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ABSTRACT

Toll-like receptor 7 (TLR7) agonists are potent immune stimulants able to overcome cancer-associated
immune suppression. Due to dose-limiting systemic toxicities, only the topically applied TLR7 agonist
(imiquimod) has been approved for therapy of skin tumors. There is a need for TLR7-activating
compounds with equivalent efficacy but less toxicity. SC1, a novel small molecule agonist for TLR7, is a
potent type-1 interferon inducer, comparable to the reference TLR7 agonist resiquimod, yet with lower
induction of proinflammatory cytokines. In vivo, SC1 activates NK cells in a TLR7-dependent manner. Mice
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bearing the NK cell-sensitive lymphoma RMA-S are cured by repeated s. c. administrations of SC1 as
efficiently as by the administration of resiquimod. No relevant toxicities were observed. Mechanistically,
SC1 reverses NK cell anergy and restores NK cell-mediated tumor cell killing in an IFN-a-dependent
manner. TLR7 targeting by SC1-based compounds may form an attractive strategy to activate NK cell

responses for cancer therapy.

Introduction

Toll-like receptors (TLR) are pattern-recognition receptors
which recognize conserved molecular structures of viruses, bac-
teria and fungi.' Upon binding of their respective ligand, TLR
initiate an intracellular signaling cascade, which culminates in
the rapid induction of an inflammatory cytokine response and
in the activation of cells of the innate and adaptive immune
system.

TLR7 is located on the endosomal membrane and senses
viral single-stranded RNA.>’ Synthetic ligands for TLR7
including RNA olignucleotides, guanosine analogs and imida-
zoquinoline compounds such as imiquimod and resiquimod
(R848) have been described and used in a number of applica-
tions.*> Engagement of these agonists to TLR7 leads to the
recruitment of MyD88, interferon regulatory factors and
NF-«B and thereafter to rapid induction of a type-1 interferon
response together with the secretion of proinflammatory cyto-
kines such as IL-18, IL-6 and IL-12.°

A hallmark of cancer is tumor-associated immunosuppres-
sion, defined by an anti-inflammatory cytokine profile and the
accumulation of suppressive cells such as regulatory T cells or
myeloid-derived suppressor cells.” TLR7 agonists have the abil-
ity to revert this suppressive milieu and to enable tumor cell
killing by the innate and adaptive immune system.® The

potency of TLR7 agonists for cancer immunotherapy is illus-
trated by imiquimod, the only TLR-agonist approved for clini-
cal use. It induces remissions of basal cell carcinoma, of early
stage melanoma or even of breast cancer skin metastases when
applied topically.”'*> A major limitation of TLR7 agonists
applied systemically is side effects such as fever, fatigue and car-
diac toxicity. This has prevented their systemic use at an effec-
tive dosage."” Based on local potency, a compound or a
formulation of TLR7 agonist that achieves antitumoral efficacy
without limiting systemic cytokine release may form a potent
immunotherapeutic approach.

NK cells are innate immune effector cells which exhibit tar-
get cell killing in an antigen-unspecific manner and contribute
to immunosurveillance and tumor control."*"> NK cel-medi-
ated lysis of tumor cells is driven by stress-induced surface mol-
ecules or the lack of MHC class I expression on cancer cells.'®
However, a number of cancer types have included NK cell inhi-
bition as a part of their immunsuppressive network.'”'® A
number of strategies aim at harnessing NK cells for cancer ther-
apy, including in vivo activation of NK cells with cytokines such
as IL-2, adoptive transfer of NK cells and agonistic antibodies
to exploit NK cell antitumoral properties.'”* However,
NK cell-based therapeutic protocols are not yet clinically estab-
lished, as in wvivo activation of NK cells by cytokine
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administration is limited by systemic cytokine toxicity.* On
the other hand, ex vivo generation, expansion and activation of
NK cells need to be established experimentally for optimal in
vivo efficacy.”>?® An effective use of NK cells for cancer therapy
would need an approach not only mediating enhanced tumor
cell killing, but also reversing tumor-associated NK cell anergy.

The small molecule TLR7 agonist SC1 has been hypothe-
sized to activate NK cells and to thereby mediate antitumor effi-
cacy in vivo.”” However, SCls detailed mode of action has
remained unaddressed. We have now performed a detailed
analysis of the in vivo mode of action of SC1 with focus on
NK cells. We demonstrate that SC1 treatment activates NK
cells in a TLR7 and IFN-o dependent manner. SCI thereby
reverses NK cell anergy leading to efficient tumor cell lysis. We
provide evidence that SC1 has equal therapeutic efficacy as the
prototypical TLR7 agonist resiquimod while exhibiting a more
favorable cytokine profile. This lays the basis for further thera-
peutic development.

Material and methods
Mice and cell lines

C57BL/6 mice were purchased from Janvier (St Berthevin,
France). TLR7-deficient mice (C57BL/6 background) were pro-
vided by S. Akira (Osaka University, Osaka, Japan) and bred in
the animal facility of the Ludwig-Maximilians Universitat
Miinchen. Female 8,-microglobulin-deficient mice (B6.129P2-
B2mtm1Uncl/]) were purchased from Jackson (Bar Harbor,
USA). Female IFNAR-deficient mice (B6.129S2-Ifnarltm1Agt/
Mmjax) were a kind gift from T. Brocker (Institute of Immu-
nology, Ludwig-Maximilians Universitit Miinchen, Munich,
Germany) and were later purchased at The Mutant Mouse
Resource and Research Center (MMRRC) at Jackson Laborato-
ries (Bar Harbor, USA). Mice were 5 to 12 weeks of age at the
onset of experiments. All animal experiments were approved
by the local regulatory agency (Regierung von Oberbayern,
Munich, Germany). The TAP-deficient T cell lymphoma cell
line RMA-S was provided by Dr J. Charo (Berlin, Germany)
and was cultured in complete RPMI 1640 (Lonza, Basel, Swit-
zerland) supplemented with 10% FBS, 100 pg/mL streptomy-
cin, 1 IU/mL penicillin and 2 mM L-glutamine (Life
Technologies, Darmstadt, Germany). The human TLR7
reporter embryonic kidney cell line HEK-293T containing an
NEF«B luciferase reporter and transfected with TLR7 was kindly
provided by Marc Lamphier (Eisai, Inc., Andover, Massachu-
setts, USA)(28). SC1 (patent WO 09/118296) was provided by
4SC AG (Martinsried, Germany), R848 was purchased from
Enzo Life Sciences (Lorrach, Germany).

Luciferase assay

10* HEK-293T TLR7 reporter cells were stimulated with
10 M R848 or SC1 for 24 h. The TLR4 ligand LPS (Sigma-
Aldrich, Saint Louis, USA) and the TLR9Y ligand CpG (ODN
1585, Invivogen, Toulouse, France) served as negative controls.
After lysis of cells and addition of substrate, luminescence was
measured using a Mithras LB 940 microplate reader (Berthold
Technologies, Bad Wildbad, Germany). To analyze TLR

specificity of SC-1, 2 x 10* HEK"™hTLR7, HEK"™hTLRS,
HEK™hTLRY or HEK™Null cells bearing SEAP as reporter
gene (Invivogen, Toulouse, France) were stimulated with SC1
and appropriate controls for 16 h. Expression of target gene
was assessed using HEK-Blue™ Detection reagent (Invivogen,
Toulouse, France) according to manufacturer’s instructions.

In vitro activation assays and cytokine analysis

Murine splenocytes were passed through a 40 um cell strainer
and red blood cell lysis was performed using Bio-Plex Cell Lysis
Buffer (Bio-Rad, Hercules, USA). 2 x 10° splenocytes per well
were cultured in 96-well plates in RPMI 1640 (Lonza, Basel,
Switzerland) supplemented with 10% FCS, 100 pg/mL strepto-
mycin, 1 IU/mL penicillin and 2 mM Lglutamine (Life Tech-
nologies). Cells were treated with 1 to 10 uM of SC1, vehicle or
1 ng/mL LPS. Cytokine levels were analyzed 36 h after treat-
ment. IL-6 cytokine ELISA (BD Biosciences, Heidelberg, Ger-
many) of culture supernatant was performed according to the
manufacturer’s protocol. Premixed 25-Plex Cytokine Array
(Merck Millipore, Darmstadt, Germany) was performed
according to manufacturer’s protocols. IFNy levels in cytotox-
icity assay supernatants were measured by IFNy ELISA (Biole-
gend, Fell, Germany) according to the manufacturer’s protocol.

In vivo activation assays and flow cytometry

For in vivo activation assays, mice were injected with SC1
(2.6 mg/kg or 10 mg/kg), R848 (2 mg/kg) or vehicle solutions s.
c. into the flank. For cytokine ELISA, plasma was collected by
centrifugation of whole blood at 400 g for 7 min, 1 to 3 h after
treatment. Spleens were harvested 1 to 12 h after treatment and
were passed through a 40 pum cell strainer. Erythrocytes were
removed and remaining lymphocytes were stained for flow
cytometry analysis. Therefore, cells were incubated with fluoro-
chrome-linked antibodies and ZombieAqua™" Fixable Viability
Dye (Biolegend) for 30 min at 4°C. After incubation, cells were
washed and analyzed on a BD FACSCanto II (BD, Heidelberg,
Germany). Where indicated, counting beads (CountBright
Absolute Counting Beads, Life Technologies) were added for
determination of absolute cell numbers. Fluorochrome-conju-
gated antibodies against CD3 (clone 145-2C11), CD69
(clone H1.2F3), B220 (clone RA3-6B2), NKI1.1 (clone PK136),
MHCI (clone KH95), NKG2D (clone CX5), Ly49A (clone
YE1/48.10.06), DNAM-1 (clone 10E5), CD96 (clone 3.3) and
CD107b (clone M3/84) for flow cytometry were purchased
from Biolegend.

Cytotoxicity assays

For in vitro cytotoxicity assays, mice were injected s.c. with
10 mg/kg nug SCI1, 2 mg/kg R848 or vehicle solution. 12 h after
injection, mice were sacrificed and NK cells were isolated from
the spleen by negative selection using magnetic-activated cell
sorting (Miltenyi Biotech, Bergisch Gladbach, Germany). NK
cells were coincubated with 2 x 10* YAC-1 or B16F10 target
cells at different ratios for 4.5 or 6 h. For assessment of direct
effects of SC1 on RMA-S cells, RMA-S cells were incubated for
4 h with 4 pug/mL SC1 or vehicle solution prior to coculture



with NK cells. Cytotoxicity was assessed by LDH release
(CytoTox 96® NonRadioactive Cytotoxicity Assay, Promega,
Madison, USA) and calculated using the following formula:
%cytotoxicity = [(Compound-treated LDH activity — sponta-
neous LDH activity)/(Maximum LDH activity - spontaneous
LDH activity)] x 100.

For in vivo cytotoxicity assays, mice were injected with
10 mg/kg SC1 or vehicle solution s. c. or in the flank or i. v.
Splenocytes from B,-microglobulin-deficient mice were stained
with 1 uM of Cell Proliferation Dye eFluor 450 (eBioscience,
Frankfurt am Main, Germany). Splenocytes from wild-type
mice were stained with 0.1 uM of the same dye. Stained spleno-
cytes were mixed at a 1:1 ratio and 107 splenocytes were
injected i. v. into mice 2 h after treatment with SC1. Mice were
sacrificed 12 h after i. v. injection and Cell Dye eFluor 450 posi-
tive cells in the spleens were analyzed by flow cytometry.
Specific lysis was calculated as follows: %specific lysis = 100 -
[100 x (eFlour 450gn/eFluor 450 1,)" " *%/(eFluor 450y;g/
eFluor 450,,,,)c°"1].

Mouse tumor models

Mice were injected with 10° RMA-S lymphoma cells subcutane-
ously into the right flank. Treatment with 10 mg/kg SCI,
2.6 mg/kg SC1 or 2 mg/kg R848 or vehicle solution was carried
out s.c. into the left flank on days 0, 5, 10, 15, 20, 25, 30, 35, 40,
45 and 50 after tumor induction. For i. v. treatment, 10 mg/kg
SC1 or vehicle were injected i. v. on days 0, 5, 10, 15 and 20
after tumor induction. Tumor size was measured three times a
week and mice were assessed for body condition every week.
Criteria for early termination of the experiment were weight
loss of >10 %, hunched posture with piloerection or dull fur
and severely reduced activity. Mice were sacrificed when
tumors had reached a size of 225 mm” or when tumors were
seriously ulcerated. For analysis of tumor-infiltrating lympho-
cytes, tumors were harvested at a size of 100 mm?, tumor tissue
was homogenized with a scalpel and incubated with 1 mg/mL
collagenase and DNAse 1 (Sigma-Aldrich) at 37°C for 30 min.
Tumors were first passed through a 100 pm cell strainer
followed by passing through a 40 um cell strainer. Tumor tis-
sue-derived lymphocytes were enriched using a gradient of
44% and 67% of EasyColl (d = 1.124, Biochrom Merck Milli-
pore, Darmstadt, Germany) before centrifugation at 800 g for
30 min. Enriched lymphocytes were washed and analyzed by
flow cytometry.

NK cell activation assays in tumor bearing mice

For analysis of NK cell activation, RMA-S tumor-bearing mice
were injected with 10 mg/kg SC1, 2 mg/kg R848 or vehicle solu-
tion on days 15, 20 and 25 after tumor induction. Mice were
sacrificed on day 26 and single cell suspensions of spleen and
lymph nodes were created by passing organs through a 40 um
cell strainer. Wells of flat-bottom high protein-binding plates
(Thermo Scientific) were coated with 0.5 ug of NKp46 (clone
29A1.4, Biolegend, Fell, Germany) mAb or rat IgG2a as isotype
control. 2.5 x 10° cells per well were incubated for 5 h in the
presence of 100 U recombinant human IL-2 (Peprotec, Ham-
burg, Germany) and CD107b mAb (clone M3/84, AbD Serotec,
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Martinsried, Germany) in RPMI medium supplemented with
10% FCS, 1% P/S, 1% L-glutamine, 1% NEAA and 1% sodium
pyruvate. CD107b expression was analyzed by flow cytometry.

Statistics

Statistics were calculated with GraphPad Prism software
5.0. Differences between experimental conditions were ana-
lyzed using the unpaired, two-tailed Student’s t test. p values
< 0.05 were considered significant. For in vivo tumor models,
differences between groups were calculated using two-way
ANOVA with correction for multiple testing.

Results

The novel small molecule SC1 is a TLR7-specific agonist
and activates NK cells for tumor cell lysis in vitro

In order to determine the specificity of SC1 for TLR7, we used
an HEK-293T cell line stably transfected with TLR7 and a
reporter plasmid leading to luciferase activity upon activation
of the NF«B promoter region through TLR7. SC1 and the
TLR7/8-agonist R848 but not LPS (TLR4 ligand) induced lucif-
erase activity (Fig. 1A). Additionally, SC1 did not induce
reporter gene expression in cells bearing human TLR8 or
TLRY, indicating specificity for TLR7 (data not shown). SC1
dose dependently increased cytokine secretion from wild-type
splenocytes (Fig. 1B). Vice versa, when splenocytes from TLR7-
KO mice were incubated with SC1, cytokine secretion, as exem-
plified by IL-6, was abolished (Fig. 1C). This indicates TLR7-
specific activity of SC1 in vitro. To assess the impact of SC1 on
in vitro NK cell cytotoxicity, we injected mice with 200 ug SC1
or vehicle solution. 12 h after injection, NK cell cytotoxicity to
YAC-1 target cells was measured in vitro. SC1-treatment signif-
icantly increased NK cell-mediated target cell lysis at all effec-
tor-to-target cell ratios tested, indicating potent effector cell
activation (Fig. 1D).

SC1 induces type-1 interferon and mediates increased NK
cell cytotoxicity in vivo

Systemic treatment with TLR7 agonists results in cytokine
induction, leading to dose-limiting systemic adverse effects.'>*’
Resiquimod (R848) is a prototypical TLR7 agonist. It has so far
failed clinical application in spite of potent antitumoral efficacy
in preclinical models.”® We used R848 as a benchmark com-
pound in terms of antitumor efficacy and of systemic cytokine
induction. We compared the plasma cytokine profiles 1 to 8 h
after s. c. treatment with R848 or SC1. Mice were injected with
equimolar amounts of R848 (2 mg/kg) and SC1 (2.6 mg/kg),
based on the established therapeutic dosage of R848 in murine
tumor therapy.”' Plasma cytokine levels were determined 1, 2,
3, 6 and 12 h after injection. Peak cytokine levels were reached
1 h (IFN-«, IENy, IL-18, IL-6, IL-10, KC, CXCL2, TNF-@), 2 h
(G-CSF, GM-CSF, IL-12p40, IL-13, IL-17, CCL3, CCL4, CCLS5)
or 3 h (IP-10) after injection. Both compounds lead to a rapid
systemic cytokine induction, but SC1 consistently induced
lower levels of all cytokines as compared to R848 (Fig. 2A). We
next injected mice s. c. with 10 mg/kg of SC1, an efficacious
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Figure 1. SC1 is a TLR7-specific agonist which enhances NK cell-mediated cytotoxicity in vitro. (A) 10* HEK293T cells, stably transfected with TLR7 and an NFkB reporter
plasmid were stimulated over night with 10 M SC1, R848 or LPS and luciferase activity was measured. (B) Splenocytes from C57BI/6 mice were stimulated with 1, 5 or
10 M of SC1 for 36 h. Supernatants were analyzed for IL-6 by ELISA. (C) TLR7-deficient splenocytes were stimulated with 4 g/mL SC1, 3.1 g/mL R848 or 1 ng/mL LPS
for 36 h. IL-6 in supernatants was detected by ELISA. (D) Mice were treated s. c. with 10 mg/kg SC1 or vehicle solution. 12 h after treatment, NK cells were isolated from
spleen and cultured with 2 x 10* YAC-1 target cells at target to effector cell ratios of 1 to 1.25, 1 to 2.5 and 1 to 5. Cytotoxicity was assessed by LDH release assay after
4.5 h of coculture. One representative experiment of three independent experiments is shown. Statistical significance was analyzed by two-tailed unpaired Student’s t

test. p values < 0.05 were considered significant. Error bars indicate SEM.

dose in antitumoral treatment determined in animal models
and compared plasma cytokine levels to injection of a therapeu-
tic dose of R848 (2 mg/kg). Induction of proinflammatory IP-
10, TNF- o, CCL4, IL-6 and IL-10 was significantly lower after
SC1 treatment compared to R848 treatment, in spite of a 4 times
molar excess of SC1 compared to R848. However, IFN-« was
the cytokine induced at the highest level by SC1 and did not
differ significantly from the levels observed in R848-treated
mice (Fig. 2B). To further dissect the functional consequences
of the in vivo cytokine induction, we analyzed splenic CD8" T
cells, B and NK cells after SC1 injection. Treatment with SC1
upregulated CD69 on all three cell types (Fig. 2C), indicating
early activation of these cells. As a direct consequence of NK
cell activation, we could observe a significant increase in NK
cell-mediated lysis of B,-microglobulin-deficient splenocytes in
SC1-treated mice compared to mice treated with vehicle

solution. The observed boost in NK cell cytotoxicity was
entirely dependent on the presence of TLR7 in the treated
mice, as no selective cytotoxicity was seen in TLR7-KO mice
(Fig. 2D). In order to define, if NK cell cytotoxicity upon SCI
treatment was restricted to the rather NK cell-sensitive cell lines
YAC-1 and RMA-S, we performed an in vitro cytotoxicity assay
on the less immunogenic B16F10 melanoma cell line. We could
show that NK cells from mice treated with either SC1 (10 mg/
kg) or R848 (2 mg/kg) equally induced specific lysis of B16F10
melanoma cells which was not seen with untreated NK cells
(Fig. 2E). Similarly, IFNy levels measured under the same con-
ditions were equally induced in the SC1 and R848 group
(Fig. 2F). These results indicate that NK cell-derived IFNy
induction is comparable in SC1 and R848 treatment, even if
systemically IFNy induction was lower in the SC1 group
(Fig. 2A).
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Figure 2. In vivo cytokine profile and immune cell activation after SC1 administration
Cytokines in blood plasma were measured by ELISA before injection (0), 1, 2,3 and 8

. (A) Mice (n = 4 per group) were injected s.c. with 2 mg/kg R848 or 2.6 mg/kg SC1.
h after injection. Peak cytokine plasma levels are shown. (B) Mice (n = 3 per group)

were injected s.c. with 2 mg/kg R848 or 10 mg/kg SC1. Plasma cytokine levels were analyzed 1, 2 or 3 h after injection by ELISA. Fold induction at the time point of peak
cytokine levels is depicted. (C) Mice were injected with 10 mg/kg SC1 s. c. CD69 expression on splenic immune cells was measured by flow cytometry after 6 h and com-
pared to expression in untreated animals. Pooled data from two independent experiments is shown and is representative of a total of five independent experiments. (D)
Mice treated s. c. with 10 mg/kg SC1 or vehicle were injected with a 1:1 ratio of wild-type and B,-microglobulin-deficient splenocytes labeled with 0.1 or 1T M of Cell
Dye eFluor450. After 12 h, the ratio of labeled cells in the spleen was determined by flow cytometry. Specific lysis was calculated as follows: specific lysis (%) = 100 —

[100 x (B,-microglobulin/wild-type) treated/(8,-microglobulin/wild-type) untreated]

. Results of three independent experiments are shown. (E, F) Mice were treated s. c.

with 10 mg/kg SC1 or 2 mg/kg R848. 12 h after treatment, NK cells were isolated from spleen and cultured with 2 x 10% B16F10 target cells at target to effector cell ratios

of 1t0 1.25, 1 to 5 and 1 to 10. Cytotoxicity was assessed by LDH release assay after 4
shown (E). IFNy levels in coculture supernatants were determined by cytokine ELISA (
ues < 0.05 were considered significant. Error bars indicate SEM.

SC1 cures mice from NK cell-sensitive RMA-S lymphomas in
a TLR7- and interferon-«-dependent manner

Efficacy of SCI in antitumor treatment was assessed in mice
bearing s. c. NK cell-sensitive RMA-S lymphomas.”®> Mice
injected s. c. with 10° RMA-S cells were treated with 10 mg/kg
SC1, 2 mg/kg R848 or vehicle solution s. c. every 5th day start-
ing at day 0 (Fig. 3A). SC1 and R848 reduced growth of RMA-
S tumors with similar efficacy (Fig. 3B). We could exclude a

.5 h of coculture. One representative experiment of two independent experiments is
F). Statistical significance was analyzed by two-tailed unpaired Student’s t test. p val-

direct effect of SC1 on RMA-S tumor cells, as pretreatment of
tumor cells with SC1 did not alter specific lysis of RMA-S
(Fig. S1A). Most mice treated with SC1 or R848 were cured by
the treatment (4 out of 6 versus 5 out of 6, respectively).
Remarkably, all mice that rejected the tumor upon treatment
remained tumor free during at least 150 d, when observation
was ended (Fig. 3B). To compare the effect of SC1 in equimolar
dosage to R848 (2.6 mg/kg) to the above used four times molar
excess (10 mg/kg SC1), we next compared both dosages of SC1.
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Figure 3. SC1 cures mice bearing RMA-S lymphoma. (A) C57BL/6 mice (n = 6 per group) were injected with 10° RMA-S cells s. c. into the flank. Mice were treated with
2 mg/kg R848, 10 mg/kg SC1 or vehicle s. c. into the contralateral flank (each n = 5) every 5th day beginning on day 0 through day 50. (B) Tumor growth and survival of
C57BL/6 wild-type mice bearing s. c. RMA-S tumors. Results are representative of three independent experiments. (C) TLR7-deficient mice (n = 8 per group) were injected
with 10° RMA-S cells s. c. in the flank. Contralateral s. c. treatment with 10 mg/kg SC1 or vehicle was administered every 5th day from day 0. Tumor growth over time is
shown. (D) IFNAR-deficient mice (n = 11 per group) were injected with 105 RMA-S tumor cells s. c. into the flank. Contralateral s.c. treatment with 10 mg/kg SC1 or vehicle
was administered every 5th day from day 0. Tumor growth over time is displayed. C and D show results of two independent experiments. Statistical significance was ana-
lyzed by two-way Anova with correction for multiple testing. p values < 0.05 were considered significant.

SC1 in the 2.6 mg/kg dosage resulted in a significant reduction
of tumor growth, but growth inhibition and cure of mice was
less pronounced than in the 10 mg/kg group (Fig. S1B). We
thus used the 10 mg/kg dosage for all subsequent tumor experi-
ments. To rule out that the chosen s. c. application route may
have deleterious impact on treatment efficacy, we also per-
formed a similar experiment with SC1 (10 mg/kg) using i.v.
treatment with the same schedule. SC1 retained similar efficacy
against RMA-S lymphoma both in in vivo cytotoxicity assays
and in a therapeutic experiment (Fig. S2). We chose to keep the
s. c. route for further experiments. Since some TLR7 agonists
are known to function through TLR7-independent routes,* we
sought to investigate the role of TLR7 expression on host cells
in SCl-based therapy. TLR7-deficient mice bearing RMA-S
tumors did not respond to SC1 treatment, supporting the
notion that TLR7 is required for SC1-based antitumor efficacy
(Fig. 3C). Because type-1 interferon is known to be crucial for
the induction of NK cell cytotoxicity upon TLR7 stimulation,”
we hypothesized that IFN-a was the key cytokine for the

antitumoral effect of SC1. IFNAR-KO mice bearing RMA-S
tumors failed to reject tumors upon SCI treatment, indicating
the dependence on IFN-« effects on host cells (Fig. 3D).

SC1 induces intratumoral NK cell activation and reverses
tumor-induced NK cell anergy

To further explore the mode of action of SC1, we analyzed how
NK cells are altered by SC1 to enhance antitumor efficacy. SC1
treatment of RMA-S tumor-bearing mice did not result in an
increase of NK cell numbers in tumors or in tumor-draining
lymph nodes (TDL) as compared to vehicle solution treated
mice (Fig. 4A). In contrast, SC1 treatment significantly induced
NK cell activation, as illustrated by enhanced expression of
CD69 and NKG2D on NK cells (Fig. 4B,C and Fig. S3). In line
with these observations, the NK inhibitory receptors, Ly49A
and CD96, were both found to be downregulated on CD69"
activated NK cells after treatment with SC1 (Fig. 4D and E).
Similar results were observed for R848 (2 mg/kg) with
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Figure 4. SC1 activates NK cells and reverts tumor-induced NK cell anergy. (A-E) C57BL/6 mice (n = 7 (vehicle) and n = 8 (SC1) per group) were injected s. c. with 10°
RMA-S cells. 10 mg/kg SC1 was injected s. c. in the contralateral flank on days 15, 20 and 25 after tumor induction. Intratumoral and tumor-draining lymph node (TDL)
NK cells, defined as MHCI*, Zombie Dye~, CD37, NK1.1*, were quantified by flow cytometry on day 26. Data is representative of two independent experiments. (F, G)
C57BL/6 mice (n = 6 per group) were injected s. c. with 10° RMA-S cells. 10 mg/kg SC1 were injected s. c. in the contralateral flank on days 15, 20 and 25 after tumor
induction. NK cells from spleen and TDL were isolated on day 26 and 0.25 x 10° cells were stimulated for 5 h on plates coated with NKp46 antibody. NK cell expression
of CD107b was measured by flow cytometry. Results of three independent experiments are shown. Statistical significance was analyzed by two-tailed unpaired Student’s

t test. p values < 0.05 were considered significant. Error bars indicate SEM.

comparable upregulation of NK cell activation markers in
tumors and TDL (Fig. S4A-C), indicating that the observed
impact on NK cells is pathway and not compound specific. It
has been described that NK cells in a tumor-bearing organism
have an exhausted or anergic phenotype, defined by the
reduced capacity of intratumoral or TDL NK cells to degranu-
late upon adequate stimulation, as measured by the surface
expression of CD107."” We investigated whether the ability of
NK cells from tumor-bearing mice to degranulate after

stimulation with agonistic NKp46 antibodies could be restored
by treatment with SC1. As expected, splenic NK cells displayed
no anergic phenotype due to the lack of direct tumor cell con-
tact (Fig. 4F). NK cells derived from TDL of RMA-S tumor-
bearing mice, however, showed a reduced ability to degranulate
upon stimulation, which was restored by treatment with SC1 or
R848 (Fig. 4G and Fig. S4D). These results suggest that reversal
of anergy by SC1 contributes to the antitumor activity of the
compound.
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Discussion

Since the clinical approval of the TLR7 agonist imiquimod for
topical treatment of certain cutaneous tumors, a number of
clinical trials have investigated TLR7 agonists for local or sys-
temic cancer therapy or as adjuvants in therapeutic vaccination
strategies.” These trials have led to the preliminary conclusion
that systemic toxicity limits the use of TLR7 agonists to topical
treatment. Other TLR7 agonists such as loxoribin, 852A or
TMX-101**7° have been clinically tested, but showed inade-
quate efficacy and/or dose-limiting toxicity. It was concluded
that clinically feasible systemic TLR7 agonist treatment requires
an equally potent immune activation with less systemic cyto-
kine release. IFN-« is the central cytokine responsible for TLR7
agonist antitumor treatment efficacy’” while proinflammatory
cytokines, such as IL-1 or IL-6, might predominantly cause
their side effects.’® The novel TLR7 agonist SC1 has been
designed to more selectively induce IFN-c. Previous work
could demonstrate induction of proinflammatory cytokines in
human PBMC and the ability to reduce lung metastases in the
murine Renca model.”” The mode of action of SC1 and espe-
cially the hypothesized more selective IFN-oo induction
remained unaddressed. Our results corroborate the concept
that SC1 activates NF«B signaling and subsequently leads to
dose-dependent secretion of IFN-« and of proinflammatory
cytokines in immune cells after TLR7 engagement. In vivo, SC1
leads to rapid systemic induction of IFN-« with peak levels 1 h
after injection accompanied by early activation of B, T and NK
cells as measured by expression of CD69, comparable to the
reference compound R848.

We observed similar effects on NK cell activation for i. v.
injection compared to s. c. injection in cytotoxicity and in vivo
tumor models (Fig. S2), which has already been shown for
852A.%° The s. c. route may be preferable clinically to the i. v.
route, in some circumstances, both for safety and applicability
purposes, without loss of activity, as suggested for other thera-
peutic strategies.*” We next compared the plasma cytokine pro-
file induced by SCI to the cytokine profile of R848. Our results
indicate that concentrations of proinflammatory cytokines like
IL-1p, IL-6 and TNF-« were significantly lower after treatment
with SC1 than after treatment with equimolar amounts of
R848. At a dose of SCI four times higher than the equimolar
dose of SC1 to R848, lower levels of IL-6, TNF-o, CCL4 and
IP-10 in SC1-treated mice were found. A major obstacle in can-
cer therapy with systemic administration of TLR7 agonists is
the occurrence of dose-limiting systemic adverse effects like
fever, fatigue, nausea, dehydration, hepatic and cardiac toxic-
ity—all potentially linked to cytokine release.

The therapeutically critical cytokine after TLR7 engagement
is IFN-a.*' Remarkably, SC1 was an equally effective inducer of
IFN-« as R848, a finding supported by a comparable therapeu-
tic efficacy in wild-type mice that was absent in IFNAR-KO
mice. It has been reported, that IFNy production by NK cells is
critical for efficacy of TLR7/8 agonists.*> In contrast, our in
vivo data in IFNAR-deficient mice suggests that systemic type-
1 interferon is critical for the antitumoral efficacy of TLR7 ago-
nists. Here, we could, however, demonstrate that NK cell-
derived IFNy levels, but not systemic IFNy levels, are compara-
ble in R848- and SCl-treated mice, the latter being

administered with the four times equimolar doses. A potent
systemic IFN-« release may be preferable to induction of other
cytokines not only in terms of efficacy, but also of diminished
systemic side effects.

The reason of the observed differences in the cytokine pro-
files induced by SC1 and by R848 are surprising, since both
agonists have long been considered to be selective TLR7 ago-
nists in mice.**” These differences may be due to discordances
in cytokine secretion of TLR7 over TLR8 agonists. Agonists
specific for TLR7 preferentially lead to a type-1 interferon
response, whereas activation of TLR8 activation culminates in a
proinflammatory cytokine response including cytokines like
IL-12 and TNF-a.*' SC predominantly activates TLR7 and has
no effect on human TLRS as shown in HEK293 reporter cells,””
whereas R848 is known to bind to both TLR7 and TLR8. The
functionality of TLR8 in mice is controversial. Mouse TLRS is
thought to be non-functional due to the lack of a five amino
acid motif and missing recognition of ssSRNA and other small
molecule TLR8 agonists.>**> In contrast, MyD88-dependent
cytokine response to TLR8 agonists in murine immune cells
has been reported upon addition of polyT ODN to a TLR8 ago-
nist, suggesting at least partial functionality of mouse TLR8.**
In our hands, cytokine induction, NK cell activation as well as
antitumoral efficacy of SC1 were completely dependent on
TLR7, as they were absent in TLR7-deficient mice. It is thus
likely that SC1 does not exert any TLR7-independent effects.

We have shown in previous studies that TLR7 agonist treat-
ment in RMA-S tumor-bearing mice leads to an NK cell-medi-
ated antitumor immune response but the mechanism of
increased NK cell killing upon TLR7 activation was not stud-
ied.” NK cells are equipped with a large repertoire of inhibiting
and activating receptors. Inhibitory receptors of the Ly49 fam-
ily bind to the MHC-I complex and inhibit NK cell cytotoxicity
upon engagement. This mechanism enables self-tolerance as
well as lysis of MHC-I-negative cancer cells.*> Another recently
described inhibitory receptor on NK cells is CD96, which binds
to CD155, a molecule expressed on dendritic cells and various
epithelial cancer cells.*® CD96 seems to be instrumental in can-
cer cell escape from NK cell killing, as CD96 neutralization
mediates cancer regression.’® NKG2D, in contrast, is a NK cell-
activating receptor, which recognizes stress-induced ligands on
tumor cells and virus-infected cells.” For efficient target cell
killing, a combination of several of these receptors is required.*®
Although increased NK cell-mediated tumor cell lysis upon
TLR7 agonist treatment has been previously described,””*’ little
is known on the effects of TLR7 agonists on NK cell receptor
expression and phenotype. In the present study, we could show
that SC1 efficiently controls tumor burden of s.c. RMA-S
tumors and induces phenotypic changes on NK cells. SC1 also
leads to an increased in vitro and in vivo NK cell cytotoxicity
toward YAC-1 cells and B,-microglobulin-deficient spleno-
cytes. YAC-1 cell lysis by NK cells is dependent on expression
of NKG2D ligands, whereas killing of B,-microglobulin-defi-
cient splenocytes is triggered by lack of MHC-I expression on
these cells.”® These results suggest that SC1 leads to a broad
activation of NK cells, which is confirmed by our analysis of
intratumoral and tumor-draining lymph node NK cells. NK
cells did not accumulate in tumor and tumor-draining lymph
node of SCI-treated mice, but showed an activated phenotype



characterized by the upregulation of activating receptors
NKG2D and CD69 and downregulation of inhibitory receptors
Ly49A and CD96. Recently, it could be shown that direct con-
tact of NK cells to RMA-S cells induces NK cell anergy.”’ In
addition, proliferation of NK cells in the presence of tumor cells
contributes to NK cell exhaustion.'® We could demonstrate that
SC1 treatment reverses NK cell anergy in RMA-S tumor-bear-
ing mice. Treatment with SCI also upregulated NKG2D
expression in NK cells from tumor-draining lymph node, fur-
ther underlining reversal of NK cell exhaustion.

In summary, we identified SC1 as a small molecule TLR7
agonist with potent immunostimulatory and especially NK
cell-activating properties. We describe for the first time a mech-
anism for TLR7-mediated NK cell activation and the associated
phenotypic changes. This may form the basis for the develop-
ment of TLR7 agonists to harness the therapeutic potential of
NK cells in cancer therapy. Because of potent antitumor effi-
cacy and lower inflammatory cytokine induction, SC1 or
related compounds may be promising candidates for systemic
therapy of NK cell sensitive tumors.
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