ONCOIMMUNOLOGY
2019, VOL. 8, NO. 7, 1601480 (11 pages)
https://doi.org/10.1080/2162402X.2019.1601480

Taylor & Francis
Taylor &Francis Group

ORIGINAL RESEARCH

W) Check for updates

Intravenous delivery of the toll-like receptor 7 agonist SC1 confers tumor control by

inducing a CD8+ T cell response

Fulvia Vascotto?, Jutta Petschenka®*, Kerstin C. Walzer®, Mathias Vormehr®, Magdalena Brkic?, Stefan Strobl<,
Roman Résemann<, Mustafa Diken®®, Sebastian Kreiter®®, Ozlem Tireci®, and Ugur Sahin2°<

3TRON - Translational Oncology, University Medical Center of Johannes Gutenberg University gGmbH, Mainz, Germany; ®Biopharmaceutical New
Technologies (BioNTech) Corporation, Mainz, Germany; ‘BioNTech Small Molecules GmbH, Martinsried, Germany; “Research Center for
Immunotherapy (FZI), University Medical Center at the Johannes Gutenberg University, Mainz, Germany

ABSTRACT

TLR7 agonists are considered promising drugs for cancer therapy. The currently available compounds
are not well tolerated when administered intravenously and therefore are restricted to disease settings

amenable for topical application.

Here we present the preclinical characterization of SC1, a novel synthetic agonist with exquisite specificity
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for TLR7. We found that intravenously administered SC1 mediates systemic release of type | interferon, but
not of proinflammatory cytokines such as TNFa and IL6, and results in activation of circulating immune cells.
Tumors of SCl-treated mice have brisk immune cell infiltrates and are polarized towards a Th1 type
signature. Intratumoral CD8" T cells and CD11b* conventional dendritic cells (cDCs) are significantly
increased, plasmacytoid dendritic cells (pDCs) are strongly activated and macrophages are M1 phenotype
polarized, whereas myeloid-derived suppressor cells (MDSCs) are decreased.

We further show that treatment of mice with SC1 profoundly inhibits the growth of established
syngeneic tumors and results in significantly prolonged survival. Mice, which are tumor-free after SC1
treatment are protected from subsequent tumor rechallenge. The antitumor effect of SC1 depends on
antigen-specific CD8" T cells, which we found to be strongly enriched in the tumors of SC1-treated mice.

In conclusion, this study shows that systemically administered SC1 mobilizes innate and adaptive
immunity and is highly potent as single agent in mice and thereby provides a rationale for clinical

TLR7 ligand; CD8" T cells;
type | interferon; cancer
immunotherapy

testing of this compound.

Introduction

Synthetic compounds mimicking pathogen-associated mole-
cular patterns (PAMPSs) may overcome cancer-associated
immune suppression and promote tumor cell killing by innate
and adaptive immune mechanisms." Toll-like receptors
(TLRs) are key sensors for such patterns. Engagement of
TLRs induces recruitment of MyD88, interferon (IFN) regu-
latory factors and NF-kB, culminating in rapid induction of
a type-1 IFN response together with the secretion of proin-
flammatory cytokines such as IL-1p, IL-6 and IL-12.>° The
virus-sensing members of the TLR family are localized in
specialized endosomal compartments, and detect pathogen
genomes and replication intermediates. TLR7, the sensor for
viral uridine- and guanosine/uridine-rich ssRNA, has moved
into the spotlight as a target for novel immune-modulatory
drugs. TLR7 is primarily expressed on plasmacytoid dendritic
cells and on monocytes and B-cells.* TFN« release is consid-
ered the critical mediator of anti-viral and anti-tumoral effects
of TLR7-signaling.>*™®

Various synthetic TLR7 agonists, including the imidazo-
quinolines imiquimod (R837), 852A, and resiquimod (R848),

are being studied as immunotherapy drugs and have strong
anti-tumor activity.” ' So far only imiquimod is approved for
human use. Repetitive intravenous (i.v.) administration of
imiquimod at a systemically effective IFNa-inducing dose
level is associated with dose-limiting adverse reactions.'*'?
As a consequence, imiquimod is registered as a cream for-
mulation for topical use in localized diseases such as basal cell
carcinoma, genital warts, and bladder cancer."* Similarly,
repeat-dose i.v. regimens of other TLR7 agonists in develop-
ment, e.g. R848 and 852A, are not well tolerated limiting the
clinical use of these compounds to the treatment of localized
disease and requiring their combination with other active
drugs.””"” We and others hypothesized that the unfavorable
safety profile may be attributable to the release of a broader
array of proinflammatory cytokines on top of the intended
type 1 IEN induction.'®"’

SC1, a novel TLR7-selective agonist, has been designed to
mediate primarily IFNa-release as opposed to a broader array
of cytokines. First indications of preclinical anti-tumor activ-
ity have been demonstrated in a pulmonary metastatic Renca
model, in which i.v. SC1 prevented colonization of the lung
with metastases.'” Moreover, subcutaneously administered
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SC1 in a treatment model of RMA-S lymphoma has been
shown to revert NK cell anergy and to result in potent tumor-
rejection.””

The objective of our study was to investigate immuno-
pharmacodynamics and anti-tumor activity of systemic SC1
exposure in mouse tumor models in more detail with
a particular focus on adaptive immunity. We demonstrate
here that SC1 activates strong antitumor mechanisms includ-
ing antigen-specific CD8" T cells and long-term T-cell mem-
ory, which contribute to durable rejection of syngeneic
tumors in mice. Our data extend the knowledge base on
SC1 and inform drug development rationales for clinical test-
ing of this unique compound.

Results

Intravenous administration of SC1 induces TLR7-
dependent immune cell activation and IFNa-selective
systemic cytokine release

We performed a series of experiments to determine a dose
range, in which a single iv. dose of SC1 would be well
tolerated. At 10 mg/kg of SC1 no subclinical or clinical
abnormalities as assessed per inspection related to SC1 were
observed with regard to general health, body weight, activity,
mobility, and behavior (Supplementary FigurelA right and
data not shown). The tested parameters of a standard clinical
chemistry panel in mice after a single dose of 15 mg/kg SC1
and of hematology in mice exposed to 10 mg/kg SC1 were
largely within the normal reference range (Supplementary
Figure 1A, B). Twenty-four hours after dosing 10 mg/kg
SC1 lymphopenia was detected, which was transient and
back to normal after 72 h. Liver enzymes were re-tested at
a dose of 3 mg/kg SC1 and were found to be within the
normal range (Supplementary Figure 1C).

Based on the finding that mice treated with SC1 at 3 mg/kg
but not at 1 mg/kg and lower doses showed the intended
IFNa release in combination with the lack of toxicity as
described above, the dose range of 3-6 mg/kg was chosen
for the pharmacodynamic studies.

A single dose of 3 mg/kg resulted in a steep and profound
increase of IFNa, the key cytokine of TLR7 agonist activity,
peaking 1 h post injection (Figure 1(a)) and returning to
baseline within 24 h. IFNa release did not occur at doses of
1 mg/kg and lower. When 3 mg/kg SC1 was repeatedly admi-
nistered every 5 d, IFNa release continued to be robustly
induced by each dosing (Figure 1(b)).

Next, we studied serum levels of cytokines commonly asso-
ciated with pharmacodynamics of TLR7 agonist exposure in
mice treated intravenously with a single 3 mg/kg SC1 dose as
compared to an equimolar dose of R848 (resiquimod). IFNa,
IFNYy, and IL-12p70 were induced at similar levels by both TLR7
agonists (Figure 1(c)). However, whereas R848 treatment
resulted in high levels of cytokines considered as strongly pyro-
genic such as MIP-1a (CCL3), IL-6, MIP-2 (CXCL2), as well as
in robust induction of TNFa, and MIP-1f (CCL4), and of IL-10,
these cytokines were barely or moderately induced by SC1
(Figure 1(c)). This data confirmed and further extended findings
of a previous study by Wiedemann et al. in the C57BL/6 mice

strain using a different injection route,”® with the exception that
SCl-induced IL6 response had been reported to be closer to
those levels induced by R848. We showed that SCl-induced
IL6 response in BALB/c mice does not depend on the injection
route (Supplementary Figure 2), however, cannot exclude that
other mouse strains react differently.

Furthermore, in spleens of mice treated with SC1 we found
CD4" and CD8" T cells, NK cells, and B cells, to be strongly
activated as indicated by CD69 upregulation (Figure 1(d) left
and middle).

SCl-mediated IFNa release (Figure 1(d) right) as well as
immune cell activation (Figure 1(d) left, middle) were
strongly impaired in mice deficient for TLR7 (Tlr7 ") and
for the IFNa receptor (Ifnarl™). SCI effects were also abro-
gated in Bdca2-DTR mice, which were depleted of plasmacy-
toid dendritic cells (pDCs) by diphtheria toxin (DT) injection
(Figurel(d) right).

In summary, these data indicate that SCI1 treatment
induces TLR7-dependent immune cell activation and IFNa-
selective systemic cytokine release in mice.

SC1 treatment of mice with established tumors mediates
efficient pDC and IFNa signaling-dependent tumor
rejection and survival benefit

The therapeutic effect of treatment with repeated doses of SC1
was assessed in three syngeneic mouse tumor models.

First, in a pulmonary metastasis model initiated by ortho-
topic injection of 4T1 breast cancer cells, SC1 was shown to
effectively prevent the formation of spontaneous lung metas-
tases, whereas vehicle-treated mice (saline) as control devel-
oped a massive pulmonary tumor load (Figure 2(a)).

Next, we studied SC1 treatment in two models with estab-
lished subcutaneous tumors, one being CT26 colon carcinoma
in BALB/c mice and the other B16-OVA melanoma in
C57BL/6 mice (Figure 2(b-f)). In the CT26 tumor model
treatment with SC1 as compared to control resulted in
tumor growth inhibition, sustained tumor rejection in about
one-third of mice (Figure 2(b)) and significantly improved
median overall survival (42 versus 28 d) (Figure 2(c)). In the
B16-OVA melanoma model, the capacity of SC1 to inhibit the
growth of established tumors and to convey survival benefit
was confirmed (Figure 2(d,e)).

These treatment experiments were performed with tumors
in the size range of 20-50 mm” reached 7-13 d after inocula-
tion which are well palpable, well-engrafted and have an
established tumor microenvironment and commonly accepted
models for assessing single-agent activity of new compounds,
particularly TLR agonists.'®**** We further challenged the
potency of SC1 by treating mice at a more advanced stage
with large-sized fast progressing tumors (average size at treat-
ment start 110-160 mm®) and found single agent SC1 not to
be efficacious at this stage (Supplementary Figure 3).

SCl-mediated tumor growth inhibition and survival in
these mouse models were found to depend critically on
pDCs and on IFNa signaling, as they were abrogated in
mice, which were Ifnarl™" (Figure 2(e)), pDC-depleted
(Figure 2(f)) or treated with a blocking IFNAR1 monoclonal
antibody (Supplementary Figure 4).
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Figure 1. Intravenous administration of SC1 induces TLR7-dependent immune cell activation and IFNa-selective systemic cytokine release.

BALB/c and C57BL/6 wild-type (WT) mice and knock-out variants were injected i.v. with a single or repetitive dose of SC1 (3 mg/kg or as otherwise indicated)
or vehicle (saline) every 5 d. (a) Kinetics of IFNa levels in sera of BALB/c WT mice were measured after a single injection of SC1. Data representative of two

independent experiments. (b) BALB/c WT mice (n = 3) were given 6 serial i.v. injections of 3 m
measured 1 h after each injection. Data representative of two independent experiments. (c)
measured after a single injection of SC1 or equimolar dose of R848 was measured by Multiplex.

g/kg SC1 or vehicle (saline) every 5 d. Serum IFNa levels were
Kinetics of cytokine levels in sera of BALB/c WT mice were
(d) CD69 surface expression on different lymphocyte subtypes

in the spleen of C57BL/6 WT and knock-out mice 24 h after a single injection of SC1 was measured by flow cytometry (left); IFNa levels in sera 1 h after

injection of SC1 was measured by ELISA (right). Data shown as mean * s.e.m of (a) n = 4-15,

(B-D) n = 3-5 mice per group, p*<0.05, p**<0.01, p***<0.001,

p****<0.0001 using one-way ANOVA-test using saline as reference group, (c) at the peak of the expression.
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Figure 2. SC1 treatment of mice with established tumors mediates efficient pDC- and IFNa-dependent tumor rejection and survival benefit.

BALB/c or C57BL/6 mice were injected with tumor cells. When tumors reached sizes of 20-50 mm? mice were treated iv. with SC1 or with vehicle (saline) every 5 d. (a)
Macroscopic spontaneous lung metastasis count in BALB/c mice (n = 7 per group) on d 24 after orthotopic 4T1 cell injection. Data representative of two independent
experiments. (b) Tumor growth in BALB/c mice (n = 16/group) injected s.c. with CT26 cells. Pie charts show the proportion of mice displaying the indicated tumor stage at d 28
and 38 after CT26 inoculation. Tumor-free (TF), dead mice and mice bearing different size of tumors are indicated. (c) Survival of CT26-tumor-bearing mice. Data
representative of more than three independent experiments. (d) Tumor growth in C57BL/6 mice (n = 10) injected s.c. with B16-OVA cells. Pie charts show the proportion
of mice displaying the indicated tumor stage at d 14 and 24 after tumor inoculation. (e) Survival of C57BL/6 and Ifnar1™" mice (n=7-10) injected with B16-OVA cells. (f) Tumor
growth in C57BL/6 WT (n = 8, left) and Bdca2-dtr mice (n = 6, center) injected s.c. with B16-OVA cells and i.p. with DT. IFNa levels in the sera of mice 1 h after the first i.v.
injection with SC1 or vehicle (saline) was measured by ELISA (right). Data shown as mean =+ s.e.m.of the indicated experimental numbers, p*<0.05, p**<0.01, p***<0.001,
p****<0.0001 using Mann-Whitney test (A, B, D, and F, left) or one-way ANOVA-test (F, right) or Log-rank (Mantel-Cox) test (c,e).



Next, we benchmarked SCI activity in the CT26 model to
that of equimolar amounts of other imidazoquinolines. SC1
significantly outperformed 852A with regard to both IFNa
induction and prolongation of median overall survival
(Supplementary Fig. 5A). As repeated iv. administration of
R848 was not tolerated at the respective dose level, we injected
both R848 and SC1 intratumorally for the purpose of com-
parison and again found SCI to be significantly superior in
the induction of IFNa, however comparable effect for tumor
survival (Supplementary Fig. 5B).

Intravenous administered SC1 is retained in the tumor
environment and associated with activation of immune
cells and TH1 polarization

A series of experiments investigated SC1 effects at the tumor
site. First, we studied the biodistribution of intravenously
administered SC1 in mice bearing established subcutaneous
CT26 tumors. One hour after dosing comparably high levels
of SC1 were detectable in well-vascularized organs such as
liver and spleen, but also in the tumor tissue. Whereas clear-
ance from hepatic and splenic tissue was rapid, SC1 retention
in tumor tissue was markedly prolonged and still robustly
detectable after 24 h (Figure 3(a)).

Next, we analyzed the tumor environment in samples
resected from SC1- and vehicle-treated mice. Phenotyping of
immune cell infiltrates by flow cytometry (Supplementary Fig.
6) showed that SC1 treatment significantly increases the fre-
quency of CD8" T cells among CD45" cells, while decreasing
polymorphonuclear myeloid-derived suppressor cells (PMN-
MDSC) (Figure 3(b)), resulting in a significantly lower sup-
pressive index within the tumor environment (Figure 3(b)
right). Frequencies of tumor-infiltrating CD4" and regulatory
T cells were not affected by SC1 treatment (Figure 3(b)).
Furthermore, CD11b" cDCs were significantly increased in
frequency (Figure 3(b)). pDCs were not changed in number
by SCl1-treatment, but exhibited an activated phenotype with
increased surface expression of CD86 (Figure 3(c)). Also,
tumor-associated macrophages (TAMs) did not significantly
change numerically in SCI-treated mice but were strongly
skewed towards an activated M1-like phenotype, with down-
regulation of CD206 and upregulation of iNOS and MHC
class IT (Figure 3(d)).

Comprehensive gene expression analysis confirmed these
findings and revealed further substantial differences between
the tumors of SC1- and vehicle (saline) treated mice as con-
trol. Markers for Thl (Il12, 1118, Tnfa, Ifny, Cxcl10, Cxclll,
Cxcr3, and Ccr7), but not for Th2 orientation (Il4, Il6) were
strongly upregulated. Proinflammatory markers (Ifny, Tnfa,
Ccl2, Ccl3), markers of T-cell activation (Ccl5, Ccr5), T-cell
attraction and extravasation (Cxcrl, Icam-1, Lfa-1, Ccl21,
Ccl19) were all significantly upregulated. Markers for type 2
macrophages (CD206) were downregulated, whilst molecules
associated with type 1 macrophage were upregulated (CD274,
iNos, Ccr7, Cxcl9, Cxcl10, Cxclll, Cxcl13) (Figure 3(e)).

Altogether, these data indicate that systemic treatment with
SC1 has a strong local effect on the tumor environment and
polarizes towards an inflammatory, Thl cytotoxic immune
contexture.
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Antigen-specific CD8" T cells are critical for durable
SC1-mediated tumor control and protection from tumor
rechallenge

Next, we investigated the effect of SC1 on antigen-specific
immune responses.

T-cells directed against gp70, the immune dominant anti-
gen of CT26 cells, were assessed by tetramer staining in CT26-
tumor-bearing mice after treatment with SC1 or saline as
control. In the peripheral CD8" T-cell population of SC1-
treated mice, the frequencies of gp70-specific CD8" T cells
were markedly increased (Figure 4(a)). In contrast, we did not
detect circulating gp70-specific CD8" T cells in mice treated i.
v. with equimolar doses of 852A in line with the lack of
beneficial effect on survival (Supplementary Fig. 5A right).
R848 was equally potent as SCI at inducing gp70-specific
CD8" T cells in blood when both these compounds were
injected intratumorally (Supplementary Fig. 5B right).

Remarkably, CT26 tumors of SC1 - but not vehicle-treated
mice were heavily infiltrated with gp70-specific CD8" T cells
constituting about 20% of the intratumoral CD8" T cell popu-
lation (Figure 4(a)). The tumor-infiltrating as well as circulat-
ing gp70-specific CD8" T cells in SCl-treated mice were
functional and capable of secreting IFNy upon antigen recog-
nition in vitro (Figure 4(b)).

The antitumor effect of SC1 treatment in CT26-bearing
mice was completely abolished by depletion of CD8" T cells,
indicating the critical role of antigen-specific cytotoxic
T lymphocytes as effectors for SC1 activity (Figure 4(c)).
Splenectomy of mice prior to treatment with SC1, however,
did neither compromise the antitumor effect of this com-
pound nor the induction of circulating antigen-specific
T cells suggesting that SCI activity does not depend on this
immune compartment (Supplementary Fig. 7).

SCl1-treated mice, which experienced full tumor rejection
remained tumor-free and on rechallenge with CT26 tumor cells
spontaneously rejected these (Figure 4(d) left). In these mice
circulating gp70-specific CD8" T cells were detectable about
two weeks after the CT26 tumor rechallenge (Figure 4(d)
right). In contrast, naive control mice that were grafted with
CT26 cells for the first time experienced fast tumor growth and
died within 27 d.

These data indicate that in mice SCI1 efficiently induces
antigen-specific CD8" T cells, which are potent mediators of
durable tumor clearance and protective memory.

Discussion

The scope of this study was to assess the antitumor activity of
the TLR7 ligand SC1 with a focus on adaptive immunity in
preclinical tumor models and investigate its mode-of-action.
SC1 was developed under the educated assumption that the
dose-limiting side effects observed with i.v. administration of
other TLR7 agonists may be attributable to the systemic
release of a broader array of proinflammatory and pyrogenic
cytokines to which a cross-reactivity to TLR8 may
contribute.'>'®"”

As shown by benchmarking to 852A and resiquimod
(R848), SC1 has distinctive features in this regard. For the
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Figure 3. Intravenous administered SC1 is retained in the tumor environment and associated with activation of immune cells and Th1 polarization.

BALB/c mice were injected s.c. with CT26 cells. (a) After tumors reached sizes of 70-100 mm?, mice (n = 3-5/group) were i.v injected with single dose of
SC1 or with vehicle (saline). Kinetics of SC1 quantification detected in liver (Li), spleen (Sp) and tumor (Tu) at 1 h and 24 h after injection were performed
by LC-MS/MS. LLOQ: lower limit of quantification. Data representative of two independent experiments. B-E) After tumors reached sizes of 20-50 mm?,
mice were treated i.v. with SC1 or with vehicle (saline) every 5 d. 24 h after treatment with fourth dose mice were sacrificed and tumors collected for flow
cytometric analysis (B-D, data representative of two independent experiments) and for differential gene expression analysis (E). (b) Indicated leukocyte
populations identified in CT26 tumors as a percentage of total CD45™ infiltrated cells (left). Suppressive index was calculated as the ratio of the frequencies
of PMN-MDSC and CD8" T cells (right). (c) Representative flow cytometry plots of the intratumoral pDC and CD86 expression. (d) Representative flow
cytometry plots of TAM and level of expression of iNOS, CD206 and MHC class Il. (¢) mRNA expression levels of immuno-modulators in tumor samples from
SC1 and vehicle (saline) treated mice. Data shown as mean * s.e.m. of the indicated numbers of mice, p*<0.05, p**<0.01 using Mann-Whitney test (A-D)
and unpaired t-test. (E).

one, SC1 dosing releases considerably higher levels of the agonists have been reported to render the IFN response

therapeutically relevant IFNa. Second, whereas other TLR7  refractory and thus induce strong tachyphylaxis,”>** we
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Figure 4. Antigen-specific CD8" T cells are critical for SC1-mediated tumor control, and protection from tumor rechallenge.

(a-d) BALB/c mice were engrafted with CT26 cells and treated with four doses of SC1 or vehicle (saline) every 5 d. (a) The percentage of gp70-specific CD8™ T cells in
blood (at d 21 after tumor inoculation, three independent experiments), spleens and tumors (on d 26, 2 independent experiments) was measured by tetramer
staining by flow cytometry. (b) Lymphocytes were isolated from blood at d 21 (n = 5) (left) and from tumors at d 26 (n = 3) (right) and the number of IFNy-producing
cells was measured by ELISpot. (c) BALB/c mice (n = 10) were injected s.c. with CT26 cells, then treated with anti-CD8 antibody prior to each i.v. dose of SC1 or
vehicle (saline). Tumor growth over time is shown. (d) Mice were treated as described in Figure 2(b), and all SC1-treated, tumor-free mice (n = 4) were rechallenged s.
¢. with CT26 cells on d 77 after the first tumor injection. Control mice (n = 5). Tumor growth in mice is shown (left). The percentage of gp70-specific CD8* T cells in
the blood at d 90 after first CT26 tumor inoculation (d 13 after the CT26 tumor rechallenge) was measured by tetramer staining (right). Data shown as mean + s.e.m,
of the indicated numbers of mice. p*<0.05, p**<0.01, p***<0.001, using Mann-Whitney test (A, B, and D), one-way ANOVA-test (C).

showed that each dosing of a 5-daily repeat-drug regimen
with SC1 is still capable of inducing a substantial IFNa
serum peak. Third, further extending previous reports,® we
showed that distinctively SC1 was not associated with release
of pyrogenic cytokines, e.g., IL6, TNFa, MIP1f. These obser-
vations indicate that in terms of its activity and its tolerability
profile SC1 may differ from other TLR agonists.

Whereas systemic cytokine release by SC1 appears to be
type 1 IFN dominated, locally at the tumor site we found
activation of a broader array of cytokines resulting in a strong
proinflammatory immune signature and reversion of the sup-
pressive milieu. In this regard, it is noteworthy, that in the
tumors of mice treated with SC1 intravenously, we found high
concentrations and prolonged retention of SCI.

Another key finding is the strong activity of SC1 as a single
agent at systemically tolerated doses, which we demonstrated

in melanoma and colorectal cancer tumor models. SC1 pre-
vents spontaneous lung metastasis, retards tumor growth,
results in tumor rejection, prolongs survival and, most impor-
tantly, protects from tumor rechallenge.

We showed that innate mechanisms such as TLR7, IFNa
signaling, and pDCs, which are most likely the major source of
IFNa, are required to actualize in vivo activity of SC1. Of note,
tumors of SC1 treated mice were found to be strongly enriched
for M1 polarized macrophages and for activated pDCs and their
downstream effects, e.g., IL18, IFNB upregulation.®

Our data revealed that tumors of SCI treated mice display
a signature, which is associated with promoting local recruitment
and activation of effector T cells. CXCL10, CXCL11, CXCL13
CCL2, CXCR3 and integrins LFA-1, ICAM-1, which are known
to promote the mobilization and transmigration of antigen-
specific CD8" T cells into the tumor bed, are upregulated.
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These factors have been associated with local immune stimula-
tion and regression of tumors upon therapeutic treatments.'®*
We also found the CCR7/CCL19-CCL21 axis, which in mela-
noma patients and mouse models is involved in the recruitment
of memory T cells and dendritic cells,”® to be upregulated by SC1.

In line with these findings, we demonstrated that SC1
executes its activity through antigen-specific CD8" T cells as
mediators of adaptive immunity. We detected antigen-specific
CD8 + T cells not only in the circulation but also as signifi-
cant fraction of the tumor-infiltrating CD8 + T cells. That the
in vivo antitumor effect of SC1 treatment is not abrogated in
splenectomized mice implies that the draining lymph node
may be the place for efficient priming of these T cells.

We showed that the induced antigen-specific T cells were
functional and capable of releasing IFNy, were durable and
protective against rechallenge.

With this, we demonstrate for the first time that the pri-
mary pharmacodynamic effects as well as the antitumor activ-
ity of SC1 depend not only on innate but also on adaptive
immune mechanisms.

In summary, our findings provide evidence that SC1 at
systemically tolerated doses activates innate and adaptive
immunity and is an attractive candidate for further explora-
tion in the clinical setting.

Material and methods
Cell lines

All cell lines used in this study were free of Mycoplasma and
maintained as specified by the vendor. The 4T1 breast and CT26
colon cancer cell lines were purchased from ATCC. B16-OVA,
a murine B16F10 melanoma cell line expressing the chicken
ovalbumin gene (OVA) containing the H2-Kb-restricted
OVA257-264 epitope (SIINFEKL) was a gift from U. Hartwig.

Mice and ethical clearance

The following strains of age-matched female 8-10 weeks old mice
were used in experiments: BALB/c mice from Janvier Labs,
C57BL/6 mice from Envigo RMS GmbH (former Harlan
Laboratories), Bdca2-dtr® and TIr3-/-*" mice from Jackson
Laboratory. Tlr7 '~ mice on a C57BL/6 background were a kind
gift from H. J. Schild, C57BL/6 Ifnarl™~ mice,® derived from
129Sv Ifnar™" mice®® via backcrossing, were a gift from J. Kirberg
(Paul-Ehrlich-Institute). Mice were kept under standard condi-
tions at the Animal Research Center of the Johannes Gutenberg -
University of Mainz. Animal studies were performed in compli-
ance with the German animal welfare act and regulations of the
state of Rhineland-Palatinate. All animal studies were carried out
in strict accordance with national and European guidelines for
the care and use of laboratory animals (European regulations;
2010/63/EU). Animal studies were approved by either the
Regierungsbehorde of Rhineland-Palatinate, Koblenz (authoriza-
tion number G14-8-025) or of Oberbayern, Miinchen (author-
ization number 55.2-1-54-2532.2-9-11). All procedures were in
compliance with the German Animal Welfare Act and German
regulations (TierSchG/TierSchVersV).

Tissue preparation

Blood for ELISA, multiplex cytokine analysis and clinical
chemistry parameters was collected from the retro-orbital
sinus in heparin-coated serum tubes (BD Microtainer).
Spleen single-cell suspensions were prepared in PBS by pas-
sing the tissue through a 70-pum cell strainer (BD Falcon)
using the plunger of a 3 ml syringe. Erythrocytes were
removed by hypotonic lysis (154 mM NH,CL, 10 mM
KHCO;, 127 yM EDTA). Tumor samples were cut into
small pieces and incubated for 20 min in digestion buffer
(1 mg/ml collagenase type IV, 40 ug/ml DNase I and 500 U/
mg hyaluronidase). After passing through a cell strainer, the
erythrocytes were removed by hypotonic lysis.

Enzyme-linked immunosorbent assay

Serum levels of IFNa were measured by sandwich ELISA (Pbl
Assay Systems) according to manufacturer's instructions.

Cytokine multiplex analysis

Serum cytokine levels were measured by Multiplex analysis
(Procartaplex, ProcartaPlex Analyst 1.0, ThermoFisher
Scientific) according to manufacturer's instructions.

Clinical chemistry parameters and blood counts

Peripheral cell populations after SC1 administration was mea-
sured using VetScan HM5 Hematology Analyzer, and LDH,
ALT, AST, and bilirubin levels were analyzed with the
Indiko™ clinical and specialty chemistry analyzer, Thermo
Fisher using kits purchased from ThermoScientific (clinical
chemistry ~ diagnostics) according to  manufacturer's
instructions.

Tumor models and treatments

BALB/c or C57BL/6 mice were inoculated s.c. with 2.5 x 10’
CT26-WT or 1 x 10° B16-OVA cells into the flank, respec-
tively. The 4T1 cell line (1x10° cells) was injected orthotopi-
cally in the mammary fat pad. Once tumors reached palpable
sizes, mice were randomly divided into treatment and control
groups. Tumor volume was measured unblinded with
a caliper and calculated using the formula (a x b)/2
(a being the largest and b being the smallest diameter of the
tumor). Tumor growth was documented as mean tumor size
with standard error disregarding single distant outliers.
Treatment was initiated after 7-10 d with tumors having
reached a volume of 20-50 mm’. 3 mg/kg (75 pg/mouse;
BALB/c mice) or 6 mg/kg (150 pg/mouse; C57BL/6 mice)
SC1 (4SC Discovery GmbH, Martinsried, Germany) was
administered by iv. injection to the retro-orbital venous
plexus. Control groups received an equal volume of 100 ul
saline vehicle (0.1% 1 M HCIl, 0.1% 1 M NaOH, 99.8%
isotonic NaCl solution pH 5.63). For depletion of pDC,
Bdca2-dtr mice were injected with diphtheria toxin (DT)
from corynebacterium diphtheria (Sigma D0564) (4,5 ng/g
mouse, i.p.) 24 h previously each SC1 injection. 852A and



R848 (BioNTech Small Molecules GmbH) were injected in
equimolar dose to SC1. Due to the known toxicity induced by
systemic delivery of R848, we performed a comparative study
using intra-tumoral delivery to mimic local treatment.
A maximum of eight treatments was administered every 4-5
d during the course of tumor growth, alternating the injection
site. When tumor volume reached 1500 mm’, mice were
sacrificed. Spontaneous lung metastases in the 4T1 tumor
model were assessed on d 28 shortly before mice exhibited
impaired breathing. Mice were killed and tumor burden was
quantified unblinded after intratracheal ink (85 ml PBS, 15 ml
ink) injection, and fixation with Fekete’s solution (5 ml 70%
ethanol, 0.5ml formalin, and 0.25ml glacial acetic acid).*
After 2-6h, tumor lesions were bleached whereas normal
lung tissue remained stained. BALB/c mice injected s.c. with
CT26 cells were treated ip. with 250 ug/mouse anti-CD8
depleting antibody (clone YTS169.4, BioXcell) or 100 pg/
mouse anti-IFNAR blocking antibody (MAR1-5A3, BioXcell)
18-24 h prior to each i.v. dose of SCI or vehicle (saline) as
control. SC1-treated mice showing rejection of CT26 tumors
and long-term survival were rechallenged on d 80 with the
same number of tumor as at initial challenge, but not treated
with SCI.

Splenectomy

Mice were anesthetized using 120 mg/kg Ketamine and 16 mg/kg
Xylazine ip. and placed on a warming mat. Before and after
operation mice received 500 ul PBS s.c. Mice were shaved on the
left flank, and after disinfection the abdominal cavity was opened
carefully with scissors. The spleen was removed by cauterization of
supplying blood vessels. After ensurance for absence of bleeding,
abdominal cavity and skin were sutured closed. Mice were kept
under a warming lamp while recovering from anesthesia to main-
tain body temperature. Sham control mice are equivalently treated
but omitting the resection of the spleen. To alleviate pain, mice
were dosed with two drops Metamizol orally before surgery as well
as with 5 mg/kg Carprofen s.c. 3 h after the operation and once
daily for 2-3 consecutive d.

Table 1. Anti-mouse antibodies for flow cytometry.
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SC1 tissue quantification

Two replicates per organ (80-120 mg) were transferred into
tubes (Precellys®24-Dual, 2 mL ceramic mix bead CKM 1.4/
2.8 mm) with PBS buffer pH (7.4) and homogenized using the
Precellys®24-Dual (Bertin Technologies) at 6500 rpm for 20 sec
twice). Acetonitrile (ACN) was added, followed by homogeniza-
tion (6000 rpm; 1 x 30 sec). All steps were performed on ice with
pre-chilled buffers. After centrifugation (6000 x g; 15 min; 4°C)
400 pl supernatant was transferred to HPLC Micronics tubes and
either analyzed by LC-MS/MS or stored at —80°C.

Flowcytometry on tumor-infiltrating leukocytes

Cells from blood or tissues were washed with PBS after
erythrocyte lysis. Live/dead staining was performed using
LiveDead Blue (eBioscience). Cells were washed once with
PBS containing 2% FBS (FACS buffer). Single-cell suspensions
were pre-incubated with Fc Blocker (anti-mouse CD16/CD32)
for 10 min on ice followed by incubation with conjugated
antibodies at 4°C for 30 min in the dark. Cells were washed
twice with FACS buffer prior to acquisition. For intracellular
staining (for Foxp3, CD206, and iNOS staining) extracellu-
larly labeled cells were washed and incubated with FACS
intracellular buffers (BD Pharm fix and perm). FACS acquisi-
tion was performed using Fortessa (BD) flow cytometer. Data
were analyzed using Flowjo version 7.6.5 (Treestar).
Monoclonal antibodies for extracellular staining are listed in
Table 1. CD8" T cells recognizing gp70 AHI1-Al were
detected with H-2Ld/AH1423-431 (SPSYVYHQF) tetramer
kindly provided by the NIH tetramer core facility (Emory
University Vaccine Center).

Enzyme-linked immunospot (ELISpot)

ELISpot assay was carried out as previously described.’" In
brief, responder cells were cultured overnight at 37°C in
Multiscreen 96-well plates (Millipore) coated with anti-IFNy
antibody (10 pg/mL, clone ANI18, Mabtech) and cytokine
secretion was detected with an anti-IFNy antibody (1 pg/

Target Fluorochrome Clone Company Reference
CD45 V-500 30-F11 BD 561487
CD11b PerCPCy5.5 M1-70 BD 550993
CD11c APC N418 Miltenyi 30-091-844
CD11c PE-Cy7 HL3 BD 558079
CD16/32 (Fc-block) purified 24G.2 BD 553142
cD19 PE 1D3 BD 553786
CD206 A488 C068C2 BioLegend 141712
iNOS PE-efl610 CXNFT eBioscience 61-5920-82
CD25 PE-Cy7 PC61.5 eBioscience 25-0251-82
CD4 PerCPCy5.5 RM4-5 BD 553052
CD8 APC-Cy7 53-6.7 BD 557654
CD4%b FITC DX5 BD 553857
F4-80 BV421 BM8 BioLegend 123131
Foxp3 A647 FJK-16s eBioscience 51-5773
Gr1 APC-Cy7 RB6-8C5 BD 557661
Singlec-H A647 ebio440c eBioscience 51-0333-82
CD69 PE H1.2F3 BD 553237
CD86 PE GL-1 BD 553692
Tetramer AH1 APC NIH
CD40 PE MR1 BD 553658

LIVE/DEAD® Fixable Dead Cell Stain

Blue, Em 450nm

Invitrogen

L23105
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mL, clone R4-6A2, Mabtech) after T-cell stimulation with 2
ug/mL gp70 AHI1 or VSV peptide. For analysis of antigen
specificity of tumor-infiltrating lymphocytes tumors were
digested as described above. Dead cells were removed via
density gradient centrifugation (Ficoll-Paque PREMIUM
1,084, GE Healthcare) followed by removal of CT26 tumor
cells via plastic adhesion (2-3 h at 37°C) and of dead cells via
magnetic beads (Miltenyi). Counted leukocytes were finally
re-stimulated with syngeneic peptide-pulsed BMDC. For ana-
lysis of T-cell responses in the blood, PBMC were isolated via
density gradient centrifugation, counted and re-stimulated by
addition of peptide. All samples were tested in duplicates or
triplicates and spots counted using Cellular Technology Ltd.
Immunospot Reader.

Synthetic peptides

Peptides derived virus H2 - from vesicular-stomatitis virus
nucleoprotein (H2-Kb-restricted VSV-NP52-59), and the mur-
ine Leukemia Ld restricted gp7043.43; SPSYAYHQF (AHI)
peptide were obtained from Jerini Peptide Technologies.

Quantitative reverse transcriptase-PCR

RNA was extracted using the RNeasy Mini Spin kit
(QIAGEN) according to the manufacturer’s manual.
cDNA was generated with PrimeScript™ RT Reagent Kit
with gDNA Eraser (Takara Bio Inc.). qRT-PCR was per-
formed using the BioMark™ HD system (Fluidigm®).
Samples and assays were prepared and analyzed according
to the “Fast Gene Expression Analysis” using TagMan®
Gene Expression Assays on the BioMark™ or “BioMark™
HD System Fluidigm® Advanced Development Protocol
28”. The 96 x 96 Gene Expression Dynamic Array IFCs
were loaded using the IFC Controller HX. Expression
values were generated using AA-Ct calculation method
relative to house-keeping gene HPRT1.

Statistics

Biological replicates were used in all experiments unless stated
otherwise. Mann-Whitney t-test was used for comparison of
two groups. One-way analysis of variance (ANOVA) test was
performed when more than two groups were compared with
Tukey’s post-hoc test. Survival benefit was determined with
the log-rank (Mantel-cox) test. p*<0.05 was considered sig-
nificant. All statistical analyses were performed with
GraphPad PRISM 7.0. In all experiments, representative
images, dot plots, and histograms are shown. No statistical
methods were used to pre-determine the sample size for
animal or other experiments.
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