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Abstract

Type | conventional dendritic cells (cDC1s) are an essential antigen-presenting population
required for generating adaptive immunity against intracellular pathogens and tumors. While

the transcriptional control of cDC1 development is well understood, the mechanisms by which
extracellular stimuli regulate cDC1 function remain unclear. We previously demonstrated that

the cytokine-responsive transcriptional regulator STAT3 inhibits polyinosinic:polycytidylic acid
(poly I:C) -induced cDC1 maturation and cDC1-mediated anti-tumor immunity in murine breast
cancer indicating an intrinsic, suppressive role for STAT3 in cDC1s. To probe transcriptional
mechanisms regulating cDC1 function, we generated novel RNA-sequencing (RNA-seq) datasets
representing poly I:C-, IL-10-, and STAT3-mediated gene expression responses in murine

cDCl1s. Bioinformatic analyses indicated that poly I:C stimulates multiple inflammatory pathways
independent of STAT3, while IL-10-activated STAT3 uniquely inhibits the poly I:C-induced

type | interferon (IFN-I) transcriptional response. We validated this mechanism using purified
cDCl1s deficient for STAT3 or IFN signaling. Our data reveal I1L-10-activated STAT3 suppresses
production of IFN-B and IFN-v, accrual of tyrosine phosphorylated STAT1, and IFN-stimulated
gene expression in cDC1s following poly I:C exposure. Moreover, we found that maturation of
cDCl1s in response to poly I:C is dependent on the IFN-I receptor, but not the type Il IFN receptor,
or IFN-A.. Taken together, we elucidate an essential role for STAT3 in restraining autocrine 1FN-1
signaling in cDC1s elicited by poly I:C stimulation and we provide novel RNA-seq datasets that
will aid in further delineating inflammatory and anti-inflammatory mechanisms in cDC1s.
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Introduction

Type | conventional dendritic cells (DCs; cDC1s) are the primary antigen-presenting cells
responsible for coordinating CD8* T cell-mediated immunity against tumors, viruses, and
other intracellular pathogens (1). These critical responses are orchestrated by specific
functions of cDC1s including cross-presentation of extracellular antigen on MHC-I and
activation of cytotoxic CD8" T cells (1). Moreover, cDC1s induce CD4* T helper 1 (Th1)
polarization and promote formation of tri-cell clusters in lymph nodes (LNs), comprising
cDCl1s, Th1, and CD8* T cells, which are required for induction of optimal CD8* T
cell-mediated memory responses (2, 3). Recent studies indicate cDC1-induced Th1l cells
“license” cDC1s via CD40 to drive cDC1-mediated CD8* T cell activation (4). In the tumor
microenvironment (TME), cDC1s promote CD8* T cell recruitment via their production of
T cell chemoattractants such as CXCL10 (5, 6), while cDC1 abundance in tumor-draining
LNs (TdLNs) is critical to maintain tumor antigen-specific CD8* T effector cells (7).
Consistently, the presence of cDC1s in human tumors correlates positively with patient
survival (8, 9), and is predictive of responsiveness to immunotherapy (10).

Therapeutic strategies targeting cDC1s are being investigated as new cancer treatments. For
example, increasing cDC1 abundance and enhancing cDC1 maturation in the TME through
delivery of the DC-stimulating cytokine FLT3-ligand (FLT3L) and the double-stranded RNA
mimetic polyinosinic:polycytidylic acid (poly I:C), respectively, improves responsiveness to
immunotherapy with PD-1 (11). Moreover, poly 1:C administration increases the efficacy of
radiation treatment in a process that requires both cDC1s and CD8* T cells (12). Blockade
of the inhibitory receptor TIM3 has recently been shown to promote IFN signaling, which

is important to elicit productive cDC1-mediated anti-tumor immunity (13-15). In addition,
cDCl1s have been utilized as cell therapy for the treatment of cancer (16-18). Vaccination
with /n vitro-derived cDC1s controls primary and metastatic murine tumors, and prevents
tumor growth upon rechallenge, indicating cDC1-mediated induction of systemic, long-term
anti-tumor immunity (16). Nonetheless, while cDC1s are a promising new focus of cancer
therapy, the intrinsic molecular regulation of cDC1 function must be better resolved to
optimize these approaches.

We demonstrated recently that expression of STAT3 or the IL-10 receptor inhibits the
anti-tumor efficacy of a cDC1 vaccine in murine breast cancer (17). Moreover, we found
IL-10 and STAT3 restrain co-stimulatory molecule and cytokine expression in cDC1s
upon poly I:C stimulation /n vitro (17). Furthermore, tumor vaccination with poly I:C-
stimulated STAT3-deficient cDC1s results in significant increases in Th1l cells and tumor
antigen-specific CD8* T cells in the TME and TdLNs, and promotes systemic control

of murine breast tumors (17). These data collectively indicate an immunosuppressive role
for IL-10-STAT3 signaling in cDC1s in the setting of cancer vaccination. STAT3 is also
required in CD11c* cells to inhibit intestinal inflammation /7 vivo, consistent with an
immunosuppressive role in DCs (19). While 1L-10 is known to employ cell type-specific
anti-inflammatory responses, the immunosuppressive mechanisms mediated by STAT3 have
been studied primarily in myeloid subsets such as neutrophils and macrophages (20-22).
Thus, the molecular pathway(s) by which STAT3 restrains cDC1 function is unclear.
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In this study, we generated novel RNA-sequencing (RNA-seq) datasets to evaluate STAT3-
mediated transcriptional regulation by IL-10 and poly I:C in cDC1s. Bioinformatic

analyses revealed that IL-10-activated STAT3 selectively inhibits a type | IFN (IFN-I)
transcriptional response in cDC1s upon poly I:C treatment. We validated this experimentally
by demonstrating STAT3 controls poly I:C-mediated autocrine IFN-I signaling in cDC1s.
Our study provides new insight into the transcriptional regulation of cDC1s in response

to inflammatory and anti-inflammatory stimuli, with implications for cDC1-mediated
immunity. Moreover, our work provides rationale for the development of novel therapeutic
strategies to inhibit STAT3 in cDC1s for the purpose of increasing IFN-I signaling and
adaptive immune responses.

Materials and Methods

Mouse strains

C57BL/6J, B6.129S2- /fnarl!™AdMmijax (/frarl™"), B6.129S7- 1fngrit™AdY) (Ifngri"),
and B6.Cg-Tg(ltgax-cre)1-1Reiz/J mice (CD11c-Cre*) mice were acquired from the
Jackson Laboratory (Bar Harbor, ME, USA). CD11c-Cre* mice were bred with Szar3V/fl
mice to generate CD11c-Cre™ StatF/M mice (Stat32) and CD11c-Cre~ StatFVf (StarF/M)
littermate controls, as described previously (17). All mice were maintained in a specific
pathogen-free animal facility at The University of Texas MD Anderson Cancer Center and
treated according to Institutional Animal Care and Use Committee approved protocols.

In vitro generation of cDC1s

cDC1s were derived from cultured mouse bone marrow (BM) as described previously (17).
Briefly, BM cells were cultured in RPMI 1640 medium (Thermo Fisher Scientific, Waltham,
MA, USA) containing 10% heat-inactivated FBS (Atlanta Biologicals, Atlanta, GA, USA),
1 mM sodium pyruvate (Thermo Fisher Scientific), 50 uM 2-ME (Thermo Fisher Scientific),
1% penicillin-streptomycin (PS) (Thermo Fisher Scientific), 50 ng/mL human FLT3L
(PeproTech, Rocky Hill, NJ, USA), and 2 ng/mL murine GM-CSF (PeproTech). BM
cultures were initiated at a density of 1.5 x 10° cells/mL. On day 5, an additional 5 mL

of RPMI 1640 medium (containing 10% heat-inactivated FBS, 1 mM sodium pyruvate, 50
UM 2-ME, 1% PS) was added per 10 mL of culture. On day 9, non-adherent cells were
collected and transferred to fresh RPMI 1640 medium (containing 10% heat-inactivated
FBS, 1 mM sodium pyruvate, 50 uM 2-ME, 1% PS, 50 ng/mL human FLT3L, and 2 ng/mL
murine GM-CSF) at a density of 3 x 10° cells/mL. On day 17, non-adherent cells were
collected and cDC1s (CD11c* CD45R™ CD24* CD172a.~ CD103™) were purified by FACS
on a FACSAria Il or FACSAria Fusion (BD Biosciences, Palo Alto, CA, USA).

Cytokine, poly I:C, and antibody blocking treatments in vitro

cDC1s were treated with 10 ng/mL IL-10 (PeproTech), 10 ng/mL IFN-B (R&D Systems,
Minneapolis, MN USA), 10 ng/mL IFN-y (PeproTech), 10 ng/mL IFN-A2 (R&D Systems),
3 pg/mL anti-IFN-A (R&D Systems), or 20 pug/mL poly I:C (Millipore Sigma), as indicated
in the Figure legends.
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RNA sequencing (RNA-seq)

Total RNA was isolated using the Qiagen RNeasy Mini Kit (Qiagen, Hilden, Germany).
Following purification, RNA abundance, purity, and quality were estimated via NanoDrop
(OD 260/280 ~ 2, OD 260/230 ~ 2) (Thermo Fisher Scientific). At least 1 pg of RNA

per individual biological sample was sent to a commercial sequencing vendor (Novogene,
Beijing, China), where it was further assessed for quality by agarose gel electrophoresis,
NanoDrop (Thermo Fisher Scientific), and Agilent 2100 Bioanalyzer (Agilent, Santa
Clara, CA, USA). Subsequently, the RNA underwent poly (A) enrichment and was
reverse transcribed to generate 250-300 base pair cDNA libraries. The cDNA libraries
were sequenced using the Illumina HiSeq platform (Illumina, San Diego, CA, USA).
Sequencing data in fastq file format containing 40-61 x 106 raw reads per sample was
then processed and analyzed as follows. RNA-seq by Expectation Maximization (RSEM)
was used for transcript quantification and the data were normalized by limma-voom (23—
25). Normalized expression values were used for evaluation by Gene Set Enrichment
Analysis (GSEA) (26). Differentially expressed genes (DEGSs) between indicated groups
were determined by Welch’s T test and the uncorrected p value < 0.05. DEGs were analyzed
by Ingenuity Pathway Analysis (IPA) using the following cutoffs: fold change = |2| and
p<0.05 (27). The sequencing data generated in this study have been submitted to Gene
Expression Omnibus under accession number GSE188995 and can be accessed at https://
www.nchi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE188995

Gene expression determination by quantitative RT-PCR (QRT-PCR)

Total RNA was isolated using TRIzol (Invitrogen, Carlsbad, CA, USA) and reverse
transcribed into cDNA using the iScript cDNA Synthesis Kit (Bio-Rad, Hercules,

CA, USA). gRT-PCR was performed using SYBR Green (Millipore Sigma, Darmstadt,
Germany) or PowerUp SYBR Green Master Mix (Thermo Fisher Scientific) and the
CXF384 Touch Real-Time PCR Detection System with the following protocol: cDNA
denaturation at 95°C for 10 seconds; annealing and extension at 60°C for 20 seconds. Target
transcript expression was normalized to Rp/13a expression. The following primers were
used: Rpl13aforward (F), 5’-GGCTGAAGCCTACCAGAAAG-3’; Rpl13aReverse (R),
5-TTCTCCTCCAGAGTGGCTGT-3’; Cxcl10F, 5’-CCCACGTGTTGAGATCATTG-3’;
Cxcl10R, 5’-GAGGCTCTCTGCTGTCCATC-3’; Ifnb1F, 5’-
CTGAGGCATCAACTGACAGG-3’; /IfnbI R 5’-GGAAAGATTGACGTGGGAGA-3’;
Cxcl11F, 5-GGCTTCCTTATGTTCAAACAGGG-3’; Cxcl11

R, 5’-GCCGTTACTCGGGTAAATTACA-3’; Ccrl2F, 5’-
CCCCGGACGATGAATATGATG-3’; Ccrl2R, 5’-CACCAAGATAAACACCGCCAG-3;
Ripk2F, 5°-GCCATTGAGATTCCGCATCCT-3’; Ripk2

R, 5’-AACTTCGTGATTGAGAGAGTGAC-3’; Rsad?F, 5’-
AGCATTAGGGTGGCTAGATCC-3’; Rsad?R, 5’-CTGAGTGCTGTTCCCATCTTC-3’;
1fit3F, 5’-CCTACATAAAGCACCTAGATGGC-3’; /fit3R, 5°-
ATGTGATAGTAGATCCAGGCGT-3’; /sg15F, 5'-GGTGTCCGTGACTAACTCCAT-3;
/sg15R, 5’-CTGTACCACTAGCATCACTGTG-3’; /fit?F, 5°-
CTGGGGAAACTATGCTTGGGT-3; /fit?R, 5-ACTCTCTCGTTTTGGTTCTTGG-3;
Ch25hF, 5’-TGCTACAACGGTTCGGAGC-3’; Ch25hR, 5’-
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AGAAGCCCACGTAAGTGATGAT -3’; Irf7F, 5’-CCACGGAAAATAGGGAAGAAG-3’;
Irf7R, 5’-ACTAGAAAGCAGAGGGCTTGG-3'.

Immunoblotting

Whole cell lysates were separated by SDS-PAGE; proteins were transferred to nitrocellulose
membranes for immunoblotting assays. Membranes were incubated overnight with the
following primary antibodies, as indicated in the Figure legends (all purchased from

Cell Signaling Technology, Danvers, MA, USA): tyrosine phosphorylated STAT1 (Tyr701)
(clone D4AT); STAT1 (polyclonal); tyrosine phosphorylated STAT3 (Tyr705) (polyclonal);
STAT3 (clone D3Z2G); and GAPDH (clone 14C10). After primary antibody incubation
the membranes were washed thoroughly, and subsequently incubated for 1 hour with
horseradish peroxidase-conjugated secondary antibody (GE Healthcare Life Sciences,
Pittsburgh, PA, USA). Following secondary antibody incubation, membranes were washed
thoroughly, followed by treatment with SuperSignal West Pico PLUS Chemiluminescent
Substrate (Thermo Fisher Scientific). Protein expression was evaluated by X-ray film
exposure or use of the Bio-Rad Chemidoc (Bio-Rad).

Fluorescent antibody staining and flow cytometry

Single-cell suspensions were incubated in PBS containing 2 mM EDTA and 2% FBS
(FACS buffer). Prior to fluorescent antibody staining, single-cell suspensions were exposed
to rat anti-mouse CD16/32 antibody (Tonbo Biosciences, San Diego, California, USA)

for 15-30 minutes at 4°C. Single-cell suspensions were then incubated for 20 minutes at
4°C with fluorescently conjugated antibodies against the following cell surface markers:
CD11c (N418; BV-421—conjugated); CD86 (GL-1), CD45R (RA3-6B2), or CD40 (3/23)
(all APC-conjugated); CD172a (P84), MHC | (AF6-88.5) or CD80 (16-10A1) (all FITC-
conjugated); CD24 (M1/69; Percp-Cy5.5-conjugated); CD103 (2E7; PE-conjugated); or
MHC Il (M5/114.15.2; PE-Cy7-conjugated). All antibodies were purchased from BioLegend
(San Diego, Ca, USA), Tonbo Biosciences, Thermo Fisher Scientific, or BD Biosciences.
Ghost Dye Violet 510 (Tonbo Biosciences) was used to identify dead cells and was included
when staining for cell surface markers. After staining, single-cell suspensions were washed
with FACS buffer and analyzed using a BD LSR Fortessa (BD Biosciences) and FlowJo v10
software (FlowJo, Ashland, OR, USA).

Cytokine detection

Chemokines and cytokines were measured in supernatants from cultured cDC1s using

the mouse ProcartaPlex panel 1A kit modified to include IFN-P detection reagents, in
accordance with the manufacturer’s instructions (Invitrogen) on a Luminex 200 machine
(Luminex, Austin, TX, USA). Cytokines and chemokines analyzed: CXCL5, G-CSF, GM-
CSF, CXCL1, IFN-a, IFN-B, IFN-y, IL-1a, IL-1pB, IL-10, IL-12p70, IL-13, IL-15/IL-15R,
IL-17A, IL-18, IL-2, IL-22, IL-23, IL-27, IL-28, IL-3, IL-31, IL-4, IL-5, IL-6, IL-9,
CXCL10, LIF, M-CSF, CCL2, CCL7, CCL3, CCL4, CCL5, and TNF-a..
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Statistical Analyses

Results

All statistical analyses, with the exception of those performed in RNA-seq studies, were
performed using Prism 9 software (GraphPad Software, San Diego, CA, USA). Differences
between 2 groups were analyzed by Welch’s T test. Differences between multiple groups
were tested by one-way or two-way ANOVA with Bonferroni’s multiple comparison test.
Data are shown as the mean + SEM of the indicated biological replicates (7). Results were
considered significant when p < 0.05.

Genome-wide transcriptional profiling of cDC1s

To study roles for STAT3 in regulating the transcriptional state of cDC1s, we utilized an

in vitro culture system to generate cDC1s from BM of CD11c-Cre* StatFVfl mice (Stat3-
deficient; Stat3M2) and Stat3-sufficient (Stat3/M) controls. Studies from our lab and others
have shown cDC1s derived from this /n vitro system resemble cDC1s from /n vivo sources,
including similar expression of cell surface markers, DC lineage-defining transcriptional
regulators, and antigen cross-presentation function (16, 17, 28). Moreover, in prior work,
we demonstrated Stat3V/fl and Stat3V2 ¢DC1s are produced in similar amounts and show
comparable phenotypes following /n vitro generation (17). We confirmed efficient STAT3
depletion from Stat3V2 cDC1s, as evidenced by reduction in IL-10-responsive STAT3
tyrosine phosphorylation (pSTAT3) and total STAT3 protein (Figure 1A).

We next determined STAT3-mediated transcriptional responses using RNA-seq. FACS-
purified StatF/f and Stat3V2 cDC1s were stimulated with 1L-10, poly I:C, IL-10 + poly
I:C, or PBS for 6 hours. Total RNA was isolated from 3 independent biological samples
per genotype and treatment condition and used to derive unique cDNA libraries for RNA-
seq. The sequencing produced 40-59 x 10° reads per sample, with mapping rates of
91.0-93.8% to the murine reference genome GRCm38/mm10 (data not shown). Pearson
correlations between the 3 independent biological samples for each group were greater than
0.9, suggesting high quality cDNA libraries yielded concordant results (data not shown).
Principal component analysis (PCA) of the data revealed 4 distinct clusters among the
Stat3-sufficient cDCL1 treatment groups (Figure 1B). These corresponded to each treatment
condition, indicating distinct transcriptional states induced by IL-10, poly I:C, and IL-10
+ poly I:C in Stat3-sufficient cDC1s. By contrast, PCA showed 2 distinct clusters for
Stat3-deficient cDC1s (Figure 1B). One cluster corresponded to PBS- and IL-10-treated
Stat3-deficient cDC1s. This cluster was also located adjacent to the PBS-treated Star3/fl
cDC1 cluster (Figure 1B), suggesting that the transcriptional state induced by IL-10 in
cDCl1s is mediated almost entirely by STAT3. The second cluster comprised the poly I:C
and IL-10 + poly I:C-treated Stat3™2 ¢cDC1s, which was situated proximal to the poly
I:C-treated StatF/fl cDC1 cluster (Figure 1B). These results suggest the transcriptional
state induced upon concurrent IL-10 + poly I:C exposure is also STAT3-dependent. By
contrast, the transcriptional profiles of poly I:C-treated cDC1s appear to be acquired in a
STAT3-independent manner (Figure 1B).
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Basal and IL-10-STAT3-mediated transcriptional responses in cDC1s

To characterize STAT3-dependent transcriptional control in cDC1s, we identified DEGs
from the RNA-seq data and assessed pathway responses by GSEA and IPA (26, 27).
Comparison of results from PBS-treated Star3-sufficient and -deficient cDC1s revealed less
than 100 DEGs between the two groups (Figures 1C and 1D), while Stat3deficient cDC1s
displayed negative enrichment of IFN-mediated transcriptional pathways by GSEA (Figures
S1A). Thus, deletion of Stat3has a modest effect on the transcriptome of cDC1s in the
absence of cytokine or TLR stimulation.

Analysis of the IL-10 response in Stat3-sufficient cDC1s revealed 295 DEGs, including
Socs3 (Figures 2A and 2B), consistent with its prior identification as a STAT3 target gene
(29). We also noted upregulation of genes involved in pathogen responses or migration,
including Mucl and Plet1 (Figures 2A and 2B) (30, 31). Pathway analyses revealed
enrichment of the cholesterol homeostasis and IL-6-JAK-STAT3 pathways (Figures 2C and
S1B). In addition, IPA upstream regulator analysis identified several cytokines including
IL-1B and IFN-y, as well as the transcriptional regulators STAT3, other STATS, and

sterol regulatory element-binding protein 1 (SREBF1) as factors predicted to mediate the
transcriptional changes observed in Stat3-sufficient cDC1s exposed to 1L-10 (Figure S1C).

By contrast, only 85 DEGs were identified in Stat3-deficient cells stimulated with 1L-10
(Figure 2D). These included Socs3and other genes activated by I1L-10 in Stat3-sufficient
cells (e.g., Mucl, Raplgap) (Figures 2D and 2E), suggesting their regulation by residual
STAT3 or alternative signaling pathways. Nonetheless, the GSEA Apoptosis pathway was
the sole enriched pathway (Figure 2F), while IPA upstream regulator analysis indicated
STAT1 and IFN-vy as potential factors mediating IL-10-dependent transcriptional responses
in Stat3-deficient cDC1s (Figure S1D). Comparison of data from IL-10-treated Stat32
cDC1s versus IL-10-treated Stat3/fl cDC1s identified 173 DEGs (Figures 2G and 2H),

as well as suppression of IFN gamma response and IL-6-JAK-STAT3 pathways in
Stat3-deficient cDC1s (Figures 21 and S1E). Moreover, IPA predicted an IL-1p-mediated
transcriptional response in Stat3-sufficient cDC1s upon IL-10 stimulation, as judged by
negative enrichment of the //76 upstream regulator pathway in Stat3-deficient versus Stat3
sufficient cDC1s (Figure S1F). Collectively, these analyses indicate that the transcriptional
state induced by IL-10 in cDC1s is largely STAT3-dependent and involves protection from
apoptosis. In addition, the results suggest IL-10 activates specific pathogen responses,
cholesterol homeostasis pathways, and IL-1p-mediated signaling in cDC1s via STAT3.

Roles for STAT3 in poly I:C-mediated transcriptional responses in cDC1s

The transcriptional response to poly I:C in Stat3-sufficient cDC1s was characterized by
upregulation of 5066 DEGs including a variety of inflammatory cytokines and chemokines,
such as //12a, Ifnb1, and /6, as well as numerous inflammatory pathways (Figures 3A

to 3C, and S1G). Consistently, inflammatory cytokines and their associated transcription
factors were the top upstream regulators predicted by IPA (Figure S1H). We found increased
DEGs (n=5319) as well as similar enrichment of inflammatory transcriptional pathways in
poly I.C-treated Stat3-deficient cDC1s (Figures 3D to 3F, and S11), while upstream regulator
analysis of poly I:C-treated Sfar3-deficient cDC1s identified primarily inflammatory
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cytokines and transcription factors (Figure S1J). By contrast, direct comparison of the
transcriptional response in poly 1:C-treated Stat3V2 cDC1s versus StatFV/fl cDC1s revealed
only 127 DEGs as well as inhibition of the GSEA Inflammatory Response pathway in
Stat3-deficient cDC1s (Figures 3G to 31). However, IPA did not identify any potential
upstream cytokines or transcriptional regulators (data not shown). Taken together, these
results indicate the transcriptional profile induced by poly I:C in cDC1s is dominated

by inflammatory responses, as expected. While STAT3 appears to promote the poly I:C-
mediated inflammatory transcriptional state modestly, the majority of poly I:C-induced
transcriptional changes are STAT3-independent.

IL-10-STAT3-mediated transcriptional responses in poly I:C-treated cDC1s

To assess means by which IL-10-responsive STAT3 activation alters poly I:C-mediated
transcriptional responses, we evaluated DEGs and transcriptional pathways in Stat3
sufficient and -deficient cDC1s treated with 1L-10 and poly I:C concurrently (IL-10 + poly
I:C) compared to cells exposed to poly I:C alone. In Stat3sufficient cDC1s these analyses
revealed 1250 DEGs including IL-10-mediated suppression of inflammatory genes such as
Ifnb1 and //12a (Figures 4A and 4B), which is consistent with our prior work (17). We

also found 7/r3was inhibited by co-treatment with IL-10 (Figure 4A). Consistent with these
data, pathway analyses indicated IL-10 restrains poly I:C-mediated IFN-I transcriptional
responses (Figures 4C and S1K). By contrast, IL-10 regulated only 190 DEGs in Stat3
deficient cDC1s, without affecting poly I:C-mediated inflammatory DEGs, inflammatory
transcriptional pathways, or IFN transcriptional responses (Figures 4D, 4E, and S1L). These
data align with our PCA results (Figure 1B), and indicate IL-10 utilizes STAT3 to modulate
the poly I:C response in cDCl1s.

To further evaluate the impact of IL-10-STAT3 signaling, we compared transcriptional
responses in 1L-10 + poly I:C-treated Stat3-deficient and -sufficient cDC1s directly. These
analyses revealed DEGs encoding inflammatory cytokines and chemokines, as well as
TIr3, were upregulated in Stat3deficient cDC1s exposed to IL-10 + poly I:C versus Stat%
sufficient cells (Figure 4F and 4G). Moreover, GSEA indicated the IFN Alpha Response
pathway was specifically enriched in Stat3-deficient cDC1s (Figure 4H). Consistently,
IPA upstream regulator analysis indicated IFNs and IFN regulatory factors (IRFs) as the
top factors predicted to mediate the transcriptional state in Stat3-deficient cDC1s upon
concomitant exposure to IL-10 and poly I:C (Figure S1M). These results suggest I1L-10-
STAT3 signaling can suppress 7/r3expression in poly I:C-treated cDC1s, yet indicate the
major function for the IL-10-STAT3 pathway is selective inhibition of poly I:C-induced IFN
signaling.

Evaluation of IFN and IFN-stimulated gene (ISG) expression in cDC1s

Since our RNA-seq studies were performed on cDC1s stimulated /n vitro, the results

suggest a cDC1-intrinsic mechanism leads to induction of IFN signaling upon poly I:C
treatment. To evaluate this further, we examined activation (tyrosine phosphorylation) of
STAT1 (pSTATL), the major IFN-responsive signal transducer, in cDC1s by immunoblotting.
These assays were conducted 6 hours following treatment of Stat3-sufficient and -deficient
cDC1s with IL-10, poly I:C, IL-10 + poly I:C, or PBS, to correspond to the time point
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analyzed in our RNA-seq studies. We found poly I:C treatment led to pSTAT1 accrual

in cDC1s (Figures 5A and S2A), suggesting activation of IFN signaling. Importantly,
pSTAT1 was induced to similar amounts in poly I:C-treated StatF/f and Stat3¥2 cDC1s
relative to total STAT1 protein or our internal loading control GAPDH, consistent with a
STAT3-independent poly I:C response (Figures 5A and S2A). pSTAT1 was undetectable

in PBS- or IL-10-stimulated cells, as expected (Figures 5A and S2A). By contrast, poly
I:C-induced pSTAT1 was inhibited by concomitant treatment with IL-10 in Stat3sufficient
cDC1s but was unaffected in Stat3-deficient cDC1s (Figures 5A and S2A). These results
show IL-10-STAT3 signaling suppresses poly 1:C-mediated STAT1 activation, consistent
with our RNA-seq and bioinformatic studies.

To confirm STAT3-mediated regulation of IFNs and ISGs in cDC1s, we analyzed gene
expression responses in StatF VM and Stat32 ¢DC1s by gRT-PCR. As expected, we
observed poly I:C-responsive induction of representative 1SGs including Ccr/2, Ch25h,
Cxcl10, Cxcl11, Irf7, Ifit2, Ifit3, 1sg15, Ripk2, and Rsad2 (Figures 5B and S2B). These
ISGs were induced by poly I:C to a similar degree in Stat3Vfl and Stat32 ¢DCl1s, in

line with STAT3-independent poly I:C transcriptional responses (Figures 5B and S2B).
Concurrent treatment with 1L-10, however, suppressed poly I:C-responsive expression of
Cxcl10, Cxcl11, Ccrl2, and RsadZ2in a STAT3-dependent manner (Figure 5B), consistent
with IL-10-STAT3-mediated inhibition of poly I:C-responsive pSTAT1 (Figures 5A and
S2A). In addition, Ch25h, Irf7, Ifit2, Ifit3, and Ripk2 displayed a similar trend towards
IL-10-STAT3-mediated inhibition (Figure S2B). By contrast, /sgZ5 was not repressed by
IL-10-STAT3 signaling (Figure S2B). We also detected /7161 induction by poly I:C as well
as inhibition of this response by IL-10-STAT3 (Figure 5B). Taken together, our results
suggest autocrine IFN signaling and IFN-mediated transcriptional responses are induced in
cDC1s upon poly I:C exposure, while concurrent 1L-10-STAT3 signaling selectively blocks
this IFN response.

IFN production in poly I:C-stimulated cDC1s

To identify potential IFNs involved in autocrine signaling, we assessed IFN production

from cDC1s stimulated with poly I:C, IL-10, or IL-10 + poly I:C for 6 hours /n vitro

using multiplex cytokine analyses of culture supernatants. These assays showed production
of IFN-B as well as modest amounts of IFN-y from poly I:C-stimulated Stat3-sufficient
cDC1s (Figures 5C and 5D). We confirmed our cDC1 culture was homogeneous and lacked
detectable amounts of major IFN-y-producing subsets such as CD3* T and NK1.1* NK cells
(data not shown), supporting direct IFN-y production by cDC1s. In addition, IFN-p and
IFN-y were produced at similar amounts in Stat3-sufficient and -deficient cDC1s upon poly
I:C treatment (Figures 5C and 5D). By contrast, concomitant IL-10 exposure inhibited IFN-
B and IFN-y production in Stat3-sufficient cDC1s but did not affect production from Stat3-
deficient cDC1s (Figures 5C and 5D). Moreover, although our RNA-seq data suggested poly
I:C stimulates expression of /fn/Z, IFN-A was undetectable across all treatment conditions
(data not shown). IFN-a was also undetectable (data not shown). Together, these results
indicate poly I:C stimulates rapid secretion of IFN-f as well as modest amounts of IFN-y
from cDCl1s, and production of these cytokines is suppressed by concurrent 1L-10 exposure
via a STAT3-dependent mechanism.
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Further analysis of the cytokine multiplex data indicated that other inflammatory
chemokines and cytokines, such as CXCL10 and IL-6, were produced by cDC1s in response
to poly I:C, as expected (Figures 5C, 5D, and S2C). Many of these factors were inhibited
by concurrent treatment with IL-10 in a STAT3-dependent manner, consistent with our
RNA-seq data and prior studies (Figures 4B, 4G, 5C, 5D, and S2C) (17). We also detected
a modest STAT3-dependent increase in production of IL-1 from cDC1s upon IL-10
treatment, in agreement with our bioinformatic analysis and previous findings (Figures 5C,
5D, S1C, and S1F) (17), thus suggesting cDC1s respond to IL-10 by secreting IL-1p and
stimulating IL-1B-mediated transcriptional responses. In addition, our data suggest IFN-f
and IFN-vy are potential factors mediating a poly I:C-stimulated, autocrine IFN signaling
loop that results in STAT1 phosphorylation and I1SG induction in cDC1s.

Type | and type I, but not type Ill IFNs, induce ISG expression in cDC1s

Our RNA-seq results suggested cDC1s express type I, type 1, and to a lesser extent type

I11 IFN receptor mRNAs (data not shown), yet it was unclear whether cDC1s respond to
these IFNSs. To test this, along with potential for autocrine signaling, we performed direct
stimulation of cDC1s with IFN-B, IFN-y, or IFN-A /n vitro. Immunoblotting experiments
demonstrated that IFN-B and IFN-y induced pSTAT1 in cDC1s (Figures 6A and S3A).
Although IFN-A also stimulated pSTAT1, this response appeared weaker than that elicited
by either IFN-B or IFN-v, as judged by differential exposure times for the respective
immunoblots (Figures 6A, 6B and S3B). Total STAT1 was unaltered by IFN treatment
(Figures 6A and 6B). Thus, these results indicate cDC1s are capable of responding to type I,
I1, or I11 IFNSs by eliciting STAT1 activation.

To further assess IFN responses in cDC1s, we asked whether stimulation with type I, 11,

or Il IFNs induced expression of the representative ISG Cxc/10, as well as co-stimulatory
and antigen presentation molecules in cDC1s. These assays showed IFN-B, and to a lesser
extent IFN-vy, stimulated Cxc/10expression, while IFN-A treatment had no effect on Cxc/10
(Figure 6C). Similarly, cell surface expression of CD86 was induced by IFN-B treatment,
and to a lesser degree by IFN-vy, but was refractory to IFN-A stimulation (Figure 6D).

By contrast, cell surface expression of CD80 was unresponsive to IFN stimulation (Figure
6D). Moreover, CD40, MHC I, and MHC |1 were induced by IFN-B, and modestly but not
significantly by IFN-y stimulation, while these factors were unaffected by IFN-A (Figure
6D). Collectively, these results indicate that cDC1s are responsive to exogenous IFN-f, and
to a lesser extent IFN-y, while exogenous IFN-A induces a weak pSTAT1 signal but is
unable to promote ISG expression or canonical cDC1 maturation responses. Thus, the data
suggest IFN-P and IFN-y as potential factors mediating autocrine IFN signaling in poly
I:C-stimulated cDCls.

Poly I:C-induced cDC1 maturation selectively requires IFN-I signaling

To delineate the role of type I, Il, and 111 IFNs in the context of poly I:C treatment,

we utilized cDC1s lacking required receptor subunits for type | IFNs (/fnarZ™") or type

I1 IFN (/fngri~) (32, 33). We also employed an IFN-A blocking antibody to suppress
potential IFN-A autocrine signaling. Importantly, /fnari-or /fngri-deficiency did not alter
the production of cDC1s in vitro (Figures S3C and S3D). Upon poly I:C treatment, we
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found that /frarZ~~ cDC1s failed to induce CD86, CD80, CD40, MHC I, or MHC 11 (Figure
7A). By contrast, neither /fngri-deficiency nor concomitant treatment with anti—IFN-A
altered poly I:C-induced costimulatory or MHC molecule expression (Figures 7B and 7C).
Similarly, /fnar1™~ cDC1s did not respond to poly I:C by inducing pSTAT1 or expression of
specific ISGs, including Cxc/10, Irf7, Ccri2, or Ifit3, while /fngri-deficiency had no effect
on these responses (Figures 8A, 8B, 8C, S3E, and S3F). Total STAT1 abundance was not
changed by /fnar1- or /fngri-deficiency (Figures 8A, 8B, and S3E). Interestingly, although
/sg15was induced by poly I:C in an /fnarZ-dependent manner (Figure S3F), this gene was
the sole 1SG assayed that was not sensitive to 1L-10-STAT3-mediated inhibition (Figure
S2B), indicating some IFN-I-dependent ISGs may not be targets of IL-10-STAT3. Taken
together, our results indicate that poly I:C-induced IFN signaling in cDC1s is mediated by
an autocrine IFN-I mechanism. Our data suggest poly 1:C-elicited IFN-p plays a key role in
this autocrine pathway, while 1L-10-STAT3 signaling effectively dampens IFN-f production
and IFN-I transcriptional responses in cDCls.

Discussion

cDC1s are essential for the coordination of T cell-mediated immunity against intracellular
pathogens and tumors. Although transcriptional mechanisms regulating cDC1 development
have been elucidated (34), molecular and transcriptional responses that control cDC1
function remain understudied. Recently, we found that the transcriptional regulator STAT3
inhibits poly I:C-mediated cDC1 maturation as well as the activity of cDC1s used as a

cell therapy in murine breast cancer (17). To understand molecular control of cDC1s by
STAT3, we utilized RNA-seq to probe global transcriptional responses regulated by poly
I:C, IL-10, and STAT3. Our bioinformatic analyses revealed that poly I:C stimulates many
inflammatory pathways in cDC1s, as expected, and these are activated primarily via STAT3-
independent mechanisms. By contrast, we found IL-10-STATS3 signaling selectively inhibits
the IFN-I1 transcriptional response induced by poly I:C. Using cDC1s deficient for STAT3
or IFN signaling, we demonstrated STAT3 mediates suppression of poly I:C-induced IFN-B
secretion, autocrine IFN-I signaling, and expression of multiple ISGs, such as the T cell-
recruiting factor CXCL10. Taken together, we provide important datasets for understanding
transcriptional control of cDC1 function by the inflammatory factor poly I:C and the anti-
inflammatory cytokine I1L-10. In addition, we elucidate a unique immunosuppressive role for
STAT3 in cDC1s mediated by inhibition of poly I:C-activated IFN-I signaling.

IL-10 has well-established anti-inflammatory activity in monocytes, monocyte-derived DCs
(moDCs), and BM-derived macrophages (BMDMs), as indicated by potent suppression

of TLR-induced inflammatory responses (21, 22, 35-37). Interestingly, a recent study
employing RNA-seq analyses of distinct myeloid and DC populations indicated IL-10 elicits
unique anti-inflammatory transcriptional responses upon stimulation with the TLR4 agonist
LPS (20). For instance, IL-10 selectively inhibits LPS-activated NF-xB transcriptional
pathways in macrophages, while 1L-10 suppresses IFN and IRF transcriptional responses

in splenic cDCs, neutrophils, and mast cells (20). These data suggest discrete cell-intrinsic
mechanisms dictate the 1L-10-mediated anti-inflammatory response in different myeloid and
DC subsets exposed to LPS. Distinct mechanisms of IL-10-mediated inhibition may be
executed, in part, via cell-specific differences in TLR-induced signaling cascades, which
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have been reported recently (38). Nonetheless, these studies have not resolved inflammatory
or anti-inflammatory transcriptional pathways in specific cDC populations including cDC1
and cDC2. Using the agonist poly I:C, which targets TLR3, a TLR primarily expressed

by cDC1, we find IL-10 selectively blocks IFN-mediated transcriptional responses in
cDC1s. While poly I:C can also activate intracellular nucleic acid sensors such as MDA-5
and RIG-I (39), it remains unclear whether IL-10-STAT3 mediated inhibition in cDCs
uniquely targets the TLR3 pathway or is capable of more broadly suppressing inflammatory
responses elicited by a variety of pattern-recognition receptors including other TLRs or
intracellular pattern recognition molecules. These points will be important to resolve in
future studies, including additional RNA-seq profiling studies and analysis of cDC1-intrinsic
IL-10 signaling /in vivo.

As a major IL-10 signal transducer, STAT3 elicits potent anti-inflammatory functions

in myeloid cells and DCs (21, 22, 37), yet specific signaling mechanisms controlling
inflammatory responses in well-defined immune subsets have been elusive. We
demonstrated previously that STAT3 inhibits LPS-responsive inflammatory signaling in
BMDMs by mediating an autocrine 1L-6 pathway that results in STAT3-dependent
transcriptional repression of Ube2n/Ubcl3 (22). Ubc13 is a critical E2 ubiquitin-conjugating
enzyme required for TRAF6 activation and TLR-responsive induction of the NF-xB and
MAPK signaling cascades. Accordingly, autocrine IL-6 signaling and STAT3-mediated
inhibition of Ube2Zn effectively dampens TLR signaling in BMDMs (22). Although poly
I:C-stimulated cDCl1s also produce abundant quantities of IL-6, intrinsic transcriptional
responses elicited by poly I:C in the absence of exogenous cytokine appear to be largely
independent of STAT3, as judged by activation of similar pathways in poly I:C-treated Stat3-
sufficient and -deficient cDC1s. Moreover, we did not find evidence for STAT3-mediated
inhibition of UbeZn expression in cDC1s (data not shown). These results suggest poly I:C-
activated IL-6 production from cDC1s does not induce an autocrine IL-6-STAT3-dependent
anti-inflammatory response in cDC1s, distinct from roles for this pathway in BMDMs (22).
This concept is concordant with our data indicating specific STAT3-mediated inhibition of
poly I:C-elicited IFN-I transcriptional responses, which are regulated primarily by TRIF and
IRF3 (40, 41). Therefore, our results collectively support a model in which TLR agonist-
induced autocrine cytokine signals regulate distinct outcomes in cDC1s and BMDMs,

while cytokine-activated STAT3 signaling exerts anti-inflammatory states in both subsets
via different mechanisms.

Prior work has shown that STAT3 is phosphorylated upon IFN-I stimulation and acts as a
negative regulator of IFN-I signaling in monocytes and BMDMs (42, 43). We did not detect
significant differences in ISG expression or IFN-responsive maturation in Stat3sufficient
versus Stat3-deficient cDC1s treated with poly I:C, indicating STAT3 does not inhibit poly
I:C-induced IFN-signaling in cDC1s in the absence of exogenous cytokine. These results
suggest an exogenous factor such as 1L-10 must be present in the microenvironment to
induce STATS3 anti-inflammatory signaling in cDC1s. These findings are similar to results
from others, which have shown IL-10 treatment of monocytes inhibits accrual of pSTAT1
and ISG expression induced upon IFN-B or IFN-y exposure (44). Future studies will be
needed to determine whether IL-10 exposure results in the inhibition of IFN-I signaling in
cDC1s in vivo.
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In addition to controlling poly I:C-elicited type I IFN signaling, our data reveal an
unexpected role for IL-10 and STAT3 in promoting //1bexpression and IL-1p secretion
from cDC1s. We found IL-1p production was induced in cDC1s by IL-10 stimulation in
the absence of poly I:C treatment, suggesting direct regulation of //26/IL-1p by the IL-10-
STAT3 signaling cascade. These data agree with our RNA-seq results, which implicate I1L-10
and STAT3 in induction of transcriptional responses mediated by SREBF1, an upstream
IL-1pB regulator (45). Interestingly, recent reports link IL-1f and cholesterol metabolism
(46, 47). These findings are consistent with 1L-10-STAT3-mediated control of cholesterol
synthesis pathways, which we also uncovered in our bioinformatic analyses. For example,
IL-1B expression induced upon intracellular bacterial infection was found to promote
cholesterol accumulation in macrophages (47). Furthermore, cholesterol accumulation in
DCs has been shown to enhance inflammasome activation and IL-1p secretion (46).
Potential consequences of IL-1B-mediated responses following IL-10-induced STAT3
signaling in cDCl1s is of great interest and requires further evaluation.

Interestingly, our results suggest distinct IFN-I-mediated mechanisms of cDC1 maturation, a
key step in cDC1-induced priming and activation of T lymphocytes. While IFN-B exposure
was sufficient to stimulate CD86, CD40, MHC I, and MHC II expression on cDC1s, IFN-B
did not induce CD80 expression appreciably. Moreover, we found that poly I:C-elicited
CDB80 expression was dependent upon /fnarl. Taken together, our results suggest that CD80
is unique among the maturation markers we examined by requiring both IFN-I- and TLR-
elicited signaling to induce its upregulation. While prior reports have demonstrated distinct
roles for CD80 and CD86 in mediating immune and inflammatory responses (48, 49),
determining the consequence(s) of their differential regulation on cDC1-mediated immune
functions will require further study. More broadly, it is also imperative to understand cDC1-
intrinsic STAT3 function in regulating immune responses /n vivo. Our data suggest STAT3
plays an important role in modulating cDC1 function in microenvironments abundant in
both IL-10 and TLR agonists, such as the TME and colon. However, determining the role of
cDC1-intrinsic STAT3 in these contexts will require the generation of novel research tools
such as cDC1-specific deletion of Stat3in mice, an important area for future studies.

Collectively, our results provide new insight into the transcriptional mechanisms by which
the immunosuppressive and tumor-associated cytokine I1L-10, and its major signal transducer
STAT3, control cDC1 function. Our findings also suggest cancer immunotherapies may
benefit from combination treatment with STAT3 inhibitors to enhance IFN signaling,

c¢DC1 maturation, and cDC1-mediated anti-tumor immunity. Lastly, our study provides
novel transcriptomic datasets that will aid in further delineation of inflammatory and anti-
inflammatory molecular mechanisms regulating cDC1 function.
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Key Points
RNA-seq profiling delineates cDC1 responses to extracellular stimuli.
Poly I:C activates autocrine IFN-I signaling in cDC1s.

IL-10 inhibits autocrine IFN-I responses in cDC1s via STAT3.

J Immunol. Author manuscript; available in PMC 2023 October 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

® PBS
IL-10
Poly I:C
IL-10 + Poly I:C

= PBS
IL-10
Poly I:C
IL-10 + Poly I:C

-~ ) o

uoissaidx3 pazijeuoN

N

Chrisikos et al. Page 20
A PBS IL-10 B
Stat3""  Stat3VA Stat3"" Stat3vA
50
Total STAT3 _ 9
P . l.b Stat3i
n 0-+- -—=
GAPDH ~ !
= |
o
o .50
phospho-STAT3 to GAPDH Total STAT3 to GAPDH
1.5 & 1.5 * * AIA
. — 1004 Stat3
£ ! <
810 1.0
E ° T T T T 1
o -150 -100 -50 0 50 100 150
Z 05 . 0.5 °
s = . PC1 (57.4)
© G =
0.0 . y 0.0 - :
PBS IL-10 PBS IL-10
DEG (n = 87) non-DEG (n = 14531) PBS PBS
5 Stat3"" stat3vs Stat3"" Stat322
Gm14440 [ ] Gm45105
Zfp985 oIfr731
4 Gm7367 ® Mmp14
B Kpna2-ps H 1700016F12Rik
© Gm43056 Ifid4
; Camk2a Ppargc1b
2 3 2810403D21Rik - Lrrc18
o gtat3 Ap3s1-ps2 43 Slamf1
5 Gm43177 5 Gm18301
) Hes1 N Gm15853
Kndc1 2 €030037DO9RIk
Myrf ] Tremi2
1 Gm20544 3 Ddx4
Gm11100 , & oIfr374
6030400A10Rik s Gm3756
Gm9903 Gm20662
0 Gm28551 Grid1
D330050G23Rik Gm15573
2.6 0.0 2.5 6.0 Gm43951 Ighg3
Figure 1 Log,(fold change) Gm9870 i Zeb2os

Figure 1. RNA sequencing identifies STAT3-dependent and -independent states in cDC1s.
(A) Whole cell lysates from Stat3/fl and Stat32 cDC1s treated with IL-10 or PBS for

0.5 hours were subjected to immunoblotting for the indicated proteins (top). Immunoblot
results were quantified by densitometry analysis as indicated (bottom). Samples derived
from 3 independent experiments, 7 = 3. (B - D) RNA-seq was performed on Stat3/f and
Stat3NB cDC1s following treatment with I1L-10, poly I:C, IL-10 + poly I:C, or PBS for 6
hours from independent biological samples, 7= 3 per genotype and treatment condition. (B)
PCA of RNA-seq results. (C) Volcano plot displaying log2 fold change and significance of
transcripts from DEG analysis. DEGs were identified using the following cutoff: |FC| = 2
and p< 0.05. (D) Normalized expression of the top 20 DEGs from (C) in Stat3M2 (left) or
StatFM (right) cDC1s. * p< 0.05.
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Figure 2. Bioinformatic analyses reveal IL-10- and STAT3-dependent transcriptional responses

in cDCl1s.

RNA-seq and DEG analysis was performed as indicated in Fig. 1. (A - C) The IL-10-driven
transcriptional response in Stat3'/fl cDC1s, assessed by comparison of IL-10 versus PBS
treatments. (A) Volcano plot displaying log2 fold change and significance of transcripts
from DEG analysis. (B) Normalized expression of the top 20 DEGs from (A) in StatF/fl
c¢DCl1s treated with IL-10 (left) or PBS (right). (C) GSEA enrichment plots of gene

sets enriched in 1L-10 treated Stat3"/fl cDC1s. (D - F) The IL-10-driven transcriptional
response in Stat3V2 cDC1s, assessed by comparison of IL-10 versus PBS treatments.
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(D) Volcano plot displaying log2 fold change and significance of transcripts from DEG
analysis. (E) Normalized expression of the top 20 DEGs from (D) in Stat3¥2 cDCl1s treated
with IL-10 (left) or PBS (right). (F) The GSEA Apoptosis enrichment plot, enriched in
IL-10-treated Stat32 cDC1s. (G - I) The STAT3-dependent, IL-10-driven transcriptional
response, assessed by comparison of Stat3V2 versus StatFV/fl ¢cDC1s treated with IL-10.

(G) Volcano plot displaying log2 fold change and significance of transcripts from DEG
analysis. (H) Normalized expression of the top 20 DEGs from (G) in Stat3Vfl (left) or
Stat3NB cDC1s (right) treated with 1L-10. (1) GSEA enrichment plots of gene sets negatively
enriched in IL-10-treated Stat3V2 cDCl1s. (A, D, G) Highlighted genes include significant
IL-10-STAT3-regulated genes and factors in the IL-10-STAT3 signaling cascade.
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Figure 3. Characterization of the poly I:C-induced transcriptional response in cDC1s.
RNA-seq and DEG analysis was performed as indicated in Fig. 1. (A - C) The poly

I:C-driven transcriptional response in Stat3"/fl cDC1s, assessed by comparison of poly I:C
versus PBS treatments. (A) Volcano plot displaying log2 fold change and significance of
transcripts from DEG analysis. (B) Normalized expression of the top 20 DEGs from (A)

in Stat3V/fl cDC1s treated with poly I:C (left) or PBS (right). (C) GSEA enrichment plots
of gene sets enriched in poly I:C-treated StatFVfl cDC1s. (D - F) The poly 1:C-driven
transcriptional response in Stat32 cDCls, assessed by comparison of poly I:C versus PBS
treatments. (D) Volcano plot displaying log2 fold change and significance of transcripts
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from DEG analysis. (E) Normalized expression of the top 20 DEGs from (D) in Stat3VA
cDCl1s treated with poly I:C (left) or PBS (right). (F) GSEA enrichment plots of gene

sets enriched in poly I:C-treated Stat3V2 cDC1s. (G - I) The STAT3-dependent, poly I:C-
driven transcriptional response, assessed by comparison of Stat#/2 versus StatFVfl cDC1s
treated with poly I:C. (G) Wolcano plot displaying log2 fold change and significance of
transcripts from DEG analysis. (H) Normalized expression of the top 20 DEGs from (G) in
Stat3A (left) or Stat3/T ¢DC1s (right) treated with poly I:C. (1) The GSEA Inflammatory
Response enrichment plot, negatively enriched in poly I:C-treated Stat32 cDCl1s. (A,

D, G) Highlighted genes include significant poly 1:C-regulated genes and factors in the
IL-10-STAT3 signaling cascade.

J Immunol. Author manuscript; available in PMC 2023 October 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Chrisikos et al.

Effect of IL-10 on the poly I:C response in Stat3"" cDC1s

Page 25

Interferon Alpha Response

00K i)
04

-0.2

0.3

0.4 N

-0.!

" LI 0L

A Stat3™ Stat3n c
IL-10 +
DEG (n=1250)  non-DEG (n = 13368) Poly I:C Poly I:C
5
4 10
10 g
—_ 2
EE ocs3 5 g §
s 5 3 §
Y 7 Ceri ipk2. 5 H E
é'f 2 u 12a0c 110 Ill0ra E % E
* | Ch25h olrf7 . '-g 3 w
1fnb1®/TH3X 10rD g s §
Y ceiz ol Ostar3 g g
Tslp. gg]S
0
4 0 4 8
Log,(fold change) 0 5
Effect of IL-10 on the poly I:C response in Stat3~2 cDC1s
D A/A A/A
E Stat. Stat3
IL-10 + IL-10 +
Poly I:C poyy 1. Poly 1:C poyy 1.c
DEG (n = 190) non-DEG (n = 14428) ———
Hba-a1
9 Nid2
Muc2 6
41 AA914427
Gm45503
Prkez
3 = Sapcd2:- P
g S D930048G16Rik g
z ?_. Tyro3 4 B
%, § Pext1a 5
= 27 cs3 o Dnaset =
3 Statg, & 5B rpaszsacata g
ﬁ Akap5: ﬁ
11 é Gm45239 s
S Tir4 2 5
Gm11249
Gm37968
L | . 3 2 I 1 Fgf6
5.0 25 0.0 25 5.0 75 Gm9392
Log,(fold change) o Dus4l o
Enriched by IL-10 + poly I:C in Stat3~2 versus Stat3"" cDC1s
F G
IL-10 + Polyl C IL-10 + Poly I:C
DEG(n=904)  nonDEG (n = 13714) Stat3" stat3~" Stat3"" stat3vs
Bmp10
Dix1
4 Tnfaip8I3:
n2a 2
Tslp: @
Ifnb1 10§ g :
= 3 g Tmem171 3 3 £
] Rip Ch25h B N
3 110ra % gre Senntg i g
%, ficor2 Celt2 m m
S
S IﬁtZ Cxcll0 Gpra4 3 3
3 e 6" R Tslp Rpl31-ps9 8 ]
pI31-p: 8 g
lr3CclI Ubash3a 58 g
19 Iﬁt3 Ifnbl Gm4951
1110% fr Speert
ggl 5 Col1a1
ol Hsd17b13
Timm8a1
4 0 4 cD207
Figure 4 Log,(fold change) RP23-181A.2

Interferon Alpha Response

vy \
e
[TV A

Figure 4. Analysis of 1L-10-STAT3-mediated effects on the poly I:C-induced transcriptional

response in cDC1s.

RNA-seq and DEG analysis was performed as indicated in Fig. 1. (A - C) The effect

of IL-10 on the poly I:C-induced transcriptional response in Stat#/fl cDC1s, assessed by
comparison of IL-10 + poly I:C versus poly I:C treatments. (A) Volcano plot displaying log2
fold change and significance of transcripts from DEG analysis. (B) Normalized expression
of the top 20 DEGs from (A) in Stat#Vfl cDC1s treated with 1L-10 + poly I:C (left) or

poly I:C (right). (C) The GSEA IFN Alpha Response enrichment plot, negatively enriched
in 1L-10 + poly I:C-treated Stat3V/fl ¢cDC1s. (D and E) The effect of I1L-10 on the poly
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I:C-induced transcriptional response in Stat32 cDC1s, assessed by comparison of IL-10

+ poly I:C versus poly I:C treatments. (D) Volcano plot displaying log2 fold change and
significance of transcripts from DEG analysis. (E) Normalized expression of the top 20
DEGs from (D) in Stat3™2 ¢DC1s treated with 1L-10 + poly I:C (left) or poly I:C (right). (F
- H) The STAT3-dependent effects of IL-10 on the poly I:C-driven transcriptional response,
assessed by comparison of Stat32 versus Stat3V/fl ¢cDC1s treated with IL-10 + poly I:C. (F)
Volcano plot displaying log2 fold change and significance of transcripts from DEG analysis.
(G) Normalized expression of the top 20 DEGs from (F) in Stat3V2 (left) or StatFVfl cDC1s
(right) treated with 1L-10 + poly I:C. (H) The GSEA IFN Alpha Response enrichment plot,
enriched in 1L-10 + poly I:C-treated Stat#~2 ¢DC1s. (A, D, F) Highlighted genes include
significant IL-10-STAT3-regulated genes, ISGs, and factors in the IL-10-STAT3 signaling
cascade.
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Figure 5. IL-10-STAT3-mediated control of poly I:C-induced IFN signaling in cDC1s.
StatFM and Stat3NVA cDC1s were treated with I1L-10, poly I:C, IL-10 + poly I:C, or PBS

for 6 hours. (A) Whole cell lysates from Stat3V/fl and Stat32 cDC1s were subjected

to immunoblotting for pSTAT1, total STAT1, or GAPDH. Representative immunoblot
results (top) for the indicated proteins in Stat3V/f (fI/fl) and Stat3~2 (A/A) cDCls, or
cumulative data quantified by densitometry (bottom) from 3 independent experiments, 7
=4 per genotype and condition. (B) Relative transcript expression of the indicated genes,
as assessed by qRT-PCR, combined from 3 independent experiments, 7= 3 per genotype
and treatment condition. (C) Representative cytokines from multiplex analysis of cDC1
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cell culture supernatants. Data from 4 independent experiments, 7= 4 per genotype and
treatment condition. (D) Mean concentration of all detectable factors analyzed as indicated
in (C). * p<0.05, ** p< 0.01, *** p< 0.001.

J Immunol. Author manuscript; available in PMC 2023 October 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Chrisikos et al.

Page 29
PBS IFN-B IFN-y IFN-A _ PBS _IFN-A
B
phospho-STAT1 - = . phospho-STAT1 m
Total STAT1 = = = a— Total STAT1 SR = " mm—

GAPDH e came e <

GAPDH - S =

phospho-STAT1 to Total STAT1 phospho-STAT1 to Total STAT1

15 dok *ok
oy 1 2 0.6
g 1.0 g’
g £ 04
[ 3
2 2
Q Q
o [
0.0 T T —— 0.0 T T
PBS IFN-B IFN-y IFN-A PBS IFN-A
15 Cxcl10
c
o
‘0
n
e
=%
X
w
o
2
]
©
©
14
Hours
CD86 CD80 CD40
*%k
kkkk  hkkk
——
Fedkedek *% *%
15 0.8
0o ®
L]
0.6 ®
10 - ° e |o| 232
04 o X 2t
L]
5 al :
3z 0.2
=
o 0- T 0.0 T T T T
= PBS IFN-B IFN-y IFN-A
MHCI MHC Il
*kkk
4 *hkkk * 15- *% *%
° L]
37 o ° 10- oo ®
2 L] ° : : °
14 [e® L . 5 o | pe e
> ]
0 T T T T 0 T T T T
Figure 6 PBS IFN-B IFN-y IFN-A PBS IFN-B IFN-y IFN-A

Figure 6. IFN-mediated signaling responses in cDCl1s.
cDC1s were treated with IFN-B, IFN-y, IFN-A, or PBS as indicated. (A and B) Whole cell

lysates from cDC1s treated with the indicated IFNs or PBS for 0.5 hours were subjected

to immunoblotting for pSTAT1, total STAT1, or GAPDH, as shown. (A) Representative
immunoblot results (top) for the indicated proteins, or cumulative data quantified by
densitometry (bottom) from 2 independent experiments, /7= 2 per condition. pSTAT1
immunoblot (top) exposed for 20 seconds. (B) Immunoblot (top) analysis and quantification
by densitometry (bottom) of samples from 2 independent experiments, 7= 2 per condition.
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pSTAT1 immunoblot (top) exposed for 20 minutes. (C) Cxc/10expression over time in
cDCl1s following the indicated treatments, determined by gRT-PCR. Data combined from 3
independent experiments, 7= 7 (0 hour), n= 8 (1 and 2 hour). (D) Surface expression of

the indicated markers, assessed by flow cytometry, after IFN treatment for 16 hours. CD86
and CD80 data combined from 5 independent experiments, 7= 10 (PBS), n= 8 (IFN-B,
IFN-7v, and IFN-A). MHC |1 data combined from 5 independent experiments, 7= 9 (PBS),
n=7 (IFN-B, IFN-y, and IFN-A). CD40 and MHC | data combined from 4 independent
experiments, n7=7 (PBS), 7=6 (IFN-B, IFN-y, and IFN-A). * p<0.05, ** p< 0.01, **** p
< 0.0001.
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Figure 7

Figure 7. Ifnar1-mediated expression of MHC and co-stimulatory molecules in poly I:C-treated
cDCls.
(A - C) Cell surface expression profiles were determined by flow cytometry. (A and B)

Ifnar1**, Ifnar1™~, Ifngr1** and Ifngri~'~ cDC1s were exposed to poly 1:C or PBS for 16
hours, as indicated. (A) Data combined from 3 independent experiments, 7= 6 (/fnar1*’*), n
=8 (/fnar1”). (B) CD86, CD80, and MHC | data pooled from 3 independent experiments,
n= 4 (Ifngr1*’*), n=17 (Ifagr1~'-). CD40 and MHC Il data combined from 2 independent
experiments, 7= 6 (CD40), n=4 (MHC II). (C) cDC1s were treated with poly I:C or PBS
for 16 hours in the absence or presence of IFN-A antibody (anti-IFN-A), as indicated. CD86
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and CD80 data pooled from 4 independent experiments, 7= 10 (PBS, poly I:C), n=8 (poly
I:C + anti-IFN-A), n=7 (anti-IFN-A). CD40, MHC I, and MHC Il data combined from

3 independent experiments, n=7 (PBS, poly I:C), n=5 (poly I:C + anti-IFN-A), n=4
(anti-IFN-A). * p< 0.05, ** p< 0.01, *** p< 0.001, **** p< 0.0001.
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Figure 8. Ifnar1-dependent signaling and I1SG induction in poly I:C-treated cDC1s.
Ifnarl*”*, Ifnarl™"~, Ifngri*’* and /fngri~'~ cDC1s were treated with poly I:C or PBS for

6 hours. (A and B) Whole cell lysates were subjected to immunoblotting for pSTAT1,
total STAT1, or GAPDH. (A) Representative immunoblot results (left) for the indicated
proteins in /fnarl*’* and /fnar1~!~ ¢cDC1s, and quantification by densitometry (right) from
1 of 2 independent experiments, 7= 3 (/fnar1*’*), n= 2 (/fnar1™""). (B) Representative

immunoblot (left) for the indicated proteins in /fngr1** and /fngr1~'~ cDCl1s, or cumulative
data quantified by densitometry (right) from 2 independent experiments, /7= 6 per genotype
and condition. (C) Relative transcript expression of the indicated genes, as determined by
gRT-PCR. Data combined from 2 independent experiments, 7= 5 (/fnar1**, Ifnar1'"), n=
4 (Ifngr1**, Ifngri~1"). * p<0.05, ** p< 0.01, **** p< 0.0001.
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