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ABSTRACT

Background Dendritic cells (DCs) are professional
antigen presenting cells that initiate immune defense to
pathogens and tumor cells. Human tumors contain only
few DCs that mostly display a non-activated phenotype.
Hence, activation of tumor-associated DCs may improve
efficacy of cancer immunotherapies. Toll-like receptor
(TLR) agonists and interferons are known to promote DC
maturation. However, it is unclear if DCs in human tumors
respond to activation signals and which stimuli induce the
optimal activation of human tumor DCs.

Methods We first screened combinations of TLR
agonists, a STING agonist and interferons (IFNs) for their
ability to activate human conventional DCs (cDCs). Two
combinations: TL8-506 (a TLR8 agonist)+IFN-y and TL8-
506+Poly(l:C) (a TLR3 agonist) were studied in more
detail. cDC1s and ¢DC2s derived from cord blood stem
cells, blood or patient tumor samples were stimulated
with either TL8-506-+IFN-7y or TL8-506-+Poly(I:C).

Different activation markers were analyzed by ELISA, flow
cytometry, NanoString nCounter Technology or single-cell
RNA-sequencing. T cell activation and migration assays
were performed to assess functional consequences of cDC
activation.

Results We show that TL8-506 synergized with IFN-y or
Poly(l:C) to induce high expression of different chemokines
and cytokines including interleukin (IL)-12p70 in human
cord blood and blood ¢DC subsets in a combination-
specific manner. Importantly, both combinations induced
the activation of cDC subsets in patient tumor samples

ex vivo. The expression of immunostimulatory genes
important for anticancer responses including CD40, IFNB1,
IFNL1, IL12A and IL12B were upregulated on stimulation.
Furthermore, chemokines associated with CD8* T cell
recruitment were induced in tumor-derived cDCs in
response to TL8-506 combinations. In vitro activation and
migration assays confirmed that stimulated cDCs induce T
cell activation and migration.

Conclusions Our data suggest that cord blood-derived
and blood-derived cDCs are a good surrogate to study
treatment responses in human tumor cDCs. While most
¢DCs in human tumors display a non-activated phenotype,
TL8-506 combinations drive human tumor cDCs towards
an immunostimulatory phenotype associated with

Th1 responses on stimulation. Hence, TL8-506-based
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WHAT IS ALREADY KNOWN ON THIS TOPIC

= In human tumors, the majority of conventional den-
dritic cells shows an inactivated phenotype. It is
unclear if they can be converted into activated and
immunostimulatory dendritic cells.

WHAT THIS STUDY ADDS

= Our study shows that patient tumor-derived con-
ventional dendritic cells from different cancer in-
dications can be activated by Toll-like receptor 8
agonist combinations to express chemokines and
proinflammatory cytokines including interleukin-12
and type | interferons.

HOW THIS STUDY MIGHT AFFECT RESEARCH,
PRACTICE AND/OR POLICY

= Toll-like receptor 8 agonist-based combinations
may enhance antitumor immunity in patients with
cancer by targeting and activating conventional
dendritic cells in the tumor microenvironment.

combinations may be promising candidates to initiate or
boost antitumor responses in patients with cancer.

BACKGROUND

Dendritic cells (DCs) are specialized antigen
presenting cells, which are essential for the
initiation and orchestration of the adap-
tive immunity against pathogens or tumor
cells.' * DCs are crucial for priming of tumor
antigen-specific T cells in the tumor draining
lymph nodes.” In addition, DCs support T
cell effector functions in the tumor micro-
environment.* > However, the generation of
immunostimulatory DCs depends on appro-
priate activation cues counterbalancing
potential suppressive factors in the tumor
microenvironment.®” Recent single-cell RNA-
sequencing (scRNA-seq) data confirmed that
only a small population of DCs in human
tumors expresses maturation markers such
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as CCR7 and LAMP3, whereas most DCs display a non-
activated phenotype.”®

DGCs in human tumors consist of conventional DC
(cDC)1 and cDC2 subsets.” ® ¢cDCls are present in blood
and tissues in low numbers. They are identified by the
expression of CLEC9A, an endocytic receptor for actin fila-
ments exposed on dead cells that favors cross-presentation
of cell-associated antigens.” Therefore, cDCls can effi-
ciently cross-present endocytosed tumor antigens to CD8"
T cells."” The more abundant and heterogeneous cDC2s
express CD1lc and CLECI0A, markers that are shared to
some extent with other immune cell types such as mono-
cytes or macrophages.'' ¢cDC2s are thought to mainly acti-
vate CD4" helper T cells because of their high expression
of major histocompatibility complex (MHC)-II pathway-
associated genes and co-localization with CD4" T cells in
secondary lymphoid organs."”* " However, some studies
have challenged these strict functional separations and
highlighted the importance of cDCl1-cDC2 crosstalk for
effective antitumor immunity.'* Human cDC2s, when
properly activated, can produce high amounts of inter-
leukin (IL)-12p70 and efficiently cross-present viral anti-
gens to CD8' T cells.'” In this context, it is interesting that
the phenotypes of cDCI and cDC2 converge on activation
and display a similar gene expression profile.”®

Harnessing the potential of DCs for cancer immuno-
therapy has gained interest since several studies have
found a correlation of DC gene signatures in human
tumors with improved response to immune checkpoint
inhibitors and patient survival.'®'” Along the same lines,
it was shown in preclinical models that DC activation
promoted T cell infiltration into the tumor, restricted
tumor growth and prolonged survival.'® "

Pattern recognition receptor (PRR) agonists and
interferons (IFNs) can induce DC maturation and
promote  their immunostimulatory —functions.***
Although a synergy between PRR agonists and IFNs
concerning IL-12p70 expression and T cell activation
was described,% 24 it is unclear which stimuli induce the
optimal activation of ¢cDCs in human tumors.

Toll-like receptor 8 (TLR8), a PRR, is expressed on
both ¢DC subsets in humans.®*! Although TLRS agonists
were tested in the past and are currently being evaluated
for the treatment of different human cancer indications
including head and neck or ovarian cancer in clinical
trials  (NCT03906526, NCT04460456, NCT02431559,
NCT01836029), their effects on human tumor-derived
cDCls and cDC2s are unknown.

Here, we tested various combinations of TLR agonists, a
STING agonist and IFNs for their ability to activate cDCs.
TLR8 agonist TL8-506 synergized with TLR3 agonist
Poly(I:C) or IFN-y in the expression of combination-
specific cytokines in human cord blood and blood ¢DC
subsets. Importantly, TL8-506-based combinations acti-
vated both cDCls and cDC2s derived from tumor explants
of patients with cancer. To our knowledge this is the first
study that shows the ex vivo activation of patient tumor-
derived cDCs from different solid tumor indications and

investigates the molecular alterations in activated human
tumor cDCs. Our results suggest that targeting TL8-506-
based combinations to tumor cDCs may open new oppor-
tunities to improve antitumor immunity in patients with
cancer.

MATERIALS AND METHODS

Human samples

Human cord blood CD34" stem cells were purchased
from STEMCELL Technologies (#70008). Buffy coats
were obtained from the Blood Donation Center Zurich
(BASEC-Nr: 2020-01208). Frozen dissociated lung and
ovarian tumor cells were purchased from Discovery Life
Sciences, Huntsville, Alabama, USA. Melanoma and
colorectal tumor samples were obtained from Univer-
sity Hospital of Zurich (BASEC-Nr.2017-00494) and
Hirslanden Klinik Zurich (BASEC-Nr: 2016-02013).
Declaration of informed consent was signed by all patients
for all samples.

Isolation of peripheral blood mononuclear cells

Peripheral blood mononuclear cells (PBMCs) were
isolated from buffy coats using the SepMate PBMC Isola-
tion Tubes (STEMCELL Technologies, #85450) according
to the manufacturer’s instructions.

Enrichment of DCs from blood

DCs were enriched from freshly isolated PBMCs using
the Miltenyi PanDC Enrichment Kit (#130-100-777)
according to the manufacturer’s protocol and 2x enrich-
ment was performed for all experiments.

Expansion of cord blood stem cells

1x10° CD34" cord blood stem cells were thawed in a
37°C water bath and pipetted into 20 mL pre-warmed
StemSpan SFEM medium (STEMCELL Technologies,
#09650). Cells were centrifuged and resuspended into
StemSpan medium containing 10% fetal bovine serum
(FBS) (Sigma, #F4135). Cells were adjusted to 2.5x10*
cells/mL, supplemented with 20 ng/mL hull-3 (Pepro-
Tech, #200-03), 100 ng/mL huSCF (PeproTech, #300—
07), 100 ng/mL huFLT3L (PeproTech, #300-19), 50
ng/mL huTPO (PeproTech, #300-18), plated at 0.5x10*
cells per well in a 96-well U bottom plate and cultured
at 37°C in a CO, incubator. After 7 days of expansion,
cells were harvested and frozen in 80% MEM-o. (Gibco,
#12 561-056), 10% DMSO (Sigma, #D2650), 10% FBS at
2.6x10° cells/mL. Cells were stored in liquid nitrogen.

Differentiation of DCs from cord blood stem cells

Murine stromal MS-5 cells were obtained from DMCZ
(#ACC 441) and cultured in MS-5 medium (MEM-q,
Gibco, #15 070-063, 10% FBS, 1% Pen/Strep, Gibco, #15
070-063, 2 mM Sodium Pyruvate, Gibco, #11 360-039).
For in vitro cord blood DC differentiation, MS-5 cells
were treated with 10 pg/mL Mitomycin C (Sigma,
#M4287) for 3 hours at 37°C to stop cell proliferation.
After washing, cells were detached by Trypsin-EDTA
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(Gibco, #25 300-054) and plated at 2.5x10° cells/mL in
100 pL volume per well in a 96-well F bottom plate. The
day after, expanded CD34" cord blood stem cells were
added to the pre-treated MS-5 cells to start DC differenti-
ation. 2.6x10° frozen cord blood stem cells were thawed
and washed once. Cells were resuspended in 20 mL MS-5
medium supplemented with 5 ng/mL huGM-CSF (Pepro-
Tech, #300-03), 5 ng/mL hull-4 (PeproTech, #200-04),
40 ng/mL huSCF and 200 ng/mL huFLT3L. 100 pL cord
blood stem cells at 1.3x10° cells/mL were added to each
well to the plated MS-5 cells in the 96-well F bottom plates
and cultured at 37°C in a CO, incubator. Cells were fed
on day 6 with 50 pL/well MS-5 medium supplemented
with 12.5 ng/mL huGM-CSF, 12.5 ng/mL hull-4, 100
ng/mL huSCF and 500 ng/mL huFLT3L. In vitro differ-
entiated cord blood DCs were harvested on day 12 or 13
after initiation of the culture.

Digestion of tumor tissue

Human tumor tissues were cut with a scalpel into small
pieces at room temperature in the presence of 0.5 mL
digestion mix (50% Accutase, Sigma, #A6964, 44% MACS
Tissue Storage Solution, Miltenyi, #130-100-008, 1% BSA,
Sigma, #A9576, 275 U/mL Collagenase IV, Worthington,
LS004189, 10 U/mL DNase I Type 4, Sigma, #D5025,
471 U/mL Hyaluronidase, Sigma, #H6254). Pieces were
further incubated with 10 mL digestion mix for 20-30
min at 37°C on a Miltenyi MACS rotator with medium
speed. Cells were harvested through a 70 pm cell strainer
on ice and remaining tumor pieces were carefully mashed
through the cell strainer with the plunger of a 10 mL
syringe. The tumor digestion solution was then centri-
fuged for 15 min at 300 x g, 4°C and the supernatant was
carefully removed. Dissociated tumor cells were resus-
pended in cold RPMI medium (Gibco, #42 401-042)
and counted. Cells were stored at 1-5x10° cells/mL in
freezing medium (IBIDI, #89020) in liquid nitrogen.

Stimulation of DCs

Enriched blood DCs or sorted cord blood c¢DCs were
resuspended at 1x10° cells/mL, PBMCs or tumor digests
were resuspended at 5-10x10° cells/mL in DC medium
(RPMI GlutaMAX, Gibco, #72 400-021, 1% human
serum, Sigma, #H4522, 1% Pen/Strep). 1x10° cells
(enriched blood DCs or sorted cord blood c¢DCs) or
0.5-1x10° cells (PBMCs or tumor digests) in 200 pL/well
were treated with the indicated stimuli in a 96-well plate
at 37°C in a CO, incubator. For DC activation in the pres-
ence of tumor-conditioned medium, 1:1 diluted superna-
tant from a 6-hour culture of patient-derived tumor digest
in DC medium or a 2-day culture of COR-L105 tumor
cell line (ECACC, #92031918) in RPMI GlutaMAX, 10%
FBS, 1% Pen/Strep was added to sorted cord blood ¢cDCs
during stimulation. The following concentrations were
used: 10'000 U/mL hulFN-o (R&D, #11100-1), 10'000
U/mL hulFN-B (R&D, #8499-IF-010), 1 pg/mL hulFN-A
(R&D, #1598-11.-025), 50'000 U/mL hulFN-y (PeproTech,
#300-02), 1 pg/mL Pam3CSK4 (Invivogen, #vac-pms), 10

pg/mL Poly(I:C) (Invivogen, #vac-pic), 0.1 pg/mL LPS
(Sigma, #1.2880), 1 pM TL8-506 (Invivogen, #tIrl-tI8506),
10 pM CLO075 (Invivogen, #tlrl-c75), 10 pM R848 (Invi-
vogen, #vacr848), 10 pg/mL ssRNA40 (Invivogen, #tlrl-
Irna40), 10 pg/mL 2°3’-cGAM (PS)2(Rp/Sp) (Invivogen,
#tlrl-nacga2srs).

Quantification of cytokines and chemokines in DC supernatant
1x10° enriched blood DCs or sorted cord blood ¢DCs
were stimulated in 200 pL. DC medium/well in a 96-well
U bottom plate at 37°C in a CO, incubator for 18 hours.
Stimulated cells were centrifuged at 300 x g for 5 min. DC
supernatants were collected and cytokine concentrations
were determined using either Cisbio human cytokine
HTREF kits (Cisbio, #62HIL12PEG) or customized Procar-
taPlex Multiplex kits (Life Technologies).

Flow cytometry

0.5-1x10° PBMCs or tumor digests were stimulated in 200
pL DC medium/well in a 96-well V bottom plate at 37°C
in a CO, incubator for 3 hours in total, with GolgiPlug
1:1000 (BD, #555029) added after 1 hour stimulation.
Stimulated cells were centrifuged at 300 x g for 5 min
at room temperature. Cells were resuspended in 50 pL/
well human BD Fc block 1:50 in eBioscience staining
buffer (eBioscience, #0-4222-26) and incubated for 15
min at 4°C. After removal of human BD Fc block, cells
were incubated with the indicated antibodies in Brilliant
Stain Buffer (BD, #566349) for 20 min at 4°C. For intra-
cellular staining, cells were washed, fixed and permeabi-
lized using the Foxp3 staining buffer set (eBioscience,
#00-5523-00). Antibodies for intracellular staining were
incubated with cells for 20 min at 4°C. Cells were washed,
resuspended in eBioscience staining buffer and acquired
on the BD LSRFortessa or BD FACSymphony Ab. Data
were analyzed using FlowJo V.10. ¢cDCls were gated as
CDh45°, CD3", CD56, CD16, CD14, CD19, CD68,
MHCHI", CD11c¢" and CLEC9A" cells. cDC2s were gated
as CD45", CD3", CD56°, CD16°, CD14", CD19", CD68,
MHC-II*, CD11c" and CDI1c' cells. CXCL9, CXCLI0,
IFN-A, TNF-0,, CLEC9A and CD68 were stained intracel-
lularly. Further details of the used antibodies are listed in
online supplemental table 1.

Fluorescence-activated cell sorting of cord blood DCs

In vitro differentiated cord blood DCs were harvested on
day 12 or 13 and filtered through a 40 pm cell strainer.
Cells were centrifuged at 300 x g for 5 min and resus-
pended at 10x10° cells /mLinice cold phosphate-buffered
saline (PBS) containing 1:50 human BD Fc block (BD,
#564220). Cells were incubated for 15 min on ice. Cells
were centrifuged at 300 x g for 5 min, human BD Fc block
was removed and cells were stained with antibodies in
PBS for 20 min on ice. Cells were washed with ice cold
PBS, passed through a 35 pm cell strainer and resus-
pended at 10x10° cells/mL in ice cold PBS for sorting on
a BD FACSAria III. ¢cDC1s were sorted as CD45", CD14",
CLECY9A" and CD141" cells. cDC2s were sorted as CD4b5",
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CD14, CLEC9A", CD141 and CDlc" cells. Sorting speed
was kept below 4000 events/s.

NanoString nCounter gene expression analysis

1x10° sorted cord blood cDCs were stimulated in 200 pL
DC medium/well in a 96-well U bottom plate for 15 hours
at 37°C in a CO, incubator. Cells were collected, centri-
fuged at 300 x g for 5 min and washed 1x with PBS. 1x10°
cells were lysed in 5 pL. RLT buffer containing 0.142 M
B-mercaptoethanol (Qiagen, #79216, Bio-Rad, #1610710)
on ice and vortexed for 1 min. Cell lysates were snap
frozen and stored at —80°C. 1.5 pl cell lysate was used for
each NanoString reaction. Messenger RNA expression
was detected using the human Myeloid Innate Immunity
panel (NanoString, #115000171) according to the manu-
facturer’s instructions. In brief, samples were hybridized
to the CodeSet probes for 24 hours at 65°C. Samples were
then processed on NanoString nCounter and gene counts
were normalized to the 40 reference genes provided by
the panel.

Single-cell RNA-sequencing

Patient tumor digests were stimulated at 1x10° cells/well
in 200 pL. DC medium /well in a 96-well V bottom plate for
4 hours at 37°C in a CO, incubator. Cells were harvested
and incubated with 1:25 human BD Fc block for 10 min
on ice. Human BD Fc block was removed and cells were
stained with antibodies in PBS for 20 min on ice. Cells
were washed, passed through a 35 pm cell strainer and
resuspended in ice cold PBS for sorting. Live CD45,
CD$ single cells were sorted for scRNA-seq. 1x10* sorted
cells per condition were loaded on the 10x Genomics
Chromium Connect. The automated single cell library
construction workflow was applied using Single Cell 3’
kit V.3.1 (#PN-1000128, #PN-1000127, #PN-1000213)
purchased from 10x Genomics. Pooled libraries were
sequenced at the Functional Genomics Center Zurich on
the Illumina NextSeq 2000.

ScRNA-seq data analyses

Publicly available scRNA-seq data sets of different tissues
(online supplemental table 2) were collected either as
raw count matrices or fastq files. Internal and external
fastq files were aligned and quantified using the Cell
Ranger Single-Cell Software® with default parameters
against the GRCh38 human reference genome. The
data were further pre-processed by following the stan-
dard workflow in Besca.?® For each data set, the genes
showing highest variability using besca.st.highly_vari-
able_genes function were selected. Principal component
analysis with 50 components was performed and the first
50 components retained to build a nearest neighbor
graph and to derive clusters using the Leiden commu-
nity detection algorithm.27 To identify the cell type of
the clusters returned by the Leiden algorithm, curated
signatures and the sig-annot workflow available in Besca
were used based on the expression of signature markers,
applying the filter parameters in online supplemental

table 3.%° Differential expression (DE) analysis between
different cell groups was performed using a Wilcoxon
rank-sum test and multiple hypothesis testing correc-
tion using the Benjamini-Hochberg procedure (function
scanpy.tl.rank_genes_groups). Top 50 DE genes based
on the highest log2FC change and adjusted p-value less
than 0.05 are listed in online supplemental table 4. The
Velocyto V.0.17.17 package™ was used to obtain spliced
and unspliced read counts from the previously aligned
scRNA-seq files from melanoma, lung and colon cancer
samples and RNA velocity was calculated using the scvelo
V.0.2.8 package.” The detailed procedure for scRNA-seq
data analyses is described in Supplementary Materials.

HEK-Blue reporter cell assay

HEK-Blue huTLR7 (Invivogen, #hkb-htlr7) and HEK-
Blue huTLR8 (Invivogen, #hkb-htlr8) were maintained
according to manufacturer’s recommendations. 4x10*
HEK-Blue cells were treated with the indicated stimuli in
200 pL HEK-Blue Detection medium/well in a 96-well F
bottom plate for 18 hours at 37°C in a CO, incubator.
Secreted embryonic alkaline phosphatase (SEAP) expres-
sion was measured using HEK-Blue Detection (Invivogen,
#hb-det2) according to manufacturer’s instructions.

Activation of naive T cells by DCs

1x10° sorted cord blood cDCs were stimulated in 200 pL
DC medium/well in a 96-well U bottom plate for 18 hours
at 37°C in a CO, incubator. Stimulated cDCs were then
washed three times with DC medium to remove remaining
stimuli. Naive T cells were isolated from PBMCs using the
Miltenyi Naive Pan T Cell Isolation Kit (#130-097-095)
according to the manufacturer’s protocol. 1x10° isolated
naive T cells were co-cultured 5:1 with 2x10* stimulated
cDCs for 4 days at 37°C in a CO, incubator. Cytokine in
cell culture supernatants was quantified using the Cisbio
human IFN-y HTRF kit (#2HIFNGPET) or customized
ProcartaPlex Multiplex kits (Life Technologies).

DC migration assay

1x10” sorted cord blood cDCs were stimulated in 200
pL/well OPTI-MEM (Gibco, #31985062) in a 96-well U
bottom plate for 18 hours at 37°C in a CO, incubator
and supernatant was collected. 100 pL of supernatant
were diluted 1:1 with OPTI-MEM and plated in the lower
compartment of a transwell plate. Transwell inlets with
5 pm pore size (Corning, #CLS3387-8EA) were used
and 5x10° cells of cord blood DC culture at day 13 were
added in 100 pL volume to the inlets. DCs were allowed
to migrate for 3 hours and the sum of cord blood cDClIs
and cDC2s migrated to the lower compartment was
quantified by flow cytometry. Normalization for absolute
counting of cells was performed using 123count eBeads
(Invitrogen, #01-1234-42) according to the manufactur-
er’s instructions.

CD8* T cell migration assay
T cell migration assays were performed in three-lane
OrganoPlate (MIMETAS, #4004-400-B) using collagen

4
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as extracellular matrix barrier and human umbilical vein
endothelial cells (HUVEGs) (Lonza, #C2517AS) for vessel
formation. Isolated CD8" T cells (Miltenyi, #130-096-495)
were activated by CD3/CD28 cross-linking (STEMCELL,
#10971) and labeled with CMFDA (Life Technologies,
#C7025). T cell migration towards supernatants of stimu-
lated cord blood c¢DCs or recombinant cytokine dilutions
was measured after 48 hours using the PerkinElmer Oper-
etta High Content Imaging System. Quantification of the
migrated T cells was done using Image]. The detailed
experimental procedure is described in Supplementary
Materials.

Statistics

For comparison of two groups, Student’s t-test was used.
For comparison of multiple groups one-way analysis of
variance was performed with Tukey’s multiple compar-
ison correction. Statistical tests were performed using
GraphPad Prism V.8. Error bars show SD if not otherwise
specified.

lllustrations
The graphical abstract and illustrations were created with
BioRender.com.

RESULTS
TL8-506-based combinations synergize to induce the
production of proinflammatory cytokines and chemokines by
human cord blood DCs
To identify stimuli for tumor DC activation, we screened
combinations of TLR agonists, a STING agonist and
IFNs, which could induce strong secretion of IL-12p70,
an important mediator of DC functions for Thl T cell
responses.”’ IL-12p70 supports the expansion of naive T
cells during T cell priming and promotes IFN-y release in
T cells.?! * Different TLR agonists, a STING agonist and
IFNs were tested as single stimuli and in combinations in
enriched human blood DC cultures. TL8-506, a TLRS8-
selective agonist, synergized with other stimuli to induce
the highest concentrations of IL-12p70 in the superna-
tant among the tested combinations (figure 1A, online
supplemental figure S1). Strong IL-12p70 secretion was
observed for TL8-506+Poly(I:C) and this synergistic effect
was not restricted to TL8-506, but detected for different
TLR8 agonists in combination with Poly(I:C) (figure 1B).
To study the effects of the combinations in specific
¢DC subsets and exclude the possibility that IL-12p70
was produced by other cells in the enriched blood DC
fractions, we sorted cord blood stem cell-derived c¢DCs
before stimulation with the different TL8-506 combina-
tions. cDCs differentiated in vitro from cord blood stem
cells can be generated in higher numbers and transcript
expression analysis showed comparable overall gene
expression to blood and tumor cDCs (online supple-
mental figure S2A,B). This assessment was based on an
integrated collection of reanalyzed publicly available data
that resulted in a reference map of cDCs across tissues and

cancer indications (online supplemental table 2).” ® %

We performed scRNA-seq of in vitro differentiated cord
blood cDCs and blood cDCs, and compared their gene
expression with those present in healthy tissues and
different tumor indications of public scRNA-seq studies.
Both cord blood ¢DC subsets expressed the cDC subset-
specific markers, PRRs and IFNRs (online supplemental
figure S2C,D), suggesting their relevance for our screening
experiments. In accordance with the findings in enriched
blood DC cultures, TL8-506 combinations induced the
highest amount of IL-12p70 in supernatants of cord
blood cDCs among the tested treatments (figure 1C).
Synergy in IL-12p70 induction by IFN-y+TL8-506 and
Poly(I: C)+TL8-506 stimulation was consistently detected
in all tested donors and experiments (figure 1D). We
selected these two TL8-506 combinations to study in
more detail, as IFN-y, TLR3 agonists and TLR8 agonists
are potentially clinically relevant molecules, which are
currently being evaluated in clinical trials for cancer treat-
ment (NCT02614456, NCT02834052, NCT01976585,
NCT03732547).

Next, we analyzed the expression of chemokines and
cytokines other than IL-12p70. As a single stimulus,
each compound induced a specific cytokine profile and
combinations selectively synergized in the expression
of certain cytokines (figure 1E). TL8-506 in combina-
tion with Poly(I:C) induced the highest release of I1-12
family cytokines (IL-12p70, I1-23, I1-27), IFNs (IFN-B,
IFN-A), different proinflammatory cytokines (tumor
necrosis factor (TNF)-o, IL-6, IL-10, IL-1B) and chemo-
kines (CCL3, CCL4, CCL20). IFN-y+TL8-506 synergized
in the induction of IFN-finducible chemokines (CXCL9,
CXCL10, CXCLI1). Gene expression data further
supported these combination-specific synergies (online
supplemental figure S3A,B). For most cytokines including
IL-12p70, secretion was stronger in cDC2s compared with
c¢DCls in response to treatment with TL8-506 combina-
tions (figure 1E).

TL8-506-based combinations synergize to activate human
blood DC subsets

We next tested the effects of TL8-506-based combinations
in cDC subsets derived from peripheral blood, a more
physiologically relevant source of ¢cDCs. As the numbers
of blood cDCs were limiting, we focused on a selection
of cytokines and chemokines that were synergistically
induced by TL8-506-based combinations (figure 1E).
Consistent with observations in cord blood c¢DCs, CXCL9
and CXCLI0 expression was induced by IFN-y and the
percentage of CXCL9 or CXCL10 positive cDCs was
further increased by the combination with TL8-506.
Similarly, IFN-A was induced by Poly(I:C) in ¢cDCls and
its expression was further amplified by combination with
TL8-506. TNF-0. was induced by TL8-506 and combination
with Poly(I:C) further enhanced this effect (figure 2A).
Co-production of TNF-o. and CXCL10 was only induced by
combinatorial IFN-y+TL8-506 stimulation (figure 2B,C)
whereas the co-expression of TNF-0. and IFN-A was only

He M, et al. J Immunother Cancer 2022;10:e004268. doi:10.1136/jitc-2021-004268

5

"yBLAdos Aq paloalold 1sanb Aq +20z ‘6T [1dy uo jwod g only:dny woiy papeojumod "2zoz aunt 0T Uo §92700-T20Z-0M/9STT 0T St paysijand 1s1y :18oued Jayjounwiw| ¢


https://dx.doi.org/10.1136/jitc-2021-004268
https://dx.doi.org/10.1136/jitc-2021-004268
https://dx.doi.org/10.1136/jitc-2021-004268
https://dx.doi.org/10.1136/jitc-2021-004268
https://dx.doi.org/10.1136/jitc-2021-004268
https://dx.doi.org/10.1136/jitc-2021-004268
https://dx.doi.org/10.1136/jitc-2021-004268
https://dx.doi.org/10.1136/jitc-2021-004268
https://dx.doi.org/10.1136/jitc-2021-004268
http://jitc.bmj.com/

Open access 8

A B
150004 enriched blood DCs enriched blood DCs
8000
— - —_
€ | £
g 10000 . geooo
o o
S . 5, 4000 =
' 5000 : ‘(11
4 T =1 2000
0 - - P P » o L
hadin i e e afie e uie nfie e e nind R it Mt it e e o i it g e N He o M R
SO > NP PRI NAR AR RN AR AR A AR L S A (> P K
S N A T R T e
N RO RS0, TR0 T G R, o RO GO, T TR0 0
o <R F AR 2, R X S x
< «e % A,Q\o%*_‘,@\/%@«&@ L
CECELRESE SV &€ . Poly(I:C)
LI TL8-506
QTR
C D
cord blood cDC2
15000 100000 ., 1000004 .,
T E 10000 E 10000
= 100004 B B
& & 2
o o 1000 % o 1000
~ ~ ~
o o o
N 5000 o o
A 100 & 100+
0= 10- 10—
SN NP LR AN AKX GNP R o o »
SN SEROR &S &S
& QT AR, 07 * T Lo NN NN
Lo NG e — S\ o
<& A TL8-506 & *\\@’
N &
E
| — -
e L
© 9 33 g © o~ ] o e E- ~ g N o~ 9 o 8 o
Tg588iNZrgiiS98ggzgzigfEzEe
= ocooooZFLtdJo22Z2ookrtdTo22oZ2Lror<Z
medium ®100%
IFNy .
Poly(I:C) ® 0%
Ol k.
DG Y
TL8-506
38 IFNy + TL8-506
a Poly(I:C) + TL8-506
el
8 "
b medium
©
g IFNy
Poly(l:C)
cDC2
TL8-506
IFNy + TL8-506
Poly(I:C) + TL8-506

Figure 1 TL8-506-based combinations synergize in cytokine and chemokine secretion in cord blood DC subsets. (A,

B) Enriched blood DCs were stimulated for 18 hours with the indicated stimuli. IL-12p70 concentrations were measured in the
cell culture supernatant by ELISA. (A) IL-12p70 concentrations in enriched blood DC cultures on stimulation with combination
of agonists, n=two-eight donors, from one to six independent experiments, mean+SD is shown. (B) IL-12p70 concentrations
in enriched blood DC cultures on stimulation with combination of Poly(l:C) and different TLR8 agonists, n=4 donors, two
independent experiments, representative data of two donors from one experiment, mean+SD is shown. One-way analysis

of variance was used for statistical analysis, ****p<0.0001. (C — E) Sorted cord blood DCs were stimulated for 18 hours

with the indicated stimuli. Cytokine concentrations were determined in the cell culture supernatant by ELISA. (C) IL-12p70
concentrations in the supernatant of sorted cord blood cDC2s on stimulation with combination of agonists, n=two-seven
batches of cord blood from mixed donors, from two to eight independent experiments, mean+SD is shown. (D) IL-12p70
concentrations in the supernatant of cord blood cDC2s treated with TL8-506 alone or in combination with IFN-y or Poly(l:C),
n= seven batches of cord blood from mixed donors, 14 donors in total, from seven independent experiments, paired Student’s
t-test, **p<0.0002. (E) Cytokine concentrations in the supernatant of cord blood cDC1s and cDC2s treated with the indicated
stimuli, n=three batches of cord blood from mixed donors, 6 donors in total, from three independent experiments, colors
displaying the maximum (100%) to minimum (0%) mean cytokine concentrations per column. The following concentrations
were used for DC stimulation: 10'000 U/mL hulFN-o, 10°000 U/mL hulFN-f, 1 pg/mL hulFN-A, 50'000 U/mL hulFN-y, 1 pg/
mL Pam3CSK4, 10 ug/mL Poly(l:C), 0.1 ug/mL LPS, 1 uM TL8-506, 10 uM CL075, 10 uM R848, 10 pg/mL ssRNA40, 10 pg/mL
2’3’-cGAM(PS)2(Rp/Sp). cDC, conventional DC; DC, dendritic cell; IFN, interferon; IL, interleukin.
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Figure 2 TL8-506-based combinations synergize in the production of cytokines and chemokines in human blood DC subsets.
Human peripheral blood mononuclear cells (PBMCs) were treated with the indicated stimuli for three hours. Intracellular
cytokine staining was performed and analyzed by flow cytometry. (A) Quantification of cytokine producing blood cDCs,
n=two-11 donors, from two to 16 independent experiments. (B) Flow cytometry plots of IFN-y+TL8-506 and single stimuli
treated blood cDCs showing the distribution of CXCL10 or/and TNF-o expressing cDCs. Percentage of positive cells are
indicated in the quadrants. (C) Quantification of CXCL10/TNF-o. double positive blood cDCs on stimulation with the indicated
stimuli, n=four—eight donors, from four to eight independent experiments. (D) Flow cytometry plots of Poly(l:C)+TL8-506 and
single stimuli treated blood cDCs showing the distribution of IFN-A or/and TNF-o. expressing cDCs. Percentage of positive cells
are indicated in the quadrants. (E) Quantification of IFN-A/TNF-o. double positive blood cDCs on stimulation with the indicated
stimuli, n=four-six donors, from four to six independent experiments. Statistics for A, C, E: paired Student’s t-test, *p<0.03,
****p<0.0001, ns, not significant. The following concentrations were used for DC stimulation: 50'000 U/mL hulFN-y, 10 pg/mL
Poly(l:C), 1 uM TL8-506. cDC, conventional DC; DC, dendritic cell; IFN, interferon; TNF, tumor necrosis factor.
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triggered by combinatorial Poly(I:C)+TL8-506 treatment
(figure 2D,E). Taken together, our data show that similar
to cord blood cDCs, blood cDC1s and cDC2s are activated
by TL8-506 combinations, which synergize in a stimulus-
specific manner.

TL8-506 combinations activate DCs in human tumors

c¢DCs with an activated phenotype are scarce in different
human tumor indications (online supplemental figure
S4A,B), therefore we attempted to test whether the two
selected TL8-506 combinations could activate cDCs in
patient tumor explants ex vivo. To comprehensively
analyze the effects of TL8-506 combinations on patient
tumor-derived c¢DGCs, we performed scRNA-seq of stimu-
lated tumor c¢DCs derived from two melanoma samples
of lymph node metastases, one colorectal cancer (CRC)
sample of liver metastasis and one lung adenocarcinoma
sample. Percentages of CD45" cells in tested samples are
shown in the supplementary files (online supplemental
table 5). IFN-y+TL8-506 and Poly(I:C)+TL8-506 stim-
ulated cDCs clustered separately from untreated c¢DCs
(figure 3A) and showed upregulation of many known
DC activation markers (figure 3B). Important signals for
T cell activation such as ILI2A, IL12B, IL.15, CD40 were
induced by both TL8-506 combinations. In contrast,
the expression of the CD8" T cell recruiting chemok-
ines CXCLY9, CXCLI10, CXCLI1 and their co-expression
with TNF was specific to the IFN-y+TL8-506 combina-
tion (figure 3B,C). The expression of IFNBI and [FNLI
was specific to the Poly(I:C)+TL8-506 combination, as
previously observed for cord blood and blood-derived
cDCs. Of note, both ¢cDCls and cDC2s showed compa-
rable gene induction and increased [LI12A and IL12B
expression on stimulation with the two TL8-506 combi-
nations. Differential expression (DE) analysis confirmed
that CXCLY, CXCL10, CXCL11 or IFNBI were among
the DE genes specifically induced on IFN-y+TL8-506 or
Poly(I:C)+TL8-506 stimulation, respectively (figure 3D,
online supplemental table 4). We have focused our anal-
yses on cytokines and chemokines as readouts for cDC
activation since we have observed strongest synergy in
the induction of cytokines and chemokines by TL8-506
combinations compared with the expression of genes
involved in co-stimulation and antigen presentation.
However, TL8-506 combinations also upregulated other
DC maturation markers including co-stimulatory mole-
cules CDS0, CDS83, CD86 and components of the antigen
presentation machinery such as TAPI, TAP2 and HLA-
DOB (online supplemental figure S5A,B). The changes
in gene expression in activated cDCs are likely regu-
lated by both TLR and IFN signaling (online supple-
mental figure S6A,B). In summary, we demonstrate that
tumor-derived cDCs from multiple indications respond
to TL8-506 combinations and upregulate different rele-
vant DC activation markers. In addition, the scRNA-seq
analysis of treated tumor-derived cDCs revealed that the
combination-specific induction of different cytokines

and chemokines was remarkably conserved between cord
blood, blood and patient tumor cDCs.

TL8-506 combinations induce a Th1-supportive gene
signature in human tumor-derived DCs

Since c¢DCs with an activated phenotype are present in
different tumor indications (figure 4A,B, online supple-
mental figure S4A,B), we were interested in comparing
the expression profile of treated tumor-derived cDCs
to tumor cDCs activated in situ in human tumors. After
four hours stimulation with TL8-506 combinations most
treated cDCs clustered closely with the in situ activated
DC population (figure 4C,D). Some of these treated cDCs
fell into the in situ activated DC cluster and others were
localized as an intermediate population between the
c¢DC2 and the in situ activated DC cluster.

The fraction of unspliced versus spliced reads was
recently employed to show a differentiation trajectory,
referred to as a cell’s velocity.® To estimate the likely
directionality of transitions of stimulated tumor cDC
subsets, we performed velocity analysis. Our results
suggest that in response to TL8-506-based combinations
activated tumor DCs are derived from immature cDCs
(figure 4E). Compared with in situ activated cDCs present
in cancer tissues, cDCs activated by TL8-506-based combi-
nations showed increased expression of many DC activa-
tion markers including ILI12A, IL12B, CD40, IFNBI and
IFNL1 (figure 4F,G), across the analyzed tumor indica-
tions (online supplemental figure S7A,B). In addition,
tumor cDCs activated by TL8-506 combinations displayed
higher expression of CXCL9, CXCL10, CXCLI11 and CCL4,
chemokines associated with CD8" T cell recruitment.” **
In contrast, cDCs activated in situ by the tumor micro-
environment showed increased expression of CCLI7 and
CCL22, chemokines described to recruit CD4" regulatory
T cells.* Consistent with earlier reports, the highest levels
of IL12A and ILI12B were observed in the activated DC
cluster, validating our readout to screen and select the
best ¢cDC activating compounds (figure 4H). In conclu-
sion, our data show that most tumor-derived cDCs can
be activated by TL8-506-based combinations. Activated
c¢DCs generated by ex vivo stimulation acquired a pheno-
type that is associated with a Thl response, displaying
increased expression of ILI2A, ILI12B, IFNBI, IFNLI,
CD40 and CD8" T cell chemokines when compared with
cDCGs activated in situ by the tumor microenvironment.

As transcript and protein levels do not necessarily
correlate, we validated selected genes for which anti-
bodies were available by intracellular flow cytometry. In
agreement with our earlier observations (figure 2B,D),
metastatic melanoma-derived, CRC-derived (figure 5A)
and non-small cell lung cancer-derived (figure 5B) ¢DCs
co-expressed intracellular TNF-o. and CXCLI10 proteins
on IFN-y+TL8-506 treatment. Treatment of tumor-derived
c¢DCl1s with Poly(I:C)+TL8-506 induced the co-expression
of intracellular TNF-o. and IFN-A proteins, but not TNF-o.
and CXCL10 (figure 5A). The availability of sufficient
patient-derived melanoma material allowed us to also
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Figure 3 TL8-506-based combinations activate human tumor-derived cDCs. Digested tumor samples from patients with
melanoma, colorectal cancer and lung cancer were treated with 1 pM TL8-506+50’000 U/mL IFN-y or 1 uM TL8-506+10 pg/mL
Poly(l:C) for four hours. 10x Genomics scRNA-seq was performed on fluorescence-activated cell sorting (FACS) sorted CD45",
CD3 cells, n=four donors, from three independent experiments. (A) UMAP of 1264 cDCs profiled across all tumor samples with
each cell color-coded for patient (left), treatment (middle) and cDC subset (right). (B) Fraction positive and mean expression

of activation markers in cDC1s or cDC2s from IFN-y+TL8-506 or Poly(l:C)+TL8-506 stimulated and control tumor samples.
Mean expression was calculated across all the cells in the group and then scaled to a 0-1 range. (C) UMAP of tumor-derived
cDCs showing expression values of different activation markers in log(count per 10k+1). (D) Volcano plots showing differentially
expressed (DE) genes (blue: upregulated, red: downregulated) between stimulated and control treated cDCs from tumor
samples. Top 20 DE genes were labeled based on p-values and fold changes, Wilcoxon rank-sum test. Top 50 DE genes ranked
by log2 fold change (log2FC) are listed in online supplemental table 4. cDC, conventional DC; DC, dendritic cell; IFN, interferon;
IL, interleukin; scRNA, single-cell RNA; TNF, tumor necrosis factor.
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Figure 4 Human tumor-derived cDCs show an immunostimulatory phenotype associated with Th1 responses on stimulation
with TL8-506 combinations. (A) UMAP of 18'651 human tumor-derived cDC1s, cDC2s and activated DCs (aDCs) profiled across
different single-cell RNA-sequencing studies with each cell color-coded for cDC subset (left) and study (right). (B) Gaussian
kernel density plot of human tumor-derived cDCs from integrated public studies, AU, arbitrary units. (C) Gaussian kernel density
plot of human tumor-derived cDCs on treatment with TL8-506 combinations; AU, arbitrary units. (D) Quantification of activated
DCs in patient tumor digests on treatment with TL8-506 combinations. (E) Velocity analysis of human tumor cDCs on treatment
with TL8-506 combinations. (F) Fraction positive and mean expression of activation markers in ex vivo activated tumor DCs

on treatment with TL8-506 combinations or in situ activated tumor DCs from integrated public studies. Mean expression

was calculated across all the cells in the group and then scaled to a 0-1 range. (G) Volcano plots showing differentially
expressed (DE) genes (blue: upregulated, red: downregulated) between ex vivo activated tumor DCs on treatment with TL8-

506 combinations and in situ activated tumor DCs from integrated public studies. Top 20 DE genes scored by p-values and

fold changes are labeled, Wilcoxon rank-sum test. Top 50 DE genes ranked by log2 fold change (log2FC) are listed in online
supplemental table 4. (H) UMAP plots showing expression values of IL72A and /L12B in tumor cDCs across different studies in
log(count per 10k+1). cDC, conventional DC; DC, dendritic cell; IFN, interferon; IL, interleukin.
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Figure 5 TL8-506-based combinations induce stimulus-specific cytokine protein expression in human tumor-derived cDCs.
Tumor digests from patients with melanoma, CRC and lung cancer were treated with 1 yM TL8-506+50’000 U/mL IFN-y or 1
UM TL8-506+10 pg/mL Poly(l:C) for three hours. Intracellular cytokine staining was performed for CXCL10, IFN-A and TNF-c.
Protein expression in tumor-derived cDCs was analyzed by flow cytometry. (A) Quantification of indicated cytokine producing
cDC1s and cDC2s from digested metastases of patients with melanoma and CRC on treatment with TL8-506 combinations,
n=three donors, from three independent experiments. (B) Quantification of indicated cytokine expressing cDC2s in non-small
cell lung cancer digests on treatment with TL8-506 combinations, n=three donors, from three independent experiments.

(C) Flow cytometry plots of IFN-y+TL8-506 or single agent treated cDC2s from digested melanoma lymph node (LN) and brain
metastases showing the distribution of CXCL10 or/and TNF-a expressing cDC2s. Percentage of positive cells are indicated

in the quadrants. (D) Quantification of CXCL10 or/and TNF-o expressing tumor-derived cDC2s from C, n=three donors,

from three independent experiments. Statistics for A, B, D: Student’s paired t-test, *p<0.03, ns, not significant. The following
concentrations were used for DC stimulation: 50'000 U/mL hulFN-y, 10 pg/mL Poly(l:C), 1 uM TL8-506. cDC, conventional DC;
CRC, colorectal cancer; DC, dendritic cell; IFN, interferon; TNF, tumor necrosis factor.
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test the individual effects of TL8-506 and IFN-y on tumor-
derived cDCs. Consistent with our observations in blood
c¢DGCs, TL8-506 or IFN-y by themselves did not induce
the co-expression of intracellular TNF-o0 and CXCL10
proteins in tumor-derived cDCs (figure 5C,D). In conclu-
sion, our data confirm that TL8-506-based combinations
induce the stimulus-specific protein expression of cyto-
kines and chemokines in tumor-derived cDCs.

DC activation by Poly(l:C)+TL8-506 results in enhanced T cell
activation, DC and T cell recruitment

The previous results suggest that selected cytokines and
chemokines are produced by tumor-derived cDCs in
response to TL8-506-based combinations. To better under-
stand the functional relevance of the factors secreted by
tumor-derived cDCs on stimulation with TL8-506-based
combinations, we performed co-culture and migration
assays. We sorted cord blood ¢DGCs as ¢cDCs from patient
tumor material were insufficient in numbers to perform
functional assays and the response of cord blood ¢DCs to
TL8-506 combinations was comparable to those of tumor-
derived cDCs (figures 1E and 3B).

First, we assessed the effects of activated cDCs on Thl
differentiation using the production of IFN-y as a proxy.
Sorted ¢DCs were treated for 18 hours and the stimuli
were removed by several washing steps. Activated cDCs
were then co-cultured with allogeneic naive T cells and
after four days the IFN-y concentrations in the supernatant
were measured. cDCs stimulated with Poly(I:C)+TL8-506
induced the highest IFN-y concentrations among the
tested stimuli with a 140-fold increase compared with
unstimulated ¢DGCs (figure 6A). In addition, we investi-
gated the induction of other Th-associated cytokines in
DC/T cell co-cultures such as IL-4 and IL-10 and did not
observe their secretion (online supplemental figure S8).

Next, we analyzed how the different chemokines
induced by TL8-506-based combinations impact the
recruitment of DCs. Supernatants of stimulated c¢DGCs
were placed in the lower compartment of a transwell.
Untreated cord blood DCs were added into the transwell
inserts and DC migration was measured after three hours
by quantification of ¢DCs in the lower compartment by
flow cytometry. Treatment of cDCs with Poly(I:C)+TL8-506
induced a 20-fold higher recruitment of cDCs compared
with untreated cDCs (figure 6B). This was likely related to
our observation that Poly(I:C)+TL8-506 synergized in the
secretion of CCL3, CCL4 and CCL.20, a set of chemokines
described to promote DC migration.*®*” Since the super-
natants also contained the TLR agonists, it cannot be
excluded that the agonists have influenced the migratory
capacity of DCs in the presence of cytokines and chemok-
ines released by activated cDCs.

T cell migration was studied using a three-dimensional
(3D) tissue culture platform in which activated CD8" cells
were allowed to transmigrate through an artificial endo-
thelial vessel and collagen layer towards supernatants of
stimulated cDCs. Migrated T cells were quantified after 48
hours by imaging of the collagen layer. Poly(I:C)+TL8-506

treatment of ¢cDCs led to a ten-fold increase in CD8" T
cell recruitment when compared with untreated c¢DCs
(figure 6C,D). In contrast, IFN-y+TL8-506 failed to
induce the recruitment of significant numbers of CD8"
T cells. IFN-y+TL8-506 stimulation induced the strongest
CXCLI10 secretion while Poly(I:C)+TL8-506 treatment
induced the highest CCL4 and TNF-o release in c¢DGCs
among the tested combinations (online supplemental
figure S9A). CXCL10, CCL4 and TNF-o are all associated
with CD8" T cell chemotaxis.**" Hence, it is possible that
the CCL4/TNF-o. axis was more efficient in attracting
CDS8' T cells in our 3D system. Blocking of CCL4 in ¢cDC
supernatants had no impact on CD8" T cell migration
suggesting that the recruitment depends on additional
chemokines (online supplemental figure S9B). However,
recombinant CCL4 and TNF-0, at concentrations present
in supernatants of Poly(I:C)+TL8-506 treated cDCs were
sufficient to induce CD8" T cell migration (online supple-
mental figure S9C). In summary, factors released by cDCs
in response to Poly(I:C)+TL8-506 stimulation increased
the recruitment of cDCs, CD8" T cells and T cell activa-
tion. Hence, treatment of patients with cancer with TLR8
agonist-based combinations may help to inflame tumors,
enhance tumor specific CD8" T cell activities and boost
anticancer immunity in patients.

DISCUSSION

Most cDCs in human tumors show a non-activated pheno-
type.” ® Two potential non-mutually exclusive explana-
tions have been proposed in the literature: (1) Lack of
cDC activating signals in the tumor; (2) the tumor micro-
environment releases factors that preclude the differenti-
ation of immunostimulatory cDCs. We stimulated human
tumor cDGCs derived from different cancer indications
with TL8-506-based combinations, which induced the
strongest activation of cord blood and blood ¢cDCs among
the tested treatments. We found that a majority of human
tumor-derived ¢DCs were activated by TL8-506-based
combinations ex vivo. Hence, our data indicate that most
tumor-derived ¢cDCs are responsive to activating signals.
In accordance, transcriptome analysis revealed no major
differences between c¢DCs present in healthy tissues and
different cancer indications.

Low numbers of cDCs with an activated phenotype are
observed in different human tumor indications. These in
situ activated cDCs are characterized by the expression
of CCL17, CCL19 and CCL22, chemokines associated
with CD4" regulatory T cell recruitment.* *> They also
show increased expression of both co-stimulatory and
co-inhibitory molecules such as CD40 and CD274 when
compared with non-activated cDGs.” However, no or
only very few transcripts for factors associated with anti-
tumor responses were detected including /LI12A, IL12B
and IFNBI. Interestingly, human tumor cDCs activated
by TL8-506 combinations showed increased expression
of ILI2A, ILI12B, IFNBI, chemokines for CD8" T cells
including CXCLY, CXCLI10 and CCL4 but decreased
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Figure 6 Poly(l:C)+TL8-506 stimulated cord blood cDCs induce T cell activation, DC and T cell recruitment. The experimental
set-up for the functional assays is shown on the left. (A) Sorted cord blood cDC2s were stimulated with the indicated
compounds for 18 hours. Treated cDC2s were washed and co-cultured with allogeneic naive T cells for four days. IFN-y
concentrations in the supernatant were determined by ELISA as a readout for T cell activation. IFN-y concentrations are shown
on the right, n=three batches of cord blood from mixed donors, six T cell donors, from four independent experiments. (B) Sorted
cord blood cDC2s were stimulated with the indicated compounds for 18 hours. The supernatants were collected and placed
into the lower compartment of a transwell. Untreated cord blood DCs were added into the transwell insert and allowed to
migrate for three hours. Fold change to medium of migrated cord blood cDC1s+cDC2s is depicted on the right, n=four batches
of cord blood from mixed donors, from four independent experiments. (C) Sorted cord blood cDC2s were stimulated with the
indicated compounds for 18 hours. The supernatants were collected and placed into the bottom channel of a three-dimensional
tissue culture device. Activated CD8" T cells were labeled with CMFDA and added to the top channel that was coated with an
artificial endothelial vessel. Migrated T cells were detected after 48 hours by imaging of the collagen layer that separated the
two channels. Cell counts of migrated CD8" T cells are shown on the right, n=two batches of cord blood from mixed donors,
three T cell donors, from three independent experiments. (D) Representative microscopy images of CD8* T cell migration
described in C using the Operetta system at 10x magnification. One-way analysis of variance was used for statistical analysis,
*p<0.03, **p<0.0002, ***p<0.0001, ns, not significant. The following concentrations were used for DC stimulation: 50'000 U/mL
hulFN-y, 10 pg/mL Poly(1:C), 1 pM TL8-506. lllustrations were created with BioRender.com. cDC, conventional DC; DC, dendritic
cell; IFN, interferon; TNF, tumor necrosis factor.
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expression of CCL17, CCL19and CCL22when compared
with in situ activated tumor c¢DCs. Functional assays using
in vitro activated cord blood cDCs confirmed that cDC-
derived factors mediated CD8" T cell recruitment and
activation. In summary, our data indicate that inadequate
or insufficient levels of activating signals are present in
the tumor to induce proinflammatory factors associated
with Thl responses in cDCs. Importantly, TL8-506-based
combinations were sufficient to induce a Th1-like pheno-
type in tumor cDCs even though tumor cells or the tumor
microenvironment might release suppressive factors that
counteract DC activation (online supplemental figure
S10A,B). Future experiments will be required to explore
the effects of in situ and ex vivo activated tumor DCs on T
cell activation and recruitment in more detail.

In patients, it is possible that additional cells contribute
to the proinflammatory effects of TL8-506-based combi-
nations. TLR3 and TLR8 are preferentially, but not exclu-
sively expressed on cDCs while IFN-y receptors (IFNGRs)
are ubiquitously expressed.”’ Macrophages express both
TLRS and IFNGRs.” Tumor-derived macrophages upreg-
ulated CXCL10 and TNF-o expression on IFN-y+TL8-506
treatment, but failed to induce ILI12A, IL.12B, IFNBI or
IENL 1 on stimulation with TL8-506 combinations (online
supplemental figure S11A,B).

Different human ¢DC sources have been explored for
drug screenings to predict treatment effects on human
tumor cDCs due to their scarcity.” >* We tested the useful-
ness of in vitro differentiated cord blood and blood ¢cDCs
that can be isolated in greater numbers to predict the
response of tumor cDCs. Cord blood cDCls and ¢DC2s
formed well separated clusters in scRNA-seq analyses
despite the fact that cord blood ¢DCls expressed some
cDC2-specific markers and vice versa. Using different read-
outs, we found that the response of in vitro differentiated
cord blood and blood ¢DGs to different stimuli was strik-
ingly similar compared with tumor-derived cDCs although
the cultures contained other cell types that might have
influenced the activation of ¢cDCs (online supplemental
figure S12A-C). In a stimulus-specific manner, IFN-y
induced CXCL10 production, Poly(I:C) induced IFN-A
expression and TL8-506 treatment resulted in TNF-o
expression in cord blood, blood and tumor-derived cDCs.
Surprisingly, only the stimulation with Poly(I:C)+TL8-506
but not IFN-y+TL8-506 led to IFN-B expression in cord
blood and tumor cDCs. However, it is possible that the
experimental set-up influenced the IFN-B expression as
the induction of IFN-B by TLRS agonists in human DCs
was inconsistent in previous studies.” *® We conclude that
in vitro differentiated cord blood and peripheral blood
¢DCGs are useful surrogates to test the ability of drug candi-
dates to activate human tumor-associated cDCs.

One focus of the study was also to compare treatment
responses of human ¢DCls and cDC2s. Although acti-
vated cDCI and ¢DC2 clustered together and had similar
overall gene expression profile, selected genes were differ-
entially induced. As previously described in the literature,
IFN-A was selectively induced by Poly(I:C) in ¢DCls."”

Poly(I:C) consistently showed stronger effects on cDCls
compared with cDC2s, which might be explained by the
higher TLR3 expression in ¢cDCls.?' In contrast, we did
not identify any cytokine that was selectively induced in
c¢DC2s on stimulation with TL8-508 combinations. This
highlights the importance of differential PRR expression
in human c¢DCs and how it may guide the selection of
appropriate agonists to target different cDC subsets.

TLR3 agonists, TLR8 agonists and IFN-y are currently
being tested for cancer treatment in different clinical
trials.”” * The results from past clinical trials have been
rather disappointing showing no significant improvement
in patient outcome, probably due to systemic toxicities
and the lack of preferential accumulation in the tumor
of untargeted molecules. cDC-targeted or/and tumor-
targeted versions of current TLR3 and TLR8 agonists
in development might improve treatment efficacy while
reducing toxicity. To exploit synergistic effects in cDC
activation, dual agonists can be designed to activate both
TLR3 and TLRS to increase their potency specifically in
c¢DGCs because they co-express TLR3 and TLRS8. In addi-
tion, cDC activation in combination with radiotherapy
or immune checkpoint inhibition has shown promising
results in many preclinical models and may further
improve treatment efficacy. Our study provides insights
for the rational combination of cDC agonists to optimally
activate human tumor cDCs and improve antitumor
immunity in patients with cancer.
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Table 1. Antibodies for flow cytometry

Target Fluorophore Company Catalog number Clone
FACSAria lll panel for sorting of cord blood DCs
CD141 BV711 BD 563155 1A4
CD1c PE-Cy7 Biolegend 331516 L161
CD14 PerCP-Cy5.5 Biolegend 325622 HCD14
CLEC9A APC Biolegend 353806 8F9
CD45 AF700 Biolegend 304024 HI30
Dead Cell Stain Near-IR Life Technologies L34976
FACSAria lll panel for enrichment of DCs from tumor digests
CD45 BV510 Biolegend 304036 HI30
CD3 AF488 Biolegend 317310 OKT3
Dead Cell Stain Near-IR Life Technologies L34976
LSRFortessa panel for cytokine expression in blood or tumor-derived DCs
CD11c BV421 Biolegend 301628 3.9
CD45 BV510 Biolegend 304036 HI30
TNFa BV605 Biolegend 502936 MAb11
CD56 BV650 Biolegend 318344 HCD56
CD16 BV711 Biolegend 302044 3G8
IFNA AF488* R&D Systems MAB15981-500 247801
CD14 PerCP-Cy5.5 Biolegend 325622 HCD14
CXCL9 PE Biolegend 519504 J034D6
CXcL10 PE Biolegend 357904 J1015E10
CDs3 PE-Cy5 BD 555341 HIT3a
CD1c PE-Cy7 Biolegend 331516 L161
CLEC9A APC Biolegend 353806 8F9
CD19 AF700 Biolegend 302226 HIB19
HLA-DR BUV395 BD 564040 G46-6
Dead Cell Stain Near-IR Life Technologies L34976
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FACSymphony A5 panel for cytokine expression in blood or tumor-derived DCs
CD3 BUV395 BD 740283 HIT3a
CD19 BUV395 BD 563551 SJ25C1
HLA-DR BUV496 BD 741157 Tu39
CD16 BUV615 BD 750572 3G8
CD56 BUV661 BD 750478 NCAM16.2
CD45 BUV805 BD 612891 HI30
TNFa BV605 Biolegend 502936 MAb11
CD14 BV650 BD 740633 McbP9
IFNA AF488* R&D Systems MAB15981-500 247801
CXCL10 PE Biolegend 519504 J034D6
CD68 PE-eFluor 610 invitrogen 61-0689-42 Y1/82A
CD1c PE-Cy7 Biolegend 331516 L161
CLEC9A APC Biolegend 353806 8F9
CD11c AF700 Biolegend 337220 Bu15
Dead Cell Stain Near-IR Life Technologies L34976

* anti-IFNA antibodies in AF488: in-house labeling (Invitrogen, #A30005)
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Table 2. Overview of scRNA-seq studies

Study _name Tissue_type Status Study
Ovarian_Qian Ovarian Solid tumor - Cancer Qian et al.
OV-FTC_Cheng Ovarian Solid tumor - Cancer Cheng et al.
Lung_Qian Lung Solid tumor - Cancer Qian et al.
Breat_Qian Breast Solid tumor - Cancer Qian et al.

Thyroid Carcinoma . Cheng et al.
THCA_Cheng (THCA) Solid tumor - Cancer
Esophageal Carcinoma . Cheng et al.
ESCA _Cheng (ESCA) Solid tumor - Cancer
Kidney_Cheng Kidney cancer Solid tumor - Cancer Cheng et al.
Pancreatic ' Cheng et al.
PAAD_Cheng adenocarcinoma (PAAD) Solid tumor - Cancer
Uterine Corpus
Endometrial Carcinoma Cheng et al.
UCEC_Cheng (UCEC) Solid tumor - Cancer
HN_Cillo Head and Neck cancer Solid tumor - Cancer Cillo et al.
Intestine_Qian Intestine/Colorectal Solid tumor - Cancer Qian et al.
Intestine_Lee Intestine/Colorectal Solid tumor - Cancer Lee etal.
Liver_Ma Liver Solid tumor - Cancer Ma et al.
Lung_Maier Lung Solid tumor - Cancer Maier et al.
Pancreatic_Peng Pancreatic cancer Solid tumor - Cancer Peng et al.
Head and Neck PBMC -  Blood sample from cancer )
PBMC_Cillo cancer patients Cillo et al.
Head and Neck PBMC -  Blood sample from healthy Gillo et al
PBMC_Cillo_nc healthy donors ’
Intestine_Smillie Intestine Non-cancer Smillie et al.
Pancreatic_Peng_nc Pancreas Non-cancer Peng et al.
Lung_Raredon Lung Non-cancer Raredon et al.
Lung_Madissoon Lung Non-cancer Madissoon et al.
Tonsils_Cillo Tonsils Non-cancer Cillo et al.
PBMC_Kaotliarov PBMC Non-cancer Kotliarov et al.
Liver_Ramachandran Liver Non-cancer Ramachandran et al.
Intestine_Martin Intestine Non-cancer Martin et al.
CBDCs_He CBDCs Cord blood sample He et al.
PBMC_He PBMC Blood sample He et al.
Solid tumor - Cancer,
Lung IFNy+TL8-506 and He et al.
Lung_He Poly(l:C)+TL8-506 treated
Solid tumor - Cancer,
Colon IFNy+TL8-506 and He et al.
Colon_He Poly(l:C)+TL8-506 treated
Melanoma Solid tumor - Cancer, He et 4
Melanoma_He IFNy+TL8-506 treated ’
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Table 3. Parameters for the filtering of high-quality cells in scRNA-seq studies

standard_min standard_min standard_min standard_n_ standard_ standard_max
Study_name -

_genes _cells _counts genes percent_mito  _counts
Ovarian_Qian 800 10 600 6000 0.1 55000
OV-FTC_Cheng 500 10 1000 6000 0.15 50000
Lung_Qian 600 10 1000 6000 0.15 70000
Breat_Qian 400 10 800 5900 0.03 70000
THCA Cheng 500 10 1000 6000 0.15 50000
ESCA _Cheng 500 10 1000 6000 0.15 50000
Kidney_Cheng 500 10 1000 6000 0.15 50000
PAAD_Cheng 500 10 1000 6000 0.15 50000
UCEC_Cheng 500 10 1000 6000 0.15 50000
HN_Cillo 400 10 1200 7000 0.3 70000
Intestine_Qian 800 10 1200 6000 0.1 55000
Intestine_Lee 500 20 1000 6000 0.1 70000
Liver_Ma 500 30 1500 7000 0.15 60000
Lung_Maier 800 20 1500 5000 0.1 30000
Pancreatic_Peng 500 20 1000 8000 0.1 80000
PBMC_Cillo 600 10 1200 5000 0.15 40000
PBMC_Cillo_nc 600 10 1200 5000 0.15 40000
Intestine_Smillie 800 30 2000 8000 0.2 100000
Pancreatic_Peng_nc 800 30 2000 8000 0.2 100000
Lung_Raredon 700 20 1000 8000 0.15 60000
Lung_Madissoon 700 20 1000 8000 0.1 80000
Tonsils_Cillo 400 10 1700 7000 0.1 70000
PBMC_Kotliarov 500 30 1000 3000 0.05 20000
Liver_Ramachandran 600 20 1000 7000 0.15 60000
Intestine_Martin 500 30 1000 6000 0.2 50000
CBDCs_He 800 10 1000 6500 0.15 50000
PBMC_He 1500 20 1000 7000 0.18 60000
Lung_He 600 10 800 7000 0.15 75000
Colon_He 600 10 800 7000 0.15 75000
Melanoma_He 600 10 800 6500 0.15 50000
Parameters for integrated DC dataset 500 10 1000 6000 0.15 50000
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Table 4. List of top 50 DE genes in treated tumor cDCs

cDC1_medium_vs_ cDC1_medium_vs_ CDCUFNV_ * TLE- cDC2_medium_vs_ cDC2_medium_vs_ CDCZ*IFNV_ * TLE-
IFNy + TL8-506 Poly(I:C) + TL8-506 50635}‘;'353"0) +TLE- IFNy + TL8-506 Poly(:C) + TL8-506 5067"57'3‘;'353"(3) +TL8-

gene | log2FC gene | log2FC gene | log2FC gene | log2FC gene | log2FC gene | log2FC
[1] IL12B 8.8 ITGB8 30.9 ISG15 3.3 IL12B 6.5 L6 8.1 SIGLEC6 259
| 2 | UBD 6.9 NCF2 30.2 OASL 3.0 IL6 6.3 TCF7L2 5.2 EVAIC 25.4
|3| CCL3L1 6.2 WNT4 29.2 PELI1 2.8 CXCL9 55 STEAP1B 5.1 DKK1 252
|4| CCL5 5.6 CCL3L1 8.8 CLCF1 2.2 CXCL10 55 CCL4 5.0 FAMOC 25.1
|5 | LTA 5.3 CCL4L2 7.8 PMAIP1 1.7 UBD 54 TNF 5.0 FSTL1 251
|6] CXCL9 4.9 CCL4 6.7 PSMB8 -1.5 IL36G 5.2 ccCL4L2 4.8 IFNL1 25.1
| 7 | GBP5 4.9 CCL3 6.6 CDC42SE2 -1.5 TNF 5.2 LTA 4.7 DAGLA 25.0
| 8 | ITGB8 4.8 G0S2 6.0 WARST1 -1.6 ACOD1 5.1 CCL3L1 4.4 BIK 25.0
9] CCL3 4.8 NIPA1 59 CD48 -1.7 LTA 5.0 HERC5 4.4 CCDC68 24.8
[10| TCF7L2 4.6 TCF7L2 5.8 STAT1 -1.9 IL27 4.7 CD200 4.4 EFNA4 24.8
[11] TNF 4.5 TNF 5.0 PCYT1A -1.9 CXCL11 4.7 IGSF3 4.2 RANBP3L 247
[12] PRR5L 4.5 EXT1 5.0 TAP1 -1.9 XIRP1 4.6 FXYD6 4.0 ITGB5 24.7
|13 IL1B 4.5 KMO 4.4 RIOK3 -1.9 STEAP1B 4.6 CD40 4.0 MRPL38 247
|[14| SOCS2 4.5 OASL 41 CD274 -1.9 IL12A 4.3 TNFSF9 3.8 GRIN1 24.7
[15] TBX21 4.4 TFRC 4.0 APOL2 -2.0 KREMEN1 4.2 DHX58 3.8 TPX2 24.6
|16] CXCL10 4.4 PMAIP1 3.9 HM13 -2.1 KCNJ2 4.1 IL23A 3.8 MEX3B 246
[17] IGSF3 4.4 B3GNT7 3.6 STAT3 -21 IL1B 4.0 HLA-DOB 3.7 PIGR 24.6
|18 L27 4.2 FSD1L 35 LMNB1 -2.2 GBP5 4.0 CCL3 3.7 CCN2 246
[19] CXCL11 41 GNS 35 RIPK2 -2.2 CCL4 3.8 SOCS1 3.6 MYOM1 245
|20 G0S2 4.0 CLCF1 35 ITPRIPL2 -2.3 CCL3 37 CKB 3.6 PORCN 24.5
|21] SLC1A2 4.0 SOD2 35 CLIP1 -2.3 PDGFRA 3.7 CSRP2 35 FOXC2 245
[22] ANKRD22 3.8 CXCL8 33 CD226 -2.4 CCL5 3.6 CCL5 35 ENOX1 245
|23| FSDiL 3.8 SOCS3 3.0 PSMB9 -25 APOL4 3.6 G0S2 35 BICD1 245
|24| CCL4L2 3.8 CDH1 29 LAP3 -2.6 GBP1 35 FSD1L 3.3 WDR27 245
|25/ BATF 37 MACROH2A2 29 IRF1 -2.8 ADIRF 35 IFNLR1 3.1 NRG2 24.4
26 IL23A 35 PLAUR 2.9 UBE2L6 -2.9 TBX21 3.3 IL1B 3.1 FABP3 244
[27] GBP1 34 STAT5A 2.8 CXCL11 -2.9 GPR171 3.3 RAB3IP 3.0 GATD3B 24.3
28| ELOVL7 34 SLC7A1 26 TRAFD1 -3.1 CCL3L1 3.2 CLCF1 29 FANCD2 24.3
[29] TNFAIP6 3.3 HLA-DOB 2.6 CSF2RB -3.1 JAG1 3.2 RIPOR2 29 ARHGEF19 243
|30 ETV7 3.3 CCR7 2.6 GBP2 -3.1 CSF3 3.2 ATP6VOA2 29 ANKS6 24.3
31 MYC 3.2 NOP58 2.6 MSRB1 -3.7 G0S2 3.2 EXT1 29 TMSB15A 242
[32) EXT1 3.2 NHP2 25 GBP5 -3.8 IGSF3 3.2 ITGA1 29 FANCB 24.2
|33] RAB33A 3.2 CD44 24 CXCL10 -4.4 SOCS1 3.2 PIM1 2.8 ESPL1 24.2
|34 GBP4 3.1 B4GALT5 2.4 GBP4 -4.4 IL2RA 3.1 NFKBIZ 2.8 CMTM4 242
35| CCND2 3.1 INSIG1 2.4 CXCL9 -5.4 CD274 3.1 TMEM268 2.7 PLOD2 24.2
36 CCL4 3.1 NFKBIZ 2.4 HAPLN3 -5.8 FJX1 3.1 EBI3 2.7 EFCAB11 24.1
37 CD274 3.1 UTP6 24 GBP1 -6.8 NFKBIZ 3.0 GALNT3 2.6 FRAT1 241
38| SOCS1 3.0 FOXP1 24 HECW2 3.0 PMAIP1 2.6 LAMC2 241
39| SOCS3 3.0 THAP2 2.3 LIMK2 3.0 FAM126A 2.6 ST6GALNAC2 24.1
|40| CREB5 29 CD40 23 FXYD6 2.9 TUBB2A 2.6 CCDC24 241
|41| NFKBIZ 29 DDX21 2.3 HLA-DOB 29 IFl44 2.6 TONSL 24.1
|42| CSF2RB 2.8 MAP3K8 2.2 ETV7 2.9 RAB29 2.6 EYA2 241
|43 SOD2 2.8 PELI 241 SOCS3 29 NEDD4L 25 LRRC26 241
|44| TCFL5 2.8 NANS 241 IL1A 2.8 SOCS3 25 IFT81 24.0
[45] IL15 2.8 GTPBP4 2.0 IDO1 2.7 HERC6 25 ZSCAN20 24.0
|46| PRDM1 2.6 1SG20 1.9 CCL4L2 27 OASL 25 NLRP2 24.0
|47 IL1A 2.6 CDK6 1.9 FSD1L 2.7 FLT1 25 TBC1D3L 24.0
|48| HAPLN3 2.6 WTAP 1.8 GBP4 2.7 TAGAP 25 IL22RA2 24.0
149 CDH1 2.6 MGLL 1.8 CD40 2.6 KIF3B 25 DNAH10 24.0
50 KMO 2.6 IL2RA 1.8 PDCD1LG2 2.6 STK17B 25 H3C4 24.0
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aDC_tumor in situ_vs_

IFNy + TL8-506 ex vivo

aDC_tumor in situ_vs_
Poly(I:C) + TL8-506 ex vivo

aDC+intcDC2_tumor in
situ_vs_IFNy + TL8-506

aDC+intcDC2_tumor in
situ_vs_Poly(l:C) + TL8-506

ex vivo ex vivo
gene | log2FC gene | log2FC gene | log2FC gene | log2FC

[1] LTA 29.4 WNT4 6.7 LTA 29.5 LTA 29.2
| 2| TBKBP1 6.1 ZBTB32 6.3 CCL3 6.9 IFNB1 8.8
|3| CXCL10 5.6 TNF 6.0 TNF 6.0 CSF2 7.8
4] TNF 5.4 CCL3 5.2 IL1B 5.9 IL12A 7.2
|5 WNT4 5.4 IL1B 4.7 IL12A 5.8 CCL3 6.9
| 6 | GBP5 5.3 L6 4.7 CCL4 5.7 WNT4 6.7
| 7] CXCL11 5.2 CCL4 4.7 CXCL10 57 CCL4 6.6
|8| TCF7L2 5.0 LAMC1 4.7 CSF2 5.6 TNF 6.4
9] L27 4.8 TCF7L2 4.6 GBP5 53 IL1B 6.2
[10] CXCL9 4.8 RASSF8 45 CXCL11 53 L6 6.0
|11 IL1B 4.7 EXT1 4.3 KCNJ2 5.2 STEAP1B 5.9
[12] CCL3 4.5 NIPA1 4.3 IL27 51 IL1A 5.8
|13 AIM2 4.5 ABAT 4.3 WNT4 5.1 EPB41L5 5.6
|14| SNTB1 4.4 GALNT12 4.3 SERPINB2 5.0 ZBTB32 5.4
|15 L6 4.3 TCFL5 43 IL6 4.9 CCL5 49
|16] P2RY6 4.2 IL1R1 4.3 TBKBP1 4.9 RASSF8 4.9
|[17| SLAMF8 4.2 B3GNT7 4.2 IL1A 4.7 TLCD1 4.8
|18| TCFL5 4.2 APOBR 41 STEAP1B 4.7 B3GNT7 4.8
[19] TLR4 41 TLCD1 4.0 CXCL9 4.7 OASL 4.7
|20 GBP7 41 MGST1 4.0 MEFV 4.6 EXT1 4.7
|21 IL12B 4.0 HERC5 3.9 PLEKHN1 4.5 IL1R1 4.6
|22| PRR5L 3.9 IGSF3 3.8 CSF3 4.4 BAALC 4.6
|23 CDH1 39 TACSTD2 37 CCL5 4.4 NIPA1 4.6
|24 GBP4 3.8 CCL5 3.6 GBP1 4.4 ITGA1 45
|25/ GBP1 3.8 IL2RA 3.6 TCF7L2 4.3 IGSF3 45
|26] TBX21 3.8 SGMS2 3.6 CACNA1A 4.3 LAMCH 4.4
|27| APOBR 3.8 NFKBIZ 35 BAALC 4.2 HERC6 4.4
|28 IGSF3 3.8 PDGFB 34 RAB33A 4.2 TJP1 44
[29] CMPK2 3.7 IL12B 3.4 AQP9 4.2 IL23A 4.3
|30| RAB33A 37 PLAUR 34 DNAAF1 4.2 AMIGO2 4.2
|31] POU3F1 3.6 MBP 3.4 P2RX7 4.2 GALNT12 4.2
|32| TLCD1 3.6 GALNT3 3.3 EPB41L5 41 HERC5 4.2
|33 DLL4 3.6 GRWD1 33 CMPK2 41 TCF7L2 4.2
|34 CCL5 3.6 NEDDA4L 3.3 CD300E 41 SHROOM1 4.2
[35] SMN1 3.6 TCF7 3.2 TLR4 41 IL2RA 4.2
|36] ZBTB6 35 G0S2 3.2 GBP7 41 NEDD4L 41

137] EXT1 3.4 ZMYND11 3.1 ATP10A 4.1 CLCF1 4.0
|38] PAWR 34 MAP4K5 31 INHBA 4.0 CDH1 3.9
|39] CASP10 34 CLCF1 3.1 PRR5L 3.9 KIAA1522 3.9
|40| NFKBIZ 3.4 CD40 3.1 KCNN4 3.9 IL1RN 3.8
|41| SCARF1 3.3 PMAIP1 31 EXT1 338 IFIT2 3.8
|42 IRF8 3.3 IGF2R 3.1 DYRK3 3.8 TRAF3IP2 3.8
|43| ZFYVE28 3.3 HAUS6 3.1 TBX21 3.8 TCFL5 3.8
|44 ETV7 3.3 RFFL 3.1 NEU4 3.7 IL12B 3.8
[45] CCL4 3.2 FOSL1 3.1 OASL 3.7 LIMS2 3.8
|46 EPC2 3.2 MFHAS1 3.0 ITGA1 3.7 MACC1 37
|47 IL2RA 3.2 PLAGL2 3.0 AM2 3.6 SNTB1 3.7
|48 GPATCH4 3.2 FAM126A 3.0 ZFYVE28 3.6 GALNT3 37
|49] APOL1 3.2 PRKCI 3.0 IGSF3 3.6 DDX60 3.7
50 DYRK3 3.1 CDC42EP3 3.0 GBP4 3.6 G0S2 37
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Table 5. Overview of patient tumor samples

Tumor Patient Panel for flow
o, +
sample_ID Indication Subtype Treatment Assays % CD45" cells cytometry
SCRNAse FACSAria lll,
colon_1 Colon cancer liver metastasis untreated 9 30 FACSymphony
flow cytometry A5
lung_1 Lung cancer Aqeno untreated scRNA-seq 75 FACSAria lll
carcinoma
lung_2 Lung cancer NSCLC untreated flow Eﬁ%ﬂetry’ 44 LSRFortessa
lung_3 Lung cancer NSCLC untreated flow cytometry 72 LSRFortessa
lung 4 Lung cancer NSCLC untreated flow cytometry 74 LSRFortessa
melanoma_1 Melanoma lymph noc_ie untreated scRNA-seq 96 FACSAria lll
metastasis
FACSAria lll,
melanoma_2 Melanoma lymph noc?e untreated scRNA-seq, 15 FACSymphony
metastasis flow cytometry A5
melanoma_3 Melanoma lymph nod'e untreated flow cytometry 98 FACSymphony
metastasis A5
melanoma_4 Melanoma lymph nod'e untreated flow cytometry 15 LSRFortessa
metastasis
brain LGX818+MEK1
melanoma_5 Melanoma . 62, Ipi+Nivo, = flow cytometry 21 LSRFortessa
metastasis .
Nivo
melanoma_6 Melanoma lymph noc_ie untreated flow cytometry 18 LSRFortessa
metastasis
ovarian_1 Ovarian cancer sell'ous untreated ELISA 61 -
carcinoma
ovarian_2 Ovarian cancer sell'ous untreated ELISA 59 -
carcinoma
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Materials and Methods

ScRNA-seq data quality control and pre-processing

Publicly available scRNA-seq datasets of different tissues (online supplemental table 2) were
collected either as raw count matrices or fastq files. Internal and external fastq files were
aligned and quantified using the Cell Ranger Single-Cell Software [1] with default
parameters against the GRCh38 human reference genome. The data was further pre-
processed by following the standard workflow in Besca [2]. For individual datasets, the
quality of cells was assured by filtering all low-quality cells and removing uninformative
genes by using the parameters in online supplemental table 3. The filtering was applied to
cells based on the metrics, including minimum and maximum number of genes expressed,
minimum and maximum total UMI count, and maximum proportion of mitochondrial gene
count. Also, genes that were expressed in less than 10 cells were filtered out. After
performing quality control, the raw count data were normalized, logarithmized and used

for several downstream studies.

Dimension reduction and unsupervised clustering

For each dataset, the genes  showing highest  variability = using
besca.st.highly_variable_genes function were selected (minimal mean = 0.0125, maximal
mean = 3 and minimal normalized dispersion = 0.5 cutoffs). Next, the effects of total count
per cell and mitochondrial gene percentage effects were regressed out and the data were
standardized. Subsequently, a principal component analysis with 50 components was
performed and the first 50 components retained to build a nearest neighbor graph (local

neighborhood size 15) and to derive clusters using the Leiden community detection
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algorithm [3]. To integrate the cells from public datasets into a shared space, the raw
datasets were concatenated and a second round of preprocessing, quality control was
performed. The calculated PCA matrix was subjected to the Harmony algorithm [4] as an
input, and individual studies were kept as a technical covariate for the correction. The
batch-corrected PCA coordinates were then used to build the integrated nearest neighbor
graph and to find clusters within. For the visualization of identified clusters, the Harmony
corrected PCA matrix as an input was used for the UMAP. Further, Gaussian kernel
density estimation function from scanpy was used to calculate the density of tumor-derived
treated and non-treated immune cells, as well as tumor-derived cells from public datasets

in the UMAP space [5].
Cell type annotation

To identify the cell type of the clusters returned by the Leiden algorithm, curated
signatures and the sig-annot workflow available in Besca were used [2] based on the
expression of signature markers. After identifying major cell types in the pooled dataset,
myeloid dendritic cells were separated and the third round of pre-processing and cell-type
annotation was performed to explore subpopulations with higher resolution. The third
round is similar to the second round of pre-processing, where the raw and unfiltered gene
expression concatenated matrix of only the identified myeloid dendritic cells was used and
filtering (parameters in online supplemental table 3), HVG identification, PCA computation,

and batch correction by Harmony algorithm was performed.

Differential expression analysis

Differential expression (DE) analysis between different cell groups was performed using

a Wilcoxon Rank Sum test and multiple hypothesis testing correction using the Benjamini-
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Hochberg procedure (function scanpy.tl.rank_genes_groups). To avoid the possible bias
resulting from the comparison of imbalanced cell groups, when needed, each cell group
was downsampled to the minimum number of all cell groups. The adjusted p-value
threshold was kept at 0.05 and genes with less than this value were considered as
significantly differentially expressed. Top DE genes were selected based on the highest

log2 fold change (log2FC). Top 50 DE genes are listed in online supplemental table 4.

Velocity analysis

The Velocyto 0.17.17 package [6] was used to obtain spliced and unspliced read counts
from the previously aligned scRNA-seq files from melanoma, lung and colon cancer
samples and RNA velocity was calculated using the scvelo 0.2.3 package [7]. To keep the
embedding consistent with the integrated dataset, the batch corrected PCA space was
used to calculate the nearest neighbor graph. For each cell, the RNA velocity of genes
was used to generate the RNA velocity vector embedding. For this, the first and second-
order moments among nearest neighbor cells in reduced PCA space were computed.
Further, the data and calculated moments were subjected to the RNA velocity estimation

by modeling the full transcriptional dynamics of splicing kinetics (dynamical model).

CD8* T cell migration assay

Observation windows were filled with 50 pL cold PBS. Collagen mixture (4 mg/mL rat
collagen, R&D, #3440-100-01, in 0.1 M HEPES, Life Technologies, #15630-122, 3.7 g/L
NaHCOs, Lonza, #BE17-613E) was prepared on ice and 2 pL was pipetted into the middle
channel of a cold 3-lane OrganoPlate (MIMETAS, #4004-400-B) to build the extracellular

matrix barrier. After 30 min of polymerization at 37°C, 30 uL PBS were added to the inlet

He M, et al. J Immunother Cancer 2022; 10:e004268. doi: 10.1136/jitc-2021-004268



BMJ Publishing Group Limited (BMJ) disclaims all liability and responsibility arising from any reliance
Supplemental material placed on this supplemental material which has been supplied by the author(s) J Immunother Cancer

of the collagen channel to prevent collagen drying. OrganoPlate was left overnight in the
cell culture incubator. The next day, PBS was removed from the collagen inlets, 2 x 104
human umbilical vein endothelial cells (HUVECs, Lonza, #C2517AS) were seeded in 2 pL
HUVEC medium (EGM-2, Lonza, #CC-3162/6) into the inlet of the top channel. 50 pL
HUVEC medium was added to the inlet of the top channel. HUVECs were allowed to
attach to the collagen interface for 2 hours in the cell culture incubator. 50 uyL HUVEC
medium was then added to the outlet of the top channel. After 6 days of HUVEC vessel
formation at 37°C in a COz incubator, HUVEC medium was removed from the inlets and
outlets of the top channel. 2 x 10° activated CD8* T cells in 100 pL T cell medium (RPMI,
Gibco, #42401-018, 10% FBS, 1% Pen/Strep, 1% Sodium Pyruvate, 1% Non-Essential
Amino Acids Solution, Gibco, #11140-050, 1% GlutaMAX, Gibco, #35050-061, 50 uM 2-
Mercaptoethanol, Gibco, #31350-010) were plated into the top channel. CD8* T cells were
isolated from PBMCs using the Miltenyi CD8* T Cell Isolation Kit (#130-096-495) and
activated for 4 days using CD3/CD28 activator (STEMCELL, #10971) according to the
manufacturer's protocol. CD8* T cells were labeled with 1 mM CMFDA (Life Technologies,
#C7025) for 15 min at 37°C right before plating into the OrganoPlate. Supernatants of
stimulated cord blood c¢DCs, 1:1 diluted in T cell medium were added to the bottom
channel. T cell migration was measured in the collagen layer after 48 hours at 37°C in a
CO:2 incubator using the PerkinElmer Operetta High Content Imaging System. After 72
hours of migration, cells in the collagen layer were fixed using 0.4% formaldehyde (Sigma,
#47608) in PBS for 15 min at room temperature. Cells were washed 2x with PBS and
permeabilized using 0.3% Triton X-100 (Sigma, #18787) for 10 min at room temperature.
The plate was washed 1x with 4% FBS in PBS and blocked with 2% FBS, 2% BSA, 0.1%

Tween20 (Sigma, #P2287) in PBS for 30 min at room temperature. Cells were stained
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with anti-CD8 antibodies (BD, #555635) in 2% FBS, 2% BSA, 0.1% Tween20 in PBS for
4 hours at room temperature. The plate was washed 2x with 4% FBS in PBS, 1x with PBS.
Stained cells were detected using the PerkinElmer Operetta High Content Imaging

System. Quantification of the migrated T cells was done using Imaged.
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Supp. Figure 1 TL8-506 is selective for human TLR8 and does not activate human TLR7. HEK-Blue cells that
were engineered to express the human TLR7 or TLR8 and the NF-kB-inducible SEAP (secreted embryonic
alkaline phosphatase) reporter gene were treated with the indicated agonists and concentrations for 18 hours.
Real-time detection of SEAP activity by performing the colorimetric enzyme assay in HEK-Blue Detection
medium, from three independent experiments, mean+SEM is shown.
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Supp. Figure 2 Human cord blood, blood and tumor cDCs show comparable gene expression. 10x Genomics
scRNA-seq was performed on FACS sorted blood cDCs (PBMC), n=2 donors, from one experiment, and in
vitro differentiated cord blood cDCs (CBDC) harvested on day 12, n=3 batches of cord blood from mixed
donors, 6 donors in total, from two independent experiments. scRNA-seq data of tissue cDCs (non-cancer and
cancer) were integrated from different public studies listed in online supplemental table 2. (A) UMAP of 59'025
cDCs profiled across different scRNA-seq studies with each cell color-coded for study or cDC subset. (B)
Spearman correlation values are shown comparing cord blood cDCs with blood and tissue cDCs. Correlation
values were calculated based on the mean expression of genes per cell subset and donor. (C) Fraction positive
and mean expression of different cDC subset-specific markers in cord blood, blood and tissue cDC1s or
cDC2s. Mean expression was calculated across all the cells in the group and then scaled to a 0-1 range. (D)
Fraction positive and mean expression of different IFNRs and PRRs in cord blood, blood and tissue cDC1s or
cDC2s. Mean expression was calculated across all the cells in the group and then scaled to a 0-1 range.
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Supp. Figure 3 IFNy + TL8-506 or Poly(I:C) + TL8-506 synergize to upregulate different genes in cord blood
cDCs. Cord blood cDCs were sorted by FACS and stimulated with the indicated stimuli for 15 hours. Gene
expression was analyzed in cell lysates using the NanoString human Myeloid Innate Immunity panel, n=2
batches of cord blood from mixed donors, in total 4 donors, from two independent experiments, representative
data are shown for 1 batch of cord blood from mixed donors (2 donors). (A) For each gene, synergy scores for
combinatorial stimulation is plotted against fold change in expression in stimulated cDCs, calculation of synergy
score for each gene is depicted on the right, labeled genes have a synergy score >2 and fold change to
medium >5. (B) For each gene, fold change in expression in IFNy + TL8-506 treated cDCs is plotted against
fold change in expression in Poly(I:C) + TL8-506 treated cDCs, comparing the genes highly induced by IFNy +
TL8-506 vs Poly(I:C) + TL8-506 treatment. Labeled genes have a synergy score >2 and fold change to medium
>5. The following concentrations were used for DC stimulation: 50°000 U/mL hulFNy, 10 ug/mL Poly(l:C), 1 uM
TL8-506.
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Supp. Figure 4 cDCs with an activated phenotype are rare across different human tumor indications.

(A) Percentage of cDC1s, cDC2s and activated DCs (aDCs) of all cells (CD45* and CD45- cells) from the
processed tissue samples was calculated and depicted. Only studies in which the entire tissue was proved by
scRNA-seq without prior cell type enrichment were included. (B) DC subset-specific markers were analyzed in
the activated DC (aDC) population from all scRNA-seq studies. Fraction positive and mean expression of DC
subset-specific markers in aDCs from tissue (non-cancer, cancer), blood (PBMC) and cord blood (CBDC) is
shown. Mean expression was calculated across all the cells in the group and then scaled to a 0-1 range.
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Supp. Figure 5 Tumor cDCs activated by TL8-506 combinations up-regulate genes involved in co-stimulation
and antigen presentation. (A) Digested tumor samples from melanoma, CRC and lung cancer patients were
treated with 1 yuM TL8-506 + 50’000 U/mL IFNy or 1 uM TL8-506 + 10 ug/mL Poly(l:C) for 4 hours. 10x Genom-
ics scRNA-seq was performed on FACS sorted CD45*, CD3 cells, n=4 donors, from three independent experi-
ments. Fraction positive and mean expression of co-stimulatory molecules and genes involved in antigen
presentation in tumor-derived cDC1s and cDC2s upon treatment with TL8-506 combinations is shown. Mean
expression was calculated across all the cells in the group and then scaled to a 0-1 range, - = medium, IT =
IFNy + TL8-506, PT = Poly(l:C) + TL8-506. (B) Cord blood cDCs were sorted by FACS and stimulated with

1 uM TL8-506 + 50’000 U/mL IFNy or 1 yM TL8-506 + 10 pg/mL Poly(l:C) for 15 hours. Gene expression was
analyzed in cell lysates using the NanoString human Myeloid Innate Immunity panel, n=2 batches of cord blood
from mixed donors, 4 donors in total, from two independent experiments, colors displaying the maximum
(100%) to minimum (0%) mean gene expression per column.
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Supp. Figure 6 TL8-506 combinations induce TLR and IFN signaling in treated tumor cDCs. (A) Digested
tumor samples from melanoma, CRC and lung cancer patients were treated with 1 uM TL8-506 + 50’000 U/mL
IFNy or 1 uM TL8-506 + 10 pg/mL Poly(l:C) for 4 hours. 10x Genomics scRNA-seq was performed on FACS
sorted CD45*, CD3- cells, n=4 donors, from three independent experiments. Mean gene expression of compo-
nents of the TLR and IFN pathways in tumor cDC1s and cDC2s is displayed, IT = IFNy + TL8-506, PT =
Poly(l:C) + TL8-506. (B) Cord blood cDCs were sorted by FACS and stimulated with 1 yM TL8-506 + 50’000
U/mL IFNy or 1 uM TL8-506 + 10 pg/mL Poly(l:C) for 15 hours. Gene expression was analyzed in cell lysates
using the NanoString human Myeloid Innate Immunity panel, n=2 batches of cord blood from mixed donors, 4
donors in total, from two independent experiments, colors displaying the maximum (100%) to minimum (0%)
mean gene expression per column.
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Supp. Figure 7 Tumor-derived cDCs activated by TL8-506 combinations show increased expression of activa-
tion markers compared to in situ activated cDCs from different human tumor indications. Digested patient tumor
samples were treated with 1 uM TL8-506 + 50’000 U/mL IFNy or 1 uM TL8-506 + 10 ug/mL Poly(l:C) for 4
hours. scRNA-seq was performed on FACS sorted CD45*, CD3- cells, n=4 donors, from three independent
experiments. scRNA-seq data of in situ activated cDCs were integrated from different public studies listed in
online supplemental table 2. (A) Fraction positive and mean expression of activation markers in activated DCs
(aDCs), stratified per treatment, study and tissue of origin. Only cDCs falling into the aDC cluster were
analyzed. Mean expression was calculated across all the cells in the group and then scaled to a 0-1 range. (B)
Fraction positive and mean expression of activation markers in activated DCs (extended population), stratified
per treatment, study and tissue of origin. Cells color-coded in orange from the aDC cluster and intermediate
cluster between aDCs and cDC2s were analyzed, adc_intcdc2 = aDC cluster + intermediate cDC2 cluster.
Mean expression was calculated across all the cells in group and then scaled to a 0-1 range.
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Supp. Figure 8 Poly(l:C) + TL8-506 activate cord blood cDCs to induce the release of IFNy but not IL-4 or
IL-10 in DC/T cell co-cultures. Sorted cord blood cDC2s were stimulated with the indicated stimuli for 18 hours.
Treated cDCs were washed and co-cultured with allogeneic naive T cells for 4 days. Cytokine concentrations in
the supernatant of co-cultures were determined by ELISA, n=2 batches of cord blood from mixed donors, 3 T
cell donors, from two independent experiments, one-way ANOVA was used for statistical analysis, **p<0.002.

The following concentrations were used for DC stimulation: 10 pg/mL Poly(l:C), 1 uM TL8-506.
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Supp. Figure 9 CCL4 and TNFa induce CD8* T cell migration in 3D in vitro system. (A) Sorted cord blood
cDC2s were stimulated for 18 hours with the indicated stimuli. Cytokine concentrations were determined in the
cell culture supernatants by ELISA. CXCL10, CCL4 and TNFa concentrations in the supernatant of cDCs
treated with IFNy + TL8-506 or Poly(l:C) + TL8-506 are shown, n=3 batches of cord blood from mixed donors,
6 donors in total, from three independent experiments as described in Figure 1D. (B) Sorted cord blood cDC2s
were stimulated with the indicated compounds for 18 hours. The supernatant was collected and placed into the
bottom channel of a 3D tissue culture device. Activated CD8* T cells were labeled with CMFDA and added to
the top channel which was coated with an artificial endothelial vessel. T cell migration was measured after 48
hours by imaging of the collagen layer that separated the two channels. Cell counts of migrated CD8* T cells in
the absence (grey) and presence of 5 pg/mL anti-CCL4 antibodies (green) in supernatants of stimulated cDCs
are shown, n=2 donors, from two independent experiments, mean+SD, Student’s t-test, ns, not significant.

(C) Experimental set-up as described in B, CXCL10 + TNFa or CCL4 + TNFa dilutions in concentrations
present in supernatants of IFNy + TL8-506 or Poly(I:C) + TL8-506 treated cDC2s were placed in the bottom
channel. Cell counts of migrated CD8* T cells towards chemokine dilutions are depicted, n=2 donors, from two
independent experiments, mean+SD, one-way ANOVA, **p<0.002. The following concentrations were used for
DC stimulation: 50’000 U/mL hulFNy, 10 pg/mL Poly(I:C), 1 uM TL8-506.

He M, et al. J Immuncther Cancer 2022; 10:€004268. doi: 10.1136/jitc-2021-004268



Supplemental material

BMJ Publishing Group Limited (BMJ) disclaims all liability and responsibility arising from any reliance

placed on this supplemental material which has been supplied by the author(s) J Immunother Cancer

Figure S10
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Supp. Figure 10 Poly(l:C) + TL8-506 activate cord blood cDCs in the presence of tumor-conditioned medium
to produce IL-12p70. (A) Patient tumor-derived digest was cultured for 6 hours and tumor-conditioned medium
was harvested. Sorted cord blood cDCs were stimulated with 1 yM TL8-506 + 10 ug/mL Poly(l:C) in the
absence or presence of tumor-conditioned medium (1:1 diluted) for 16 hours. IL-12p70 concentrations were
measured in cell culture supernatant by ELISA, 3 patient tumor-derived digests, 2 batches of cord blood from
mixed donors (4 donors in total), from two independent experiments, mean+SD of technical replicates is
shown, unpaired Student’s t-test, ***p<0.0002, PT = Poly(l:C) + TL8-506. (B) Cell culture supernatant of the
human lung cancer cell line COR-L105 was collected. Sorted cord blood cDC2s were activated in the absence
or presence of conditioned medium from COR-L105 cells for 16 hours. IL-12p70 concentrations were measured
in cell culture supernatant by ELISA, 2 batches of cord blood from mixed donors (4 donors in total), from two
independent experiments.
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Supp. Figure 11 TL8-506 combinations up-regulate cytokines in human tumor-derived B cells, plasmacytoid
DCs and macrophages in a cell type-specific manner. (A) UMAP of 35’169 cells profiled from IFNy + TL8-506 or
Poly(l:C) + TL8-506 treated and control treated tumor digests, with each cell color-coded for cell type, treatment
and tissue. (B) Fraction positive and mean expression of activation markers in tumor-derived B cells, plasmacy-
toid DCs (pDCs) and macrophages upon treatment with TL8-506 combinations. Mean expression is calculated
across all the cells in the group and then scaled to a 0-1 range. (C) Volcano plots showing differentially
expressed (DE) genes (blue: up-regulated, red: down-regulated) between stimulated and control treated B
cells, pDCs and macrophages from human tumor digests. Top 20 DE genes scored by p-values and fold
changes are labeled, Wilcoxon Rank Sum test. The following concentrations were used for stimulation: 50’000
U/mL hulFNy, 10 yg/mL Poly(l:C), 1 uM TL8-506.
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Supp. Figure 12 Human cDCs are low in percentage in tumor tissue and blood. (A) Patient tumor-derived
tissues were treated with the indicated compounds for 4 hours. 10x Genomics scRNA-seq was performed on
FACS sorted CD45*, CD3 cells with the exception of colon_1 that was sorted for CD45* cells, n=4 donors, from
three independent experiments. Percentages of DCs from all sequenced cells are plotted in a bar graph (left) or
are listed in a table (right), - = medium, IT = IFNy + TL8-506, PT = Poly(I:C) + TL8-506. (B) DCs were differenti-
ated in vitro from cord blood stem cells, cells were harvested on day 12 and sorted for cDC1s, cDC2s or live
cells (bulk) by FACS, 10x Genomics scRNA-seq was performed on sorted cells. n=3 batches of cord blood from
mixed donors, 6 donors in total, from two independent experiments. Percentages of DCs from all sequenced
cells are plotted in a bar graph (left) or are listed in a table (right). (C) PBMCs were isolated from buffy coats of
healthy donors (bulk). DCs were enriched from PBMCs 1x or 2x using the Miltenyi Pan-DC Enrichment Kit, n=2
donors, from one experiment. Percentages of DCs from all CD45* cells were quantified by flow cytometry and
are plotted in a bar graph (left) or are listed in a table (right), mean+SD of technical replicates is shown.
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In Brief

X Human tumor-derived conventional dendritic cells (cDCs) from cancer patients are
activated by Toll-like receptor 8 agonist combinations

X Human tumor-derived cDC1s and cDC2s show an immunostimulatory phenotype
associated with Th1 responses upon treatment

X Combination-specific induction of activation markers are consistent in human cord
blood, blood and tumor-derived cDCs
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