Cancer Immunol Immunother (2016) 65:689-700
DOI 10.1007/s00262-016-1828-3

CrossMark

@

ORIGINAL ARTICLE

Differential immunomodulatory activity of tumor cell death
induced by cancer therapeutic toll-like receptor ligands

Johanna C. Klein!” - Clarissa A. Wild? - Stephan Lang' - Sven Brandau'*

Received: 30 April 2015 / Accepted: 17 March 2016 / Published online: 31 March 2016

© Springer-Verlag Berlin Heidelberg 2016

Abstract Synthetic toll-like receptor (TLR) ligands stim-
ulate defined immune cell subsets and are currently tested
as novel immunotherapeutic agents against cancer with,
however, varying clinical efficacy. Recent data showed the
expression of TLR receptors also on tumor cells. In this
study we investigated immunological events associated
with the induction of tumor cell death by poly(I:C) and
imiquimod. A human head and neck squamous cell car-
cinoma (HNSCC) cell line was exposed to poly(I:C) and
imiquimod, which were delivered exogenously via culture
medium or via electroporation. Cell death and cell biologi-
cal consequences thereof were analyzed. For in vivo analy-
ses, a human xenograft and a syngeneic immunocompetent
mouse model were used. Poly(I:C) induced cell death only
if delivered by electroporation into the cytosol. Cell death
induced by poly(I:C) resulted in cytokine release and acti-
vation of monocytes in vitro. Monocytes activated by the
supernatant of cancer cells previously exposed to poly(I:C)
recruited significantly more Thl cells than monocytes
exposed to control supernatants. If delivered exogenously,
imiquimod also induced tumor cell death and some release
of interleukin-6, but cell death was not associated with
release of Thl cytokines, interferons, monocyte activation
and Th1 recruitment. Interestingly, intratumoral injection of
poly(I:C) triggered tumor cell death in tumor-bearing mice
and reduced tumor growth independent of TLR signaling
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on host cells. Imiquimod did not affect tumor size. Our data
suggest that common cancer therapeutic RNA compounds
can induce functionally diverse types of cell death in tumor
cells with implications for the use of TLR ligands in cancer
immunotherapy.
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Abbreviations

DAMPs  Danger-associated molecular pattern

DCs Dendritic cells

dsRNA Double-stranded RNA

FaDu SN FaDu supernatants

HMGB1 High-mobility-group-protein B1

HNSCC  Head and neck squamous cell carcinoma

IFN Interferon

IL Interleukin

MDA-5  Melanoma differentiation-associated protein 5
MHC Major histocompatibility complex

MTT 3-(4,5-Dimethylthiazol-2-y1)-2,5-diphenyltetra-

zolium bromide
NK Natural killer

PAMPs Pathogen-associated molecular pattern
PBMC Peripheral blood mononuclear cells
PRRs Pattern recognition receptors

RIG-I Retinoic acid-inducible gene I

ssRNA Single-stranded RNA

TLR Toll-like receptor

Introduction

Defined structural motifs of bacterial and viral nucleic
acids are detected by immune cells via so-called pattern
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recognition receptors (PRRs). Engagement of these recep-
tors leads to strong immune cell activation and promotes
innate and adaptive immune responses. Consequently, syn-
thetic TLR ligands, which mimic these motifs, have been
developed as promising agents for tumor immunotherapy.
Imiquimod, a member of the imidazoquinoline family,
mimics a challenge with single-stranded RNA (ssRNA)
and is currently evaluated in advanced clinical trials (II-V)
for cervical cancer and Lentigo maligna [1-4]. In addi-
tion, it is also therapeutically applied against actinic kera-
tosis, superficial basal cell carcinoma and genital warts.
Poly(I:C) mimics a double-stranded RNA (dsRNA) motif
and, as an adjuvant or in combination therapies, showed
anti-tumor activity in murine tumor models [5]. A modified
version, stabilized by lysine and carboxymethylcellulose
(poly-ICLC) is used in ongoing clinical trials (http://clini-
caltrials.gov).

For quite some time, it was presumed that RNA com-
pounds only bind to PRRs expressed by immune cells [6].
Recognition of RNA induces the release of pro-inflam-
matory and anti-viral cytokines, preferentially in antigen-
presenting cells such as monocytes/macrophages, dendritic
cells and B cells [7-9]. Dependent on the mode of uptake,
poly(I:C) targets TLR 3, retinoic acid-inducible gene I
(RIG-I) or cytosolic melanoma differentiation-associated
protein 5 (MDA-5). After extracellular delivery and sub-
sequent endocytic uptake poly(I:C) is recognized by endo-
somal TLR 3 [10]. In contrast, after direct delivery into
the cytosol, poly(I:C) binds to members of the RIG-I like
receptor family, namely RIG-I or MDA-5 [11, 12]. Imiqui-
mod targets TLR 7, another endosomal TLR [7, 13].

More recently, it has been shown that tumor cells can
also express PRRs and thus respond to TLR ligands [14,
15]. Similar to immune cells, upon stimulation with
poly(I:C), cytokine release was induced in human and
murine tumor cell lines [16, 17]. Other studies found that
poly(I:C) stimulation exerted significant cell death in tumor
cells, an effect less common in leukocytes [18, 19]. Both
the endosomal and the cytosolic pathway have been impli-
cated in human and murine tumor cell death [17, 20]. Simi-
lar to poly(I:C) imiquimod may also induce apoptosis in
tumor cells as shown for squamous cell carcinoma, mela-
noma and bladder cancer [17, 21, 22].

Stimulation of tumor cells by TLR ligands displays a
striking dichotomy, which is not yet fully understood. On
the one hand, engagement of PRRs on tumor cells may
induce an acute inflammation, which in many cases will
have anti-tumor activity. On the other hand, studies in colo-
rectal tumors and breast cancer have shown that triggering
of TLRs on tumor cells can also result in chronic inflamma-
tion and immune escape [23-25].

The objective of our study was to investigate the immu-
nologic consequences of cell death induced by two major
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RNA compounds: poly(I:C) and imiquimod. We found that
exogenous delivery of imiquimod and intracellular deliv-
ery of poly(I:C) using transfection resulted in cell death of
HNSCC cells. In contrast to imiquimod, poly(I:C) treat-
ment of tumor cells led to the release of pro-inflammatory
cytokines, type I interferon (IFN) and high-mobility-group-
protein B1 (HMGB1), enhanced the activation of co-cul-
tured monocytes and subsequently strongly induced chem-
otaxis of Th1 helper cells. These effects did not occur when
tumor cells were treated with imiquimod.

Materials and methods
Tumor cell culture and stimulation

Human HEK-blue™ IFN-o/f cells were obtained from
InvivoGen (Toulouse, France) and cultured in DMEM high
glucose supplemented with 100 IU/mL penicillin, 100 pg/
mL streptomycin, 2 mM L-glutamine, ] mM sodium pyru-
vate, 100 ug/mL Zeocin™, 30 ug/mL Blasticidin (Invitro-
gen, Karlsruhe, Germany), 100 pg/mL Normocin™ (Invi-
voGen) and 10 % (v/v) heat-inactivated fetal calf serum
(Biochrom, Berlin, Germany). The human hypopharyngeal
carcinoma cell line FaDu was obtained from the American
Type Culture Collection (ATCC, Manassas, VA). If not oth-
erwise specified, FaDu cells were cultured in RPMI-1640
(Invitrogen) supplemented with 10 % (v/v) heat-inacti-
vated fetal calf serum, 100 IU/mL penicillin and 100 pg/
mL streptomycin, following the guidelines provided by
ATCC Technical Bulletin No. 8, 2007 to assess the qual-
ity and identity of utilized cell lines. Murine oropharyn-
geal cancer (MOPC) cells were provided by John Lee and
cultured as previously described [26]. After initial titration
assays, 5 UM poly(I:C) (Sigma-Aldrich, Taufkirchen, Ger-
many) and 30 pg/mL imiquimod (InvivoGen) were used to
stimulate FaDu cells. The NEON transfection kit (Invitro-
gen) was applied for electroporation of FaDu cells accord-
ing to the manufacturer’s instructions using the following
parameters: 1 pulse, 1400 V, 20 ms. After electroporation
cells were cultured in antibiotic-free RPMI-1640 with 10 %
(v/v) heat-inactivated fetal calf serum.

To obtain FaDu supernatants (FaDu SN) for cytokine and
HMGB1 measurements, 1 x 10° cells/mL were stimulated
for 24, 48 and 72 h at 37 °C in RPMI-1640 supplemented
as above or in antibiotic-free medium after electroporation.
The resulting supernatants were stored at —20 °C.

Mouse strains and animal experiments
Six- to 8-week-old, male nude mice and C57BL/6J mice

(male and female) were purchased from the animal facil-
ity of the University Hospital Essen. The ‘triple d’ mice
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Table 1 PCR primer sequence

Gene Direction Primer sequence

h B-actin Forward AGCGGGAAATCGTGCGTG
Reverse GGGTACATGGTGGTGCCG

hTLR 3 Forward TAAACTGAACCATGCACTCT
Reverse TATGACGAAAGGCACCTATC

h TLR7 Forward CTGACCACTGTCCCTGAG
Reverse AACCCACCAGACAAACCA

h RIG-I Forward AGAGCACTTGTGGACGCTTT
Reverse TCAGCAACTGAGGTGGCAAT

h MDA-5 Forward CTGCCTGACAGAAAGCTGGA
Reverse GCTGCCCACTTAGAGAAGCA

m B-actin Forward ACCAACTGGGACGACATGGAGAA
Reverse GTGGTGGTGAAGCTGTAGCC

m TLR 3 Forward GTCTTCTGCACGAACCTGACAG
Reverse TGGAGGTTCTCCAGTTGGACCC

m TLR 7 Forward GTGATGCTGTGTGGTTTGTCTGG
Reverse CCTTTGTGTGCTCCTGGACCTA

m RIG-I Forward AGCCAAGGATGTCTCCGAGGAA
Reverse ACACTGAGCACGCTTTGTGGAC

(3d) were kindly provided by Carsten Kirschning, Uni-
versity Hospital Essen. The animals were housed indi-
vidually under standard housing conditions in sterilized
plastic cages in a temperature controlled room with a
12 h dark-light cycle and received tap water and forage
ad libitum. FaDu HNSCC cells (from 5 x 10° to 1 x 10°
cells/100 uL) or 5 x 10° MOPC cells were injected sub-
cutaneously into the back of the mice. Mice were anes-
thetized using ketamin/xylazin (Ceva Sante Animale).
When tumors had reached a size of 5 mm in diameter,
intratumoral injection of 50 pg poly(I:C) HMW Vac-
ciGrade (InvivoGen) or 50 pg imiquimod VacciGrade
(InvivoGen) were applied either once, three times or
five times every other day, as indicated in the respective
figure legends. Tumor size was determined by caliper
measurements of two orthogonal axes (w and /). Tumor
volume was calculated according to the following for-
mula: V (volume) = (7/6) x w (width) 2 x [ (length).
All experiments have been approved by the local animal
ethics committee. Mice were euthanized after tumors had
reached the maximum size of 15 mm in diameter or ear-
lier at defined time points (1, 3 or 5 days after therapy).
Tumors were dissected and stored in Cryomold Tissue-
Tek (Sakura, Staufen, Germany) at —80 °C. For detec-
tion of dead cells in the tumor tissue, frozen sections
(5 ym) were stained using APO-DIRECT TUNEL stain-
ing (BD Pharmingen, Heidelberg, Germany); nuclei were
stained with 7-AAD (BD Pharmingen). Quantification of
TUNEL positive cells was determined using the Imagel
software.

Gene expression

Gene expression of 1 x 10° cells was assessed by qualita-
tive PCR. RNA was isolated following the instructions of
the NucleoSpin RNA 1II Kit (Macherey & Nagel). 300 ng of
RNA was reverse transcribed using SuperScript II RNase
Reverse Transcriptase kit (ThermoFisher Scientific). Quan-
titative PCR was performed using OneTug® Quick-Load®
2x Master Mix (New England BioLabs) and the MyCy-
ler PCR machine (Bio-Rad). Primer pairs for murine
MDA-5 were purchased from Invivogen. Remaining primer
sequences are listed in Table 1. DNA fragments were sepa-
rated by gel electrophoresis with a 2 % agarose gel.

Cell viability and cell death assays

FaDu cells (1 x 10° cells/mL) were plated in 96-well plates
in triplicate and treated with poly(I:C) or imiquimod. Cell
viability was analyzed by 3-(4.5-dimethylthiazol-2-yl)-
2.5-diphenyltetrazolium bromide (MTT) assay (Sigma-
Aldrich). Cell death was determined with phycoerythrin
(PE)-conjugated annexin-V and 7-AAD staining according
to the manufacturer’s instructions (BD Pharmingen). To
capture all treated cells, floating and adherent cells were
collected for staining. Quantification was performed with a
BD FACSCanto II flow cytometer.

Quantification of cytokine release

Cytokine content in FaDu SN was measured by human
ELISA [Interleukin (IL)-8, R&D Systems, Wiesbaden,
Germany; IL-6, IL-10 and CXCL-10, BD Biosci-
ence; HMGBI1, IBL, Hamburg, Germany] according to
the manufacturer’s instructions. Type I IFN (IFNa/B)
was quantified using Quanti-Blue (InvivoGen) accord-
ing to the manufacturer’s instructions. HEK-blue cells
(0.28 x 10° cell/mL) were placed in a 96-well plate and
FaDu SN was added in triplicate. Cells were incubated
for 24 h at 37 °C.

Isolation and preparation of human immune cells

Human peripheral venous blood (50-150 mL) was drawn
into sodium citrate containing tubes, diluted (1:1, v/v) with
PBS and subjected to density gradient centrifugation (room
temperature, 300 g, 30 min) using Biocoll Separating Solu-
tion (Biochrom AG). Peripheral blood mononuclear cells
(PBMC) were recovered, washed with PBS and counted
with a CASY cell counter (Model TT, Roche Innovatis AG,
Bielefeld, Germany). T cells and monocytes were purified
by positive immune selection using MACS Microbeads
(Miltenyi Biotec, Bergisch-Gladbach, Germany) coupled to
anti-CD4 or anti-CD14 antibody, respectively.
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Flow cytometry

For phenotypic analysis, cultured cells were harvested,
washed and incubated in PBS supplemented with 3 %
human serum and 0.1 % sodium azide containing the
optimal dilution of each monoclonal antibody (mAb)
for 30 min at 4 °C in the dark. The following antibodies
were used: RPE-conjugated anti-CD86 (clone 2331 (FUN-
1), BD Bioscience), RPE-conjugated anti-MHC-I (clone
W6/32, Dako), APC-conjugated anti-MHC-II (clone G46-
6, BD Bioscience), APC-conjugated anti-CXCR3 (clone
GO025H7, BioLegend, Fell, Germany). Cells were ana-
lyzed by flow cytometry with a BD FACSCanto II flow
cytometer.

Co-culture of FaDu cell and monocytes

1 x 10° FaDu cells were stimulated with 5 uM poly(I:C)
via electroporation and cultured in antibiotic-free culture
medium. After 7 h, medium was replaced by fresh supple-
mented medium and cell culture was continued for 72 h.
Alternatively, FaDu cells were stimulated for 48 h with
30 pg/mL imiquimod in supplemented medium followed by
washing and subsequent cell culture for 48 h. This protocol
was chosen because it resulted in 50 % cell death for both
poly(I:C) and imiquimod. Thereafter, CD14" monocytes
were added to FaDu cells in a 2:1 (monocytes: FaDu cell)
ratio, calculated on the initial number of seeded FaDu cells,
and co-culture was continued for another 48 h. Monocytes
were harvested and analyzed by flow cytometry; superna-
tants were stored at —20 °C.

Generation and chemotaxis of Th1 cells

CDA4™" T cells (1 x 10° cells/mL) were cultured in RPMI-
1640 supplemented with 10 % fetal calf serum, phytohae-
magglutinin (PHA, 2 pg/mL, Sigma-Aldrich), IL-2 (20 U/
mL, Peprotech, Hamburg, Germany) and IL-12 (2 ng/mL,
Peprotech). Every third day, a medium exchange was per-
formed. After 10 days, the polarization was confirmed by
expression of the Thl cytokine receptor CXCR-3 by flow
cytometry.

Chemotaxis of Thl cells was assessed using 5 um cell
culture inserts (Millipore, Schwalbach, Germany) together
with 24-well plates (Sarstedt, Niimbrecht, Germany). The
plates were filled with 700 pL FaDu/monocytes super-
natants. 5 x 10° Thl cells were placed in the inserts and
allowed to migrate for 3 h at 37 °C. Migrated cells were
counted with the CASY cell counter. The percentage of
migrated cells was calculated according to the following
formula: number of cells migrated toward the chemoat-
tractant/total number of placed cells x100. 1 pg/mL of
neutralizing antibody of CXCL-10 (clone 25209, R&D
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Systems) and respective isotype control were added to the
supernatants during the time of Th1 migration if indicated.

Results
TLR ligands induce cell death in HNSCC in vitro

In the first series of experiments, the impact of the synthetic
TLR ligands poly(I:C) and imiquimod on survival and cell
death of the HNSCC cell line FaDu was investigated.

At the beginning of this experimental series, we ana-
lyzed gene expression of the receptors for poly(I:C) and
imiquimod on the human cell line FaDu and the murine
MOPC cells. Basal expression of TLR 3, TLR 7 and the
cytoplasmic receptor RIG-I was detectable in both cell
lines by PCR. MDA-5 was only detectable in MOPC
cells (Fig. la). These data established the gene expres-
sion of endosomal and cytoplasmic receptors for poly(I:C)
and imiquimod. To assess the effects on cell viability and
death, the PRR agonists were delivered extracellularly via
culture medium (endosomal pathway) or intracellularly
via electroporation (cytosolic pathway). A MTT assay
showed a significantly lower number of viable cells after
cytosolic delivery of poly(I:C) compared to mock transfec-
tion (Fig. 1b). To discriminate whether this was a result of
impaired cell division or enhanced cell death, annexin-V/7-
AAD staining and flow cytometric analysis were conducted
(Fig. 1c). After transfection of poly(I:C), 50 % of the cells
were positive for annexin-V and 7-AAD suggesting a con-
siderable induction of cell death. Extracellular poly(I:C)
had no impact on cell division or cell death. In contrast,
extracellular stimulation with imiquimod resulted in a sig-
nificant reduction in cell viability and induced tumor cell
death in 50 % of tumor cells. For imiquimod, cytosolic
delivery showed no effect on tumor cell death. Flow cyto-
metric analysis further revealed a high number of annexin-
V-positive, 7AAD-negative cells after poly(I:C) treatment
and conversely a high number of double-positive cells in
imiquimod-treated cells (Fig. 1d). These data suggest that
poly(I:C) induced signs of early apoptosis, while imiqui-
mod triggered a more necrotic type of death. To further
characterize the mode of cell death, release of HMGBI1 as
a surrogate marker for immunogenic cell death was ana-
lyzed. Only delivery of poly(I:C) resulted in a time-depend-
ent release of HMGBI1 by tumor cells (Fig. le). Cytosolic
delivery showed a strong release which appeared already
after 24 h and constantly increased over time, while extra-
cellular delivery resulted in a delayed and lower HMGB1
release. No HMGB1 was detectable in the supernatant of
imiquimod-treated FaDu cells, providing initial evidence
for distinct modes of cell death induced by the two differ-
ent synthetic PRR ligands.
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Fig. 1 Poly(I:C) induces cell death in HNSCC via intracellular deliv-
ery and imiquimod via extracellular delivery. a Qualitative PCR anal-
ysis of unstimulated FaDu and MOPC cells shows basal expression
of TLR 3, TLR 7, RIG-I and MDA-5; B-Actin was used as a loading
control. Shown is one representative example of two. b FaDu cells
were stimulated with poly(I:C) [p(I:C)] or imiquimod [IMQ] for 72 h.
Stimuli were delivered extracellularly (endocytic pathway) or intra-
cellularly (cytosolic pathway, [E] = electroporation). Cell viability
was analyzed by MTT assay. Unstimulated tumor cells were set as
100 %. The mean values + SD from three independent experiments
are shown. P value (¢ test) is indicated. ¢ Cells were stimulated as

Poly(I:C) induces cancer cell death and inhibits tumor
growth in vivo

To further investigate the effect of both TLR ligands on
tumor cell death and tumor growth in vivo, a xenograft
tumor model was established. Human FaDu tumors were
s.c. injected, and established tumors were treated by local
injections of poly(I:C) and imiquimod. In frozen sections
of treated tumors, the number of dead cells was deter-
mined by TUNEL staining (Fig. 2a). Increased cell death
was clearly detectable after one or three treatments with
poly(I:C) and imiquimod compared to control (Fig. 2b).
TUNEL staining is visible in different regions throughout
the tumor with distinct areas of strong positivity indicative
of high cell death.

To analyze whether induction of cell death had an
impact on tumor growth, a 9-day treatment using TLR
ligands or PBS was performed. Interestingly, tumors treated
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in (b). Dead cells were identified by PE-conjugated annexin-V and
7-AAD staining and analyzed by flow cytometry. Unstimulated tumor
cells were set as 100 %. The mean values £ SD from three to six
independent experiments are shown. P value (7 test) is indicated. One
representative FACS-analysis of stimulated FaDu cells is shown in
(d). e FaDu cells were stimulated with PBS (filled square), poly(1:C)
(filled circle) or imiquimod (open triangle). Supernatants were col-
lected after 24, 48 and 72 h, and HMGB1 concentration was analyzed
by ELISA. Scatter plots depict seven independent experiments. P
value (7 test) is indicated

with poly(I:C) showed reduced tumor growth compared
to PBS control (Fig. 2¢), while imiquimod did not affect
tumor size. To further substantiate these findings, a similar
experiment was performed in immunocompetent C57BL/6J
mice using a syngeneic murine oropharyngeal cell line.
Again, local intratumoral delivery of poly(I:C) significantly
reduced tumor growth, while local injections of imiquimod
did not change tumor growth kinetics (Fig. 2d, e). Interest-
ingly, in immunocompetent mice the therapeutic effect of
poly(I:C) was greater compared to nude mice, suggesting
an additional role for T cell-mediated immunity in tumor
control.

To distinguish TLR signaling on tumor cells from
potential TLR signaling on host cells, MOPC cells were
injected into ‘triple d’ (3d) mice with deficient endosomal
TLR signaling. Host mice bear a mutation in the Unc93bl
protein, are unable to transport TLRs from the ER to the
endosome and thus show an overall defect in endosomal
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Fig. 2 Poly(I:C) induces cell death in vivo and shows therapeutic
effects in murine models. a and b 1 x 10° FaDu cells were injected
s.c. into nude mice. When tumor size had reached 5 mm in diam-
eter, one or three intratumoral applications of poly(I:C), imiquimod
or PBS were administered. Mice were killed 1 day after treatment.
In frozen sections of FaDu tumors, cell death was determined using
TUNEL kit. a Representative examples of TUNEL staining 1 day
after last treatment are depicted. Green TUNEL, Red 7-AAD nuclear
staining. Upper panel whole tumor overview for TUNEL stain-
ing. Lower panel colocalization of the TUNEL signal with 7AAD
nuclear staining. b Quantification of dead cells in FaDu tumors was
determined by calculating the area of TUNEL positive cells in rela-
tion to the entire tumor area. TUNEL positive cells in control PBS-
treated mice were set as 100 %. ¢ 5 x 10° FaDu cells were injected
s.c. into nude mice. When tumor size had reached 5 mm in diam-
eter, intratumoral application of poly(I:C) (filled circle), imiqui-
mod (open triangle) or PBS (filled square) was administered five
times every other day (day 1, 3, 5, 7, 9) and tumor size was meas-

TLR function [27]. Importantly, and similar to wild-type
immunocompetent mice, the 9-day treatment with intratu-
moral poly(I:C) resulted in a significant tumor reduction
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ured. The means + SEM of seven [poly(I:C)], six (imiquimod) and
four (PBS) mice obtained from two independent experiments are
shown. d 5 x 10° MOPC cells were injected s.c. into immunocom-
petent C57B1/6 mice. When tumor size had reached 5 mm in diam-
eter, intratumoral application of poly(I:C) (filled circle), imiquimod
(open triangle) or PBS (filled square) was administered five times
every other day and tumor size was measured. The mean + standard
deviation of four [poly(I:C)] and three (imiquimod and PBS) mice
per group are shown. P value (¢ test) is indicated. e 5 weeks after the
first therapeutic injection, the experiment was terminated and tumors
were dissected. Shown are three representative examples for each
treatment group. £ 5 x 10> MOPC cells were injected s.c. into ‘tri-
ple d’ (3d) mice with defective endosomal TLR signaling. Applica-
tion of poly(I:C) and PBS and tumor measurement was performed as
described in (d). The mean = SEM of two independent experiments
are shown with a total number of seven to eight mice per group. P
value (¢ test) is indicated

compared to PBS treatment. These data show that TLR
signaling on host cells is not required for the anti-tumor
activity of poly(I:C) (Fig. 2f).
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Fig. 3 Poly(I:C)-treated HNSCC release pro-inflammatory cytokines.
FaDu cells were stimulated with poly(I:C) or imiquimod. Stimuli were
delivered extracellularly (a) or intracellularly (b). Supernatants were
collected after 24, 48 and 72 h, and concentration of human type 1
IFN, CXCL-10, IL-6 and IL-8 was analyzed. Data are mean & SEM
of seven to ten independent experiments. P value (¢ test) is indicated

Poly(I:C)-treated tumor cells release pro-inflammatory
cytokines

The results obtained so far prompted us to investigate
whether, in addition to tumor cell killing itself, the induc-
tion of cell death may be associated with additional
immunological consequences. To further explore these
functional consequences, the immunobiology of TLR
stimulated tumor cells was characterized in vitro. First,
different cytokines were measured in the supernatants of
tumor cells exposed to the TLR ligands. Poly(I:C) deliv-
ered via the endosomal pathway induced the release of
high amounts of IL-8, but only minor secretion of type I
IFN, IL-6 and CXCL-10 (Fig. 3a). In contrast, electropora-
tion with poly(I:C) resulted in a strong and broad cytokine
release including type I IFN, IL-6 and CXCL-10 (Fig. 3b).
In sharp contrast to poly(I:C), stimulation with imiquimod
did not result in the release of IFN, CXCL-10 and IL-8.
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Fig. 4 Poly(I:C) and imiquimod differentially regulate MHC-I
expression on tumor cells. To induce 50 % cell death, FaDu cells
were stimulated with cytosolic poly(I:C) (7 h 4+ 72 h) or extracellu-
lar imiquimod (48 h + 48 h) as indicated in “Materials and methods”
section. FaDu cells were stained with PE-conjugated anti-MHC-I
antibody and analyzed by flow cytometry. a One representative exper-
iment is depicted. b The mean 4+ SD of three to four independent
experiments is shown. P value (7 test) is indicated. [E] = electropora-
tion

Only secretion of IL-6 was slightly induced after extracel-
lular delivery (Fig. 3a). The cytokines TNF-a, IL-10, IL-12
and IFN-y were not detectable in any of the samples (data
not shown).

These data suggest that both TLR ligands induce tumor
cell death depending on the route of delivery: While
induction of cell death by poly(I:C) required intracellular
delivery to the cytosol via electroporation, tumor cell kill-
ing by imiquimod occurred after extracellular delivery of
the compound. Of note, substantial induction of cytokines
only occurred in poly(I:C)-stimulated tumor cells and was
dependent on delivery via electroporation. For subsequent
experiments, which aimed at the further comparative char-
acterization of the immunological consequences of cell
death, conditions (detailed in materials and methods) were
chosen, which resulted in 50 % tumor cell viability for both
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compounds. To this end, poly(I:C) was delivered via the
cytosolic pathway using electroporation and imiquimod via
the endosomal pathway (addition to the culture medium).

Differential regulation of MHC class I on tumor cells

For recognition of tumor cells by natural killer (NK) cells
or cytotoxic T cells, surface expression of major histocom-
patibility complex (MHC) molecules plays a pivotal role
[28]. For that reason, MHC-I expression on FaDu cells
after treatment with poly(I:C) or imiquimod was analyzed
using flow cytometry: poly(I:C) increased MHC-I expres-
sion fourfold, while imiquimod reduced MHC-I expression
by 75 % (Fig. 4). Co-staining with 7-AAD revealed that
MHC-I expression was equally regulated in 7-AAD posi-
tive and negative cells (data not shown).

In summary, tumor cell death induced by cytosolic
poly(I:C) has immunostimulatory potential via the release
of pro-inflammatory molecules (HMGBI, type I IFN,
CXCL-10, IL-6, IL-8) and up-regulation of MHC-I mol-
ecules on tumor cells. In contrast, imiquimod-treated tumor
cells undergo a rather non-inflammatory cell death.

Poly(I:C)-induced tumor cell death modulates the
activity of monocytes

In the next set of experiments, the consequences of PRR-
triggered tumor cell death on immune cell activation were
analyzed. To this end, FaDu cells were pre-treated with
poly(I:C) or imiquimod, washed and co-cultured with
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monocytes for 48 h. Poly(I:C)-treated FaDu cells shifted
the phenotype of co-cultured monocytes toward a state
of activation: Expression of the co-stimulatory molecule
CDS86, antigen-presenting molecules MHC-I and MHC-II
on monocytes was significantly increased (Fig. 5a), while
imiquimod-treated tumor cells did not alter the activation
status of monocytes. In monocyte—tumor co-cultures, small
amounts of CXCL-10 were produced (Fig. 5b). Treatment
of tumor cells with poly(I:C) and subsequent co-incubation
with monocytes strongly enhanced the concentration of
CXCL-10 in the co-culture supernatant. In contrast, stimu-
lation with imiquimod did not increase the production of
CXCL-10 in tumor-monocyte co-cultures. In addition, also
IL-10 was secreted in monocyte—FaDu co-cultures. Treat-
ment with both TLR ligands reduced this IL-10 release
(data not shown). TNFa and IL-12 were not detectable in
the supernatants (data not shown).

Poly(I:C) mediates CXCL-10-dependent migration
of Th1 cells

One major function of monocytes is to attract and acti-
vate T cells. Therefore, the indirect effects of poly(I:C)
and imiquimod-stimulated tumor cells on the capacity of
monocytes to recruit Thl cells were analyzed. For genera-
tion of Th1 cells, CD4" T cells from PBMC were isolated
and polarized toward a Thl phenotype using PHA, IL-2
and IL-12 over 10 days. Successful polarization was veri-
fied by CXCR-3 expression (Fig. 6a). In transwell assays,
the migration of Thl cells was significantly augmented,
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Fig. 6 Poly(I:C) indirectly
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if FaDu cells had been treated with poly(I:C) and sig-
nificantly decreased after stimulation with imiquimod
(Fig. 6b). As supernatants of monocytes co-cultured with
poly(I:C)-treated FaDu cells contained high amounts of
the chemokine CXCL-10 (Fig. 5b), we tested whether this
chemokine was responsible for Thl recruitment. Adding
an anti-CXCL-10 neutralizing antibody to the supernatant
abolished Th1 migration. These data suggest that induction
of CXCL-10 is a major mechanism involved in poly(I:C)-
mediated Thl cell recruitment (Fig. 6¢).

Discussion

The activation of certain immune cell subsets most promi-
nently dendritic cells (DCs) by synthetic TLR ligands is
well known [7, 29] and has been intensively explored for
cancer therapy. More recently, expression of TLRs on
tumor cells has been demonstrated yielding contradictory
results with respect to tumor biology and progression.
While some studies reported on protumorigenic effects
[30], other studies provided evidence for the induction
of tumor cell death after TLR triggering [17, 18]. Our
study addresses a third mechanism, i.e., the modulation of

tumor—immune cell interaction affected by PRR trigger-
ing on tumor cells.

In our study, we compared poly(I:C) and imiquimod,
each applied to tumor cells by two different routes of deliv-
ery. We could show a high immunostimulatory potential
of poly(I:C)-induced tumor cell death, if poly(I:C) was
delivered directly into the cytosol. Poly(I:C), which mim-
ics intracellular dsRNA, significantly enhanced MHC-I
expression on tumor cells and stimulated the release of
pro-inflammatory factors like HMGBI, type I IFN, IL-6,
CXCL-10 and IL-8. This immunogenic cell death fos-
ters monocyte activation and recruitment of Thl cells
in a CXCL-10 dependent manner in vitro. In two murine
in vivo models, poly(I:C)-induced death was accompanied
by reduced tumor growth. In contrast, local intratumoral
injection of imiquimod also resulted in short-term induc-
tion of tumor cell death in vivo, but rather down-regulated
MHC-I expression on tumor cells and did not trigger broad
cytokine release in vitro. Induction of tumor cell death was
not accompanied by delayed tumor growth in vivo, which
is consistent with the absence of immune activation by this
treatment.

Poly(I:C) and related compounds are well recognized
as an activator of immune cells and increasing evidence
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suggests the induction of cell death in cancer cells [31].
However, little data is available regarding the interaction of
RNA-treated tumor cells with immune cells. Initial studies
suggested that pre-treatment of tumor cells with synthetic
TLR ligands resulted in increased activity of immune cells
[18, 29]. In agreement with our results, it was also shown
that cytosolic poly(I:C) resulted in an enhanced expres-
sion of MHC-I molecules on human ovarian cancer and
hepatoma cells [18, 32]. The increase in MHC expres-
sion counteracts down-regulation of MHC molecules as a
major tumor—immune escape mechanism [33]. Addition-
ally, poly(I:C)-treated leukemia cells were better phago-
cytized by DCs or lysed by NK cells [34]. Kovalcski et al.
[29] reported that the treatment of melanoma cells with a
combination of endosomal poly(I:C) and IFN-y triggered
DC maturation and Thl differentiation. Immunogenic cell
death of human ovarian cancer cells induced by cytosolic
poly(I:C) led to myeloid cell maturation and activation or
rather enhanced cytolytic activity of NK cells in gastric
adenocarcinoma [18, 19].

It has been suggested that the presence of molecules
such as type I IFN, pathogen-associated molecular pattern
(PAMPs) or danger-associated molecular pattern (DAMPs)
in the context of dying cells marks a type of inflammatory
cell death [35, 36]. As such, HMGB1, a DAMP released
by tumor cells after cytosolic delivery of poly(I:C) in our
study, has been described as a key molecule involved in
the mechanisms of immunogenic cells death as defined by
Kroemer and Zitvogel. This type of cell death is induced by
certain chemotherapeutics such as oxaliplatin and involves
pre-apoptotic cell surface exposure of chaperones followed
by post-apoptotic release of HMGB1 [37, 38]. Similarly,
HMGBI release after cytosolic delivery of poly(I:C) into
HNSCC cells could play a pivotal role in activating mono-
cytes to release pro-inflammatory cytokines such as CXCL-
10 and to up-regulate expression of co-stimulatory mole-
cules in our study.

The relative effects of direct tumor cell death ver-
sus immune activation may vary between different tumor
types and may also be influenced by the tumor microen-
vironment. In our in vivo xenograft model, cell death was
induced via both types of TLR ligands. Interestingly, cell
death was already observed immediately after treatment.
However, differences in tumor growth become apparent
as late as 10-20 days after poly(I:C) treatment. These data
are consistent with the hypothesis that at least a part of the
anti-tumor activity of poly(I:C) is linked to late and indirect
effects rather than direct pro-apoptotic activity [8, 9]. The
greater therapeutic activity of poly(I:C) in immunocom-
petent versus nude mice additionally suggests the involve-
ment of T cells.

It has been previously reported that TLR 3, a major
poly(I:C) receptor, is expressed on HNSCC [39]. However,
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its role in HNSCC biology still remains somewhat contro-
versial. For example, Pries et al. could demonstrate that
TLR 3 inhibition in HNSCC cell lines resulted in down-
regulation of the oncoprotein c-Myc and decreased cell
proliferation [40] suggesting a protumoral effect of TLR
3. Others reported that TLR 3 is able to trigger cell death,
when its expression is high or when the level of expression
can be up-regulated [31, 41]. However, in none of these
studies, a direct comparison of extracellular versus intracel-
lular delivery of poly(I:C) or other TLR ligands has been
performed. Interestingly, in our study, which directly com-
pared both routes of delivery, extracellular poly(I:C), which
is believed to primarily activate TLR 3 after endosomal
uptake, failed to induce cell death in vitro and only induced
a limited cytokine response. Thus, our data clearly show
that different uptake mechanisms result in different func-
tional responses to poly(I:C) in our HNSCC model. In con-
trast to poly(I:C), which can act via RIG-I-like receptors,
no cytosolic receptor for imiquimod has yet been identified.
Consequently, only extracellular delivery of imiquimod,
and not electroporation, was able to elicit a cell biological
response in our HNSCC model.

In summary, our study provides novel insight into the
effects of synthetic TLR ligands on tumor—immune cross
talk. We could show, to the best of our knowledge, for the
first time that poly(I:C) treatment of HNSCC cells can
induce immunomodulatory cell death and monocyte acti-
vation, resulting in a CXCL-10 dependent Thl recruit-
ment. Interestingly, imiquimod a TLR 7 ligand with proven
therapeutic activity in the treatment of basal cell carcinoma
and lentigo maligna [1, 2] showed no immune modulatory
activity associated with its induction of cell death. Modu-
lation of the tumor—immune cell interaction by immu-
nomodulatory tumor cell death should be considered as
an additional functional parameter in the design of cancer
immunotherapies.
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