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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-γ and TL8-
506+Poly(I:C) (a TLR3 agonist) were studied in more 
detail. cDC1s and cDC2s derived from cord blood stem 
cells, blood or patient tumor samples were stimulated 
with either TL8-506+IFN-γ 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-γ or 
Poly(I:C) to induce high expression of different chemokines 
and cytokines including interleukin (IL)-12p70 in human 
cord blood and blood cDC 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 
cDCs 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 

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.1 2 DCs are crucial for priming of tumor 
antigen-specific T cells in the tumor draining 
lymph nodes.3 In addition, DCs support T 
cell effector functions in the tumor micro-
environment.4 5 However, the generation of 
immunostimulatory DCs depends on appro-
priate activation cues counterbalancing 
potential suppressive factors in the tumor 
microenvironment.6 7 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.7 8

DCs in human tumors consist of conventional DC 
(cDC)1 and cDC2 subsets.7 8 cDC1s 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.9 Therefore, cDC1s can effi-
ciently cross-present endocytosed tumor antigens to CD8+ 
T cells.10 The more abundant and heterogeneous cDC2s 
express CD1c and CLEC10A, markers that are shared to 
some extent with other immune cell types such as mono-
cytes or macrophages.11 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.12 13 However, some studies 
have challenged these strict functional separations and 
highlighted the importance of cDC1–cDC2 crosstalk for 
effective antitumor immunity.14 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.15 In this context, it is interesting that 
the phenotypes of cDC1 and cDC2 converge on activation 
and display a similar gene expression profile.7 8

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.16 17 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.18 19

Pattern recognition receptor (PRR) agonists and 
interferons (IFNs) can induce DC maturation and 
promote their immunostimulatory functions.20–22 
Although a synergy between PRR agonists and IFNs 
concerning IL-12p70 expression and T cell activation 
was described,23 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 cDC subsets in humans.8 21 Although TLR8 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 
cDC1s 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-γ in the expression of combination-
specific cytokines in human cord blood and blood cDC 
subsets. Importantly, TL8-506-based combinations acti-
vated both cDC1s 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 2× enrich-
ment was performed for all experiments.

Expansion of cord blood stem cells
1×106 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 2.5×104 
cells/mL, supplemented with 20 ng/mL huIL-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 0.5×104 
cells per well in a 96-well U bottom plate and cultured 
at 37°C in a CO2 incubator. After 7 days of expansion, 
cells were harvested and frozen in 80% MEM-α (Gibco, 
#12 561–056), 10% DMSO (Sigma, #D2650), 10% FBS at 
2.6×106 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-α, 
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 µg/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 2.5×105 cells/mL in 
100 µL 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. 2.6×106 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 huIL-4 (PeproTech, #200–04), 
40 ng/mL huSCF and 200 ng/mL huFLT3L. 100 µL cord 
blood stem cells at 1.3×105 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 CO2 incubator. Cells were fed 
on day 6 with 50 µL/well MS-5 medium supplemented 
with 12.5 ng/mL huGM-CSF, 12.5 ng/mL huIL-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 µm 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 × 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 1–5×106 cells/mL in 
freezing medium (IBIDI, #89020) in liquid nitrogen.

Stimulation of DCs
Enriched blood DCs or sorted cord blood cDCs were 
resuspended at 1×106 cells/mL, PBMCs or tumor digests 
were resuspended at 5–10×106 cells/mL in DC medium 
(RPMI GlutaMAX, Gibco, #72 400–021, 1% human 
serum, Sigma, #H4522, 1% Pen/Strep). 1×105 cells 
(enriched blood DCs or sorted cord blood cDCs) or 
0.5–1×106 cells (PBMCs or tumor digests) in 200 µL/well 
were treated with the indicated stimuli in a 96-well plate 
at 37°C in a CO2 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 huIFN-α (R&D, #11100–1), 10'000 
U/mL huIFN-β (R&D, #8499-IF-010), 1 µg/mL huIFN-λ 
(R&D, #1598-IL-025), 50'000 U/mL huIFN-γ (PeproTech, 
#300–02), 1 µg/mL Pam3CSK4 (Invivogen, #vac-pms), 10 

µg/mL Poly(I:C) (Invivogen, #vac-pic), 0.1 µg/mL LPS 
(Sigma, #L2880), 1 µM TL8-506 (Invivogen, #tlrl-tl8506), 
10 µM CL075 (Invivogen, #tlrl-c75), 10 µM R848 (Invi-
vogen, #vac-r848), 10 µg/mL ssRNA40 (Invivogen, #tlrl-
lrna40), 10 µg/mL 2’3’-cGAM(PS)2(Rp/Sp) (Invivogen, 
#tlrl-nacga2srs).

Quantification of cytokines and chemokines in DC supernatant
1×105 enriched blood DCs or sorted cord blood cDCs 
were stimulated in 200 µL DC medium/well in a 96-well 
U bottom plate at 37°C in a CO2 incubator for 18 hours. 
Stimulated cells were centrifuged at 300 × g for 5 min. DC 
supernatants were collected and cytokine concentrations 
were determined using either Cisbio human cytokine 
HTRF kits (Cisbio, #62HIL12PEG) or customized Procar-
taPlex Multiplex kits (Life Technologies).

Flow cytometry
0.5–1×106 PBMCs or tumor digests were stimulated in 200 
µL DC medium/well in a 96-well V bottom plate at 37°C 
in a CO2 incubator for 3 hours in total, with GolgiPlug 
1:1000 (BD, #555029) added after 1 hour stimulation. 
Stimulated cells were centrifuged at 300 × g for 5 min 
at room temperature. Cells were resuspended in 50 µL/
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 A5. Data 
were analyzed using FlowJo V.10. cDC1s were gated as 
CD45+, CD3−, CD56−, CD16−, CD14−, CD19−, CD68−, 
MHC-II+, CD11c+ and CLEC9A+ cells. cDC2s were gated 
as CD45+, CD3−, CD56−, CD16−, CD14−, CD19−, CD68−, 
MHC-II+, CD11c+ and CD1c+ cells. CXCL9, CXCL10, 
IFN-λ, TNF-α, 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 µm cell strainer. 
Cells were centrifuged at 300 × g for 5 min and resus-
pended at 10×106 cells/mL in ice 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 × 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 µm cell strainer and resus-
pended at 10×106 cells/mL in ice cold PBS for sorting on 
a BD FACSAria III. cDC1s were sorted as CD45+, CD14−, 
CLEC9A+ and CD141+ cells. cDC2s were sorted as CD45+, 

https://dx.doi.org/10.1136/jitc-2021-004268
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CD14−, CLEC9A−, CD141− and CD1c+ cells. Sorting speed 
was kept below 4000 events/s.

NanoString nCounter gene expression analysis
1×105 sorted cord blood cDCs were stimulated in 200 µL 
DC medium/well in a 96-well U bottom plate for 15 hours 
at 37°C in a CO2 incubator. Cells were collected, centri-
fuged at 300 × g for 5 min and washed 1× with PBS. 1×105 
cells were lysed in 5 µL RLT buffer containing 0.142 M 
β-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 µl 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 1×106 cells/well 
in 200 µL DC medium/well in a 96-well V bottom plate for 
4 hours at 37°C in a CO2 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 µm cell strainer and 
resuspended in ice cold PBS for sorting. Live CD45+, 
CD3– single cells were sorted for scRNA-seq. 1×104 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 Software25 with default parameters 
against the GRCh38 human reference genome. The 
data were further pre-processed by following the stan-
dard workflow in Besca.26 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 3.26 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 package28 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.0.2.3 package.29 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. 4×104 
HEK-Blue cells were treated with the indicated stimuli in 
200 µL HEK-Blue Detection medium/well in a 96-well F 
bottom plate for 18 hours at 37°C in a CO2 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
1×105 sorted cord blood cDCs were stimulated in 200 µL 
DC medium/well in a 96-well U bottom plate for 18 hours 
at 37°C in a CO2 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. 1×105 isolated 
naive T cells were co-cultured 5:1 with 2×104 stimulated 
cDCs for 4 days at 37°C in a CO2 incubator. Cytokine in 
cell culture supernatants was quantified using the Cisbio 
human IFN-γ HTRF kit (#62HIFNGPET) or customized 
ProcartaPlex Multiplex kits (Life Technologies).

DC migration assay
1×105 sorted cord blood cDCs were stimulated in 200 
µL/well OPTI-MEM (Gibco, #31985062) in a 96-well U 
bottom plate for 18 hours at 37°C in a CO2 incubator 
and supernatant was collected. 100 µL of supernatant 
were diluted 1:1 with OPTI-MEM and plated in the lower 
compartment of a transwell plate. Transwell inlets with 
5 µm pore size (Corning, #CLS3387-8EA) were used 
and 5×105 cells of cord blood DC culture at day 13 were 
added in 100 µL volume to the inlets. DCs were allowed 
to migrate for 3 hours and the sum of cord blood cDC1s 
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 
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as extracellular matrix barrier and human umbilical vein 
endothelial cells (HUVECs) (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 cDCs 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 ImageJ. 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.

Illustrations
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 Th1 T cell 
responses.30 IL-12p70 supports the expansion of naive T 
cells during T cell priming and promotes IFN-γ release in 
T cells.31 32 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 TLR8-
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 
cDC 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 cDCs 
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).7 8 33–43 
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 cDC 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-γ+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-γ, 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 IL-12 
family cytokines (IL-12p70, IL-23, IL-27), IFNs (IFN-β, 
IFN-λ), different proinflammatory cytokines (tumor 
necrosis factor (TNF)-α, IL-6, IL-1α, IL-1β) and chemo-
kines (CCL3, CCL4, CCL20). IFN-γ+TL8-506 synergized 
in the induction of IFN-γ-inducible chemokines (CXCL9, 
CXCL10, CXCL11). 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 
cDC1s 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 cDCs, CXCL9 
and CXCL10 expression was induced by IFN-γ and the 
percentage of CXCL9 or CXCL10 positive cDCs was 
further increased by the combination with TL8-506. 
Similarly, IFN-λ was induced by Poly(I:C) in cDC1s and 
its expression was further amplified by combination with 
TL8-506. TNF-α was induced by TL8-506 and combination 
with Poly(I:C) further enhanced this effect (figure 2A). 
Co-production of TNF-α and CXCL10 was only induced by 
combinatorial IFN-γ+TL8-506 stimulation (figure  2B,C) 
whereas the co-expression of TNF-α and IFN-λ was only 
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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(I: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-γ or Poly(I: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 huIFN-α, 10’000 U/mL huIFN-β, 1 µg/mL huIFN-λ, 50'000 U/mL huIFN-γ, 1 µg/
mL Pam3CSK4, 10 µg/mL Poly(I:C), 0.1 µg/mL LPS, 1 µM TL8-506, 10 µM CL075, 10 µM R848, 10 µg/mL ssRNA40, 10 µg/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-γ+TL8-506 and single stimuli 
treated blood cDCs showing the distribution of CXCL10 or/and TNF-α expressing cDCs. Percentage of positive cells are 
indicated in the quadrants. (C) Quantification of CXCL10/TNF-α 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(I:C)+TL8-506 and 
single stimuli treated blood cDCs showing the distribution of IFN-λ or/and TNF-α expressing cDCs. Percentage of positive cells 
are indicated in the quadrants. (E) Quantification of IFN-λ/TNF-α 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 huIFN-γ, 10 µg/mL 
Poly(I:C), 1 µM 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
cDCs 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 cDCs, we performed scRNA-seq of stimu-
lated tumor cDCs 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-γ+TL8-506 and Poly(I:C)+TL8-506 stim-
ulated cDCs clustered separately from untreated cDCs 
(figure  3A) and showed upregulation of many known 
DC activation markers (figure 3B). Important signals for 
T cell activation such as IL12A, IL12B, IL15, CD40 were 
induced by both TL8-506 combinations. In contrast, 
the expression of the CD8+ T cell recruiting chemok-
ines CXCL9, CXCL10, CXCL11 and their co-expression 
with TNF was specific to the IFN-γ+TL8-506 combina-
tion (figure 3B,C). The expression of IFNB1 and IFNL1 
was specific to the Poly(I:C)+TL8-506 combination, as 
previously observed for cord blood and blood-derived 
cDCs. Of note, both cDC1s and cDC2s showed compa-
rable gene induction and increased IL12A and IL12B 
expression on stimulation with the two TL8-506 combi-
nations. Differential expression (DE) analysis confirmed 
that CXCL9, CXCL10, CXCL11 or IFNB1 were among 
the DE genes specifically induced on IFN-γ+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 CD80, CD83, CD86 and components of the antigen 
presentation machinery such as TAP1, 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 cDCs 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 
cDC2 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.28 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 IL12A, IL12B, CD40, IFNB1 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, CXCL11 and CCL4, 
chemokines associated with CD8+ T cell recruitment.5 44 
In contrast, cDCs activated in situ by the tumor micro-
environment showed increased expression of CCL17 and 
CCL22, chemokines described to recruit CD4+ regulatory 
T cells.45 Consistent with earlier reports, the highest levels 
of IL12A and IL12B 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 
cDCs generated by ex vivo stimulation acquired a pheno-
type that is associated with a Th1 response, displaying 
increased expression of IL12A, IL12B, IFNB1, IFNL1, 
CD40 and CD8+ T cell chemokines when compared with 
cDCs 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) cDCs 
co-expressed intracellular TNF-α and CXCL10 proteins 
on IFN-γ+TL8-506 treatment. Treatment of tumor-derived 
cDC1s with Poly(I:C)+TL8-506 induced the co-expression 
of intracellular TNF-α and IFN-λ proteins, but not TNF-α 
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 µM TL8−506+50’000 U/mL IFN-γ or 1 µM TL8−506+10 µg/mL 
Poly(I: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-γ+TL8-506 or Poly(I: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 IL12A and IL12B 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 µM TL8−506+50’000 U/mL IFN-γ or 1 
µM TL8-506+10 µg/mL Poly(I:C) for three hours. Intracellular cytokine staining was performed for CXCL10, IFN-λ and TNF-α. 
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-γ+TL8-506 or single agent treated cDC2s from digested melanoma lymph node (LN) and brain 
metastases showing the distribution of CXCL10 or/and TNF-α expressing cDC2s. Percentage of positive cells are indicated 
in the quadrants. (D) Quantification of CXCL10 or/and TNF-α 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 huIFN-γ, 10 µg/mL Poly(I:C), 1 µM 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-γ on tumor-
derived cDCs. Consistent with our observations in blood 
cDCs, TL8-506 or IFN-γ by themselves did not induce 
the co-expression of intracellular TNF-α 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(I: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 cDCs as cDCs from patient 
tumor material were insufficient in numbers to perform 
functional assays and the response of cord blood cDCs 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 Th1 
differentiation using the production of IFN-γ as a proxy. 
Sorted cDCs 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-γ concentrations in the supernatant 
were measured. cDCs stimulated with Poly(I:C)+TL8-506 
induced the highest IFN-γ concentrations among the 
tested stimuli with a 140-fold increase compared with 
unstimulated cDCs (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 cDCs 
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 cDCs 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 CCL20, a set of chemokines 
described to promote DC migration.46 47 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 cDCs 
(figure  6C,D). In contrast, IFN-γ+TL8-506 failed to 
induce the recruitment of significant numbers of CD8+ 
T cells. IFN-γ+TL8-506 stimulation induced the strongest 
CXCL10 secretion while Poly(I:C)+TL8-506 treatment 
induced the highest CCL4 and TNF-α release in cDCs 
among the tested combinations (online supplemental 
figure S9A). CXCL10, CCL4 and TNF-α are all associated 
with CD8+ T cell chemotaxis.48–50 Hence, it is possible that 
the CCL4/TNF-α axis was more efficient in attracting 
CD8+ 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-α 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.7 8 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 cDCs 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 cDCs 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 cDCs 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.44 45 They also 
show increased expression of both co-stimulatory and 
co-inhibitory molecules such as CD40 and CD274 when 
compared with non-activated cDCs.7 However, no or 
only very few transcripts for factors associated with anti-
tumor responses were detected including IL12A, IL12B 
and IFNB1. Interestingly, human tumor cDCs activated 
by TL8-506 combinations showed increased expression 
of IL12A, IL12B, IFNB1, chemokines for CD8+ T cells 
including CXCL9, CXCL10 and CCL4 but decreased 
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Figure 6  Poly(I: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-γ 
concentrations in the supernatant were determined by ELISA as a readout for T cell activation. IFN-γ 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 
huIFN-γ, 10 µg/mL Poly(I:C), 1 µM TL8-506. Illustrations were created with BioRender.com. cDC, conventional DC; DC, dendritic 
cell; IFN, interferon; TNF, tumor necrosis factor.
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expression of CCL17, CCL19 and CCL22 when compared 
with in situ activated tumor cDCs. 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 Th1 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-γ receptors (IFNGRs) 
are ubiquitously expressed.51 Macrophages express both 
TLR8 and IFNGRs.52 Tumor-derived macrophages upreg-
ulated CXCL10 and TNF-α expression on IFN-γ+TL8-506 
treatment, but failed to induce IL12A, IL12B, IFNB1 or 
IFNL1 on stimulation with TL8-506 combinations (online 
supplemental figure S11A,B).

Different human cDC sources have been explored for 
drug screenings to predict treatment effects on human 
tumor cDCs due to their scarcity.53 54 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 cDC1s and cDC2s 
formed well separated clusters in scRNA-seq analyses 
despite the fact that cord blood cDC1s 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 cDCs 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-γ 
induced CXCL10 production, Poly(I:C) induced IFN-λ 
expression and TL8-506 treatment resulted in TNF-α 
expression in cord blood, blood and tumor-derived cDCs. 
Surprisingly, only the stimulation with Poly(I:C)+TL8-506 
but not IFN-γ+TL8-506 led to IFN-β expression in cord 
blood and tumor cDCs. However, it is possible that the 
experimental set-up influenced the IFN-β expression as 
the induction of IFN-β by TLR8 agonists in human DCs 
was inconsistent in previous studies.55 56 We conclude that 
in vitro differentiated cord blood and peripheral blood 
cDCs 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 cDC1s and cDC2s. Although acti-
vated cDC1 and cDC2 clustered together and had similar 
overall gene expression profile, selected genes were differ-
entially induced. As previously described in the literature, 
IFN-λ was selectively induced by Poly(I:C) in cDC1s.17 

Poly(I:C) consistently showed stronger effects on cDC1s 
compared with cDC2s, which might be explained by the 
higher TLR3 expression in cDC1s.21 In contrast, we did 
not identify any cytokine that was selectively induced in 
cDC2s on stimulation with TL8-508 combinations. This 
highlights the importance of differential PRR expression 
in human cDCs and how it may guide the selection of 
appropriate agonists to target different cDC subsets.

TLR3 agonists, TLR8 agonists and IFN-γ are currently 
being tested for cancer treatment in different clinical 
trials.57 58 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 TLR8 to increase their potency specifically in 
cDCs because they co-express TLR3 and TLR8. 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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