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Introduction

Summary

Malignant melanoma is an aggressive tumour of the skin with increasing
incidence, frequent metastasis and poor prognosis. At the same time, it is
an immunogenic type of cancer with spontaneous regressions. Most
recently, the tumoricidal effect of plasmacytoid dendritic cells (pDC) and
their capacity to overcome the immunosuppressive tumour microenviron-
ment are being investigated. In this respect, we studied the effect of the
infectious, but replication-deficient, herpes simplex virus 1 (HSV-1) d106S
vaccine strain, which lacks essential immediate early genes, in pDC co-cul-
tures with 11 melanoma cell lines. We observed a strong cytotoxic activ-
ity, inducing apoptotic and necrotic cell death in most melanoma cell
lines. The cytotoxic activity of HSV-1 d106S plus pDC was comparable to
the levels of cytotoxicity induced by natural killer cells, but required only
a fraction of cells with effector : target ratios of 1:20 (P < 0-05). The
suppressive activity of cell-free supernatants derived from virus-stimulated
pDC was significantly neutralized using antibodies against the interferon-
a receptor (P < 0-05). In addition to type I interferons, TRAIL and gran-
zyme B contributed to the inhibitory effect of HSV-1 d106S plus pDC to
a minor extent. UV-irradiated viral stocks were significantly less active
than infectious particles, both in the absence and presence of pDC
(P < 0-05), indicating that residual activity of HSV-1 d106S is a major
component and sensitizes the tumour cells to interferon-producing pDC.
Three leukaemic cell lines were also susceptible to this treatment, suggest-
ing a general anti-tumour effect. In conclusion, the potential of HSV-1
d106S for therapeutic vaccination should be further evaluated in patients
suffering from different malignancies.
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administration of interferon-o. (IFN-«) and/or interleukin
2 (IL-2).>* At the same time, malignant melanoma is a

Malignant melanoma is a highly aggressive skin tumour,
which is characterized by increasing incidence, frequent
metastasis and poor prognosis.' Localized primary
tumours can be treated by surgical removal, but meta-
static disease is often treatment-refractory with < 20% of
patients responding to chemotherapy and adjuvant

very immunogenic type of cancer, in which spontaneous
regressions occur in 4-15% of primary lesions and 0-23%
of melanoma metastases.* For these reasons, metastatic
melanoma came into the focus of immunotherapeutic
approaches. Studies using monocyte-derived dendritic
cells pulsed with melanoma-derived peptides or antigens

Abbreviations: GFP, green fluorescent protein; HFF, human foreskin fibroblasts; HSV, herpes simplex virus; IFN, interferon;
IFN-oR, interferon-o receptor; IL, interleukin; MOI, multiplicity of infection; NK cell, natural killer cell; ODN, oligodeoxynu-
cleotide; pDC, plasmacytoid dendritic cells; TLR, Toll-like receptor; UV, ultraviolet
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have been performed in several hundred patients.’
Although the success of these immunotherapies has been
limited so far with response rates not exceeding 5-10%,°
progression-free survival significantly correlated with the
development of tumour-specific cytotoxic T cells.” New
approaches in immunotherapy have targeted immunosup-
pressive networks within the tumour microenvironment.
In this respect, improved survival has been observed in
patients suffering from malignant melanoma when anti-
bodies against the co-inhibitory molecules CTLA-4® and
programmed cell death 1 were administered”.

In the last few years, the tumoricidal potential of plasma-
cytoid dendritic cells (pDC) has been evaluated. These cells
were originally identified as major producers of IFN-« in
the blood upon stimulation with influenza virus or herpes
simplex virus (HSV).'”'! Type I IFNs are required for
tumour-specific T-cell priming and rejection of highly
immunogenic tumours, as evident from studies in mice
deficient in the IFN-a receptor (IFN-aR).'? Peptide-pulsed
and CD40 ligand-matured pDC can prime expansion and
IFN-y production of melanoma-specific CD8" T cells."”
Plasmacytoid DC can take up opsonized antigens via their
Fc receptors and stimulate CD4" and CD8" T-cell prolifer-
ation."* Other studies have described cross-presentation of
exogenous antigens to CD8" T cells by pDC after exposure
to influenza and measles viruses,'>'® cell debris from apop-
totic cells,'”” and particulate antigen.'® Notably, tumour
peptide-loaded pDC synergize with myeloid dendritic cells
(mDC) in inducing antigen-specific CD8" T-cell cytotoxic
responses and in restricting tumour cell growth."

Besides these indirect anti-tumour effects, activated
pDC can mount direct cytotoxicity against malignant
melanoma.”® In a mouse model, topical administration of
imiquimod, a synthetic Toll-like receptor (TLR) 7 ago-
nist, induced melanoma cell killing independent of adap-
tive immunity, through a mechanism dependent on type
I IFNs, TRAIL, and granzyme B.*' TRAIL- and cell-con-
tact-dependent cytotoxicity were also observed in human
pDC after stimulation with TLR7/9 agonists and IFN-o.>*
The pDC were also activated by some clinical-grade pro-
phylactic vaccines, among them inactivated tick-borne
encephalitis virus.”> The latter was used to stimulate
tumour-peptide loaded pDC, which were then injected
into the lymph nodes of 15 patients with metastatic mela-
noma.”* This was the first clinical trial to show signifi-
cantly prolonged overall survival of melanoma patients
after injection of activated pDC.

We observed strong activation and maturation of pDC
after exposure to a clinical HSV-1 isolate.”® These data
prompted us to test the efficacy of an infectious, but
replication-deficient, HSV-1 isolate in 11 different mela-
noma cell lines. We show here, for the first time, that the
HSV-1 d106S vaccine vector strain®® in combination with
pDC develops strong cytotoxic activities against tumour
cells that are at least equivalent or superior to effects
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induced by synthetic TLR7 and TLR9 agonists. Therefore,
the potential of this virus for the therapeutic vaccination
of patients suffering from malignant melanoma should be
further evaluated.

Materials and methods

Tumour cell lines

Five established human melanoma cell lines from primary
cutaneous tumour (IGR-39) and subcutaneous (SK-MEL-
30) and lymph node (IGR-1, IGR-37, SK-MEL-3) metas-
tases were obtained from the Leibniz Institute
DSMZ — German Collection of Microorganisms and Cell
Cultures, Braunschweig, Germany. Six other melanoma
cell lines (AXBI, LIWE-7, ARST-1, ICNI-5li, HV18MK,
UMBY-1) were established from metastatic lesions of
patients at the Department of Dermatology, University
Hospital Erlangen, Germany. Generation of such cell lines
was as follows: after surgical removal of melanoma metas-
tases and informed consent of the patient (approved by
the ethics committee of the Medical Faculty, Friedrich-
Alexander-Universitat Erlangen-Nirnberg, EK 4602), a
small sample of the excised tumour was cut into small
pieces and put into a cell culture dish in RPMI-1640
medium supplemented with 20% human pooled serum,
amino acids and gentamycin. Half of the medium was
replaced once a week. After one to several weeks, mela-
noma cells grew out and were frozen down at low passage
numbers. After thawing, all melanoma cell lines except
HV18MK were cultured in Dulbecco’s modified Eagle’s
medium (DMEM; Gibco/Life Technologies, Darmstadt,
Germany), supplemented with 10% heat-inactivated (56°,
60 min) fetal calf serum (Sigma-Aldrich, Taufkirchen,
Germany), 0-3 mg/ml glutamine, 200 U/ml penicillin and
90 U/ml streptomycin. HV18MK cells and the leukaemic
cell lines Daudi, U937 and KG-1 (American Type Culture
Collection, Manassas, VA) were cultured in supplemented
RPMI-1640 medium (Gibco/Life Technologies). Human
foreskin fibroblasts (HFF), cultured in supplemented
DMEM, served as a non-melanoma control cell line.

Isolation of pDC, natural killer cells, and myeloid den-
dritic cells

Peripheral blood mononuclear cells of healthy donors
were recovered from leucoreduction system chambers
obtained after a routine platelet apheresis procedure,”’
approved by the ethics committee of the Medical Faculty,
Friedrich-Alexander-Universitdt Erlangen-Niirnberg (Ref.
no. 177_12B). Leucoreduction system chambers were pur-
chased from the Transfusion Medicine and Hemostasis
Department, University Hospital Erlangen, Germany.
After standard Biocoll (Biochrom AG, Berlin, Germany)
density gradient centrifugation, pDC and natural killer
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(NK) cells were purified from peripheral blood mononu-
clear cells by positive and negative selection using BDCA4
and NK Cell Isolation Kits from Miltenyi Biotec (Bergisch
Gladbach, Germany), respectively, as previously
described.?® For mDC purification, the CD1c (BDCA-1)"
dendritic cell isolation kit was applied according to the
manufacturer’s recommendations (Miltenyi Biotec). Cell
viability was controlled by trypan blue staining and was
usually > 95% directly after isolation. The pDC were
cultured with 20 ng/ml IL-3 (R&D Systems, Wiesbaden-
Nordenstadt, Germany).

Generation of virus stocks

The HSV-1 strain d106S is infectious, but replication-de-
ficient due to deletions of essential viral genes and pro-
moter regions,”® and is derived from the HSV-1 d106
virus by backcrossing to obtain an acyclovir-sensitive phe-
notype.” It expresses green fluorescent protein (GFP)
under the control of a cytomegalovirus promoter. The
complementing cell line E11, which provides the deleted
proteins ICP4 and ICP27/47 in trans, was propagated in
DMEM with supplements. E11 cells were infected with
d106S virus for 2—-3 days, then harvested and centrifuged
at 600 g for 10 min. Cell pellets were subjected to two
freeze—thaw cycles, resuspended in 5 ml Dulbecco’s Phos-
phate-Buffered Saline (DPBS), and disrupted by Dounce
homogenization 20 times. After centrifugation at 600 g to
remove cell debris, supernatants were loaded onto a con-
tinuous sucrose gradient (30-15% sucrose in virus stan-
dard buffer; 0-05 M Tris—=HCI, 0-012 m KCI, 0-005 m
EDTA, 0-1% BSA) and centrifuged at 50 000 g for
30 min. The visible viral layer was harvested and cen-
trifuged at 78 000 g for 90 min. Virus pellets were resus-
pended in RPMI-1640, filtered through 0-22-um pores,
and stored at —80°. Some virus aliquots were inactivated
by application of 1 Joule/cm” using the Bio-Link 254 UV
crosslinker (Vilber Lourmat, Eberhardzell, Germany). The
50% tissue culture infective dose was determined using
the method of Reed and Munch.

Stimulation of melanoma cells

Melanoma cells were exposed to 0-1 pm taxol (Sigma-
Aldrich), 4 ng/ml human recombinant IFN-o2b (Miltenyi
Biotec), serum-free medium, HSV-1 d106S at a multiplic-
ity of infection (MOI) of 0-5-1 or corresponding volumes
of UV-inactivated virus, and supernatants from unstimu-
lated or stimulated pDC. For these purposes, 500 000
freshly isolated pDC were exposed to wild-type HSV-1*°
at 37° for 3 hr, washed with DPBS, and then incubated
with trypsin/EDTA at 37° for 15 min to remove all viral
particles. Cells were washed with supplemented RPMI-
1640 and incubated for 18 hr before supernatants
were harvested and frozen at —20°. For stimulation,
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supernatants were used at a concentration of 4 ng/ml
IFN-02a/2b, as measured by the IFN-o. ELISA module set
(see below). In co-cultures, pDC were added to mela-
noma cells at ratios of 0-5-1 : 1, unless indicated other-
wise. In some experiments, cells were stimulated with the
endotoxin-free  oligodeoxynucleotides (ODN) CpG-A
6016 (5'-T*C-G-A-C-G-T-C-G-T-G-G*G*G*G-3/, where *
stands for phosphorothioate and — for phosphodiester
bonds, 2-5 uMm) and CpG-B 10103 (T*C*G*T*C*G*T*T*
THT*T*C*G*G*T*C*G*T*T*T*T, 0-25 um), provided by
Coley Pharmaceutical GmbH — A Pfizer Company
(Dusseldorf, Germany), and the TLR7 agonist S-27609 at
5 M, provided by 3m Pharmaceuticals (St Paul, MN).

Infection of melanoma cells by HSV-1 d106S

A total of 20 000 melanoma cells were cultured in 500 pl
supplemented DMEM overnight. After infection with
HSV-1 d106S (MOI = 1) for 2 hr, cells were washed with
DPBS and trypsinized at 37° for 15 min to remove all
viral particles from the cell surface. Cells were seeded in
supplemented DMEM, and GFP expression by HSV-1
d106S was measured by flow cytometry at different time-
points post infection.

Analysis of melanoma cell growth

Melanoma cells were seeded in 24-well plates at 10 000
cells/250 pl supplemented DMEM. After overnight cul-
ture, 10 000 pDC or other stimuli were added in 250 pl
RPMI-1640 plus supplements and IL-3. After 4 days of
culture, supernatants were replaced by water. Plates were
frozen at —80° to disrupt cell membranes, thawed, and
lysed using 0-2% Triton X-100 (Carl Roth GmbH, Karl-
sruhe, Germany) for 2 hr. DNA concentration was deter-
mined using the Qubit dsDNA high sensitivity assay kit
with Qubit fluorometer (Invitrogen/Life Technologies,
Karlsruhe, Germany) as described by the manufacturer.
To adjust for the aneuploidy of tumour cells, each cell
line was normalized to the DNA content of the unculti-
vated cells, and further transformed logarithmically (log,)
to obtain the number of theoretical cell divisions.

Analysis of melanoma cell viability

Cell viability was analysed using the Trevigen 3-[4,5-
dimethylthiazol-2yl]-2,5-diphenyl-tetrazolium  bromide
(MTT) based assay (R&D Systems). Melanoma cells were
seeded in flat-bottomed 96-well plates at 10 000 cells per
well and incubated overnight before different stimuli were
added. After 48 hr of stimulation, 10 pl MTT reagent was
added per well and incubated at 37° for 3 hr, before
100 pl of detergent solution was added to solubilize the
formazan crystals. Plates were incubated at 37° overnight
and then measured photometrically at 550/650 nm. All
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wells were analysed with reference to the optical density
of untreated melanoma cells, which was set at 100%. The
optical density in wells with pDC co-cultures was
adjusted for the enhanced metabolic turnover by subtract-
ing the optical density of pDC only.

Light microscopy

Light microscopic images were recorded using the Nikon
Eclipse TS100 instrument with CMOS TCA3-0C camera
(Ample Scientific, Norcross, GA) and Tsview7 (Fuzhou Tuc-
sen Image Technology, Fuzhou, Fujian, China) software.

FACS analysis

For cell proliferation analysis, 1 x 10° cells were washed
twice in pre-warmed DPBS and stained with the cell pro-
liferation dye eFluor 450 (10 um) (eBioscience, Frankfurt,
Germany) at 37° for 10 min. Labelling was stopped by
adding cold DMEM plus supplements and incubating
cells on ice for 5 min. Cells were washed three times,
seeded at 20 000 cells/well in 24-well plates, and incu-
bated overnight. After addition of different stimuli, cells
were harvested daily from 0 to 4 days, using Accutase
solution (Sigma-Aldrich) at 37° for 3 min. For cell death
analysis, cells were incubated in 1x binding buffer with
allophycocyanin-conjugated Annexin V for 5 min and
7-AAD staining for another 5 min (all eBioscience). Cells
were immediately processed and analysed by flow cytom-
etry using an LSR-II flow cytometer with automated
compensation and FACSDiva software (BD Biosciences,
Heidelberg, Germany). Data were analysed using FCS
Express 3 Software (De Novo Software, Los Angeles, CA).

Neutralization experiments

Neutralization experiments were performed using murine
IgGl antibodies to IL-1f (clone 8516), tumour necrosis
factor-o. (clone 28401), and TRAIL (clone 75411) with
IgGl isotype control (clone 11711) (all R & D Systems);
and murine IgG2a antibody to human IFN-zR (clone
MMHAR-2; PBL Assay Science, Piscataway, NJ) with
mouse IgG2a isotype (clone PPV-04) (both purchased
from Acris Antibodies, Herford, Germany), at a concen-
tration of 15 pg/ml. The irreversible, cell-permeable inhi-
bitor of granzyme B, Z-AAD-CMK (Enzo Life Sciences,
Lorrach, Germany), was used at 5 pg/ml, dissolved in
DMSO. The SuperKillerTRAIL protein (Enzo Life
Sciences) was used at a concentration of 500 ng/ml.

Quantification of IFN-o.

Interferon-u2a/2b levels in cell culture supernatants were
measured using an ELISA module set as recommended by
the manufacturer (eBioscience). Samples were diluted
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appropriately and measured within the linear range of the
assay.

Statistics

The number of independently performed experiments (1)
is given in the figure legends. Data sets were compared
using the paired Student’s t-test or analysis of variance
(Figs 1d and 5f). Two-sided P-values < 0-05 were consid-
ered significant. Data are presented as mean and standard
error of the mean; *P < 0-05, **P < 0-01, ***P < 0-001.

Results

HSV-1 d106S plus pDC inhibit melanoma cell growth

Recombinant IFN-a is used as adjuvant therapy in
patients suffering from malignant melanoma.’ To evaluate
the effect of this cytokine in vitro, a total of 11 melanoma
cell lines were exposed to human recombinant IFN-o2b
for 4 days, using the DNA content of the cultures as
read-out for cell growth. Significant reduction of mela-
noma cell growth was observed in serum-free medium
and with the anti-mitotic drug taxol, which arrests the
cell cycle at the G2/M phase (P < 0-05) (see Supplemen-
tary material, Fig. S1). Human recombinant IFN-o2b sig-
nificantly reduced the growth of SK-MEL-30, which was
described as susceptible to IFN-2,°" and of ARST-1 at
concentrations of 4 ng/ml (P < 0-05). In contrast, super-
natants of HSV-l-exposed pDC containing similar
amounts of IFN-u2a/2b reduced growth of 6 of the 11
melanoma cell lines (P < 0-05) (Fig. 1a). To compare the
inhibitory potential of pDC with the effect of cell-free
supernatants, co-cultures of pDC and melanoma cells
were stimulated with the infectious, but replication-defi-
cient HSV-1 d106S (MOI = 1). The IFN-a 2a/2b concen-
trations in these co-cultures were comparable to the
conditions described above (Fig. 1b). Exposure to virus
in the presence of pDC drastically reduced the DNA con-
tent in 9 of 11 melanoma cell lines (P < 0-05), while
stimulation with HSV-1 d106S alone was effective in two
cell lines only (Fig. 1a). For further analyses, we selected
three cell lines that either remained largely unaffected
(AXBI) or responded to virus-stimulated pDC (IGR-37,
LIWE-7). Staining of these cell lines in co-cultures with
HSV-1 d106S plus pDC revealed continuous dilution of
the CFSE-derivative eFluor450 dye in AXBI and control
HFF cells over 4 days, but much less in IGR-37 and
LIWE-7 cells (Fig. 1c). The effect of HSV-1 d106S on
melanoma cell proliferation was negligible, while pDC
plus HSV-1 d106S had a significant inhibitory effect
(P < 0-05) (see Supplementary material, Fig. S2). Similar
data for pDC plus HSV-1 d106S were obtained using an
MTT-based assay, while HSV-1 d106S significantly
decreased viability of IGR-37 cells (P < 0-05) (Fig. 1d).

© 2015 John Wiley & Sons Ltd, Immunology, 146, 327-338
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Figure 1. Herpes simplex virus 1 (HSV-1) d106S plus plasmacytoid dendritic cells (pDC) inhibit melanoma cell growth. (a) Proliferation of 11
melanoma cell lines in the presence of supernatants of unstimulated (pDC s/n mock) or virus-stimulated pDC (pDC s/n stim.), unstimulated
pDC, HSV-1 d106S (MOI = 1), and pDC plus HSV-1 d106S, as measured by DNA concentration 4 days post stimulation (n = 4). Values were
compared with the mock control using the paired Student’s t-test. (b) Interferon-o (IFN-o) 2a/2b concentrations after exposure of three mela-
noma cell lines to supernatants from virus-stimulated pDC (MOI = 1) for 18 hr or in co-cultures of melanoma cells and pDC stimulated likewise
(n = 4). Paired Student’s t-test. (c) Dilution of the CFSE-derivative eFluor450 in three melanoma cell lines and human foreskin fibroblasts (HFF)
at 0, 24, 48, 72 and 96 hr post co-culture with pDC, HSV-1 d106S, and pDC plus HSV-1 d106S (MOI = 1) compared with untreated cells. Gat-
ing on melanoma cells excluded cell debris and pDC. Data represent three independent experiments. (d) MTT-based viability of three melanoma
cell lines and HFF in the presence of unstimulated pDC, HSV-1 d106S (MOI = 1), and pDC plus HSV-1 d106S, at 2 days post stimulation
(n = 7). Statistics were performed using analysis of variance. ¥*P < 0-05, **P < 0-01.

HFF viability was not affected under either condition. and necrosis with HSV-1 d106S alone and with virus-

Altogether, soluble factors in pDC supernatants, but in
particular pDC plus HSV-1 d106S inhibited proliferation
and viability of susceptible melanoma cell lines.

HSV-1 d106S plus pDC induce melanoma cell death

Microscopic images of melanoma cell cultures exposed to
different stimuli suggested not only reduced proliferation,
but also cell death (Fig. 2a). Although AXBI remained
largely unaffected, IGR-37 responded well to HSV-1
d106S and virus-stimulated pDC, whereas LIWE-7 cells
were more susceptible to pDC supernatants and virus-
stimulated pDC. To characterize the type of cell death,
melanoma cells were stained with Annexin-V and 7-AAD
as markers for apoptosis and necrosis, respectively
(Fig. 2b). In this analysis, IGR-37 developed apoptosis

© 2015 John Wiley & Sons Ltd, Immunology, 146, 327-338

stimulated pDC, while LIWE-7 cells showed increased
apoptosis after exposure to virus-stimulated pDC. Apop-
tosis was more pronounced in LIWE-7 than IGR-37 cells,
but necrosis was observed in both cell lines (Fig. 2c).
Apoptosis occurred in LIWE-7 and IGR-37 cells within
24-48 hr, but not in AXBI and HFF cells (Fig. 2d). In
conclusion, HSV-1 d106S, but in particular HSV-1 4106S
plus pDC induced apoptotic and necrotic melanoma cell
death within a few days.

HSV-1 d106S plus pDC develop cytotoxic activity
comparable to NK cells

The activity of virus-stimulated pDC described above
resembled the effects of NK cells. To exclude that the
observed effects were in fact due to contaminating NK
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Figure 2. Herpes simplex virus 1 (HSV-1) d106S plus plasmacytoid dendritic cells (pDC) induce melanoma cell death. (a) Light microscopy of
three melanoma cell lines in the presence of supernatants from virus-stimulated pDC (pDC s/n stim.), unstimulated pDC, HSV-1 d106S
(MOI = 1), and pDC plus HSV-1 d106S. One representative of 12 independent experiments is shown. (b and c¢) Apoptosis and necrosis of three
melanoma cell lines and human foreskin fibroblasts (HFF) at 48 hr post stimulation with unstimulated pDC, HSV-1 d106S (MOI = 1), and pDC
plus HSV-1 d106S, analysed by Annexin-V and 7-AAD staining. We show (b) one representative flow cytometry experiment and (c) mean and
standard error of five independent runs. Analysis of variance was used to compare the effects of all stimuli to each other with respect to each cell
line. (d) Kinetics of apoptotic and necrotic cell death at 0, 24, 48, 72 and 96 hr post stimulation with HSV-1 4106S plus pDC (n = 5).
*P < 0-05, ¥*P < 0-01.

cells in the pDC preparations, we titrated pDC and NK Type I IFNs contribute to soluble and cell-associated
cells in melanoma cell co-cultures. In contrast to effects of pDC

NK cells, unstimulated pDC did not affect melanoma cell
viability. After exposure to HSV-1 d106S plus pDC, the
viability of IGR-37 and LIWE-7 cells was significantly
reduced at pDC : melanoma cell ratios of 1 : 1 down to
even 1 : 20 (P < 0-05) (Fig. 3a) compared with virus only
treatment. In contrast, virus-stimulated NK cells were
only active at ratios of 1 : 1 and 1 : 2 (Fig. 3b), pointing
to a much stronger activity of virus-stimulated pDC. The
degree of cytotoxicity obtained with HSV-1 4106S plus
pDC was comparable to the effect of NK cells, but lower
pDC numbers were required to achieve this cytotoxicity.
Preparations of pDC were contaminated on average by
0-17% (0-13-0-78%) NK cells, as reported previously.*
This percentage would be equal to 13-78 contaminating
NK cells in 10 000 pDC, which excluded the possibility
that the observed effects of pDC in infected melanoma
cell co-cultures were the result of contaminating NK cells.

Our results so far indicated that virus-stimulated pDC
acted on melanoma cells through soluble and cell-associ-
ated factors. To identify the mechanism(s) that are
responsible for the suppressive effect, co-cultures of pDC
and melanoma cells were stimulated in the presence of
neutralizing antibodies or inhibitors against molecules
involved in cytotoxicity. Neutralizing IFN-oR antibodies
abrogated the inhibitory effects of cell-free pDC super-
natants on IGR-37 and LIWE-7 cells almost completely
(P < 0-01) (Fig. 4a). IFN-aR antibodies blocked the effect
of all type I IFNs, indicating that the observed melanoma
cell inhibition strongly depends on this family of cyto-
kines. The effect of IFN-oR antibodies on virus-stimu-
lated pDC in melanoma cell co-cultures was also
significant (P < 0-05) (Fig. 4a), demonstrating that type I
IFNs also played a crucial role in this context. Two other
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paired t-tests in comparison to HSV-1 d106S- <
exposed melanoma cells. *P < 0-05,

**P < 0-01.

cytokines, namely tumour necrosis factor-oo and IL-1p,
which are secreted by HSV-1-stimulated peripheral blood
mononuclear cells,” did not appear to be involved in
pDC cytotoxicity, because neutralization of both mole-
cules did not affect suppressive activity of pDC super-
natants or virus-stimulated pDC (results not shown).
Next, we investigated TRAIL and granzyme B, which both
mediate tumour cell killing by imiquimod-stimulated
pDC.?! Neutralization of TRAIL reduced the suppressive
effects of HSV-1 d106S plus pDC on LIWE-7 cells to a
(P <0-05) (Fig. 4b). Correspondingly,
LIWE-7 cells were susceptible to stimulation with Super-
KillerTRAIL (see Supplementary material, Fig. S3). A
small effect was also observed in IGR-37 cells after inhibi-
tion of granzyme B activity by Z-AAD-CMK (P < 0-05)
(Fig. 4c). Altogether, type I IFNs, and to a minor extent
TRAIL and granzyme B, contribute to the cytotoxic effect
of HSV-1 d106S plus pDC.

minor extent

HSV-1 d106S exerts a virus-induced cytolytic effect
on melanoma cells

Cytotoxic effects of pDC against melanoma cells were also
reported after exposure of pDC to synthetic TLR7 and
TLRY agonists.”**> To find out how the effects of virus
infection compare with other stimuli, co-cultures of mela-
noma cells and pDC were exposed in parallel to HSV-1
d106S, CpG-A, CpG-B and the synthetic TLR7 agonist
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§-27609. All stimuli were comparably active on LIWE-7
cells, whereas HSV-1 d106S proved to be superior in
inducing pDC cytotoxicity on IGR-37 cells (P < 0-05)
(Fig. 5a). This pointed to an important effect of the virus
in the co-cultures. To find out whether HSV-1 4106S
needed to be present in the co-cultures to induce this
effect, pDC were pre-incubated with virus and then
washed and trypsinized to remove all viral particles. With
this procedure, the suppressive effects on IGR-37 and
LIWE-7 cells were reduced (Fig. 5b), suggesting that max-
imal cytotoxicity required infection of melanoma cells.
Stocks of UV-inactivated HSV-1 d106S with cross-linked
viral DNA showed a decreased effect on melanoma cell
viability, both with and without pDC (Fig. 5¢). Hence,
HSV-1 d106S was required in co-cultures to obtain fully
suppressive pDC activity, suggesting that infection of mel-
anoma cells by HSV-1 d106S contributed to the effect.
Therefore, we studied infection of melanoma cells. As
shown by GFP expression, all melanoma cell lines and
HFF cells were infected by HSV-1 4106S (HFF > IGR-
37 > LIWE-7 > AXBI) (Fig. 5d). GFP signals peaked at
24 hr post infection, representing initial infection, and
decreased thereafter with no evidence of productive viral
replication (Fig. 5e). Notably, the degree of infection in
the different melanoma cell lines reflected the induction
of cell death after exposure to HSV-1 d106S plus pDC,
which was not the case for HFF cells (Fig. 2b).
Altogether, HSV-1 d106S, although not inducing a lytic
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Figure 4. Soluble and cell-associated factors
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replication cycle, exerted virolytic activity on melanoma
cells that rendered them more susceptible to the pDC
attack. To find out whether the effect of HSV-1 4106S
plus pDC was limited to melanoma cells, we performed
similar experiments using the Daudi B-lymphoblast cell
line, the U937 histiocytic lymphoma cell line, and the
KG-1 myeloid leukaemia cell line. Most notably, the
effects on melanoma cells were reproduced in these cell
lines (Fig. 5f), suggesting that the effect of HSV-1 d106S
plus pDC extends to other malignancies.

Discussion

The of immunotherapies
derived dendritic cells for advanced stages of melanoma

success using monocyte-
has been limited. We aimed to improve these tumour-
vaccination —approaches using virus-activated pDC,
hypothesizing that, upon viral stimulation with HSV-1,
pDC mount cytotoxic immune responses against mela-
noma cells. Our study indeed showed that HSV-1
d106S plus pDC induced a strong inhibitory activity on
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simplex virus 1 (HSV-1) d106S plus plasmacy-
toid dendritic cells (pDC). Effects of neutraliz-
ing antibodies against (a) the interferon-o
receptor (IFN-aR Ab) (n =4) and (b) TRAIL
(TRAIL Ab) (n =5), as well as (c) a cell-per-
meable inhibitor of granzyme B (Z-AAD-
CMK) (n=4), on the proliferation of three
melanoma cell lines, which were stimulated
with supernatants of virus-stimulated pDC
(pDC s/n stim.) or pDC plus HSV-1 d106S.
Paired t-tests comparing the respective inhibi-
tor/antibody ~ with  solvent/isotype control.
*P < 0-05, **P < 0-01, ***P < 0-001. Results
for IFN-a receptor and TRAIL were repro-
duced using the MTT assay (data not shown).

the majority of melanoma cell lines as well as against
three leukaemic cell lines (Figs la and 5f). The inhibi-
tory effect of HSV-1 d106S plus pDC was superior to
HSV-1 d106S alone and also to supernatants from
stimulated pDC (Fig. 1a, d; Fig. 3, Fig. 5f; see Supple-
mentary material, Fig. S2).

The effects of supernatants and virus-stimulated pDC
could at least partially be neutralized by IFN-aR antibod-
ies (Fig. 4a), pointing to the anti-proliferative and pro-
apoptotic role of type I IFNs.>* Interferon-o has become
a standard adjuvant immunotherapy in melanoma
patients, although response rates do not exceed 10-20%,
and adverse events often result in discontinuation of ther-
apy.” Remarkably, the three melanoma cell lines that
responded to neutralization of the IFN-a receptor
(Fig. 4), showed no sensitivity to recombinant IFN-o2b
(see Supplementary material, Fig. S1), although IFN-o2a/
2b amounts were similar under all conditions (Fig. 1b).
An explanation may be that HSV-1-stimulated pDC
secrete other forms of type I IFNs, which all bind to the
IFN-o receptor.

© 2015 John Wiley & Sons Ltd, Immunology, 146, 327-338



Notably, HSV-1 d106S plus pDC not only reduced
melanoma cell proliferation, but also developed cytotoxic
activity. Reduced DNA content after exposure of mela-
noma cells to virus-stimulated pDC already suggested cell
death, which was confirmed by MTT assays, light micro-
scopy and up-regulation of markers for apoptosis and
necrosis in flow cytometry (Fig. 2). Cytotoxic effects of
HSV-1 d106S on the pDC were excluded (see Supplemen-
tary material, Fig. S4a—c). Several groups have similarly
reported pDC cytotoxicity upon stimulation with CpG
ODN and the synthetic TLR7 agonist imiquimod.*"***’
Others have used monocyte-derived dendritic cells, killer
monocytes and pDC at high effector : target ratios up to
100 : 1,>* whereas we used ratios of 1: 1 in our experi-
ments, and even ratios of 1 : 20 still reduced melanoma

HSV-1 d106S and PDC kill tumor cells

cell viability (Fig. 3a). The degree of cytotoxicity exerted
by HSV-1 d106S plus pDC was comparable to that by
NK cells, but required fewer cells (Fig. 3b), pointing to a
stronger pDC effect on a cell-to-cell basis. Plasmacytoid
DC also proved to exert superior cytotoxic activity com-
pared with mDC in co-cultures with HSV-1 d106S and
melanoma cells (see Supplementary material, Fig. S4d). It
has to be considered, though, that the cytotoxic activity
of cells in other studies is usually measured within hours,
whereas we measured within 2 days (MTT) or 4 days
(Qubit). For these reasons, we stimulated pDC in parallel
with CpG ODN, a synthetic TLR7 agonist, and HSV-1
d106S for 48 hr (Fig. 5a). This side-by-side comparison
revealed that the cytotoxic activity of pDC plus HSV-1
d106S was at least comparable to other stimuli. For one
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Figure 5. Herpes simplex virus 1 (HSV-1) d106S exerts virolytic effects on melanoma cells. (a) Viability of melanoma cell lines in co-cultures
with plasmacytoid dendritic cells (pDC), stimulated with HSV-1 4106S, CpG-A ODN 6016, CpG-B ODN 10103, and the synthetic Toll-like
receptor 7 (TLR7) agonist S-27609 (n = 6). Paired f-test for the comparison of pDC plus HSV-1 d106S to synthetic TLR ligands. (b) Effect of
pDC on the viability of melanoma cell lines, analysed with HSV-1 d106S in co-cultures, versus pDC which were pre-incubated with the virus for
3 hr, washed and trypsinized before melanoma cell co-culture (n = 6). Paired t-test. (c) Viability of melanoma cell lines exposed to unstimulated
pDC, infectious and UV-inactivated HSV-1 d106S, and pDC plus infectious or UV-inactivated virus (n = 6). Paired -tests comparing the effect
of UV-inactivated versus infectious virus. (d and e). Infection of melanoma cell lines and human foreskin fibroblasts (HFF) with HSV-1 d106S as
measured by GFP expression at the indicated time-points post infection, shown as (d) one representative flow experiment and (e) mean and
standard error of four independent experiments. (f) Viability of three leukaemic cell lines after exposure to unstimulated pDC, HSV-1 d106S,
and pDC with HSV-1 d106S (n = 4). The effects of all stimuli were compared using anova. *P < 0-05, **P < 0-01.
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melanoma cell line, the effect was significantly better
(P < 0:05), suggesting that pDC stimulation by virus
infection may be superior to synthetic TLR7 and TLR9
ligation.

Besides IFN-o, we found involvement of TRAIL and
Granzyme B in the cytotoxic effects of HSV-1 d106S plus
pDC on LIWE-7 and IGR-37 cells, respectively (Fig. 4).
In contrast to other studies,”** both molecules played
only a minor role for the cytotoxicity of virus-stimulated
pDC. Rather, type I IFNs in combination with viral infec-
tion of tumour cells (Fig. 5d) appeared to be crucial for
the cytotoxic effect, suggesting that either pDC expand
their cytotoxic potential upon HSV-1 stimulation or
infection with HSV-1 d106S sensitizes tumour cells to
apoptotic and necrotic cell death. The latter mechanism
may explain why AXBI cells, which were infected to a les-
ser extent compared with the other melanoma cell lines
(Fig. 5e), were largely resistant to the cytotoxic activity of
HSV-1 d106S plus pDC. A virus-specific effect has also
been postulated for oncolytic virotherapy, in which defec-
tive antiviral defences of tumour cells are exploited.’® The
infectious, but replication-incompetent HSV-1 d1068S still
expresses the immediate early proteins ICPO and ICP6.%
Expression of ICPO by infected cells was sufficient for
recognition of NK cells by natural cytotoxicity recep-
tors.”>>” After UV irradiation, viral DNA is cross-linked
and the virus no longer expresses immediate early pro-
teins. In our experiments, irradiated virus stocks were sig-
nificantly less active than infectious particles, both with
and without pDC (Fig. 5¢). Hence, expression of ICPO by
HSV-1 d106S-infected melanoma cells appears to be
important to induce cytotoxicity in co-culture with pDC.
HSV-1 d106S does not induce a lytic replication cycle,
but it is sufficiently active to endow pDC with a ‘license
to kill’, and thus fulfils the criteria of a suitable vaccine
construct.

Which would be the route of administration of HSV-1
d106S? Apart from stimulating patient-derived pDC
ex vivo, which has been reported for the inactivated FSME
vaccine followed by intranodal injection in patients with
metastatic melanoma,?* intradermal, subcutaneous and
intralymphatic routes of application are conceivable. Plas-
macytoid DC are not present in healthy skin, but accu-
mulate in peritumoral areas, and can occasionally be
detected in close association to infiltrating CD8" T cells
within melanoma lesions'® or in sentinel lymph nodes.’®
Unstimulated pDC appear to induce a T helper type 2
tolerogenic immune response and even propagate mela-
noma cell growth.”>** Activated pDC, however, overcome
the immunosuppressive tumour microenvironment and
limit melanoma cell growth.>>*'™* In this respect, peri-
and intralesional injections of HSV-1 d106S appear to be
attractive, because immature pDC, which reside in or
around melanoma lesions, may thereby be optimally
stimulated. HSV-1 has already been used as an oncolytic
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viral vector in melanoma patients in phase II and III tri-
als.>>** In this vector as well as in HSV-1 d106S, the
blocker of antigen presentation, ICP47, is deleted. HSV-1
d106S has an improved safety profile as additional dele-
tions of ICP4 and ICP27 abrogate viral replication
(Fig. 5d), and should therefore be suitable for in vivo
applications.

The HSV-1 d106S is engineered to incorporate foreign
genes in the place of the cytomegalovirus-driven
GFP.>** Via a transfer plasmid, genes coding for speci-
fic tumour antigens can be inserted into the virus by
homologous recombination. In rhesus monkeys, which
were vaccinated with recombinant HSV-1 d106S express-
ing SIV envelope and Nef antigens, cellular and humoral
immunity against the transgenes were induced and
helped to control SIV infection.**® It would be interest-
ing to see how the in vitro effects of our study may
translate into tumour models in vivo. Inserting genes for
melanoma-specific antigens may help to attack the
tumour from two sides: inducing innate pDC cytotoxic-
ity and activating adaptive immune responses such as
cytotoxic T lymphocytes. Plasmacytoid DC are known to
link innate and adaptive immunity. They can take up
opsonized antigen and thereby activate CD4" and CD8"
T cells" and efficiently cross-present viral antigen to
CD8" T cells."”'”?***” The pDC synergize with mDC in
inducing a tumour-antigen specific CD8" cytotoxic T-
lymphocyte response.'” Type I IFNs are indispensable for
tumour-specific T-cell priming and rejection of immuno-
genic tumours in the mouse model.'* All of these differ-
ent qualities support the use of pDC in anti-tumour
therapies. A superior effect on patient survival may be
accomplished by combining HSV-1 d106S with CTLA-4
and PD-1 blockade.

Herpes simplex virus-1 d106S plus pDC exerted a dis-
tinct cytotoxic activity also on three leukaemic cell lines
(Fig. 5f), supporting the notion that the effect of virus-
stimulated pDC may go beyond highly immunogenic
tumours such as malignant melanoma.*® By providing a
strong danger signal,*” HSV-1 d106S in combination with
pDC has the potential to induce a general anti-tumour
mechanism which should be evaluated in further studies.
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