" we asked whether neutralizing antibodies
against TLR-2 (clone TL2.1) would antagonize the increased
cytolytic potential of PBMCs or NK cells exposed to UV-HSV-1.
As shown in Figure 3C, clone TL2.1 (10 wg/mL) significantly
inhibited cytolysis by UV-HSV-1-activated PBMCs or NK cells
(0.1 pfu/cell), whereas isotype-matched antibodies against NKG2C
or NKG2D did not (data not shown). Similar inhibitory effects were
observed with the protein synthesis inhibitor cycloheximide
(10 pg/mL), supporting the notion that UV-HSV-1 activates TLR-
2—dependent signaling pathways that lead to de novo protein
synthesis. As NF-kB is critically involved in mediating gene
expression in response to TLR signaling,?® we then asked whether

pharmacologic inhibition of IkB kinase would antagonize the cytolytic
effects of UV-HSV-1-activated PBMCs. As shown in Figure 3D,
treatment of PBMCs with the highly selective IkB kinase inhibitor,
Bay-11-7082 (1 uM), potently inhibited the effects of UV-HSV-1, and
similar results were observed using purified C56" cells (Figure 3E).
Moreover, exposure of purified CD56™ cells to UV-HSV-1 (0.1 pfu/
PBMC) for 60 minutes resulted in a significant (P < .0005) threefold
increase in nuclear translocation of NF-kB as evidenced by fluorescent
immunohistochemistry against the NF-kB p65 subunit (Figure 3F-G).
Exposure of PBMCs to various TLR ligands also increased cytolytic
potential (supplemental Figure 3), suggesting that TLR signaling within
PBMCs can be modulated to enhance their antitumor potential. Last,
Bay-11-7082 also inhibited cytokine production from purified NK
cells treated with UV-HSV-1 (supplemental Figure 4). Taken together,
these results suggest that UV-HSV-1 activates the cytolytic potential
of PBMCs and isolated NK cells, at least in part, via TLR-2/NF-kB
signaling.
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UV-HSV-1 potently activates NK cells and promotes their
degranulation, IFN-y production, and migration

CD69 is a human transmembrane C-type lectin that is involved in, and
serves as a biomarker of, the functional activation and cytolytic
potential of NK cells.>**” We thus asked if UV-HSV-1 promoted an
increase in CD69 expression on the surface of NK cells. As shown in
Figure 4A, UV-HSV-1 (0.1 pfu/PBMC) did indeed induce a significant
(P < .0001) increase in the percent of NK cells expressing CD69,
reaching ~80% of total NK cells in some donors. Importantly, although
UV-HSV-1 also induced activation on non-NK cells (Figure 4B), the
maximal expression of CD69 in this compartment did not surpass
~33%, indicating that NK cells are preferentially activated by this
agent. Moreover, UV-HSV-1 elicited significant dose-dependent in-
creases in CD69 expression in NK cells, starting at doses as low as
0.001 pfu/PBMC (Figure 4C), suggesting that HSV-1 antigens are very
potent activators of NK cells. To then investigate whether the
upregulation of CD69 correlated with degranulation and cytokine
production, we monitored CD107a externalization (a marker of
degranulation) and intracellular levels of IFN-vy in NK cells after
exposing UV-HSV-1-treated PBMCs to OCI-AML3 cells for 6 hours.
As shown in Figure 4D, UV-HSV-1 at a dose of 0.1 pfu/PBMC
promoted significant degranulation of NK cells, and similar results
were observed with purified NK cells exposed to UV-HSV-1
(supplemental Figure 5). In addition, UV-HSV-1 increased the percent
of IFN-y ™ NK cells (Figure 4E), as well as the relative amounts of IFN-y
produced by these cells (Figure 4F). Of note, degranulation and IFN-y

production were significantly inhibited (>50%) by Bay-11-7082,
suggesting that TLR-2/NF-kB signaling contributes to these responses
(supplemental Figure 16). Furthermore, as shown in Figure 4G, UV-
HSV-1 (0.1 pfu/PBMC; 16-hour exposure) significantly (P << .05)
increased (by approximately twofold) the migration of NK cells toward
OCI-AML3-conditioned medium. Last, dose-response studies
(Figure 4H-J) confirmed that doses as low as 0.01 pfu/PBMC induced
significant (P < .05) expression of IFN-y and degranulation in
NK cells from 2 healthy donors. These results strongly argue that
UV-HSV-1 is a bona fide activator of NK-cell function.

UV-HSV-1 synergizes with IL-15 in promoting activation and
cytolytic potential of NK cells

Because IL-15 is a potent activator of NK effector functions,”® we asked

whether UV-HSV-1 would synergize with IL-15 in promoting PBMC-
induced cytolysis of leukemic cells. Isobologram analysis of the combi-
nation of UV-HSV-1 with IL-15 (Figure 5A) revealed combination
indices of <0.1, suggesting that UV-HSV-1 indeed synergizes with
this cytokine to stimulate PBMC-induced killing of leukemic cells
in culture. Additionally, as shown in Figure 5B-E, the combination of
UV-HSV-1 withIL-15 synergically (combination index <0.1) induced
CD69 expression and markedly enhanced the degranulation and IFN-y
production of NK cells. These observations support the notion that UV-
HSV-1 and IL-15 promote activation and cytolytic potential of NK
cells via complementary mechanisms and thus provide a rationale for
possible combinatorial strategies of these 2 agents for improving

20z aunr L0 uo 3senb Aq 4pd'G/G2/98.E6€1/5.52/12/LT | /Ppd-aloie/poojqAeu-suoledlgndyse//:djy wol papeojumog



BLOOD, 26 MAY 2016 - VOLUME 127, NUMBER 21

HSV-1 ACTIVATES ANTILEUKEMIC IMMUNITY 2583

>
(o)

— | —J =K  ~
iy 4 (@]
2 =

[a 1
$ 05 s
S 041 £
£ 0.3 A @
2 02 5
< [&}
*g 0.1 4 P < .00001 s
— 0 T

Control  UV-HSV-1

250 A *

= 200 -

02 consumption
(normalized MFI
3 3

u
o
1

Pimonidazole adduct in
NK cells (fold change)

o
!

m
M
()

LipidTox fluorescence

C D
; Control m UVKO
= 1.4_ A ool
(<5 . * %) 1
é 1.2 4 311
% 147 g1
2 I e|” :
S 0.8 - Lo .
E 06 5 L UVHSV-T | cyanide
= 1
:‘:“ 0.4 E
& 0.2
— >
0 CD56
B D
NK donor
1.4 4 *
1.2 4
= 14
(=]
S 0.8 1
=
© 0.6 1
=]
£ 0.4 1
0.2
0 -
S N
& g
OIS
S

Figure 6. UV-HSV-1 induces metabolic reprogramming of NK cells. (A) PBMCs from 9 healthy donors were exposed to UV-HSV-1 (0.1 pfu/PBMC for 16 hours), and the levels of
lactate in the culture supernatant were quantitated as described in “Materials and methods.” Results are expressed as pmol lactate/cell. (B) PBMCs from 4 healthy donors were
exposed to UV-HSV-1 (0.1 pfu/PBMC for 16 hours), =11 mM 2-deoxyglucose and lactate levels determined as above. *P < .01 from control; **P < .01 from UV-HSV-1. (C) NK cells
from 2 healthy donors were exposed to UV-HSV-1 (0.1 pfu/PBMC for 16 hours), and the levels of lactate in the culture supernatant were quantitated. *P < .05 from control. (D)
Representative flow cytometry plots of oxygen consumption measurements using pimonidazole as an indicator of cellular respiration. (E) PBMCs from 4 healthy donors were exposed
to UV-HSV-1 (0.1 pfu/PBMC), =100 M etomoxir for 4 h in complete medium supplemented with pimonidazole, and the accumulation of pimonidazole adducts was quantitated as
described in “Materials and methods.” PBMCs treated with 6 mM sodium cyanide served as a background control, and results are shown as cyanide-corrected values. Each donor was
tested in triplicate, and the average value was used for statistical purposes. *P < .05 from control; **P < .05 from UV-HSV-1 alone. (F) EasySep purified CD56™" cells were exposed, or
not, to 0.1 pfu/NK cell UV-HSV-1 for 4 hours in complete medium supplemented with pimonidazole, and the accumulation of pimonidazole adducts was quantitated as above. *P < .05
from control. (G) PBMCs from 3 healthy donors were exposed to 0.1 pfu/PBMC UV-HSV-1 for 16 hours, and the accumulation of intracellular triglycerides was monitored by flow
cytometry as described in “Materials and methods.” Each donor was tested in triplicate, and the average value was used for statistical purposes. *P < .05 from control.

innate antileukemic responses. Similar observations were made with
UV-HSV-1 in combination with IL-2 (supplemental Figure 7).

UV-HSV-1 promotes metabolic reprogramming of NK cells

During the course of our experiments, we noted that UV-HSV-1—
treated PBMC:s increased the acidity of RPMI-1640 medium (data not
shown). We therefore hypothesized that, because immune effector
functions tend to be associated with increased glycolysis,”” UV-HSV-1
might promote an increase in lactate generation in PBMCs. Indeed, as
shown in Figure 6A, UV-HSV-1 promoted a significant (P < .00001)
40% increase in lactate generation among all donors examined.
Moreover, this increase was completely abrogated by the hexokinase
inhibitor 2-deoxyglucose (2-DG; Figure 6B), suggesting that UV-
HSV-1 activates glycolysis in PBMCs. As well, as shown in Figure 6C,
purified NK cells that were exposed after isolation to UV-HSV-1
(0.1 pfu/NK cell; 16 hours) also increased the generation of lactate,
suggesting that UV-HSV-1 can directly reprogram NK cells to increase
their nonoxidative metabolism of glucose carbon skeletons. To then

determine whether UV-HSV-1 modulates mitochondrial function, we
monitored oxygen consumption by flow cytometry using the reduction
of pimonidazole as a surrogate marker for oxygen consumption
as described in “Materials and methods.” As shown in Figure 6D-E,
UV-HSV-1 promoted a rapid (within 4 hours after exposure) increase
in oxygen consumption in NK cells, and this increase was completely
abrogated by etomoxir, an inhibitor of fatty acid oxidation (FAO).
This increase in oxygen consumption was also observed using a
phosphorescent oxygen-sensitive probe in PBMCs treated with
UV-HSV-1 (supplemental Figure 8). Of note, as shown in Figure 6F,
UV-HSV-1 directly stimulated an increase in oxygen consumption
in purified CD56" cells after isolation. Additionally, as shown
in supplemental Figure 9, NK cells derived from PBMCs exposed to
UV-HSV-1 for 16 hours continued to display increased oxygen
consumption, suggesting that the observed increase in mitochondrial
function is maintained at the time when lactate generation was
monitored. These somewhat surprising results suggest that UV-HSV-1
promotes a switch from the oxidation of glucose carbon skeletons to the
oxidation of fatty acids, perhaps allowing Krebs cycle activity to
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Figure 7. UV-HSV-1 potentiates the therapeutic efficacy
of allogeneic donor PBMC infusions in a murine model
of human leukemic. (A) Peripheral blood leukemia burden
was analyzed by flow cytometry gating on live GFP/YFP*
lymphocytes/monocytes 26 days after implantation of MN1/
ND13 cells in sublethally irradiated NRG-3GS mice. (B)
Purified NK cells from 2 healthy donors were exposed to 0.1
pfu/PBMC of UV-HSV-1 for 16 hours, *EasySep-purified
* autologous monocytes (~85% purity) at a ratio of 2:1 NK:
monocyte. After incubation, only floating cells were collected,
and their cytolytic activity against MN1/ND13 cells was
determined. *P < .01 from condition without monocytes. (C)
Twenty-eight days after implantation of MN1/ND13 cells,
* mice were intravenously injected with PBS, T cell-depleted
healthy human PBMCs (3 x 10° cells), or T cell-depleted
PBMCs exposed ex vivo to UV-HSV-1 (3 X 10° cells; 0.1 pfu/
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proceed while sparing glucose carbon skeletons for biosynthesis. In
support of this, UV-HSV-1 (0.1 pfu/PBMC) increased intracellular
triglyceride stores in NK cells by ~20% after 16-hour incubation
(Figure 6F), suggesting de novo lipid and/or triglyceride biosynthesis.
These findings also support the notion of a futile cycle of fatty acid
synthesis and FAO in NK cells activated by UV-HSV-1, as has been
proposed to occur during the development of memory CD8 cells.**>!

Metabolic requirements for cytolysis by UV-HSV-1-activated
PBMCs

Because immune effector functions are typically associated with
increased glycolysis,*>>* we then carried out dose—response studies
with UV-VSV, UV-Reo, UV-Ad, and UV-HSV-1 and found that UV-
HSV-1 was at least ~100-fold more potent in stimulating glycolysis
in PBMCs than the other UV-inactivated viruses (supplemental
Figure 10A), and, except for UV-AD, increases in lactate generation
closely mirrored increases in cytolytic activity (Figure 6G), suggesting
the possibility that metabolic reprogramming and cytolytic activity are
associated. Similar results were observed with several healthy PBMC
donors (data not shown). To then determine how glycolysis and FAO
contribute to cytolytic potential, we exposed PBMCs to UV-HSV-1
(0.1 pfu/PBMC) for 16 hours, in the presence or absence of 2-DG
or etomoxir, followed by extensive washing and incubation with
target cells in the absence of inhibitors. As shown in supplemental
Figure 10B, only 2-DG significantly (P < .005) inhibited UV-HSV-
1-stimulated cytolysis of OCI-AML3 in all 3 donors at a concentration
of 11 mM (inhibition ~45% = 10%); in contrast, etomoxir at the
highest dose tested (100 wM) only moderately inhibited killing in 1 of
3 donors tested. Of note, 2-DG at a concentration of 22 mM achieved
a more robust ~65% inhibition in 2 donors tested (supplemental

Figure 10C), further demonstrating that dose-dependent competitive
inhibition of glycolysis can antagonize UV-HSV-1-induced activation
of cytolytic activity in PBMCs. Interestingly, treatment with Bay-11-7082
(1 uM) did not antagonize the lactate increase in PBMCs treated with
UV-HSV-1 (0.1 pfu/PBMC) for 16 hours (Figure 7D), suggesting
that NF-kB does not play a critical role in the observed metabolic
reprogramming. On the other hand, treatment with the PKCa/f3
inhibitor, Go6976 (1 nM), completely abrogated lactate generation
(supplemental Figure 10D), suggesting that, as reported for human
dendritic cells,® PKC may be activated upstream of NF-kB in
response to TLR-2 stimulation. Importantly, Go6976 also inhibited
cytolysis of OCI-AMLS3 cells by UV-HSV-1-treated PBMCs or NK
cells (supplemental Figure 10E). Together, the above results suggest
that UV-HSV-1 promotes PKC-dependent metabolic reprogram-
ming of PBMCs and that this reprogramming mediates, at least in
part, their increased antileukemic efficacy.

T cell-depleted UV-HSV-1-activated PBMCs exert a therapeutic
benefit in a murine xenograft model of human leukemia

To determine the therapeutic efficacy of UV-HSV-1 in the context of
leukemia, we implanted 15 NRG-3GS mice with 5 X 10° MN1/NDI13
human leukemic cells as previously described.”? Four weeks after
implantation of MN1/ND13 cells, engraftment was verified by flow
cytometry (Figure 7A), and mice were i.v. injected with PBS,
T cell-depleted healthy human PBMCs (3 X 10° cells), or T cell-depleted
PBMCs exposed ex vivo to UV-HSV-1 (3 X 10° cells; 0.1 pfu/PBMC;
16 hours). We chose T cell-depleted PBMCs rather than purified NK cells
because, as shown in Figure 7B, the presence of adherent monocytes
significantly (P << .05) enhanced both baseline and UV-HSV-1-
stimulated NK cytolysis of MN1/ND13 cells. Because monocytes do
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not induce marked cytolysis of leukemic cells in culture, alone or after
treatment with UV-HSV-1 (data not shown), our observations suggest that
these cells serve to potentiate the NK response to the viral vector,
presumably via secreted paracrine acting cytokines/chemokines (supple-
mental Figure 11). Importantly, as shown in Figure 7C, survival was
significantly extended in the mice that received UV-HSV-1—conditioned,
T cell-depleted PBMCs (P < .03 from PBS; P < .01 from PBMCs
only), supporting the hypothesis that UV-HSV-1 may be a
potentially safe and effective adjuvant to T cell-depleted, allogeneic
donor mononuclear cell infusions for the treatment of AML.

Discussion

Oncolytic virotherapy has recently demonstrated some success in the
treatment of hematologic malignancies, and current thinking is that this
is mediated primarily by direct killing of malignant cells and, to a lesser
degree, by activation of antileukemic immunity.'33%3” Herein we show
that HSV-1, both live and UV light-inactivated, activates NK cells to
kill leukemic cell lines and primary AML samples. We also show for
the first time that UV-HSV-1 is 100- to 1000-fold more potent than
UV-inactivated VSV (Rhabdoviridae), Reovirus (Reoviridae), or
Adenovirus (Adenoviridae) in promoting PBMC-induced cytolysis
of leukemia targets. Two major strains of HSV-1 (1716 and F)
demonstrated similar potency, highlighting the potent innate immuno-
genicity of the Herpesviridae family. Related to this, intriguing clinical
evidence over the past 3 decades has suggested that, at least in the
context of BMT for the therapy of AML, reactivation of CMV, a
B-subfamily member of Herpesviridae, reduces the risk of leukemia
relapse and improves survival.'”?**® Because CMV is not oncolytic
per se and because it has been shown to promote the generation of
memory-like NK cells in humans and mice,”’18 it is conceivable that
activation of innate immunity in response to CMV may be critical
for the control of leukemia progression and relapse. Furthermore,
another member of the Herpesviridae family, Herpes simplex virus
(o subfamily), has recently been reported to directly stimulate NK
cells to produce IFN-vy, increase CD69 and major histocompatibility
complex class II expression, and facilitate antigen presentation to
CD4" T cells.?! Given the promising therapeutic benefit that allogeneic
NK cell infusions offer myeloid leukemia patients in the absence of
widespread graft-versus-host disease,>>°*! it is tempting to speculate
that members of the o Herpesviridae family may further improve the
anti-leukemic efficacy of “off-the-shelf” (eg, expanded from umbilical
cord blood or other allogeneic source) NK cells. Indeed, our in vivo
experiment demonstrated for the first time a significant survival
advantage of leukemic mice treated with T cell-depleted PBMCs
previously exposed to UV-HSV-1, suggesting that UV-HSV-1
may be a potentially safe and effective adjuvant for allogeneic donor
mononuclear cell infusions (after BMT) or haploidentical NK cell
infusions for the treatment of leukemia.

The antileukemic effects of NK cells treated with UV-HSV-1 appear
to be NF-«kB dependent, and various TLR agonists partially recapitulate
this effect, supporting previous work from Kim et al demonstrating that
antigens from both HSV-1 and HSV-2 can directly activate NK cells via
TLR signaling.?' Mechanistically, we found that UV-HSV-1 promotes
dose-dependent expression of CD69, production of IFN-y, degranula-
tion, and migration of NK cells, demonstrating a profound effect on
innate immune function and phenotype. Moreover, the striking potency
of UV-HSV-1 supports a “kiss and run model,” whereby a single viral
particle may be able to activate several NK cells. Importantly, we show
that UV-HSV-1 synergizes with IL-15 in promoting NK-cell activation
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and antileukemic efficacy, suggesting that complimentary pathways can
be modulated to further enhance the therapeutic potential of NK cells.

We also demonstrate for the first time that activation of NK cells by
UV-HSV-1 is associated with both increased generation of lactate and
increased FAO-dependent oxygen consumption. Curiously, however,
only glycolysis appears to be critical for their enhanced antileukemic
effects. These observations are partly in agreement with previous work
demonstrating that immune effector functions are associated with a
glycolytic phenotype.*>** Nonetheless, our observation that UV-HSV-1
increases FAO-dependent oxygen consumption is somewhat
surprising because FAO is a biochemical pathway more often
associated with the function of memory CDS8 T cells.*> Moreover,
the pharmacologic FAO inhibitor, etomoxir, at doses sufficient to re-
press oxygen consumption in UV-HSV-1-stimulated NK cells, did not
significantly antagonize NK-induced cytolysis of leukemic cells in
several donors. This suggests that fatty acid metabolism does not support
this particular effector function. Paradoxically, although we demonstrate
that FAO supports the molecular reduction of oxygen in NK cells, we
also provide evidence that UV-HSV-1 induces de novo fatty acid
synthesis in NK cells. These particular findings resonate with a recent
report by O’Sullivan et al demonstrating that CD8 memory T cells use
glucose-derived carbon skeletons for the synthesis of fatty acids, which
are then oxidized in the mitochondria via FAO.*® The significance of this
“futile cycle” remains to be fully understood, but it highlights a metabolic
plasticity in the immune system that may be required to promote survival
of memory cells. Given the high prevalence (~50%) of HSV-1 sero-
positivity in North America,*** it is enticing to suggest that perhaps
HSV-1 exposure induces memory-like NK cells, as observed for CMV,
that rapidly respond to UV-HSV-1 by modulating their fatty acid
metabolism. Alternatively, given that 100% of the donors tested in this
study responded rapidly to UV-HSV-1, itis also plausible that this vector
induces metabolic reprogramming independent of prior exposure.

In conclusion, our findings demonstrate for the first time that
Herpesviridae family members are potent stimulators of innate immune
function, and that these vectors could in principle be used for therapeutic
purposes in the treatment of leukemia. Future studies should investi-
gate whether synthetic TLR agonists (alone or in combinations) could
substitute for UV-HSV-1, as well as focus on possible combinatorial
strategies with IL-15 or IL-2 to further enhance the therapeutic efficacy
of allogeneic donor mononuclear cell or NK infusions.
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