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STAT3 signaling modulates
the immune response
induced after antigen
targeting to conventional
type 1 dendritic cells through
the DEC205 receptor
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and Silvia Beatriz Boscardin™*
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Sao Paulo, Brazil, ?2Departamento de Microbiologia, Imunologia e Parasitologia, Universidade
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Conventional dendritic cells (cDC) are a group of antigen-presenting cells
specialized in priming T cell responses. In mice, splenic cDC are divided into
conventional type 1 DC (cDC1) and conventional type 2 (cDC2). cDC1 are
specialized to prime the Thl CD4" T cell response, while cDC2 are mainly
associated with the induction of follicular helper T cell responses to support
germinal center formation. However, the mechanisms that control the
functions of cDC1 and cDC2 are not fully understood, especially the
signaling pathways that can modulate their ability to promote different CD4*
T cell responses. Here, we targeted a model antigen for cDC1 and cDC2,
through DEC205 and DCIR2 receptors, respectively, to study the role of the
STAT3 signaling pathway in the ability of these cells to prime CD4™ T cells. Our
results show that, in the absence of the STAT3 signaling pathway, antigen
targeting to cDC2 induced similar frequencies of Tfh cells between STAT3-
deficient mice compared to fully competent mice. On the other hand, Thl and
Thl-like Tfh cell responses were significantly reduced in STAT3-deficient mice
after antigen targeting to cDC1 via the DEC205 receptor. In summary, our
results indicate that STAT3 signaling does not control the ability of cDC2 to
promote Tfh cell responses after antigen targeting via the DCIR2 receptor, but
modulates the function of cDC1 to promote Thl and Thl-like Tfh T cell
responses after antigen targeting via the DEC205 receptor.
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Introduction

Conventional dendritic cells (cDC) are bone marrow-derived
antigen presenting cells responsible to initiate T cell responses to a
myriad of different types of pathogens (1). Similarly, cDC are able
to control tolerogenic immune responses to self-antigens to
prevent the establishment of autoimmune diseases (2). To
distinguish between immunogenic and tolerogenic stimuli, cDC
express pattern recognition receptors (PPRs) and endocytic
receptors that are able to sense pathogens, tissue damage and
uptake their antigens (3). When ¢DC recognize antigens, they
increase the expression of costimulatory molecules, MHCII and
cytokines in order to present antigens to T cells and efficiently
prime antigen-specific immune responses (4, 5).

cDC are classified into two major subsets: conventional type
1 dendritic cells (¢<DC1) and conventional type 2 dendritic cells
(cDC2) (6). cDCI and ¢DC2 differ based on their ontogeny,
expression of membrane markers, localization in lymphoid
tissues, and functions (7). In mice, splenic cDC1 are located in
the red pulp (migratory cDCI1) and in the white pulp (resident
cDC1), more specifically in the center of the T cell zone of the
spleen, and are specialized in antigen cross presentation (7-10).
On the contrary, murine splenic ¢cDC2 are localized in the
bridging channels and in the marginal zone of B and T cell
zones, or in the outer part of the T cell zone (8, 11). cDC2 are
mainly associated with their ability to present antigens in the
context of MHCII (9).

Much has been done to identify the unique roles of ¢cDC1
and cDC2, specially on their differential ability to prime different
CD4" T cell responses (12-26). An efficient strategy to assess the
function and biology of cDC in vivo consists of delivering
antigens directly to these cells using chimeric monoclonal
antibodies (mAb). The aDEC205 mAb has been widely used
to target antigens to cDCI1 via the DEC205 receptor. Antigen
targeting to cDC1 promotes Thl and Th1-like Tfh CD4" T cell
responses after immunization (8, 11, 13-15, 17-29). The
oDCIR2 (33D1) mAb has been used to target antigens to
cDC2. Mice immunization with oDCIR2 fused with antigens
induces Tth cell priming, suggesting that cDC2 are specialized to
promote Tfh responses (21, 22, 24). Nonetheless, the
mechanisms that control the function of ¢cDC1 and cDC2 are
still poorly understood.

Since ¢DCI1 and c¢DC2 are differentially localized in
lymphoid tissues, we asked whether different cytokines could
specifically modulate their function. Signal Transducer and
Activator of Transcription proteins (STAT) are a group of
signal transducer proteins that are activated after a cytokine or
a growth factor specifically recognize their receptors (30). STAT
proteins participate in signaling pathways downstream to
proteins known as JAK (Janus Associated Kinase) or Tyk2
(Tyrosine Kinase 2) (31). For example, STAT3 is activated
through signaling of the cytokines IL-6, IL-10, IL-11, IL-21
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and the growth factor GM-CSF (32). In DC, STATS3 signaling
was firstly associated with the induction of a tolerogenic immune
response due to its role in downregulation of costimulatory
molecules (33-38). However, there is also evidence indicating
that the STAT3 signaling pathway is associated with cDCl
maturation after stimulation with Poly (I:C), a TLR3 ligand,
which promotes cDCI maturation via type I interferon pathway
(19, 39). In this way, the STAT3 signaling pathway may also be
involved in the stimulation of ¢cDCI to induce inflammatory
responses (39).

In an attempt to better understand the role of the STAT3
signaling pathway in ¢DC, we took advantage of
CD11cSTAT3/Flox (STAT3 cKO) mice to analyze to effect
of the ablation of STATS3 signaling specifically on these cells. We
used a previously characterized model of antigen targeting to
¢DC1 via DEC205 receptor and to cDC2 via DCIR2 receptor,
using Poly (I:C) as an adjuvant (24). We targeted a model antigen
composed by a fragment of 19 kDa from the merozoite surface
protein 1 (MSP1;4) derived from Plasmodium vivax conjugated to
the synthetic pan allelic DR epitope (PADRE) (13, 40). Our
findings indicate that cDC2 promote Tth cell responses in a
STAT3-independent manner, while STAT3 signaling stimulates
c¢DCI to promote Thl and Thl-like Tth cell responses after
antigen targeting.

Materials and methods
Mice

Male and female STAT3 cKO, STAT3"*M** and C57BL/6
(WT) mice aged between 5-7 weeks were used. The
CD11c*STAT3 OMFlox (STAT3 ¢KO) mouse strain was
obtained by crossing CD11c-Cre (B6.Cg-Tg(Itgax-cre)1-1Reiz)
(41) with STAT3MHoX (B6.129S1-Stat3™ ™) (42) mice
purchased from The Jackson Laboratory (JAX stock #008068
and JAX stock #016923, respectively). Two breeding steps were
performed: first, CD1 1c“*® mice were crossed with STAT3Flox/Flox
and the offspring were genotyped. CD11c¢“-STAT3"**"T 1
were selected and again crossed with STAT3"*/F°* The F2 mice
were genotyped, and individuals with the CD11c“"STAT3Fox/Flox
(referred as STAT3 ¢KO from now on) genotype were selected.
STAT3 FoFlo% animals from F2 were used as controls in the
experiments. Mice were bred and maintained in the Animal
Facility of the Department of Parasitology of the Institute of
Biomedical Sciences of the University of Sdo Paulo. The animals
were kept under pathogen-free conditions, with water and food ad
libitum. This study was approved by The Institutional Animal
Care and Use Committee (IACUC) of the Institute of Biomedical
Sciences of the University of Sdo Paulo under the protocol number
7937100118, in agreement with the Brazilian national law on
animal care (11.794/2008) and the ARRIVE guideline.
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Immunizations, spleen cells and
blood samples

Depending on the experiment, STAT3 cKO, STAT3HeWElox
and WT mice were immunized intraperitoneally with 5 ug of
oDEC205-MSP1,0PADRE or oDCIR2-MSP1,,PADRE mAbs
together with 50 ug of Polyinosinic:polycytidylic acid [Poly (I:
C)] (Invivogen) as adjuvant or only 50 ug Poly (I:C), as a
negative control. In the indicated experiments, a second dose
of immunization with 5 pg of the aDEC205-MSP1,,PADRE
mAb was also administered without the use of adjuvant 14 days
after the first dose. The chimeric mAbs were produced and
tested as previously published (13, 24).

At different timepoints, the animals were euthanized after
blood collection and the spleens were harvested. Splenocytes
were obtained and processed as described elsewhere (18). Serum
was obtained from blood collected at the time points indicated in
the Figures. Serum was separated by blood centrifugation for 5
minutes at 1,000 xg. The supernatant was collected and frozen at
-20°C until use.

Immunophenotyping

Splenic ¢DC1 and ¢DC2, as well as their expression of
costimulatory molecules, were analyzed by flow cytometry. Five
million splenocytes were first incubated with Fc Block (clone 2.4G2,
BD Biosciences) for 15 minutes on ice and the cells were washed
with FACs buffer (PBS 1x with 2% fetal bovine serum). Splenocytes
were first incubated with the biotin-conjugated antibodies anti-
CD19 (clone 1D3, BD Biosciences) and anti-CD3 (clone 145.2C11,
BD Biosciences) for 40 minutes on ice in the dark. After washing,
cells were incubated with anti-MHCII-Alexa fluor 700 (clone M5/
114.15.2, I-A/I-E, ThermoFischer Scientific), anti-CD11c-BV421
(clone N418, BD Biosciences), anti-CD80-BV786 (clone 53-67, BD
Biosciences), anti-CD11b-PE.Cy7 (clone M1/70, ThermoFischer
Scientific), anti-CD80-FITC (clone 16-10A1, BD Biosciences),
anti-CD86-APC (clone GLI1, BD Biosciences), anti-CD40-PE
(clone 1C10, BD Biosciences) and streptavidin-APC.Cy7 (BD
Biosciences), as well as with Aqua Live/Dead (ThermoFischer
Scientific), for 40 minutes on ice in the dark.

To identify Tth cells, 5x10° splenocytes were incubated with
anti-CXCR5-Biotin (clone 2G8, BD Biosciences) diluted in FACs
buffer for 40-50 min at 37°C in the dark. After two washes, cells were
incubated with anti-CD19-PE.Cy7 (clone 1D3, BD Biosciences),
anti-CD3-APC.Cy7 (clone 145.2C11, BD Biosciences), anti-CD4-
PerCP (clone RM4-5, BD Biosciences), anti-PD-1-APC (CD279,
clone J43, BD Biosciences) and streptavidin-PE (BD Biosciences)
including Aqua Live/Dead (Thermo Fischer Scientific) for 40
minutes on ice in the dark.

Germinal center and plasma cells were analyzed by flow
cytometry. Five million (5x10°) splenocytes were incubated with
anti-CD3-APC.Cy7 (clone 145.2C11, BD Biosciences), anti-
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B220-PerCP (clone RA3-6B2, BD Biosciences), anti-GL-7-
FITC (clone GL7, BD Biosciences), anti-CD95-PE (clone Jo2,
BD Biosciences), anti-CD138 (clone 281-2, BD Biosciences), and
Aqua Live/Dead (Thermo Fischer Scientific) for 40 min on ice
and in the dark.

Intracellular analyses of pSTAT1
and pSTAT3

Five million splenocytes from WT, STAT3 /"% or STAT3
cKO mice were stimulated or not with a supernatant of WT
splenocytes previously stimulated with anti-CD3 (clone
145.2C11, BD Biosciences) at 37°C for 15 or 20 minutes. After
two washes with FACs buffer, cDC were labeled as described in
the previous section, fixed and permeabilized using Phosflow III
fixation buffer (BD Biosciences) for 10 minutes in a 37°C water
bath. After washing twice with FACs buffer, cells were incubated
with Phosflow I permeabilization buffer (BD Biosciences) for 30
minutes on ice and in the dark. Then, cells were washed twice
and centrifuged at 500 xg for 5 minutes. pSTAT1 and/or
pSTAT3 were labeled using the fluorochrome-conjugated
antibodies anti-pSTAT1-PE-CF594 (clone 4a, BD Biosciences)
and anti-pSTAT3-PE (clone J71-773.58.11, BD Biosciences) for
1 hour on ice in the dark.

Intracellular cytokine staining

Intracellular cytokine staining was performed exactly as
described elsewhere (13). Briefly, 1.5x10° splenocytes were
pulsed or not with 5 ug/mL of the recombinant
MSP1,,PADRE protein and 2 pg/mL of the anti-CD28 mAb
(clone 37.51, BD Biosciences) in U-shaped 96-well plates
(Costar). Cells stimulated only with 2 pug/mL of the anti-CD28
were used as negative controls. After incubation for one hour at
37°C and 5% CO,, 0.25 pg/well of Golgi Plug (Brefeldin A, BD
Biosciences) was added to each well. Plates were incubated again
at 37°C and 5% CO, for 12 hours.

The intracellular cytokine staining was performed after an
extracellular and viability staining with anti-CD4-PerCP (clone
RM4-5, BD Biosciences) and Live and Dead Aqua (Thermo
Fischer Scientific) for 30 minutes on ice. After two washes with
FACS buffer, cells were fixed and permeabilized with Cytofix/
Cytoperm kit (BD Biosciences), and washed twice using
PermWash buffer (BD Biosciences). Finally, intracellular
cytokine IFN-y, IL-2, TNF-a, IL-10, and CD3 were stained
with anti-IFNy-APC (clone XMGI1.2, BD Biosciences), anti-
IL2-PE (clone JES6-5H4, BD Biosciences), anti-TNFo.-PE-Cy7
(clone MP6-XT22, BD Biosciences), anti-IL-10-BV421 (clone
JES5-16E3, BD Biosciences) and anti-CD3-APC-Cy7 (clone
145-2C11, BD Biosciences) on ice for 40 minutes. Then, cells
were washed twice in FACS buffer. The frequencies of cytokine-
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producing cells were obtained subtracting the percent of
cytokine-producing cells of the negative control wells from the
stimulated samples.

For IL-21 staining in Tfh cells, 5x10° splenocytes were
stained for surface markers and viability, as previously
described (24). After washing the cells twice with FACS buffer,
cells were fixed and permeabilized using Cytofix/Cytoperm (BD
Biosciences) for 15 minutes on ice, followed by washing with
PermWash buffer (BD Biosciences). IL-21 was labeled using the
anti-IL-21-PE (clone Mhalx21, eBioscience) for 1 hour on ice
and in the dark. After two washes with FACS buffer, one million
total cells were collected and analyzed.

Intranuclear staining

Intranuclear expressions of Bcl-6, T-bet, and Ki67 were
evaluated by flow cytometry. First, 5x10° splenocytes were
stained for surface markers and viability, as previously
described. Then, cells were fixed and permeabilized with the
FOXP3 labeling kit (eBioscience), according to the
manufacturer’s instructions. Anti-Bcl6-PE (clone K112-91, BD
Biosciences), and/or anti-T-bet-BV421 (clone 04-46, BD
Biosciences), and/or KI67-BV421 (clone B56, BD Biosciences)
were added and incubated for 1 hour on ice and in the dark.
Cells were washed twice in FACS buffer and one million total
events were acquired.

Antibody titer

Specific anti-MSP1;4 antibodies were detected by ELISA, as
described elsewhere (13, 18). High binding 96 well plates
(Costar) were coated with 2 ug/mL of recombinant MSP1;,.
Sera were serially diluted with a dilution factor of 3 starting at
1:100. Anti-mouse IgG conjugated with HRP (SouthernBiotech)
were used to detect IgG anti-MSP1,y antibodies. IgG anti-
MSP1,y antibody titers were considered as the highest serum
dilution with an OD,go > 0.1 and normalized in a logl0 scale.

Migration of cDCL1 in vivo

For the assessment of cDC1 migration in vivo, we used the
labeling technique described by Calabro et al. that detects
migration of ¢DCI from the red to the white pulp (11).
STAT3™Fox 4nd STAT3 cKO mice received or not 50 pg of
Poly (I:C) via the intraperitoneal route. After 6 hours, 1.5 ug of
anti-CD11c-PE antibody (clone N418, BD Biosciences) was
injected intravenously and mice were euthanized 3 minutes
later. The spleen was removed, processed and 5x10°
splenocytes were labeled with fluorochrome-conjugated
antibodies for the identification of ¢cDC as described above.
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CD11c-PE" cells were considered cDC1 that are located in the
red pulp of the spleen.

Data acquisition, absolute cell numbers,
and statistical analysis

Flow cytometry data were acquired on a BD LSRFortessa
Flow Cytometer (BD Biosciences) and analyzed using the FlowJo
software (version 9.3, Tree Star, San Carlo, CA, USA). The gating
strategy for Tfh cells, germinal center B cells, plasma cells,
cytokine-producing cells, and for the expression of T-bet and
Bcl-6 were performed exactly as described elsewhere (24). The
absolute cell numbers were calculated according to the
frequencies obtained in the analysis of the gating strategy of
the flow cytometry results. Statistical analyses were performed in
Prism 9.0 (GraphPad, CA, USA). One-way ANOVA followed by
Tukey test was used for multiple comparisons, and Student's t-
test was used for comparisons between two groups.

Results

Poly (I:C) triggers STAT3 phosphorylation
in splenic cDC1 and cDC2

In an attempt to study whether STAT3 signaling pathway
controls ¢DC1 and ¢DC2 ability to prime CD4" T cells, we
started studying whether Poly (I:C) would promote STAT3
phosphorylation in ¢cDC. As Poly (I:C) stimulates ¢cDC in vivo
mainly through interferon type I signaling, we also detected the
phosphorylation of STAT1 (pSTATI1). pSTATI and pSTAT3
were detected in cDC1 and cDC2 by flow cytometry according to
the strategy indicated in Figure 1A. After two hours of Poly (I:C)
administration to mice, the MFI of pSTAT1 and pSTAT3 were
analyzed. As expected, pSTAT1 MFI increased significantly in
splenic cDC1 and cDC2 from mice that received Poly (I:C) when
compared to the control group (saline only) (Figures 1B, C, F).
Similarly, pSTAT3 MFI was higher in ¢DC1 and ¢DC2 from
Poly (I:C)-injected mice than pSTAT3 MFI from non-stimulated
mice (Figures 1D-F). These results indicate that Poly (I:C)
triggers STAT1 and STAT3 phosphorylation in ¢DCI and
cDC2 in vivo.

STAT3 does not control the development
of cDC1 and cDC2

To study the influence of the STAT3 signaling pathway on
cDC, we used CD11c¢“*STAT3M¥FoX (STAT3 ¢cKO) mice. In
this system, STAT3 is deleted in CD11c" cells which include
cDC and their bone marrow progenitor cells. We analyzed
whether the deletion of STAT3 gene in CD11c" cells would
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Poly (I:C) promotes STAT1 and STAT3 phosphorylation in cDC1 and cDC2. WT C57BL/6 mice were injected intraperitoneally with 50 pug of Poly
(I:C) or only saline. Two hours later, splenocytes were obtained. Phosphorylated STAT1 (pSTAT1) and STAT3 (pSTAT3) were analyzed by
phosflow. (A) Gating strategy to analyze splenic cDC1 and cDC2. Singlets and live cells were gated followed by CD19°CD3 MHCII*. Then,
CD11c* cells were selected. cDC1 were gated as CD8a.*CD11b™ cells and cDC2 as CD8a. CD11b*. MFI for pSTATL is shown in cDC1 (B) and
cDC2 (C). MFI for pSTAT3 is shown in cDC1 (D) and cDC2 (E). Histograms represent cells from mice injected with saline in white or Poly (I:C) in
gray. (F) Heatmaps of pSTAT1 and pSTAT3 MFls in cDC1 and cDC2 of 3 individual mice. Bars show mean + SD from one representative

experiment (n=3 animals/group) **p<0.01; Student's t-test.

impact the differentiation of splenic ¢cDCI or ¢DC2. We
quantified total CD11c" cells, cDC1 and ¢DC2 in the spleen of
STAT3 cKO and STAT3™F°* mice by flow cytometry. The
results showed that the STAT3 deletion in CD11c" cells did not
change the number (or frequency) of ¢cDC (Supplementary
Figures 1A, B), nor ¢cDCI(Supplementary Figures 1C, D) and
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c¢DC2 (Supplementary Figures 1E, F), in the spleen of STAT3
cKO mice, suggesting that the STAT3 deletion in CD11c" cells
does not influence the differentiation of ¢DC, exactly as
published previously (35).

In addition, to confirm that STAT3 cKO mice really delete
STAT3 in ¢DCl1 and c¢DC2, we performed an experiment to
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analyze STAT3 phosphorylation in these cells. Splenocytes
from STAT3 cKO mice or STAT3"**FI°* yyere stimulated or
not with the supernatant of WT splenocytes stimulated with
anti-CD3 mAb, and pSTAT3 MFI was determined in ¢DCl,
cDC2 and in CD4" T cells as a control (Supplementary
Figures 2A, B). The results showed that there was no
statistically significant increase in pSTAT3 MFI in ¢DC1 and
cDC2 from STAT3 cKO animals when compared to non-
stimulated cells. pSTAT3 MFI was only increased in
stimulated cDC1 and ¢DC2 from STAT3™F°* mice. Tt is
important to point out that the pSTAT3 MFI of CD4" T cells
from both mouse strains was significantly higher in stimulated
cells (Supplementary Figures 2A, B). Therefore, cDCI and
cDC2 from STAT3 ¢KO mice do not phosphorylate STATS3,
as expected. Importantly, the absence of STAT3 signaling in
CD11c" cells did not alter STAT1 phosphorylation in ¢DCls,
cDC2s and CD4" T cells (Supplementary Figures 2C, D).

cDC2 promote Tfh cell responses in a
STAT3-independent way after antigen
targeting to the DCIR2 receptor

To study the role of STAT3 signaling pathway in the control of
cDC2-mediated immune responses, we took advantage of a strategy
to deliver antigens to cDC2 via DCIR2 receptor. Previous results
have shown that antigen targeting to ¢cDC2 through the DCIR2
receptor induce Tth cells and, consequently, humoral immune
responses (21, 22, 24). In this way, we used the chimeric mAb
oDCIR2 genetically linked to the MSP1,9PADRE antigen and Poly
(L:C) as adjuvant to target cDC2 in vivo. Mice were immunized and,
five days later, the Tth cell response promoted by antigen targeting
to cDC2 in STAT3 cKO or in STAT3" % mice was analyzed (see
gating strategy on Supplementary Figure 3). Our results confirmed
that antigen targeting to cDC2 via the DCIR2 receptor promoted an
increased frequency/absolute number of CXCR5PD-1°CD4" T
cells in aDCIR2-MSP1,oPADRE-immunized mice compared with
the group that received only Poly (I:C). Interestingly, there was no
significant difference in the frequency/absolute number of
CXCR5'PD-1°CD4" T cells between the STAT3 ¢KO and
STAT3MFlox mice that were immunized with oDCIR2-
MSP1,4,PADRE (Figures 2A, B).

To confirm that CXCR5'PD-1" CD4" T cells are indeed
Tfh cells, we stained Bcl-6 intranuclearly and IL-21
intracellularly in those cells. Bcl-6 is the main transcription
factor and IL-21 is the hallmark cytokine expressed in Tth cells.
Bcl-6 and IL-21 MFI were significantly higher in CXCR5"PD-
1" cells (Tth cells) from STAT3 cKO and STAT3O¥/Fox pjce
when compared to CXCR5PD-1" cells (non-Tth cells). Again,
in both cases, there was no significant difference when
comparing the Bcl-6 and IL-21 MFI from Tth cells from
STAT3M¥/Flox and STAT3 cKO mice (Figures 2C, D). Thus,
these results indicate that STAT3 signaling pathway does not
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influence the ability of cDC2 to prime Tth cells after antigen
targeting via DCIR2 receptor.

Furthermore, germinal center (GC) formation, plasma cell
differentiation (see gating strategy on Supplementary Figure 4) as
well as antibody production were also evaluated after antigen
targeting to cDC2 via DCIR2 receptor in STAT3 cKO or in
STAT3"*M* mice. Both STAT3"*"* and STAT3 cKO mice
that received oDCIR2-MSP1;sPADRE had significantly higher
frequencies and a tendence of higher GC B cell numbers
(Figures 2E, F). Similarly, plasma cell frequency was
significantly higher in all aDCIR2-MSP1,,PADRE-immunized
mice while the absolute numbers were higher in STAT3"Flx
and there was a tendency of increase in STAT3 cKO mice
(Supplementary Figure 5). Moreover, our results show that
there were no significant differences in GC B cells
(Figures 2E, F) and plasma cells (Supplementary Figure 5)
between mice in which ¢DC signal or not via the STAT3
signaling pathway. When we determined anti-MSP1,, antibody
titers in the serum, there was also no significant difference between
the STAT3 cKO and STAT3"X mjce (Figure 2G). Thus, the
STATS3 signaling pathway in cDCs does not alter GC formation
and plasma cell differentiation when antigen is targeted to cDC2
via DCIR2, nor antibody production. These results also confirm,
once again, that antigen targeting to cDC2 via DCIR2 promotes
GC formation and plasma cell differentiation. Taken together,
these results suggest that ¢cDC2s prime Tth cells in a STAT3
independent manner after antigen targeting via DCIR2 receptor.

STAT3 modulates the capacity of cDC1
to promote Thl CD4* T cell responses
after antigen targeting to the DEC205
receptor

In an effort to elucidate whether the STAT3 signaling
pathway plays a role in the modulation of cDCl1 ability to
prime Thl CD4" T cells responses after antigen targeting to
the DEC205 receptor, STAT3"°¥F1°% and STAT3 cKO mice were
immunized intraperitoneally with oDEC205-MSP1,,PADRE
using Poly (I:C) as adjuvant or with Poly (I:C) alone. Fourteen
days after the first dose, the animals received a boosting dose
using only aDEC205-MSP1,;oPADRE or saline. Four days after
the second dose, the immune response promoted by antigen
targeting to ¢cDC1 via DEC205 receptor was accessed by
intracellular cytokine staining to detect the production of the
pro-inflammatory cytokines IFN-y, IL-2 and TNF-o. by CD4™ T
cells (see gating strategy on Supplementary Figure 6). The flow
cytometry results indicated that the frequencies of IFN-v, IL-2
and TNF-o-producing CD4" T cells were significantly higher in
oDEC205-MSP1,,PADRE-immunized mice when compared
with the Poly (I:C) group. Besides, our results also showed that
the frequencies of IFN-y, IL-2 and TNF-o.-producing CD4" T
cells were significatively reduced in STAT3 ¢KO mice compared
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FIGURE 2

STAT3 signaling pathway does not control cDC2 ability to prime Tfh cells after antigen targeting to the DCIR2 receptor. STAT3M/FloX ang STAT3
cKO mice were immunized with 5ug of aDCIR2-MSP1;5PADRE together with 50 pg of Poly (I:C) as adjuvant or only Poly (I:C) as a control.
Splenocytes were obtained 5 days later and Tfh cells, GC B cells and plasma cells were analyzed by flow cytometry, and anti-MSP1,5 1gG titers
were determined by ELISA. (A) Frequency of Tfh cells in CD4* T cells. (B) Absolute numbers of Tfh cells in the spleen. Bcl-6 and IL-21 were
stained after fixation/permeabilization and their expression on Tfh cells was detected by flow cytometry. (C) MFI for Bcl-6 was determined in
Tfh (CD3*CD4*CXCR5™9"PD-1"9") and non-Tfh cells (CD3*CD4*CXCR5 PD-1"). (D) MFI for IL-21 was determined in Tfh and non-Tfh.
Histograms in blue show non-Tfh and in red Tfh cells. (E) Frequency and (F) absolute numbers/spleen of germinal centers (GL7*CD95*CD3
B2207). (G) Sera were titrated to detect specific anti-MSP1;5 IgG antibodies by ELISA. Bars show mean + SD from two experiments pooled
together (n=6-7 animals/group) in (A, B, E, F) and from one experiment (n=3 animals/group in (C, D, G). *p<0.05, **p<0.01, ****p<0.0001, and

ns not significant; one-way ANOVA followed by Tukey's post-test.

to STAT3™FI% mice that received DEC205-MSP1,,PADRE
(Figures 3A-C). In addition, there was a significant reduction in
the frequency of cytokine-producing cells positive to three, two
or one cytokine simultaneously (Figure 3D).

We also compared the promotion of Th1 response by cDCls
in groups of mice that received two doses of aDEC205-
MSP1,4PADRE in the presence or absence of Poly (I:C)
(Supplementary Figure 7). As previously described (43, 44),
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antigen targeting to ¢DC1 through DEC205 in the absence of
a maturation stimulus induces peripheral tolerance. In this way,
the Thl response induced in the absence of Poly (I:C) was
severely reduced. Nonetheless, we still observed a significant
reduction in the frequency of IFN-v, IL-2 and TNF-o producing
CD4" T cells in STAT3 ¢KO mice when they were administered
with aDEC205-MSP1,,PADRE+Poly (I:C) (Supplementary
Figures 7A-C). These results suggest that, upon activation with
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FIGURE 3

STAT3 signaling controls cDC1 ability to prime Thl immune responses after antigen targeting to the DEC205 receptor. STAT3M¥/F* and STAT3
cKO mice were immunized with 5ug of aDEC205-MSP1,5PADRE together with 50 ug of Poly (I:C) as adjuvant or only Poly (I:C) as a control. A
boosting dose was performed 14 days later using only 5ug of aDEC205-MSP1;5PADRE or only saline. Splenocytes were obtained 4 days after
boosting. Splenocytes were stimulated ex vivo with 5pg/mL of recombinant MSP1,oPADRE and incubated for 12 hours. Intracellular cytokine
staining was performed after fixation and permeabilization. Graphs show the percentage of (A) IFN-y-, (B) IL-2- and (C) TNF-o-producing CD4*
T cells. (D) Boolean gating on CD4" T cells displaying polyfunctional cytokine-producing cells. (E) T-bet expression was determined in IFN-y-
producing CD4* T cells. Histograms represent IFNY"CD4" T cells in black and IFNy'CD4" T cells in white. Bars show mean + SD of one
representative result out of 3 independent experiments (n=3 animals/group) in (A—D) and from three experiments pooled together (n=9
animals/group) in (E) **p<0.01, ***p<0.001, ****p<0.0001, and ns not significant; one-way ANOVA followed by Tukey's post-test.

Poly (I:C), STAT3 signaling pathway stimulates ¢cDCI to
promote pro-inflammatory CD4" T cell response after antigen
targeting via DEC205 receptor.

To confirm that IFN-y-producing CD4" T cells are Th1 cells,
we stained T-bet intranuclearly on splenocytes from STAT3"*

Flox and STAT3 cKO mice, and analyzed the T-bet MFI on IFN-
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y-producing CD4" T cells (see gating strategy on Supplementary
Figure 6). Results showed that the T-bet MFI on IFN-y
expressing CD4" T cells (IFN-Y") was significantly higher than
the T-bet MFI on non-IFN-y expressing cells, indicating that
IFN-y producing cells are Th1 cells. Additionally, T-bet MFI was
significantly reduced in Th1 cells of STAT3 ¢cKO compared to
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STAT3"¥FX mice (Figure 3E). Taken together, our results
indicate that, after antigen targeting to the DEC205 receptor in
the presence of poly(I:C), the STAT3 signaling pathway
stimulates cDC1 to prime Th1 CD4" T cell responses in vivo.

STAT3 signaling pathway stimulates
DEC205 targeted cDC1 to prime T helper
cell responses

The results described above were obtained when mice were
immunized with two doses of the chimeric aDEC205-
MSP1,yPADRE mADbD. In order to clarify if the reduction in the
helper T cell responses observed in STAT3 cKO mice happened
already during priming, we analyzed the CD4" T cell pro-
inflammatory response 14 days after the administration of a
single dose of DEC205-MSP1,,PADRE in the presence of poly
(I:C). The results showed that the frequencies of IFN-v, IL-2 and
TNF-0. producing CD4" T cells were significantly lower in
STAT3 cKO mice when compared to STAT3F¥FloX mjce
(Supplementary Figures 8A-C). These results indicate that,
once activated by poly (I:C), STAT3 signaling pathway
stimulates ¢cDC1 to prime Thl CD4" T cells after the first
immunization with the «DEC205 mAb.

STAT3 signaling pathway influences the
frequency, but not the polarization, of
Thil-like Tfh CD4* T cells when the
antigen is targeted to cDC1 through
DEC205

We have recently characterized a Thl-like Tfh CD4"™ T cell
response promoted after antigen targeting to cDCI via DEC205
receptor, using the same immunization scheme described above.
We showed that on day 4 after the administration of the second
dose of aDEC205-MSP1,,PADRE, we observed a very
pronounced expansion of CXCR5™PD-1"'CD4" T cells
(considered pre-Tth cells) and CXCR5M8"pD- 118 CD4* T cells
(Tth cells) that expressed the Thl transcription factor T-bet along
with the Tth hallmark Bcl-6 (24). In an attempt to study whether
STATS3 deletion in cDC would also impact the Th1-like Tth CD4"
T cell response promoted after antigen targeting via DEC205
receptor, we analyzed splenocytes of STAT3"°¥F1°* and STAT3
cKO mice 4 days after the administration of the second dose of
oDEC205-MSP1,,PADRE. We analyzed the frequency and the
absolute numbers of pre-Tth (CD3*CD4*CXCR5™PD-1") and
Tth (CD3*CD4*CXCR5#"PD-1"8") cells (see gating strategy on
Supplementary Figure 9). The results indicate that the frequency
and the absolute numbers of pre-Tth (Figures 4A, B) and Tth
(Figures 4C, D) CD4" T cells were statistically increased in
STAT3!M¥/Fo% njce immunized with oDEC205-MSP1,,PADRE.
Interestingly, our results also indicated that both frequency and
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absolute number of pre-Tth and Ttfh cells were significantly
reduced in STAT3 cKO mice when compared to STAT3ox/Flox
mice that received aDEC205-MSP1,oPADRE (Figures 4A-D). In
summary, STAT3 signaling plays a role to stimulate DEC205
targeted cDCI to promote Tth cell responses.

To confirm that the CXCR5™¢"PD-1"6"CD4" T cells are
indeed Tth cells and correspond to Thl-like Tth cells (see gating
strategy on Supplementary Figure 9), we performed an
intranuclear staining of transcription factors T-bet (Figure 4E)
and Bcl-6 (Figure 4F), as well as the intracellular staining of IL-21
(Figure 4G). The MFI of T-bet, Bcl-6, and IL-21 were significantly
higher in CXCR5™¢"PD-1"¢" The medians of Bcl-6, T-bet and
IL-21 fluorescence were also significantly higher in cells
expressing intermediate levels of CXCR5 and PD-1
(CXCR5™PD-1™") when compared to the non-Tfh CD4* T cell
population. Furthermore, our results show that there were no
significant differences when comparing the MFI of T-bet
(Figure 4E), Bcl-6 (Figure 4F) and IL-21 (Figure 4G) between
the STAT3FF* and STAT3 cKO groups. Thus, these results
indicate that the STATS3 signaling pathway does not influence
polarization of Th1-like Tth cell responses but seems to play a role
in the induction of these cells.

STAT3 depletion does not impact
regulatory CD4™ T response nor Tfh cell
proliferation after antigen targeting to
cDC1 through DEC205

The experiments described above indicated that STAT3
depletion in DEC205 targeted ¢cDCI resulted in reduced Thl
and Thl-like Tth cell responses. These results prompted us to
evaluate if STAT3 depletion in ¢cDC1 would impact the
regulatory CD4" T cell response that may repress the pro-
inflammatory response. We performed intracellular cytokine
staining to analyze the frequency of IL-10-producing CD4" T
cells. Surprisingly, there was no significant difference in the
frequency of IL-10-producing CD4" T cells when we compared
STAT3Mo¥/Flox and STAT3 cKO mice immunized with
oaDEC205-MSP1,yPADRE (Figure 5A). Therefore, the
decreased Thl and Thl-like Tfh cell responses probably were
not due to an increase in the frequency of IL-10 producing cells.

To rule out the possibility that CD4" T cells from STAT3
cKO mice have any deficiency in their proliferation, we
performed an intranuclear Ki67 staining in pre-Tth and Tth
cells from STAT3/FIoX and STAT3 cKO mice previously
immunized with oDEC205-MSP1;3PADRE+poly(I:C) (see
gating strategy on Supplementary Figure 9). The results
showed that the Ki67 MFI is statistically higher in Tth and
pre-Tfh cells when compared to non-Tfh CD4" T cells,
indicating that both subpopulations of Tth cells were
proliferating. When Ki67 MFI of Tfh cells was compared
between STAT3"**F°* and STAT3 cKO mice, there were
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FIGURE 4

STAT3 signaling controls cDC1 ability to prime Tfh cells after antigen targeting to the DEC205 receptor. STAT3¥/FoX and STAT3 cKO mice
were immunized as described in Figure 3. Splenocytes were obtained 4 days after boosting and Tfh cells were analyzed by flow cytometry. (A)
Frequency and (B) absolute number of pre-Tfh cells (CD3*CD4*CXCR5™"PD-1"") in the spleen. (C) Frequency (D) and absolute number of
Tfh cells (CD3*CD4*CXCR5™9"PD-1"19") in the spleen. Intracellular staining of Bcl-6 (E), T-bet (F), and IL-21 (G) in Tfh, pre-Tfh and non-Tfh
cells (CD3"CD4*CXCR5PD-1) cells performed by flow cytometry in splenocytes 4 days after immunization. Histograms represent Non-Tfh
cells in white, Pre-Tfh cells in gray and Tfh cells in black. Bars show mean + SD from six experiments pooled together (n=5-14 animals/group)
in (A-D) and one representative result out of 3 independent experiments (n=3 animals/group) in (E-G). *p<0.05, **p<0.01, ***p<0.001,
****p<0.0001, and ns not significant; one-way ANOVA followed by Tukey’s post-test
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FIGURE 5

IL-10 production by CD4" T cells is not influenced by STAT3 signaling pathway in cDC1 after antigen targeting to the DEC205 receptor
STAT3MOFoX 3nd STAT3 cKO mice were immunized as described in Figure 3. Splenocytes were obtained 4 days after boosting. (A) Intracellular
cytokine staining for IL-10. Plots show the percentage of IL-10-producing CD4" T cells. (B) Intracellular staining of Ki67 in Tfh, pre-Tfh and
non-Tfh cells cells performed by flow cytometry in spleen cells 4 days after immunization. Histograms represent non-Tfh cells in white, pre-Tfh
cells in gray and Tfh cells in black. Bars show mean + SD from three experiments pooled together (h=9 animals/group, except STAT3cKO
immunized with poly(l:C), n=6 animals/group) in (A), and two experiments pooled together (n=6 animals/group) in (B) *p<0.05, **p<0.01,
***p<0.001, ****p<0.0001, and ns not significant; one-way ANOVA followed by Tukey's post-test.

no significant differences between these two groups
(Figure 5B). Therefore, these results indicate that STAT3
cKO animals do not show any failure in the proliferation of
Tth cells, and the decreased number Tth cells, and perhaps
Th1 CD4" cells (not tested), are not related to their capacity to
proliferate in vivo.

STAT3 does not control the expression
of costimulatory molecules in cDCs
targeted with DEC205 or DCIR2 in the
presence of Poly (I:C)

In an attempt to understand the mechanism by which STAT3
stimulates DEC205 targeted ¢DCI1 to promote Thl and Tth cell

Frontiers in Immunology

responses, we first analyzed whether the STAT3 deletion alters the
maturation of ¢DCs in vivo. Thus, Poly (I:C) was administered
intraperitoneally to STAT3"*F°* and STAT3 cKO mice and, 24
hours later, we evaluated the expression of the costimulatory
molecules CD80, CD86 and CD40 in splenic ¢cDC1 and ¢cDC2
(Supplementary Figures 10A-F). The results showed that the
CD80, CD86 and CD40 MFI were significantly higher in all
mice that received Poly (I:C) when compared to animals that
received only saline (Supplementary Figures 10A-E), except when
CD40 was compared in ¢DC2 (Supplementary Figure 10F).
However, there was no significant difference between the MFI
of any of the analyzed markers when comparing the STAT3"*
Flox and STAT3 cKO animals that received Poly (I:C)
(Supplementary Figures 10A-F). Thus, these results show that
the STAT3 signaling pathway in vivo does not influence the
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expression of costimulatory molecules CD80, CD86 and CD40 in
splenic cDC1 and cDC2.

STAT3 does not control cDC1
intrasplenic migration

In addition, we evaluated the intrasplenic migration of cDC1
by a method previously described (8). This technique consists of
the intravenous administration of PE-conjugated anti-CDI1c
mADb for in vivo labeling of cDCI1 located in the marginal region
of the red pulp of the spleen. Three minutes after the
administration of anti-CD11c-PE, the mice were euthanized.
In this short period of time, anti-CD11c-PE can only penetrate
the red pulp of the spleen, staining only the cDCs that are located
in this region.

STAT3™H°X and STAT3 cKO mice received or not Poly
(I:C) and, after 6 hours, the anti-CD11c-PE antibody was
administered intravenously. CD11c-PE labeled ¢cDCI are
located in the red pulp region and ¢DC2 in the marginal
zone. The results indicated that mice that received Poly (I:C)
showed a significant reduction in the frequency of CD11c-PE
positive cDC1 when compared to mice that did not receive any
agent that induces ¢cDC maturation (naive mice)
(Supplementary Figures 11A, B). On the contrary, cDC2 did
not move (Supplementary Figures 11A-C). In this way, Poly (I:
C) only induced the migration of ¢cDC1 from the red pulp
region, as the fewer cDCI positive for CD11c-PE, the greater
the number of cDC1 that migrated to the T cell zone. There was
no significant difference when we compared the frequencies of
CD11c-PE positive cDC1 and ¢DC2 between STAT3!lox/Flox
and STAT3 c¢KO mice that received Poly (I:C). This result
indicates that the absence of STAT3 in ¢cDC1 does not alter the
migration of these cells. Thus, the reduced CD4" T cell
response in animals in STAT3 cKO mice occurs through a
mechanism independent of the intrasplenic migration of this
subtype of cDC1.

Discussion

Dendritic cells are responsible to prime T cell responses, thus
promoting immunity or tolerance in several circumstances (45).
They are able to do so due to a division of labor between different
subsets. cDCI are specialized in cross-presentation of antigens
and preferentially instruct CD4" T cell responses to Thl and
Treg profiles (15, 23-25). On the other hand, cDC2 are primarily
associated with their unique ability to induce Tth and Th17 cell
responses (22, 27, 46-48). Although each subtype is more
specialized in promoting one or another type of CD4" T cell
response, it is known that ¢DCl can also induce Tth cell
responses, just as ¢cDC2 are capable of promoting Thl and

Frontiers in Immunology

12

10.3389/fimmu.2022.1006996

Treg responses (24, 26, 49). Nonetheless, mechanisms that
regulate cDC1 and ¢cDC2 function in order to produce distinct
CD4" T cell responses are still not fully understood.

Here, we decided to investigate the role of the STAT3
signaling pathway in the ability of ¢cDC1 and ¢cDC2 to prime
CD4" T cell responses after antigen targeting to these cells, in the
presence of the adjuvant Poly (I:C), via the endocytic receptors
DEC205 and DCIR?2, respectively.

First, we analyzed whether Poly (I:C) administration would
trigger the phosphorylation of STAT3 in vivo. Our data
indicated that STAT3 was phosphorylated after two hours of
Poly (I:C) injection in cDC1 and c¢DC2. Interestingly, STAT3
deletion did not alter STAT1 phosphorylation in ¢cDCs. These
results, combined with previous results showing that Poly (I:C)
is an efficient adjuvant to increase the CD4" T cell response after
antigen targeting to cDC (15, 25), prompted us to use it to
address the role of the STAT3 signaling pathway during ¢cDC
activation. In addition, Longhi et al. showed that the in vivo
injection of Poly (I:C) promotes maturation of DC via type I
interferon signaling (19). Accordingly, here we showed that Poly
(I:C) induced STATI and STAT3 phosphorylation, and STAT1
and STAT3 are signaling pathways triggered by the type I
interferon receptor (IFNAR1) (50). It is important to mention
that Poly (I:C) can also induce type III interferons which have
been reported to directly stimulate Th1l immune responses (51).

To study the influence of the STAT3 signaling pathway
specifically in ¢DC, we used STAT3 cKO mice. Initially, we
analyzed whether conditional knock out of STAT3 in CD11c*
cells would alter the differentiation of splenic ¢cDC. Our results
showed that STAT3 deficiency in CD11c" cells did not impact
the frequency or the absolute numbers of cDCI and ¢cDC2 in the
mouse spleen, exactly as described previously (35). These results
suggest that the STAT3 signaling pathway does not alter the
differentiation of splenic ¢DC. It is known that STAT3
phosphorylation is essential for the differentiation of bone
marrow precursor cells that give rise to cDC (52). However,
these precursors do not yet express CD11c (53). As we used mice
in which the STAT3 knock out happens conditioned to the
expression of CDllc, the differentiation of cDC was not
impaired in our model.

Furthermore, our results showed that STAT3 signaling
pathway does not influence the ability of cDC2 to prime Tth
cells. For that, we targeted ¢cDC2 in vivo using the aDCIR2-
MSP1,,PADRE together with Poly (I:C) as an adjuvant. After 5
days, we analyzed the immune response promoted by ¢DC2 in
mice deficient or not for STAT3. The frequencies of Tth cells, GC
B cells, plasma cells and also the anti-MSP1,4 antibody titers in
STAT3 cKO mice were similar to the frequencies found in the
control STAT3"/M° mjce that are able to signal through the
STAT3 pathway. Our results indicate that antigen targeting to
cDC2 through DCIR2 and in the presence of Poly(I:C) promotes
Tth cell responses in a STAT3 independent manner. It is

frontiersin.org



Sulczewski et al.

important to point out that B cells also play an important role in
the response induced when mice are immunized with aDCIR2, as
they also present antigens to T cells and promote their
proliferation (47).

The influence of the STAT3 signaling pathway on the ability of
cDC1 to promote T helper cell responses mediated by antigen
targeting to DEC205 was also analyzed. For this, we performed two
immunizations with aDEC205-MSP1;,PADRE using Poly (I:C) as
adjuvant, and analyzed the response 4 days after the second dose,
exactly as described previously (24). We analyzed the responses of
CD4" T cells that are able to produce the cytokines IFN-y, IL-2 and
TNF-o. (Thl) and Thi-like Tth cells. The results showed a
significant reduction of IFN-y, IL-2 and TNF-ot- producing CD4"
T cells (Th1), and Thil-like Tth cells in STAT3 cKO mice. In fact,
both Thi-like Tth cell populations (mature Tth and pre-Tth) were
significantly reduced in STAT3 cKO mice. Importantly, in our
model, Poly (I:C) plays a fundamental role to promote Th1l immune
responses as in its absence, the outcome of antigen targeting to
DEC205" ¢cDCl is tolerance (43, 44). These results indicated that
STATS3 signaling pathway, once activated by Poly (I:C), stimulates
cDC1 to promote Thl and Thl-like Tth cell responses after antigen
targeting to cDC1 via DEC205 receptor.

As the data were analyzed after the administration of the second
immunization, we decided to confirm that STAT3 signaling pathway
influences the ability of DEC205" ¢DCl1 to initiate CD4" T cell
responses. So, we also addressed the frequency of IFN-y, IL-2 and
TNF-0- producing CD4" T cells 14 days after the administration of
the first dose of tDEC205-MSP1,,PADRE together with Poly (I:C).
The results showed that, again, the frequencies of IFN-y, IL-2 and
TNF-a. producing cells were significantly lower in STAT3 ¢KO mice
when compared to the STAT3™*F°* group. Furthermore, our
results of IL-10-producing CD4" T cells and analysis of Tth cell
proliferation by Ki67 showed that the reduced Th1 and Th1-like Tth
cell response in STAT3 ¢KO mice did not occur due to an increased
regulatory response, which could decrease the inflammatory
response, nor due to a defect in the proliferation of T cells from
STAT3 cKO mice. Thus, these results allow us to conclude that the
STATS3 signaling pathway stimulates ¢cDC1 to promote Thl and
Thl-like Tth cell responses when the antigen is delivered to the
DEC205 receptor and in the presence of Poly(I:C). Interestingly to
point out that non-Tth cells were not upregulating KI67. This result
led us to hypothesize that Thl cells may therefore be in the same
gating of Tth cells, thus suggesting that Tth and Th1 cells are indeed
Thi-like Tth cells, as we previously reported (24).

In an effort to try to understand how STATS3 signaling pathway
is involved in the induction of Thl and Th1-like Tth responses in
our model, we analyzed the expression of the costimulatory
molecules CD80, CD86 and CD40 in ¢DCs after Poly (I:C)
injection in vivo. Our data showed that STAT3-deficient cDCs
up-regulated the costimulatory molecules similarly to ¢cDCs from
STAT3"He% mice. However, it is important to emphasize that the
administration of Poly (I:C) in vivo promotes the maturation of
cDC1 and ¢DC2, mainly through cytokine signaling. Although
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cDCl1 express higher amounts of TLR3, which recognizes Poly (I:
C), these cells are essentially matured via type I interferons after
injection of Poly (L:C) in vivo (19, 25, 54). In contrast, previous data
showed that cDC2, that do not express TLR3, are matured by TNE-
o and IL-6 after Poly (I:C) injection that synergistically stimulate
the upregulation of costimulatory molecules and, consequently, the
migration of cDC2 from the intestinal mucosa in response to Poly
(I:C) (54, 55). In our system, STAT3 deletion in splenic cDC2 did
not inhibit CD80, CD86 and CD40 upregulation, nor altered their
migration in the spleen, suggesting that another cytokine that does
not trigger STAT3 activation may be playing this role. Furthermore,
cDC2 preferentially signal via the non-canonical pathway of NF-
Kb, and TNF-a. signaling normally occurs through activation of the
non-canonical of NF-Kb pathway in DCs (22, 56). Consequently,
cDC2 are likely to mature in vivo by TNF-a-dependent
mechanisms after mice receive Poly (I:C) via the intraperitoneal
route. Further experiments would have to be performed to address
this hypothesis.

In contrast to our results, in vitro blocking of STAT3 in
monocyte-derived DCs decreased the upregulation of costimulatory
markers and cytokine production after stimulation with LPS (57),
indicating that STAT3 may play a role in the activation of DC in vitro.
Our hypothesis is that STAT3 controls DEC205" ¢DC1 ability to
prime Thl responses through type I interferon signaling. Type I
interferons stimulate ¢cDCI to instruct Thl responses and,
consequently, interferon regulatory genes may be related to the
maturation of cDC1 (19, 57). Ardouin et al. showed that, in the
immunogenic maturation process induced by Poly (I:C) stimulation,
cDC1 express IFN-stimulated genes (ISGs). Furthermore, when they
compared genes that are differently expressed between ¢DCI that
were matured homeostatically or by the effect of Poly (I:C), they
showed that the genes that are more expressed in Poly (I:C)
stimulated ¢DC1 are related with type I interferon signaling and
cytokine signaling pathways such as STAT1, STAT2, STAT3 and NF-
Kb (39). However, further research is necessary to confirm the role of
STAT3 on ¢cDCI maturation, as our study could not rule out the role
of STAT3 signaling pathway in other CD1lc-expressing cells to
regulate Th1 and Tth cell responses promoted after antigen targeting
to cDC1 through DEC205.

Interestingly, our results showed that the STAT3 signaling
pathway is important for the induction of helper T cell responses by
cDC1 after antigen is targeted via the DEC205 receptor. However,
cDC also tend to decrease their ability to induce tolerogenic
responses in the absence of the STAT3 signaling pathway because
they express higher levels of costimulatory molecules due to the loss
of IL-10 signaling (35). Consequently, the data obtained in this
study provide evidence that the STAT3 signaling pathway plays a
dual role in controlling the functions of cDC, particularly ¢cDCl,
when the antigen is targeted to the DEC205 receptor. While STAT3
is responsible for maintaining tolerance, stimulating tolerogenic
¢DCl, it is also involved in the induction of inflammatory CD4" T
cell responses once ¢cDCI are matured in the presence of an
inflammatory stimuli, such as Poly (I:C).
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