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NonO Is a Novel Co-factor of PRDM1
and Regulates Inflammatory
Response in Monocyte
Derived-Dendritic Cells
Kyungwoo Lee 1, Su Hwa Jang 1,2, Hong Tian 1 and Sun Jung Kim 1*

1 Institute of Molecular Medicine, The Feinstein Institute for Medical Research, Manhasset, NY, United States, 2Department of

Biomedical Science, Graduate School of Biomedical Sciences and Engineering, Hanyang University, Seoul, South Korea

Proper expression of the transcription factor, Positive regulatory domain 1 (PRDM1),

is required for maintaining homeostasis of human monocyte derived-dendritic cells

(MO-DCs). The molecular mechanisms and gene targets of PRDM1 in B and T

lymphocytes have been identified. However, the function of PRDM1 in dendritic cells

(DCs) remains unclear. We investigate co-regulators of PRDM1 in MO-DCs identified

by mass spectrometry (MS) and co-immunoprecipitation (Co-IP). Notably, non-POU

domain-containing octamer-binding protein (NonO) was found to be a PRDM1 binding

protein in the nucleus of MO-DCs. NonO is recruited to the PRDM1 binding site in the

promoter region of IL-6. Knockdown of NonO expression by siRNA lessened suppression

of IL-6 promoter activity by PRMD1 following LPS stimulation. While NonO binding to

PRDM1 was observed in human myeloma cell lines, an effect of NonO on IL-6 expression

was not observed. Thus, loss of NonO interrupted the inhibitory effect of PRDM1 on IL-6

expression in MO-DCs, but not plasma cells. Moreover, MO-DCs with low expression of

PRDM1 or NonO induce an increased number of IL-21-producing TFH-like cells in vitro.

These data suggest that low level of PRDM1 and NonO lead to enhanced activation

of MO-DCs and the regulation of MO-DC function by PRDM1 is mediated through cell

lineage-specific mechanisms.

Keywords: PRDM1, NonO, IL-6, inflammation, dendritic cells

INTRODUCTION

Positive regulatory domain 1 (PRDM1, also named BLIMP1) was identified as a repressor of
interferon beta (IFN-β) gene expression in humans and mice (1, 2). PRDM1 is expressed in
multiple cell lineages and is critical for early development (2–4). The immunological function
of PRDM1 was first identified in B lymphocytes. Expression of PRDM1 is strongly induced in
post-germinal center B cells committed to plasma cell (PC) differentiation (5, 6). In PCs, PRDM1
acts as a master transcription factor through positive regulation of genes involved in plasmablast
(PB) and PC function, and the absence of PRDM1 in B cells in mice leads to a lack of PC with
hypoimmunoglobulinemia despite normal B cell memory responses (7–9).

Genome-wide association studies (GWAS) have identified polymorphisms in PRDM1 that are
associated with autoimmune diseases. Single nucleotide polymorphisms (SNPs) predisposing to
systemic lupus erythematosus (SLE) and rheumatoid arthritis (RA) are located in the intergenic
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region between PRDM1 and ATG5 (10). Monocyte derived-
dendritic cells (MO-DCs), but not B cells derived from healthy
female individuals with the rs548234 SNP, which is a risk factor
for SLE, show a lower level of PRDM1 expression, suggesting
that a proper expression of PRDM1 in dendritic cells (DCs)
is required for immunological homeostasis in a gender-specific
manner (11).

Immunoregulatory functions of PRDM1 in myeloid cells have
been reported; mice with a DC-specific knockout of Prdm1
(Prdm1 CKO) spontaneously develop a lupus-like phenotype
(11). Increased expression of the proinflammatory cytokine
Interleukin-6 (IL-6) in DCs of Prdm1 CKO mice, following
Toll-like receptor (TLR) 4 stimulation, leads to an enhanced
differentiation of follicular helper T cells (TFH), revealing a
potential pathogenic mechanism for PRDM1 in autoimmune
diseases (11). PRDM1 also participates in the process of antigen
processing and presentation, and regulates expression of class
II trans-activator (CIITA) in PCs and lymphocytes (12, 13),
and cathepsin S (CTSS) in DCs (14). CTSS was higher in
PRDM1-deficient DCs than in control DCs and increased
CTSS activity contributes to development of autoantibodies and
enhanced induction of TFH cells in female Pdrm1 CKO mice
(14). In addition, PRDM1 was identified as a critical downstream
regulator of the aryl hydrocarbon receptor (AHR) during
MO-DC differentiation; a lack of AHR expression enhances
monocytes to macrophages differentiation (15). These studies
together suggest that PRDM1 mediates different regulatory
functions in myeloid cells.

Studies in cell lines suggest that recruitment of chromatin
regulators is important for the suppressive function of PRDM1
(16–19). Studies performed in primary lymphocytes showed that
PRDM1 recruits cell-type specific co-factors in CD4+ T cells,
CD8+ T cells, and in plasmablasts (20–22). While there are some
common target genes among lymphocytes, the majority is cell
type-dependent. These observations suggest that co-factors of
PRDM1 are one of important contributor to cell-type dependent
regulatory mechanisms of PRDM1. In this study, we identified
co-factors of PRDM1 in MO-DCs by immunoprecipitation and
mass spectrometry (IP-MS). Among the candidate proteins, a
non-POU domain-containing octamer-binding protein (NonO,
also named p54nrb) helps PRDM1 to suppress IL-6 expression
by direct binding to the IL6 promoter. Moreover, a deficiency
of PRDM1 or NonO in MO-DCs increases differentiation of IL-
21 producing TFH-like cells. Together, these observations suggest
that PRDM1 and NonO together regulate DC activation.

MATERIALS AND METHODS

Preparations of Peripheral Blood
Mononuclear Cells (PBMCs) and MO-DCs
Differentiation
The protocol for study of human blood was approved by
the Institutional Review Board (approval number: 17-0075).
PBMCs were purified from leukopack (NY Blood center)
as described previously (14). To prepare MO-DCs, CD14+
monocytes were isolated from MO-DCs by EasySep Human

CD14 positive selection kit II (StemCell Technologies) according
to the manufacturer’s protocol. CD14+monocytes were cultured
with RPMI1640 supplemented with 10% heat-inactivated fetal
bovine serum (FBS), 1% penicillin-streptomycin (P/S), 1%
L-glutamine, 100 ng/ml of recombinant human granulocyte-
macrophage colony-stimulating factor (GM-CSF) (PeproTech),
and 50 ng/ml of recombinant human IL-4 (PeproTech) for 7
days. Cultures were kept at 37◦C in a humidified atmosphere
and 5% CO2. On day 7, MO-DCs were collected only from the
non-adherent cells and the purity of MO-DCs was confirmed
by flow cytometry with antibodies which were purchased from
eBioscience (anti-HLA-DR-FITC: LN3 and anti-CD209-PE/Cy7:
eB-h209) (23). Over 85% of HLA-DR+CD209+ MO-DCs were
obtained consistently. We excluded adherent cells since cells
shows mixed population with CD209+ and CD209- with various
degrees (Figure S1A).

Cell Lines
The HEK-293 cell line was purchased from ATCC (ATCC
CRL-1573) and maintained in DMEM with 10% FBS, 1% P/S,
and 1% L-glutamine. The human myeloma cell lines U-266,
RPMI-8266 and Daudi (a gift from Dr. Chiorazzi, FIMR, NY)
were maintained in a 5% CO2 atmosphere in RPMI 1640
supplemented with 15% FBS, 1% P/S, and 1% L-glutamine.

Co-IP and Mass Spectroscopy (MS) Assays
Co-IP was performed as described previously (24). Briefly, 2–
5 µg of PRDM1 rabbit mAb (Cat# OAR03181, Aviva Systems
Biology or cat# 9115s, Cell Signaling Technology) or normal
rabbit immunoglobulin G (IgG) (Cat# 2729, Cell Signaling
Technologies) were coupled to protein G or A-magnetic beads
(DynaBead, Thermo Scientific). Anti-flag M2 magnetic beads
(Milipore) were used to pull-down flag tagged RPDM1 in
some experiments. Nuclear protein was extracted from PRDM1
transfected MO-DCs with a NE-PER nuclear and cytoplasmic
extraction reagents kit (Thermo Scientific) and incubated with a
bead-conjugated PRDM1 antibody or control IgG overnight at
4◦C. The beads were washed and proteins bound by antibody
were eluted by elution buffer and stored at −80◦C until used for
either immunoblotting or mass spectrometry. Mass spectrometry
was performed, and analyses were done at cold spring harbor
laboratory shared resources as described previously (25).

Immunoblotting
Western blot was performed as described (24). Cell extracts or
eluted proteins were separated by 4–12% Bis-Tris polyacrylamide
gel electrophoresis (PAGE) (Invitrogen). Proteins were
transferred to polyvinyliden difluoride (PVDF) membrane
(GE Amersham, Hybond-C or Millipore, Immobilon-FL) and
blocked for 1 h at room temperature with 5% non-fat dry milk
in TBS-T buffer (20mM Tris, 150mM NaCl, 0.1% Tween20,
pH 7.4). The membranes were then incubated with primary
antibodies to HDAC1 (Cat# 5356s, Cell Signaling Technology),
HDAC2 (Cat# 5113s, Cell signaling Technology), PRDM1
(Cat# 9115s), hnRNPM (Cat# SAB1404107, Sigma Aldrich),
TP53BP1 (Cat# 4937s, Cell Signaling Technology), β-Actin (Cat#
ab8226, Abcam), V5 (Cat# MA5-15253, Sigma Aldrich), and
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Flag (Cat# F1804, Sigma Aldrich) overnight at 4◦C. Proteins
bound by antibody were visualized by ECL (Thermo Scientific, #
34580 or Advansta, K-12045) and sapphire biomolecular imager
(Azure Biosystems).

Plasmids and Transient Transfections
Human PRDM1 Tagged ORF Clone PRDM1 (RC217363L1V)
and human small interfering Ribonuclic acid (siRNA) oligo
duplex exogenous (SR300437; PRDM1 and SR321120; NonO)
were purchased from Origene. FLAG-NonO (pCMV-myc-Flag-
p54), FLAG-TP53BP1 (pcDNA5-FRT/T0-Flag-53BP1), and V5-
hnRNPM (pT7-V5-SBP-C1-HshnRNPM) expressing plasmids
were purchased from Addgene. Transfections were prepared
as described in previous study (24). For transient transfection
to HEK-293 cells, 1–2 µg of plasmid was transfected to
70% confluent monolayered HEK-293 cells by Lipofectamin
(Invitrogen). After 24 h, medium was replaced with complete
medium and cells were further cultured for 2 days. 200 nM
siRNA or 1–2 µg of plasmid was transfected to 106 MO-
DCs at day 5 during differentiation by Human Dendritic
Cell NucleofectorTM Kits (Lonza). After transfection, MO-DCs
were further differentiated for 2 days and cells were harvested
for experiments. 106 myeloma cells were transfected by using
NucleofectorTM Kits (R kit for U-266, T kit for RPMI-8226, and
V kit for Daudi) with 400 nM siRNA (Origene), according to
manufacturer’s instructions.

Proximity Ligation Assay (PLA) Assay
The in situ PLA was performed on fixed MO-DCs with Duolink
in situ Detection Reagents Red (Sigma Aldrich) according to
the manufacturer’s instructions. Briefly, cells were fixed with
4% paraformaldehyde (PFA) at room temperature and washed
with PBS. Samples were permeabilized with 0.5% Triton-X-100
in PBS and blocked by blocking solution (provided by the
kit) for 1 h at 37◦C. Primary antibodies against NonO (Cat#
sc-376865, Santa Cruz), hnRNPM, TP53BP1, PRDM1, V5, Flag
or normal rabbit IgG (Cat# 2729, Cell Signaling Technology)
were incubated overnight at 4◦C. The samples were washed
twice for 5min with buffer A (provided by the kit), followed by
incubation with the PLA probes (Sigma Aldrich) for 60min at
37◦C. Subsequent ligation for 30min at 37◦C and amplification
for 100min at 37◦C were performed. Finally, the samples were
mounted using Duolink in situ Mounting Medium with DAPI
(Sigma Aldrich). Z-Stacks Images were captured using a 60X oil
objective on Zeiss Apotome 2 microscope and LSM 880 confocal
microscopy (Carl Zeiss Microscopy). Three-dimensional
foci counting analysis was performed with Imaris software
(Imaris v8.0.2).

Chromatin Immunoprecipitation (ChIP) and
PCR
ChIP assays were performed as previously described (14). 5
× 106 MO-DCs were cross-linked with 1% formaldehyde for
10min at room temperature and quenched with 125mM glycine.
Cells were washed with ice-cold 1X DPBS twice. Cell pellets
were lysed in 300 µl ChIP Lysis Buffer I (50mM HEPES.KOH,
pH 7.5, 140mM NaCl, 1mM EDTA, pH 8.0, 10% Glycerol,

0.5% NP-40, 0.25% Triton X-100), ChIP Lysis Buffer II (10mM
Tris-HCl, pH 8.0, 200mM NaCl, 1mM EDTA, pH 8.0, 0.5mM
EGTA, pH 8.0), then ChIP Lysis Buffer III (10mM Tris-HCl, pH
8.0, 100mM NaCl, 1mM EDTA, 0.5mM EGTA, 0.1% sodium
deoxycholate, 0.5% N-lauroylsarcosine). All three lysis buffers
were supplemented with complete proteinase inhibitor (Roche),
and each lysis was performed for 10min at 4◦C with rotation.
After lysis, chromatin was sheared by sonication (7 cycles of 30 s
ON and 60 s OFF by Q500 sonicator) (Fisher), which generated
fragments ranging from 200 to 800 bp. Ten percent Triton X-
100 was added to sonicated chromatin (nuclear membrane and
lipids were removed by centrifuge). Ten percent of sonicated
chromatin supernatant was saved as input control. Sonicated
chromatin was incubated with 2 µg of antibody-Protein G and
A Dynabeads (Invitrogen) complex overnight at 4◦C. Unbound
chromatin was removed with RIPA Buffer (50mMHEPES.KOH,
pH 7.5, 100mM LiCl, 1mM EDTA, 1% NP-40, 0.7% Sodium
Deoxycholate), followed by one time washing with 10mMpH 8.0
Tris elution buffer. Chromatin elution was done by incubation
with elution buffer (50mM Tris-HCl, pH 8.0, 10mM EDTA 1%
SDS) at 70◦C for 10min. DNA and chromatin de-crosslinking
was done by incubation at 65◦C for overnight in elution buffer.
DNA elute was cleaned by PCR purification kit (Qiagen) and
kept at −20◦C until PCR or library prep for sequencing. To
detect binding to IL6 promoter regions, primer sets that detect
each PRDM1 consensus sequence was used for PCR. The PCR
condition was as followed: 94◦C for 5min; 94◦C for 30 s, 60◦C
for 30 s, and 72◦C for 1min for 40 cycles.

Set1: F- 5′-GCCTCAATGACGACCTAAGC-3′, R- 5′-ACGT
CCTTTAGCATGGCAAG-3′,
Set2: F- 5′-GCGATGGAGTCAGAGGAAAC-3′, R- 5′-AGCT
GAAGTCATGCACGAAG-3′,
Set3: F- 5′-CCTGGAGACGCCTTGAAGTA-3′, R- 5′-CTGT
GAGCGGCTGTTGTAGA-3′,
Set4: F- 5′-TACAGGGAGAGGGAGCGATA-3′, R- 5′-GGCA
GAAAGGGGGAGAATAC-3′,
Set5: F- 5′-AAATGCCCAACAGAGGTCAC-3′, R- 5′-AAAC
CAGACCCTTGCACAAC-3′,
Set6: F- 5′-CTCCCCCATTTTCATTTTCA-3′, R- 5′-TGGG
GAAAGTGAGGTCATC-3′,
Set7: F-5′-TGAACATTTTATCATGAACACGAA-3′, R- 5′-
CGTGCACTGTGATCCGTCTA-3′,
Set8: F- 5′-CGGTGAAGAATGGATGACCT-3′, R- 5′-GTGA
CCTCTGTTGGGCATTT-3′.

Cloning IL-6 Promoter and Luciferase
Reporter Assay
Primers to amplify the IL-6 area (forward, 5’-CGATATAG
CCGAGCTGGAAG-3’; reverse, 5’- AAACCAGACCCTTGCA
CAAC-3’) yield 932-bp amplicon. The PCR condition was as
followed: 94◦C for 5min; 94◦C for 30 s, 60◦C for 30 s, and
72◦C for 1min 15 s for 30 cycles. IL6 PCR product was cloned
in pGL4.25 (Promega). 2 × 104 HEK-293 cells were plated
in 12-well culture plates in DMEM containing 10% FBS and
1% penicillin-streptomycin. IL6 promoter luciferase reporter
construct and tk-Renilla luciferase construct was transfected
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by Lipofectamine 2000 (Invitrogen). At 48 h post-transfection,
transfected cells were lysed and assayed for both firefly and
Renilla luciferase activity using the Dual-GLO Luciferase Assay
System (Promega). Luciferase activity was measured using a
luminometer (Perkin Elmer Victor3). The relative luciferase
activity was calculated by normalization to the level of
Renilla luciferase.

TFH Cell in vitro Differentiation
MO-DCs were differentiated and indicated siRNAs were
transfected at day 5 during differentiation. Cells were
further cultured for 2 days. MO-DCs were stimulated with
lipopolysaccharides (LPS) (1.0µg/ml) for 6 h and washed. Naïve
CD4+ T cells were isolated from PBMCs by using an Easysep
human naïve CD4+ T cell isolation kit (Stemcell technologies).
1.3 × 103 of LPS pre-stimulated MO-DCs or unstimulated
MO-DCs were co-cultured with 4 × 104 naïve CD4+ T cells
for 6 days. NC (negative control) was naïve CD4+ T cell alone
and PC (positive control) was naïve CD4+ T cells with TFH

differentiation cocktails [CD2/3/28 activation beads (Miltenyl
Biotec), IL-6 (50 ng/ml, R&D systems) and IL-12 (20 ng/ml,
R&D systems)]. TFH cells were analyzed by flow cytometry
with a Fortessa (BD Biosciences). Fixable Viability Dye eFluor
506 (FVD, eBioscience) was used to exclude dead cells. For
flow cytometry, antibodies were purchased from BioLegend
(anti-CXCR5-APC: J252D4), eBioscience (anti-PD1-pacific blue:
EH12.2H7 and anti-CD11c-Amcyan: B-ly6), and BD Bioscience
(anti-IL-21-PE: 3A3-N2 and IFN-γ-APC/Cy7: B27).

Quantitative RT-PCR (qRT-PCR)
Total RNAwas extracted with Direct-zol RNAMicro Prep (Zymo
Research,CA) and RNA samples were treated with DNase I to
remove genomic Deoxyribonuclic acid (gDNA) contamination.
cDNA was prepared with the iScript cDNA synthesis kit (Bio-
Rad). Gene-specific primers were purchased from Taqman
(Life Technologies) and qRT-PCR was performed with a Light
cycler 480 II (Roche). Taqman primers: Hs00153368_m1
(BCL6), Hs00172187_m1 (POLR2A), Hs99999902_m1
(RPLP0), Hs00174131_m1 (IL6), Hs00153357_m1 (PRDM1),
Hs00939763_g1 (NonO), Hs00175407_m1 (CTSS). Relative
expression of a gene of interest to housekeeping gene was
calculated by 1Ct or 11Ct.

ELISA
To measure the cytokine secretion, supernatants from the MO-
DCs were collected and the level of IL-6 was measured by
human IL-6 ELISA kit (DuoSet ELISA kit, R&D Systems,
Minnesota, USA). The lower level of detection for the assay
was 4.68 pg/ml.

Statistics
Statistical analysis was calculated and determined by a non-
parametric Man-Whitney test in the Prism 6 (Graphpad
software). P < 0.05 were considered significant.

RESULTS

NonO Is a PRDM1 Binding Protein in
MO-DCs
PRDM1 is known to regulate gene expression by recruitment
of chromatin modifiers, including histone deacetylases
(HDACs), lysine-specific demethylase1 (LSD1), protein arginine
methyltransferase (PRMT5), and euchromatic histone-lysine
N-methyltransferase 2 (EHMT2, also known as G9a) in PCs and
primordial germ cells (16–19). PRDM1 also recruits polycomb
repressive complex 2 (PRC2) by directly binding the enhancer of
zeste homolog 2 (Ezh2) domain of PRC2 in murine plasmablasts
(26). We investigated whether PRDM1 recruits the same
chromatin modifiers in MO-DCs. Binding of HDAC1, HDAC
2, PRMT5 or G9A to PRDM1 was assessed by Co-IP; however,
no significant binding of any of those molecules to PRDM1 in
MO-DCs was found (Figure S1B and data not shown).

To identify binding proteins of PRDM1 in a non-
biased way, relative and absolute quantitation (iTRAQ)
MS was performed on the nuclear fraction of MO-DCs
immunoprecipitated by PRDM1 antibody. Compared to the
fraction immunoprecipitated by control IgG, 39 proteins were
pulled-down specifically by the anti-PRDM1 antibody (cutoff
>1.5-fold) (Table S1). Consistent with the Co-IP data, there
were no HDACs or other known chromatin modifiers identified
by mass spectrometry. Thus, PRDM1 does not recruit detectable
chromatin modifiers for regulation of target gene expression
in MO-DCs.

Among the PRDM1-associated proteins identified by
MS, we chose three molecules, NonO, Tumor Protein P53
Binding Protein 1(TP53BP1), and Heterogeneous Nuclear
Ribonucleoprotein M (hnRNPM), as candidate co-regulators of
PRDM1 due to their known transcriptional regulatory functions.
To verify the interaction between those three proteins and
PRDM1, Co-IP was performed in HEK-293 cells. Since HEK-293
cells do not express PRDM1 endogenously, they were transiently
transfected with vectors encoding PRDM1 and Flag-NonO,
Flag-TP53BP1, or V5-hnRNPM. As expected, PRDM1 were
not detected in input of non-transfected HEK-293 (Figure 1A,
lane 1) and immunoprecipitated proteins from HEK-293 cell
nuclear extract (PRDM1-negative) did not display any of the
three proteins (NonO, TP53BP1, and hnRNPM) by Western
blot (Figure 1A, lane 6). In contrast, anti-FLAG and anti-V5
immunoblotting, which detect Flag-NonO, Flag-TP53BP1, and
V5-hnRNPM, showed an association between PRDM1 and
NonO and hnRNPM in PRDM1-transfected cells (Figure 1A,
lane 8 and 9) but no interaction between PRDM1 and TP53BP1
(Figure 1A, lane10).

PLA was used to verify these interactions in HEK-293 cells.
PLA is an antibody-based detection technique that permits the
assessment of colocalization between two proteins within <

∼40 nm distance in a cell (27, 28). PLA complexes are depicted as
red puncta and each punctum represents an interaction between
PRDM1 and a candidatemolecule. PLA-positive red clusters were
not detected in the technical control, which included incubation
with only anti-PRDM1 antibody (Figure 1B, top panel). All
three candidates, NonO, TP53BP1, and hnRNPM led to PLA
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FIGURE 1 | Binding of PRDM1 and candidate proteins in HEK-293 cells. HEK-293 cells were transfected PRDM1 alone or together with Flag-NonO, Flag-TP53BP1,

or V5-hnRNPM expression vector. Binding between PRDM1 and each candidate proteins was detected by Co-IP and PLA. (A) Nuclear fraction was

immunoprecipitated with anti- PRDM1 antibodies and immunoblotting was performed with anti-PRDM1, Flag-NonO, Flag-TP53BP1, or V5-hnRNPM antibody. A

representative image from two independent experiments is shown. (B) Binding between PRDM1 and candidate proteins was visualized by PLA (red color) and nuclei

were stained with DAPI (blue). Top panel; technical negative control PLA (PRDM1 antibody alone), other panels; detection of PLA (PRDM1 with Flag or V5 Ab). Scale

bar = 10µm. A representative image from three independent experiments. Co-IP, co-immunoprecipitation (Co-IP); PLA, proximity ligation assay.

positive clusters with PRDM1 (Figure 1B). The signals from
hnRNPM and NonO were predominantly nuclear while signal
from TP53BP1 was detected in the cytoplasm, suggesting that
the interaction of hnRNPM and NonO with PRDM1 may be
involved in regulation of gene expression while an interaction of
TP53BP1 and PRDM1 may regulate pathways in the cytoplasmic

compartment. This observation explains the lack of association
of TP53BP1 and PRDM1 in the Co-IP of nuclear extracts.

We further validated these results in MO-DCs, in which
we did not need to overexpress PRDM1. No PLA signals were
detected in MO-DCs with any single primary antibodies and
normal IgG (Figure 2A, left panel). As expected, PLA signals
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FIGURE 2 | The interaction of NonO and PRDM1 in the nucleus of MO-DCs. Binding of candidate proteins with PRDM1 in primary MO-DCs was measured by PLA.

(A) MO-DCs were incubated with normal rabbit IgG (left column) or with anti-PRDM1 antibodies (right column) together with anti-TP53BP1, anti-hnRNPM, or

anti-NonO antibodies. Their proximal interaction was assessed by PLA and visualized as red dots. Nucleus was stained with DAPI (blue). Each Z-Stacks maximum

intensity projection image is a representative from three independent experiments and captured 60x magnification. Scale bar = 10µm. (B) Quantification of the PLA

signal on MO-DCs is represented. PLA signals in each nucleus were quantified by Imaris software. In the plot, horizontal bars indicate the mean with SEM and each

dot represents counts of individual nucleus (n = 40–50). Significance determined by unpaired t-test.

were detected between PRDM1 and NonO in the nucleus of
MO-DCs (Figure 2A, the bottom of right panel). There was no
significant signal detected with hnRNPM and TP53BP1 in either
the nucleus or the cytoplasm (Figure 2A, the top and middle
of right panel). Quantitative analysis of the PLA signal between
PRDM1-candidate proteins and negative control-IgG confirmed
specific PLA signals between PRDM1 and NonO (Figure 2B,
right graph).

Additionally, PRDM1 in nuclear extracts coprecipitated with
NonO but not with hnRNPM and TP53BP1 (Figure S2). These
inconsistent results obtained from primary MO-DCs and HEK-
293 cells are likely due to the overexpression of PRDM1 in
HEK293 cells. The data obtained from MS, Co-IP and PLA
confirmed that NonO is a novel PRDM1 binding protein in the
nucleus of MO-DCs.

NonO Co-regulates Expression of IL-6 in
MO-DCs
Knowing that PRDM1 and NonO interact in the nucleus of
MO-DCs, we further investigated whether NonO participates
in the transcriptional function of PRDM1. Previous data

showed that the level of the proinflammatory cytokine IL-
6 was negatively regulated by PRDM1 in DCs in response
to LPS stimulation (11, 14, 29). If NonO is required for
PRDM1-mediated suppression of target gene expression, NonO-
deficiency could lead to an increase in the level of IL-6 after LPS
stimulation. We confirmed the binding of PRDM1 and NonO
in MO-DCs after LPS stimulation (Figure 3A). Next, NonO
or PRDM1 targeting siRNA or scrambled control siRNA was
transfected into MO-DCs and the level of IL-6 was measured.
Effective knockdown of NonO, PRDM1 or both was achieved;
about 50% of either NonO or PRDM1 mRNA was present in
NonO, PRDM1 or both NonO and PRDM1-siRNA compared
to control siRNA transfected MO-DCs (Figure 3B). NonO
expression was unchanged in PRDM1-deficient MO-DCs and
PRDM1 expression was unchanged in NonO-deficient MO-DCs.
To investigate whether IL-6 expression is regulated by the level
of NonO, PRDM1 or both, the level of IL-6 was measured
in the basal state and at 6 h after LPS stimulation. The basal
level of IL-6 mRNA and IL-6 protein in the supernatant were
minimal and no change was detected with knock down of
NonO, PRDM1, or both (Figure S3). In contrast, following LPS
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FIGURE 3 | NonO-dependent regulation of IL-6 by PRDM1 in MO-DCs. (A) MO-DCs were stimulated with LPS for 6 h and stained with normal rabbit IgG +

anti-NonO antibodies (left column) or with anti-PRDM1 antibodies + anti-NonO antibodies (right column). Their proximal interaction was assessed by PLA and

visualized as red dots. Nucleus was stained with DAPI (blue). Each Z-Stacks maximum intensity projection image is a representative from three independent

experiments and captured 60x magnification. Scale bar = 10µm. (B) To knock down NonO, PRDM1, and both (NonO and PRDM1) expression, indicated siRNA or

control siRNA was transfected into MO-DCs and NonO and PRDM1 expression level were quantified by qRT-PCR. Bar graph is a mean ± SEM (n = 9). Significance

determined by Man-Whitney test. (C) Indicated siRNA or control siRNA transfected MO-DCs were cultured with or without LPS (1µg/ml) for 6 h, and total RNA was

purified. Level of IL6 was measured by qRT-PCR and relative induction was calculated by normalization to the level of LPS stimulated control. Supernatant

concentrations of IL-6 obtained from the cultures were measured using enzyme-linked immunosorbent assay (ELISA). Bar graph is a mean ± SEM (n = 9).

Significance determined by Mann Whitney test. (D) Diagram of human IL6 promoter region with indication of putative PRDM1 binding site (black bar #1–#8) and PCR

primers (open arrow). Primer set for IL6 promoter cloning is designated as black arrows. ChIP was performed with anti-NonO antibodies or control IgG from MO-DCs.

(E) PCR result was visualized in agarose gel. Binding of NonO to PRDM1 consensus sequences within the IL6 promoter were assessed by each primer set (indicated

in C). (F) To quantify the binding of NonO to #5 region, qPCR was performed and calculated by the percent of input. The graph is a mean ± SEM (n = 5). Significance

determined by Mann Whitney test.

stimulation, IL-6 induction (both transcripts and protein in the
supernatant) was increased in siRNA-transfected MO-DCs with
NonO, PRDM1, or both compared to control siRNA-transfected
MO-DCs (Figure 3C). There was no synergistic effect observed
in double-knock down MO-DCs, suggesting PRDM1 and NonO
are in a same regulatory pathway. These data demonstrate
that NonO-deficiency and PRDM1-deficiency lead to the up-
regulation of IL-6 in LPS stimulated MO-DCs.

Previous reports demonstrated that NonO can regulate gene
expression by binding to promoter regions (transcriptional
regulation) or by binding to mRNA (post-transcriptional
regulation) (30–32). Therefore, we investigated the
mechanism of NonO-mediated IL-6 expression in MO-
DCs. First, binding of NonO to PRDM1-binding sites in
the IL6 promoter area was investigated. A search for the
PRDM1 binding motif in the IL6 promoter area revealed
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FIGURE 4 | NonO regulates IL-6 promoter activity. (A) HEK-293 cells were transfected with NonO siRNA or PRDM1 expressing plasmid. The knockdown efficiency of

siRNA and PRDM1 level was verified by immunoblott analysis. β- actin was used as a loading control. Gel image is a representative from two independent

experiments. (B) The IL6 promoter activity under indicated conditions was determined by luciferase reporter gene analysis. pGL4.25 were used as control vectors.

Mean values of relative luciferase unit (RLU; normalized on Renilla luciferase) from three independent experiments. Bar is a mean ± SEM (n = 4). Significance

determined by unpaired t-test.

eight potential PRDM1 binding sites which contain the
consensus sequence (A/C)AG(T/C)GAAAG(T/C)(G/T) or
(A/C)AG(T/C)GAAAT(T/C)(G/T) within 2,000 bp upstream
from transcription start site (TSS) (33) (Figure 3D, #1–#8).
We first performed ChIP-PCR using anti-NonO antibody
or control antibody and the binding of NonO to PRDM1
binding sites in the IL6 promoter region was assessed. The
ChIP efficiency was optimized by detection of P4Hα1, a known
target gene of NonO in DNA precipitated with anti-NonO
antibody compared to control IgG (data not shown) (32).
We performed PCR analysis with primer sets at multiple sites
throughout the IL-6 gene; region #5 (−1,247∼–1,378 bp TSS)
was significantly enriched in DNA precipitated with anti-NonO
antibody (Figure 3E). Thus, the #5 region is recognized by
NonO. The percent of input (%IP) was calculated from the
quantitative PCR (qPCR) and 2–5 fold more enrichment was
observed with anti-NonO antibody compared to control IgG
(Figure 3F). To confirm whether PRDM1 can bind to the
same recognition sequence as NONO, we performed ChIP
with anti PRDM1 antibody. We could detect enrichment of
PRDM1-binding to IL-6 promoter at region (#5), but the
difference between control IgG and PRDM1 was not significant
(Figure S4). Taken together, NonO-PRDM1 complexes are
recruited to IL6 promoter region to suppress IL-6 expression
in MO-DCs.

To further investigate whether NonO can regulate the
transcription of IL6, a luciferase reporter assay was performed.
Since ChIP-PCR results showed that NonO/PRDM1 binding
was enriched in the proximal region [−1.3∼–2.2 kb] of the
IL6 gene promoter, we engineered an IL6 promoter-Luc
plasmid (pGL4.25) containing NonO/PRDM1-binding region
of human genomic DNA. To modulate the level of PRDM1
and NonO in the HEK-293 cell line, HEK-293 cells were
transfected with a PRDM1 expressing plasmid with control

siRNA or with NonO siRNA. NonO siRNA led to a 30–
60% decrease in NonO protein levels compared to levels
in control siRNA transfected HEK-293 cells (Figure 4A).
As expected, PRDM1 suppressed IL6 promoter activity; this
suppressive effect was abrogated by a decrease in NonO
(Figure 4B). These results demonstrate that NonO functions to
enable transcriptional repressor of the IL6 gene by PRDM1.
There is no significant change in IL6 promoter activity
by NonO deficiency without PRDM1 expression; thus, the
regulatory mechanism of NonO depends on the PRDM1
expression level.

NonO-PRDM1 Complexes Regulate the
Generation of TFH-Like Cells
IL-6 production is one of key factors for murine follicular
helper T cell (TFH) differentiation, and an increased production
of IL-6 in DCs leads to an expansion of TFH in Prdm1
CKO mice (11, 14, 29). To address the function of PRDM1-
deficiency and NonO-deficiency in DCs on the differentiation
of CD4+ TFH cells, unstimulated or LPS pre-stimulated MO-
DCs were co-cultured with naïve CD4+ T cells. After co-
culture, surface phenotype and cytokine production by T cells
were investigated by flow cytometry (Figure 5A). After co-
culture, live CD4+ T cells were identified by exclusion of FVD-
positive (dead cells) and CD11c-positive (MO-DCs). There was
no difference in the expansion of T cells, and CXCR5-positive T
cells were not strongly induced in any culture condition (data
not shown). Interestingly, LPS-stimulated PRDM1-deficient or
NonO-deficient MO-DCs induced a higher percent of IL-
21+CXCR5-PD1+ cells compared to control siRNA-treated
MO-DCs (Figure 5B). NonO-deficient MO-DCs also induced
higher percent of IL-21+CXCR5-PD1+ T cells even in the
absence of LPS stimulation, but this effect was not observed in
PRDM1- or double deficient MO-DCs (Figure 5B). We do not
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FIGURE 5 | PRDM1- or NonO-deficient MO-DCs induce increased TFH differentiation. Allogenic culture of naïve CD4+ T cells and MO-DCs was set up to induce TFH
differentiation. Expression levels of PRDM1 or NONO in MO-DCs were modulated by transfection with siRNAs before co-culture. After 6-days culture, TFH cell

differentiation was measured by IL-21, IFNγ, CXCR5, and PD1 expression by flow cytometry. (A) A representative flow image. (B) Dead cells were excluded using

Fixable Viability Dye eFluor 506, and the percentage of live CD4+ T cells was calculated. TFH -like cells (CXCR5+/PD1+), CXCR5- helper T cells (CXCR5-/PD1+), and

cytokine expressing helper T cells (CXCR5-/PD1+/ IL21+/ IFN-γ-, and CXCR5-/PD1+/IL21+/ IFN-γ+) were calculated and plotted. Co-culture of T cells with LPS

pre-stimulated MO-DCs was indicated with gray filled box and culture with unstipulated MO-DCs was indicated with open box. Negative control is naïve CD4+ T cell

alone and Positive control is naïve CD4+ T cells with CD2/3/28 activation beads IL-6 (50 ng/ml) and IL-12 (20 ng/ml). In the Box-and-Whisker plot, horizontal bars

indicate the median, boxes indicate 25–75th percentile, and the whiskers indicate 10 and 90th percentile. Four independent experiments (n = 9). Significance

determined by Mann Whitney test. (C) BCL6 expression was quantified by qRT-PCR. Relative expression was calculated to the level of housekeeping gene, POLR2A.

In the Box-and-Whisker plot, horizontal bars indicate the median, boxes indicate 25–75th percentile, and the whiskers indicate 10 and 90th percentile. Three

independent experiments (n = 9). Significance determined by Mann Whitney test.

know the mechanism, but NonO may regulate other regulatory
molecules which positively regulate T cell differentiation or
survival. We also compared IFN-γ production in T cells, but
none of T cells were IFN-γ-positive (Figure 5B). To confirm
the IL-21-producing T cells are TFH cells, we measured the
induction of B-Cell Lymphoma 6 (BCL6) which is a master
transcription factor of Tfh cells (34). The BCL6 induction was
small and not significantly higher than negative control group,
and there was no difference of BCL6 levels among the groups
(Figure 5C). Therefore, NonO, PRDM1, or PRDM1/ NonO
deficient MO-DCs generate more IL-21 producing TFH-like cells.

No synergistic effects of PRDM1 and NonO were observed in IL-
21 producing TFH-like cell differentiation. Increased production
of IL-6 might contribute to this alteration.

NonO-PRDM1 Interaction Does Not
Regulate IL-6 Expression in Myeloma Cells
Since plasma cells express a high level of PRDM1 and secrete
IL-6, we wanted to know whether PRDM1 and NonO regulate
IL-6 in the human myeloma B cell lines, U-266, and RPMI-
8226 since both cell lines express a high level of PRDM1
and NonO (Figure S5A). Daudi, a non-myeloma B cell line
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FIGURE 6 | NonO binds with PRDM1 but does not regulate IL-6 in myeloma cells. (A) Binding between PRDM1 and NonO in human myeloma cells was visualized by

PLA (red color) and nuclei were stained with DAPI (blue). Left columns are control groups of PLA (anti-NonO and control IgG) and right columns are experimental

groups (anti-NonO and anti-PRDM1). Scale bar = 15µm. Images were taken at 60x magnification. A representative image from three independent experiments. (B)

PLA signals in each nucleus were quantified by Imaris software (n = 30–40). Significance determined by Mann Whitney test. (C) 48 h NonO or control siRNA post

transfection, cells were cultured with or without LPS (1µg/ml) for last 6 h and level of IL-6 measured by qRT-PCR. Bar graph is a mean ± SEM (n = 3). Significance

determined by unpaired t-test.

with a high level of NonO but not PRDM1, was used as
a negative control. Using the PLA assay, we found a NonO
and PRDM1 interaction in U-266 and RPMI-8226 in nucleus
but not in Daudi (Figures 6A,B). Next, we tested whether
NonO participates in PRDM1-mediated IL-6 production in these
cells. NonO knockdown mediated by siRNA was sufficient to
decrease the NonO expression level in both U-266 and RPMI-
8226 cells (Figure S5B). In contrast to MO-DCs, there is high
level of endogenous IL-6 expression in myeloma cells which
was not further increased by stimulation with LPS, and no
significant induction of IL-6 when NonO levels were decreased
(Figure 6C). Similarly, PRDM1-deficiency did not increase the
expression level of basal or LPS stimulated IL-6mRNAs in U-266
(Figure S5B). Hence, in myeloma cells, NonO could be recruited
to a PRDM1 complex but no PRDM1-mediated regulatory effects
on IL-6 expression by NonO-deficiency and PRDM1-deficiency
were observed.

DISCUSSION

PRDM1 is a transcription factor that is expressed in multiple
immune cells including myeloid cells (22, 35, 36). A proper
expression is required for terminal differentiation of myeloid
lineage cells (36). It is also involved in immune homeostasis and
an insufficient level of PRDM1 in DCs leads to a breakdown
in immune tolerance in mice (11). However, little is known
about the molecular mechanisms behind its function in myeloid
cells. Previous reports suggest that the suppressive function
of PRDM1 depends on its cofactors. In order to identify
cofactors of PRDM1 in MO-DCs, we performed both Co-IP
and MS experiments. Binding of putative cofactors to PRDM1
was assessed by PLA. These results show that a PRDM1-
NonO interaction occurs which is localized to the nucleus. The
interaction can be observed even after LPS stimulation. Together,
these molecules regulate IL-6 expression. The regulatory function
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on IL-6 is observed only in MO-DCs but not in human
myeloma cells. It is well-accepted that IL-6 positively regulates
IL-21 production in T cells, and the activation of STAT3
which is downstream of IL-6R signaling pathway is required
for transcriptional activation of IL-21 (37–39). Deficiency of
either NonO or PRDM1 in MO-DCs also leads to an expansion
of IL-21-producing TFH-like cells in vitro, suggesting that a
proper expression of both NonO and PRDM1 is required for
the proinflammatory function of MO-DCs. Interestingly, NonO
might regulate function of MO-DCs which induces helper T cell
differentiation without LPS stimulation. This alteration is not by
IL-6 expression. Indeed, NonO itself can regulate gene expression
in multiple mechanisms, including chromatin remodeling,
transcriptional regulation, or post-transcriptional regulation (30,
40). We do not know what molecules are targeted by NonO
in MO-DCs under homeostatic condition, and this needs to
be investigated.

It has been previously shown by us and others that allele
specific effects on gene expression may be cell lineage specific.
This has been noted to relate to polymorphism-generated
acquisition or loss of transcription factor binding sites. Indeed, a
PRDM1 SNP that is associated with increased risk for developing
SLE is operative in myeloid cells. The risk allele has a KLF4
binding site, which leads to decreased gene expression. As B
cells do not express KLF4, there is no allele-specific change in
expression of PRDM1 in B cells (23). Here we show differential
effects of transcription factors in myeloid cell and B cells, even
when both lineages express the transcription factors and the
target gene. The mechanism for this requires elucidation. This
could result from different chromatin accessibility of target genes,
from multi-protein complexes including other unidentified
transcription factors or from inhibitors of transcription factor
binding to some regulatory regions of the target gene. In our case,
the difference is not due to the accessibility of a PRDM1-NonO
complex to the genomic area since both cells readily express
IL-6. The functional difference may depend on additional cell
type-specific co-regulators in myeloid cells and B cells. Indeed,
NonO is known to be present in multi-protein complexes in
the nucleus. In an in vitro system, PU.1 (Spi-1) binds to NonO
and impedes NonO binding to RNA (41); the same may relate
to DNA binding although it was not studied in that report.
PU.1 is highly expressed in myeloid cells and in early stage of
B cells, but its expression is suppressed in plasma cells (42)
and completely negative in myeloma cells (43). Therefore, PU.1
might be a candidate regulator in regulation of function of
PRDM1/NonO complex.

Additional remaining questions are what genes other than
IL-6 are regulated by PRDM1 in conjunction with NonO and
what genes are regulated by PRDM1 independent of NonO.
CTSS is another gene which is negatively regulated by PRDM1 in
MO-DCs (14), but CTSS expression was not changed by knock
down of NonO (Figure S6). This suggests PRDM1 regulates gene
expression in both a NonO-dependent and NonO-independent
manner in the same cell, with CTSS as one example of NonO-
independent regulation of PRDM1. All of these questions are
critical for understanding the mechanism of gene regulation by
PRDM1 and function in MO-DCs.

In summary, our data demonstrated that NonO is a co-factor
of PRDM1 and recruitment of NonO by PRDM1 is required
for transcriptional regulatory function of PRDM1 in MO-DCs.
The absence of PRDM1 or NonO increased the expression of
IL-6 which is a positive regulator of IL-21-producing TFH-
like cell differentiation. NonO interaction to PRDM1 regulates
gene transcription in MO-DCs but not in myeloma cells,
representing a new paradigm for exploring lineage specific effects
of transcriptional regulators.
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Figure S1 | (A) A representative flow image of MO-DCs. Day 7 of MO-DCs

(non-adherent cells) and adherent cells were collected and viability and the purity

were investigated by exclusion of live/dead fixable marker, FVD and HLA-DR and

CD209 antibodies. Purity of MO-DC was calculated by percentage of live

HLA-DR/CD209 double positivity. (B) Assessment of HDAC binding to PRDM1 by

Co-IP. Nuclear fraction of MO-DCs was immunoprecipitated with anti- PRDM1

antibodies or control IgG and immunoblotting was performed with anti-HDAC1 or

anti-HDAC2 antibodies. A representative image from two independent

experiments is shown.

Figure S2 | Binding of PRDM1 with NonO, hnRNPM, and TP53BP1 by Co-IP.

Nuclear fraction of MO-DCs were incubated with ant-PRDM1 or control IgG and

immunoblotting was performed with anti-NonO, hnRNPM, or TP53BP1

antibodies. Input is an unfractionated total nuclear extract. A representative image

of two independent experiments.

Figure S3 | The basal level of IL-6 transcript and protein were measured by

qRT-PCR and ELISA. NonO, PRDM1, and both (NonO and PRDM1) siRNA or
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control siRNA transfected MO-DCs were cultured without LPS (1µg/ml) for 6 h,

and total RNA was purified. Relative level of IL-6 was measured by qRT-PCR and

normalized to the level of housekeeping gene, POLR2A. Supernatant

concentrations of IL-6 obtained from the cultures were measured using ELISA. Bar

graph is a mean ± SEM (n = 9). Significance determined by Mann Whitney test.

Figure S4 | Assessment of PRDM1 binding to IL6 promoter regions by

ChIP-qPCR. To test PRDM1 binding to IL6 promoter, ChIP was performed.

Nuclear fraction of MO-DCs and ChIP was performed by anti-RPDM1 or control

IgG as described in material and method. PCR (A) or qPCR (B) was performed to

assess binding of PRDM1 by primers described in material methods. #1–#8

indicates each region including putative PRDM1 binding sites in IL6 promoter. (A)

is a representative image of three independent experiments. (B) To quantify the

binding of PRDM1 to #5 region, qPCR was performed and calculated by the

percent of input. Each dot represents an individual sample and the bar represents

the mean ±SEM (n = 3). Significance determined by Mann Whitney test.

Figure S5 | Expression of IL6 by NonO or PRDM1 in myeloma cells. (A) NonO

expression was knock down by transfection of anti-NonO siRNA or scrambled

control siRNA. After transfection, relative level of NonO was measured by

qRT-PCR and normalized to the level of housekeeping gene, POLR2A. (B) To

knock down the PRDM1 expression, anti-PRDM1 siRNA, or control siRNA was

transfected to U266 cells and PRDM1 level was measured by qRT-PCR. U266

cells transfected with control or anti-PRDM1 siRNA was cultured with or without

LPS (40µg/ml) for 6 h. Relative level of PRDM1, IL6 was normalized to the level of

POLR2A. Each dot represents an individual sample and the bar is the mean ±

SEM. Significance determined by Mann Whitney test.

Figure S6 | The level of CTSS was measured by qRT-PCR. NonO, PRDM1, and

both (NonO and PRDM1) siRNA or control siRNA transfected MO-DCs were

cultured with or without LPS (1µg/ml) for 6 h, and total RNA was purified. Relative

level of CTSS was measured by qRT-PCR and normalized to the level of

housekeeping gene, RPLP0. Then, relative induction was calculated by

normalization to the level of control. Bar graph is a mean ± SEM (n = 6).

Significance determined by Mann Whitney test.

Table S1 | Mass spectrometric identification of candidate PRDM1 binding

proteins in MO-DCs. The comparative analysis of peptide and protein

quantification in normal IgG and PRDM1 of PRDM1-sufficient MO-DCs are

subjected through iTRAQ-based quantitative proteomics with cutoff >1.5-fold.

The experiment was repeated two times. iTRAQ, isobaric tags for relative and

absolute quantitation; MO-DCs, monocyte derived-dendritic cells.
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Retinal dehydrogenase (RALDH) enzymatic activities catalyze the conversion of vitamin

A to its metabolite Retinoic acid (RA) in intestinal dendritic cells (DCs) and promote

immunological tolerance. However, precise understanding of the exogenous factors that

act as initial trigger of RALDH activity in these cells is still evolving. By using germ-free

(GF) mice raised on an antigen free (AF) elemental diet, we find that certain components

in diet are critically required to establish optimal RALDH expression and activity, most

prominently in small intestinal CD103+CD11b+ DCs (siLP-DCs) right from the beginning

of their lives. Surprisingly, systematic screens using modified diets devoid of individual

dietary components indicate that proteins, starch and minerals are dispensable for this

activity. On the other hand, in depth comparison between subtle differences in dietary

composition among different dietary regimes reveal that adequate glucose concentration

in diet is a critical determinant for establishing RALDH activity specifically in siLP-DCs.

Consequently, pre-treatment of siLP-DCs, and not mesenteric lymph node derived

MLNDCs with glucose, results in significant enhancement in the in vitro generation of

induced Regulatory T (iTreg) cells. Our findings reveal previously underappreciated role

of dietary glucose concentration in establishing regulatory properties in intestinal DCs,

thereby extending a potential therapeutic module against intestinal inflammation.

Keywords: retinal dehydrogenase (RALDH), regulatory T cells (Treg), dendritic cells (DCs), LP-DCs, retinoic acid

(RA), vitamin A, immune regulation, dietary glucose

INTRODUCTION

Intestinal dendritic cells (DCs) are critical for the initiation and regulation of innate and adaptive
immunity by delivering self or foreign antigens to T cells (1–3). The intestine is spontaneously
exposed to innumerable antigens comprising of intestinal microbes (4, 5) as well as dietary
components (6, 7). To maintain immune homeostasis, intestinal DCs regulate the balance between
the tolerogenic immune response by inducing CD4+Foxp3+ regulatory T cells (Treg cells) (8–10)
and the protective immune responses by inducing effector T cells (11, 12). Dysregulation of this
balance by harmful pathogens or dietary intake results in inflammatory disorders (13, 14), such as
inflammatory bowel disease (IBD) (15, 16), celiac disease (17) and food allergy (18).
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Intestinal DCs are located in the Peyer’s Patches (PPs),
mesenteric lymph nodes (MLNs) and lamina propria (LP) and
comprise cellular subsets that have different origins and functions
(1, 2, 19–23). Among these DC subtypes, intestinal CD103+ DCs
have the unique function that metabolizes vitamin A to retinoic
acid (RA) through the activation of aldehyde dehydrogenase 1,
member A2 [Aldh1a2, also called retinaldehyde dehydrogenase
(RALDH2)] enzyme (24, 25). The RA produced by intestinal
DCs play an important role in orchestrating immune responses;
imprinting gut-homing specificity on T cells, B cells and
innate lymphoid cells (ILCs), inducing IgA-producing B cells,
promoting TGF-β-dependent differentiation of induced Treg
cells, suppressing the differentiation of Th17 cells, enhancing IL-
22 production by γδ T cells and ILCs, as well as inducing effector
functions in T cells (26–39).

While vitamin A derived from dietary intake can induce
RALDH enzymatic activity, the RA produced from intestinal
epithelial cells (IECs) by RALDH1 and stroma cells in LP and
MLN by RALDH2, in a trans activating mechanism is also
capable of inducing RALDH expression in intestinal DCs (40–
44). Furthermore, recent data suggest that RA is also involved
in the development of a gut homing precursor for intestinal
DCs in the bone marrow as well as is required for their
transcriptional programming and maturation (45, 46). Several
endogenous factors that regulate RALDH expression in LP-
DCs are also reported. Cytokines such as IL-4 and granulocyte
macrophage colony-stimulating factor (GM-CSF) induce or
enhance the expression of RALDH enzymes in LP-DCs, while
prostaglandin E2 (PGE2) negatively regulates RALDH activity
through the induction of inducible cyclic AMP early repressor
(ICER) (24, 47–49). Despite these findings, whether additional
components in diet can induce RALDH activity in the intestine
and promote immune tolerance, remains unknown. In this study,
we uncover a hitherto unknown role of dietary glucose in shaping
up intestinal immunological tolerance by facilitating RALDH
expression specifically in intestinal LP-DCs.

RESULTS

Mice Administered Antigen Free Diet Have
Defects in Development and RALDH
Activity in CD103+CD11b+ siLP-DCs
To investigate the influence of commensal microbiota and food
components on intestinal immunity, we utilized the previously
established “Antigen free (AF)” mice model, where germ-free
(GF) mice are raised on well-defined elemental diet [termed
“Antigen free diet” (AFD)] devoid of macromolecules such as
proteins and starches (50). When DCs in small intestine were
assessed, we observed comparable frequencies of CD11c+MHC-
II+ siLP-DCs in specific pathogen free (SPF), GF and AF mice
(Figures 1A,B). However, in-depth analyses revealed alteration
in the frequencies of tolerogenic DC subtypes. The frequency
of CD103+CD11b+ siLP-DCs, a subset known to be a major
tolerogenic DC population, was slightly, but significantly lower
in AF, when compared to SPF and GF mice (Figure 1C). A
compensatory increase on the other hand was observed in

the CD103+CD11b− siLP-DC compartment. More interestingly,
while the expression of the characteristic DC surface markers
largely remained comparable in all three groups (Figure S1A),
the expression of all three representative genes tested, namely
Aldh1a2, Indoleamine-pyrrole 2,3-dioxygenase 1 (Ido1) and
Transforming growth factor beta 1 (Tgfb1) that are functionally
implicated in tolerogenic phenotype of CD103+CD11b+ DCs,
were dramatically reduced in AFmice (Figure 1D). Interestingly,
the expression of Aldh1a2 was found to be specifically reduced in
mice raised under AFD, a phenomenon that was not observed
in GF mice (Figure 1D, left panel). On the other hand, the
absence of gut microbiota appeared to partially influence the
expression of Ido1 and Tgfb1, which was further enhanced by
AFD (Figure 1D, middle and right panel). These results indicated
that certain dietary components, otherwise absent or under-
represented in AFD have most specific and the largest influence
on the expression ofAldh1a2. For this study, we therefore focused
on the influence of normal diet on RALDH activity in siLP-DCs.

RALDH is an enzyme that irreversibly metabolizes vitamin A
to RA, which in turn acts as a key modulator of mucosal immune
responses (38, 51–53). To determine whether in concert to its
reduced expression, the function of RALDH in LP-DCs from
AF mice was also negatively affected, we next examined RALDH
enzyme activity in LP-DCs from SPF, GF and AF mice using
the ALDEFLUOR assay. In this assay, which has been previously
employed in the context of CD103+ LP-DCs and MLN-DCs (43,
44), the RALDH enzyme activity is measured in individual cells
by flow cytometry with a fluorescent substrate based assay system
(54, 55). In agreement with the results obtained by real-time PCR
analysis, CD103+ siLP-DCs (both CD11b+ and CD11b− subsets)
from AFmice displayed significantly lower enzyme activity when
compared with SPF and GF mice (Figures 1E,F, Figure S1B). Of
note, the characteristic frequencies of the aforementioned siLP-
DC subtypes in SPF, GF and AF mice remained unaltered even
after performing this assay, suggesting that this enzyme assay did
not interfere with the phenotype of siLP-DCs (Figure S1C).

In order to further understand the role of dietary components
on RALDH activity, we next analyzed siLP-DC RALDH activity
in mice at different stages of their lives, after subjecting them to
specific dietary conditions. We observed that RALDH activity
in pre-weaned GF mice (2-3 weeks of age) was significantly
lower than in adult GF mice, and comparable to AF mice. This
was dramatically restored to the level equivalent to adult GF
mice within a week after weaning (Figure 2A). Furthermore,
when mice raised in AF condition were fed with Normal Chow
Diet (NCD), RALDH activity in CD103+CD11b+ siLP-DCs was
promptly recovered within a week (Figure 2B). Mirroring this,
an opposite phenomenon was observed when NCD in GF mice
was replaced with AFD (Figure 2C). These results suggested that
dietary component(s) in NCD, absent in AFD, is required as the
initial trigger for RALDH gene expression after mice are weaned,
thereby promoting enzyme activity as well as homeostasis of
CD103+CD11b+ siLP-DCs.

The above results also implied that supplementing AF mice
with RA, the final product of the enzymatic reaction and a known
feedback inducer of RALDH activity (40), would be sufficient in
driving RALDH activity in these mice. Indeed, when adult AF
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FIGURE 1 | Dietary intake affects differentiation and RALDH activity in CD103+ siLP-DCs. Cell suspensions were prepared from siLP harvested from age-matched

adult (6∼12-week-old) SPF, GF and AF mice and phenotypic and RALDH activity analyses of siLP-DCs were carried out. (A) Representative fluorescence-activated

(Continued)
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FIGURE 1 | cell sorting (FACS) plots of siLP-DC subpopulations gated on Lin− (CD3−B220−) cells. (B) Statistical quantification of percentage (left) and total numbers

(right) of CD11c+MHC-II+ cells in mice from indicated experimental groups. (C) Graph displays percentage of siLP-DC subpopulations in CD11c+MHC-II+ cells. (B,C)

Data are combined from four independent experiments. (D) Real-time analyses of mRNA expression of indicated gene products normalized against Hprt mRNA levels.

(E,F) Representative FACS plots (left) and quantification (right) of relative mean fluorescence intensity (MFI) of aldefluor in CD103+CD11b+ (E) and CD103+CD11b−

(F) siLP-DC subpopulations from indicated groups. DEAB is a RALDH inhibitor. 1MFI is calculated by subtracting background (DEAB) MFI from aldefluor MFI. Relative

1MFI indicates ratio of 1MFI in experimental samples vs. control. Data are combined from six independent experiments. MEAN ± SEM are indicated. Statistical

significance was determined by one-way ANOVA (B,E,F) and two-way ANOVA (C) with Turkey’s multiple comparison tests. ****p < 0.0001, n.s., not statistically

significant.

mice were supplemented in their diet with RA, it resulted in
complete recovery of RALDH activity (Figure 2D). Interestingly
in all the cases, changes in RALDH activity also correlated
with the frequencies of CD103+CD11b+ siLP-DCs, suggesting
its role in differentiation as well as function of these cells. Of
note, while the above results were obtained in a GF setting, the
basic findings from these experiments could also be recapitulated
in mice raised in SPF conditions, thereby confirming that
mice with normal repertoire of gut flora are equally affected
by dietary components with respect to RALDH activity in
siLP-DCs (Figures S2A–C).

RALDH Activities in Different Intestinal
RA-Producing Cells Are Differentially
Affected by Diet
We next sorted to understand whether the influence of diet
on RALDH activity is an LP-DC specific phenomenon, or
whether other RALDH expressing cells are also affected. It
is well-established that within the gut associated lymphoid
tissues, besides LP-DCs, RA converting enzymes are also
expressed in LP associated stroma cells (LP-SCs), small intestine
epithelial cells (IECs), as well as MLN-DCs. The RA produced
from these cells, in particular IECs, is known as a local
source of RA for inducing the RALDH expression in CD103+

siLP-DCs (40–44).
The non-hematopoietic SCs in secondary lymph nodes

comprise three different cell types based on the expression
of surface markers. Lymphatic stroma cells [LSCs, also called
fibroblast reticular cells (FRC)], lymphatic endothelial cells
(LECs) and blood endothelial cells (BECs) (56, 57). Among
LP-SCs (CD45−EpCAM−) in small intestine, the LSCs that
expressed podoplanin (Pdpn) and are CD31−, were found
to be capable of activating RALDH enzymes (Figure 3A), as
previously reported (43). Interestingly, unlike LP-DCs, the
RALDH activity in LP-SCs remained comparable between GF
and AF mice (Figure 3B). In contrast, when IECs were analyzed,
the expression of Aldh1a1 (RALDH1), the major gene encoding
for RALDH enzyme in these cells, was found to be reduced
in AF mice (Figure 3C). Of note, while the IECs are well-
established to have RALDH activity (27, 58–61), the baseline of
this activity in these cells is known to be significantly lower than
LP-DCs (62, 63). Therefore, our attempt to measure RALDH
activity in IECs was unsuccessful due to lower sensitivity of
the ALDEFLUOR assay. However, albeit comparatively lower
RALDH activity on a per cell basis, the cumulative contribution
of IECs in RA production, is understandably of larger significance

since numerically there are many more IECs than the other cell
types in the intestine.

Finally, when MLN-DCs were analyzed, the RALDH activity
in particular within the CD103+CD11b+ DC population in AF
mice was found to be significantly, albeit to a lesser extent,
lower than that of GF mice (Figure 3D). Taken together these
results suggested that dietary components differentially influence
RALDH activity in different regulatory DC populations.
Whereas, MLN-DCs and IEC are affected, LP-SCs appeared to
remain unaffected from dietary contributions. These results also
implied that the overall reduction of RA synthesis cumulatively
among these cell types eventually contributed to the reduced
RALDH activity in the LP-DCs in AF mice.

Proteins, Starches, and Minerals in Diet Do
Not Influence RALDH Activity in
CD103+CD11b+ siLP-DCs
Since for this study we focused on RALDH activity in
siLP-DCs, we next wished to define which dietary factors
were required to trigger the initial RALDH activity in these
cells. While in our initial findings we observed both the
subtypes CD103+CD11b+ and CD103+CD11b− siLP-DCs to
have reduced RALDH activity in AF mice (Figures 1E,F), the
cell recovery of CD103+CD11b− siLP-DCs from SPF and GF
mice were low and the level of enzyme activity in this cell
type showed variability among individual mice (Figures 1C,F).
Therefore, henceforth in this study, we focused on the RALDH
activity in CD103+CD11b+ siLP-DCs.

We first confirmed that the reduction in RALDH activity
in CD103+CD11b+ siLP-DCs was not a consequence of low
Vitamin A content in AF diet, thereby compromising the
precursor for the assayed reaction. Based on information of
food compositions from the suppliers and from our pervious
report, final consumption of vitamin A per day by GF and
AF mice were comparable [Table S1 and (50)]. Nonetheless,
there remained a possibility that albeit equal consumption,
the absorption of vitamin A into the small intestine may be
compromised in AF mice. However, when GF mice were weaned
on AF diet supplemented with 10 times more vitamin A in
the usual form of “oil mix” or were administrated additional
“oil mix” by oral gavage, failed to recover the reduction in
RALDH activity in CD103+CD11b+ siLP-DCs (Figure S3).
We thus concluded that mere unavailability of the precursor
vitamin A was not a cause of reduced RALDH activity in
these cells.

To this end, we modified the compositions of purified
diet by removing individual food components (Table S2), with
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FIGURE 2 | Dietary components in normal chow readily trigger and maintain RALDH activity in siLP-DCs in mice after weaning. Cell suspensions prepared from siLP

were subjected to ALDEFLUOR assays and RALDH activity in CD103+CD11b+ siLP-DCs and percentage of siLP-DC subpopulations in CD11c+MHC-II+ cells were

analyzed by flow cytometry. (A) GF mice (3-weeks old) before weaning (pre-weaned), GF mice weaned onto NCD for 7 days and adult GF mice were analyzed. (B)

RALDH activity and frequencies of siLP-DC subpopulations in CD11c+MHC-II+ cells in adult AF mice (8∼12-week-old) after feeding NCD for 0, 1, 2, 4, 8, and 70+

days. (C) RALDH activity and frequencies of siLP-DC subpopulations in CD11c+MHC-II+ cells in adult GF mice (8∼12-week-old) after feeding AFD for 0, 1, 2, 4, 8,

and 11+ weeks. (D) RALDH activity and frequencies of siLP-DC subpopulations in CD11c+MHC-II+ cells in adult GF, AF, or AF mice that were administered intra

peritoneal injection of all-trans RA (500 µg per mouse in soybean oil) every other day for 7 days. Data are combined from two to three independent experiments.

MEAN ± SEM are indicated. (B,C) Statistical significance was determined by one-way ANOVA with Turkey’s multiple comparison test. **p < 0.01, ***p < 0.001, ****p

< 0.0001, n.s., not statistically significant.

the presumption that taking out or adding back individual
components in otherwise well-defined diet may lead us toward
identifying the dietary component required to trigger RALDH

activity. To obtain relatively accurate results under in vivo
settings, the modified diets were designed to contain similar
amount of vitamin A as in NCD (Tables S1, S2) and the
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FIGURE 3 | RALDH activity in intestinal RA-producing cells is differentially regulated by diet. (A–C) Cell suspensions from MLN and siLP harvested from age-matched

adult (6∼12-week-old) GF and AF mice were subjected to ALDEFLUOR assays and RALDH activity of LP-SCs and MLN-DCs were analyzed by flow cytometry. (A)

Representative FACS plot of LP-SC distinguished by CD31 and Pdpn from CD45-EpCAM- cells. Red dots in FACS plot indicate aldefluor positive cells. Histograms

depict the MFI of aldefluor in LP-SC subtypes. (B) Graph displays the level of RALDH activity in LSCs. Data is combined from two independent experiments. (C) IECs

were isolated from small intestine (SI) by stripping with EDTA and analyzed for expression of Aldh1a1 (RALDH1) by real-time PCR, upon normalization to Hprt mRNA

levels. Fold change indicates ratio target gene in experiment/control. Data are combined from four independent experiments. (D) Representative FACS plots of

MLN-DC subpopulations distinguished by CD103 and CD11b from CD11c+MHC-II+Lin− cells and the RALDH activity in CD103+CD11b+ MLN-DCs and

CD103+CD11b− MLN-DCs. Data are combined from four independent experiments. MEAN ± SEM are indicated. Statistical significance was determined by

two-tailed unpaired t-test. *p < 0.05, **p < 0.01, n.s., not statistically significant.

experiments were performed primarily in GF condition in order
to eliminate the influence of microbiota. In addition, to avoid
any influence from NCD during the pre-weaned period, neonate
AF mice were utilized and these mice were weaned onto each
modified diet for 3–4 weeks.

As a starting point, we took advantage of two commercially
available diets with well-defined dietary compositions. In the so-
called amino acid defined diet (AAD∗), like the AFD employed so
far, proteins were replaced with amino acids. However, there were
several differences between their compositions (Table S2). While
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FIGURE 4 | Depletion of macromolecules from purified diet do not alter the RALDH activity in CD103+CD11b+ siLP-DCs. AF mice (3∼4-week-old) were weaned onto

specific diets for 3∼4 weeks following which the indicated analyses were carried on. (A) A cartoon depicting experimental scheme (left panel). AAD* is a sterilized form

(Continued)
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FIGURE 4 | of Amino acid-defined diet (AAD) that contains three times more vitamin A than AAD, where protein macromolecules are replaced with amino acids.

AAD*_StF indicates AAD* from which cornstarch and maltodextrin are removed. The level of RALDH activity in CD103+CD11b+ siLP-DCs in the indicated groups are

presented by relative aldefluor 1MFI (right panel). (B) Representative FACS plots (left panel), frequencies (middle panel) and absolute numbers (right panel) of total

CD4+Foxp3+Treg cell and CD4+Foxp3+Nrp1lo peripheral Treg (pTreg) cell populations in siLP of mice subjected to the indicated diet regimes. (C) Experimental

scheme (left panel), and relative aldefluor 1MFI of siLP-DCs in the indicated experimental groups (right panel). Min_mix AFD indicates AFD mixing with the mineral mix

powder (TD.94049). Data are combined from four independent experiments. MEAN ± SEM are indicated. Statistical significance was determined by one-way ANOVA

with Turkey’s multiple comparison test, **p < 0.01, ***p < 0.001, ****p < 0.0001, n.s., not statistically significant.

AFD is a liquid diet where the fibers are provided as cellulose
bedding, AAD∗ diet are edible solid pellets with cellulose mixed
with the food components. Unlike AFD, AAD∗ diet contained
starches in the form of maltodextrin and corn starch, and while
the source of sugar in AFD was 22% glucose, that in AAD∗ was
37.1% sucrose. Furthermore, in terms of mineral composition,
there are substantial differences between the groups. The second
commercially available diet is AAD∗_StF, which was largely
similar to AAD∗, but was devoid of starches. Note, the “∗” in
AAD∗ indicates a sterilizable form of the diet which is otherwise
similar to its traditional form (AAD), but with three times more
vitamin A to account for presumed losses during sterilization by
irradiation. Surprisingly, the mice groups weaned in both AAD∗

and AAD∗_StF showed a complete recovery of RALDH activity
in CD103+CD11b+ siLP-DCs, to an extent similar to the control
NCD fed group (Figure 4A). These results were independent
of microbiota, since the characteristic drop in RALDH activity
of CD103+CD11b+ siLP-DCs in mice raised in SPF conditions
could also be recovered by AAD (Figure S2D). Taken together
these findings led to two important conclusions. First, starches
are not involved. Second, antigens in the form of peptides,
derived from proteins are also dispensable as far as RALDH
activity in CD103+CD11b+ siLP-DCs is concerned. To this end,
we also considered a possibility that an artifact arising from
unaccounted protein contamination in the amino acid defined
diets may be responsible for the observed recovery of RALDH
activity. We therefore quantified the generation of peripheral
Regulatory T (pTreg; also referred to as iTreg when induced
in vitro) cell population in the siLP of these mice. pTreg cells are
a type of Treg cells that are extrathymically generated primarily
at mucosal sites, and are distinguished from their thymic tTreg
counterparts by the lack of expression of the membrane bound
co-receptor neuropilin-1 (Nrp1) (64). Notably, in a previous
report we have demonstrated that diet derived proteins are the
primary cause for the generation of CD4+Foxp3+Nrp1− pTreg
cells in the small intestine (50), and AF mice display dramatically
reduced pTreg population in siLP. Indeed we found that while
total Foxp3+ Treg populations, comprising of tTreg and pTreg
cells, remained comparable, the frequencies and numbers of
Foxp3+Nrp1− pTreg cells among total Treg population could
only be recovered in mice fed with NCD, and not AAD∗

and AAD∗_StF (Figure 4B). Therefore, the recovery of RALDH
activity in AAD∗ and AAD∗_StF groups were not due to any
protein contamination in the AAD∗ diet.

We next wished to exclude the possibility that differences
in minor food components such as minerals, between AFD
and purified diet (Table S2), was responsible for differences in
RALDH activity. For that we prepared AFD by supplementing

with mineral mix powder (TD.94049) derived from AAD∗

(min_mix/AFD). As shown in Figure 4C, min_mix/AFD failed
to induce RALDH activity. Taken together, these results
concluded that proteins, starches and minerals in diet were
not responsible for the induction of RALDH activity in
CD103+CD11b+ siLP-DCs.

Optimum Glucose Level in Diet Is Required
To Induce RALDH Activity in
CD103+CD11b+ siLP-DCs
If the macromolecules and micromolecules in diet were not
involved, lack of which factors in AFD compromise RALDH
activity in CD103+CD11b+ siLP-DCs? To investigate further,
we compared the food compositions between AAD∗_StF and
AFD (Table S2), which were the closest among the four types
of diets tested. In case of AAD∗_StF, this diet does not contain
proteins and starches as in AFD, but does contain unknown
dietary factor(s) responsible for the induction of RALDH activity
in siLP-DCs. There are few differences between the composition
of these two diets; (1) the diet forms (pellet vs. liquid), (2) the
carbohydrate sources (sucrose vs. glucose), (3) the amount of
carbohydrate (sucrose ∼50% vs. glucose ∼22%). Based on this
observation, as well as in order to minimize the differences
in diet forms, we first generated a liquid form of AFD with
50% of sucrose (AFD_S500) or 50% glucose (AFD_G500).
Germ free diet (GFD) or AAD∗_StF were used as positive
controls. AFD with usual 22% glucose, designated as AFD_G220
here, was used as negative control. The neonate AF mice
were weaned onto each diet for 3–4 weeks and were analyzed
for RALDH activity in CD103+CD11b+ siLP-DCs (Figure 5A,
left panel). Indeed, AFD supplemented with 50% sucrose
resulted in significantly enhanced RALDH activity in these cells.
More interestingly, we observed a similar increase in RALDH
activity in CD103+CD11b+ siLP-DCs even when the source of
carbohydrate was changed to 50% glucose instead of sucrose
(Figure 5A, middle panel). These effects were found to be specific
for CD103+CD11b+ siLP-DCs, since RALDH1 expression in
IECs remained unaltered upon carbohydrate supplementation
(Figure 5A, right panel). These results suggested that regardless
of the source of carbohydrate, its optimum concentration
is important, and glucose being a monosaccharide unit of
carbohydrate is sufficient for the initial triggering of RALDH
activity in siLP-DCs.

In order to further understand whether the positive effect
of dietary carbohydrate supplementation is specific for RALDH
activity, or if it can also affect differentiation of other immune
cells, we determined the frequencies of Th1, Th2, and pTreg
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FIGURE 5 | Supplementing glucose in AF diet restores RALDH activity in CD103+CD11b+ siLP-DCs. (A) Cartoon depicting experimental scheme (left panel).

Neonate AF mice were weaned onto specific diets for 3∼4 weeks. AFD contains 22% of glucose (AFD_G220). AFD_G500 indicates 50% of glucose in AFD and

AFD_S500 indicates 50% of sucrose in AFD. AAD*_StF was utilized as a positive control of RALDH activity in LP-DCs. ALDEFLUOR assays were performed on cell

suspensions from siLP and RALDH activity of siLP-DC was analyzed by flow cytometry. The level of RALDH activity in CD103+CD11b+ siLP-DCs is represented as

relative 1MFI of aldefluor (middle panel). Aldh1a1 expression was also determined in sorted IECs relative to Hprt control (right panel). Data are combined from two

independent experiments. (B–D) Graphs display the percentage of Tbet+ in CD4+ T cells (Th1) (B), GATA3+ in CD4+ T cells (Th2) (C), and Nrp1lo populations among

in CD4+Foxp3+ Treg cells (pTreg) (D). Data are combined from at least two independent experiments. MEAN ± SEM are indicated. Statistical significance was

determined by one-way ANOVA with Turkey’s multiple comparison test, *p < 0.05, **p < 0.01, ****p < 0.0001, n.s., not statistically significant.

cells in these mice. Supplementation of AFD with additional
sucrose or glucose did not affect Tbet+ Th1 or Gata3+ Th2 cells
(Figures 5B,C); neither recovered the characteristically reduced
pTreg population in siLP (Figure 5D).

We next directly investigated the effect of glucose on RALDH
activity by employing in vitro culture conditions. SPL-DCs,
MLN-DCs, and CD11c+ siLP-DCs were magnetically purified
and cultured either without glucose (in commercially available
glucose-free media), without glucose but in the presence of RA,
with glucose, or in the presence of glucose and RA for 20 h,
and then measured for RALDH activity. In terms of base-line
RALDH activity, as expected, SPL-DCs displayed the least, which
was significantly increased in the presence of RA. Glucose, on
the other hand, had minimal effect (Figure 6A). Although MLN-
DCs had the highest base-line RALDH activity among the three

groups tested, neither RA nor glucose had an impact (Figure 6B).
In contrast, siLP-DCs derived from 2-weeks old neonatal SPF
mice which had low basal RALDH activity at steady state, was
significantly increased in the presence of glucose alone.While RA
itself induced slight increase of this enzyme activity, the highest
activity was observed when both RA and glucose was present
(Figure 6C). Moreover, this RALDH activity promoting effect of
glucose was also observed when siLP mixed lymphocytes derived
from 8-weeks old adult mice were cultured with glucose for 20 h.
Under the culture conditions tested, RA by itself was found to
haveminimal effect on the already high RALDH activity, whereas
the addition of glucose in the media was able to further boost this
activity (Figure 6D).

Finally, in order to ascertain functional relevance of these
findings, we sorted to determine whether supplementation

Frontiers in Immunology | www.frontiersin.org 9 August 2020 | Volume 11 | Article 1897262626

https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


Ko et al. Glucose Promotes siLP-DC RALDH Activity

FIGURE 6 | Glucose induces RALDH activity specifically in siLP-DCs. MLN-DCs and Spleen DCs (SPL-DC) from adult SPF mice, or siLP-DCs from 2-weeks old

neonatal SPF mice were either purified (A–C), or total single cell suspensions were isolated from adult SPF mice SI (D). Cells were cultured for 20 h in glucose-free

(Continued)
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FIGURE 6 | media with or without treatments, following which ALDEFLUOR assay was performed. Fluorescence intensities of aldefluor in CD8−CD11b+ SPL-DCs

(A), CD103+ MLN-DCs (B) and CD103+CD11b+ siLP-DCs (C,D), were analyzed by flow cytometry. RALDH activity depicted in overlaid histograms and bar graphs

are from the cells cultured with glucose (22mM) or RA (1 nM) or both. The line graphs indicate RALDH activity from the cells cultured with different concentrations of

glucose (0, 11, 22, and 44mM) in the presence or absence of RA (1 nM). Data shown is representative of at least three independent experiments. MEAN ± SEM are

indicated. Statistical significance was determined by one-way ANOVA with Turkey’s multiple comparison test, *p < 0.05, **p < 0.01, ****p < 0.0001, n.s., not

statistically significant.

of glucose, presumably through the generation of RA, can
facilitate the generation of iTreg cells. For this, we performed
an in vitro iTreg induction assay with magnetically purified
CD11chi DCs (with “high” CD11c expression) that were pre-
treated with glucose and incubated with naïve T cells under
suboptimal iTreg inducing condition. We observed significant
increase in iTreg induction when siLP-DCs were pre-treated
with glucose, compared to mock. This effect of glucose pre-
treatment was specific for siLP-DCs, and was not observed
when MLN-DCs were used in the assay (Figures 7A,B and
Figure S4). These results, in accordance to the results presented
in Figure 6B, suggested that the siLP DCs are particularly
more susceptible to glucose treatment, and thereby, presumably
through enhanced RALDH activity, acquire superior iTreg cell
induction capacity compared to MLN DCs. It is to be noted
however, that while the purified CD11chiMHCII+ DCs used
in this assay are present in similar frequencies, there are
some site specific differences with regard to the expression
of MHCII and CD11c in MLN and siLP. Compared to siLP,
MLN has significantly higher proportion of CD11c−MHCII+

and CD11cintMCHII− (with “intermediate” CD11c expression)
populations (Figure S4, left panels). Furthermore, the expression
of MHCII in purified MLN DCs is lower than that of siLP
DCs (Figure S4, right panels). These observations raised the
formal possibility that enhanced MHCII expression in siLP,
rather than glucose mediated enhanced RALDH activity may
be responsible for increased iTreg conversion. However, pre-
treatment with RA, either alone or in the presence of glucose,
resulted in equally efficient iTreg induction irrespective of the
source of the DCs, suggesting that the benefit of glucose pre-
treatment is indeed primarily due to enhanced RA production
(Figures 7A,B). Lastly, when iTreg induction was carried out
in vitro in a DC independent manner, supplementation of
the media with excess glucose had little effect, thereby further
substantiating the role of DC derived RALDH in this process
(Figure S5).

DISCUSSION

There is accumulating evidence suggesting that vitamin A and its
metabolites play a pivotal role in maintaining various biological
processes (38, 52, 65–67). Dietary supplementation of RA in the
context of cutaneous T cell lymphoma and acute promyelocytic
leukemia, have been shown to have beneficial outcome (68–
71). Furthermore, many studies highlight anti-inflammatory
activities of RA at mucosal sites and tissues, such as intestinal
mucosa, airways, lung, central nervous system and skin (72–
82). In addition to the effect of RA on cancer and inflammatory
diseases, vitamin A or its metabolites play an important role

to suppress diet-induced obesity and insulin resistance (83–85).
Therefore, a better understanding of the cellular and molecular
parameters responsible for vitamin A metabolism is of great
biological relevance. In this study by identifying the role of diet,
and the importance of glucose consumption for establishing
RALDH activity early in life in small intestine DCs, we make
substantial contribution to our knowledge related to the role of
nutritional components in establishing immunological tolerance
at mucosal sites.

By feeding AF diet to mice raised under germ free condition
we found that small intestine CD103+CD11b+ LP-DCs require a
dietary component as an initial trigger for RALDH activity. Since
vitamin A in diet is known to be essential to activate RALDH
and generate RA in LP-DCs, LP-SCs, MLN-DCs, MLN-SCs, and
IECs (40, 43, 44), one explanation of this observation could be
the possibility that at steady state, AF mice consume less vitamin
A compared to GF mice raised on NCD. However, our further
experiments in conjunction with a previous report (50) strongly
indicate that the availability of vitamin A and the way it is fed
does not account for the low RALDH activity in AF mice. Even
supplementing large excess of vitamin A to AFD failed to restore
the reduction in RALDH activity in neonatal GF mice weaned
on AFD compared to NCD, suggesting that a possible inferior
intestinal absorption rate of vitamin A in AF mice is unlikely a
cause as well.

In order to define the responsible factor in diet, we employed
diet regimes with well-defined compositions. First, by weaning
neonate AF mice onto amino acid defined diet in which only
the proteins were replaced by defined concentration of amino
acids we found that protein macromolecules are dispensable.
This was a surprising finding andwas not due to any unaccounted
protein contamination in the AAD∗ diet, since the same diet
failed to induce small intestinal pTreg cells, a phenomenon
known to be dependent on peptide based antigen presentation.
Furthermore, subsequent experiments using defined diet regimes
eliminated starch and minerals as well. There are distinct
differences between the purified protein and starch free diet
AAD∗_StF and the AFD. First, the diet forms (pellet vs. liquid),
second the carbohydrate sources (sucrose vs. glucose) and third
the amount of carbohydrate (sucrose 50 vs. glucose 22%).
Since the forms of diet as well as the refinement status of
NCD can influence experimental outcome (86), we utilized
different types of diets (unrefined NCD, purified diets and
liquid form of diet) and compared between these groups. In
order to address the first issue, we generated a liquid form
of diet containing 50% of sucrose (AFD_S500) and compared
with the pellet form of AAD∗_StF containing around 50% of
sucrose. Irrespective of the diet types, both groups showed a
similar level of the RALDH activity in LP-DCs and it was
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FIGURE 7 | Pretreatment of glucose in siLP-DCs, but not in MLN-DC, significantly induce iTreg cells in vitro. siLP and MLN CD11c+ DCs were pre-cultured in

glucose-free media or media supplemented with 22mM glucose (Glu), 1nM RA, or with both glucose and RA. After 14 h the DCs were washed and co-cultured with

naïve CD4+ T cells under suboptimal Treg inducing condition. After 72 h Foxp3+ cells was analyzed by FACS. (A) Representative FACS plots. (B) Bar graphs

representing fold differences in Treg induction mediated by siLP-DC vs. MLN-DC. *P < 0.05. Data are representative of two independent experiments with similar

results.

significantly higher than AFD that contained 22% of glucose.
Sucrose is digested to fructose and glucose by the enzyme sucrase
that is secreted from the brush border of the small intestine.
Furthermore, a recent study reported that at a steady state,
most dietary fructose is metabolized and cleared by the small
intestine epithelial cells (87). It therefore appeared possible that
the metabolites from dietary fructose may have a role in RA
metabolism. However, when liquid diet containing 50% sucrose
(AFD_S500) vs. 50% glucose (AFD_G500) were compared, we
observed comparable RALDH induction; thereby indicating that
appropriate concentration of even a monosaccharide unit of
dietary glucose is sufficient to initiate RALDH activity in LPDCs.
Of note, while in these experiments the relative RALDH activities
were calculated on a per cell basis, the variations in total cells
obtained from intestinal lamina propria precluded us from
reliably calculating the absolute numbers of RALDH expressing
intestinal DCs in mice fed with the different dietary regimes.

Although the above experiments were performed primarily
on neonatal AF mice in germ free conditions, several lines
of evidence strongly suggested that these changes in RALDH
activity in response to dietary glucose is also apparent in SPF
mice comprised of normal gut microflora. First, while pre-
weaned SPF mice, like GF mice, displayed low RALDH activity
in siLP-DCs, its activity was increased when they were fed with
NCD after weaning. Second, and converse to this observation,
when adult SPF mice were fed with AFD (containing 22%
glucose) or pre-weaned SPF mice were weaned onto AFD, they
displayed significantly lower RALDH activity in siLP-DCs. Third,
this reduction in RALDH activity however was not observed
when SPF mice were weaned onto AAD, which has increased
carbohydrate content compared to AFD. Taken together these

results strongly suggest that the glucose dependent changes in
RALDH activity in siLP-DCs is still apparent inmice with normal
microbiome content and underscores the physiological relevance
of this study.

The composition of carbohydrate in NCD is approximately
44∼63% (SPFD and GFD) and 62∼67% in purified diets
(AIN-93G and AAD∗), which are significantly higher than the
carbohydrate content in mother’s milk (6.9–7.2% in human
and 3% in mouse) (88, 89). On the other hand, AFD contains
22% glucose which is 2.5-fold lower when compared to control
diets. The reason behind this is the fact that the glycemic
index (GI) of glucose (103 ± 3) is much higher than that
of sucrose (65 ± 4) and fructose (15 ± 4) (90). Therefore,
the percentage composition of glucose constituting AFD was
calculated by factoring in its GI as a parameter in order to
maintain mice healthy and capable of breeding. Indeed, from our
previous report and earlier studies (91–93), mice raised in AFD
were healthy and normal in size and weight, and displayed no
sign of nutritional deficiency. Despite these apparent normalcy
however, in this study we found that additional dietary source
of carbohydrate is required to trigger LP-DC RALDH activity in
AFD fed mice.

As a functional consequence we found that pre-treatment with
glucose results in enhanced iTreg inducing property specifically
in siLP-DCs in an in vitro assay system. This finding is in
concert with our previous finding where, in a OTII CD4+ T cell
transfer based in vivo assay we observed significantly reduced
pTreg generation in AF, compared to SPF and GF mice (50).
We propose that the primary cause of such reduced pTreg
conversion if AF mice despite being fed comparable amount of
OVA to that in SPF and GF mice, is the lower amount of dietary
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carbohydrate content in AFD. Taken together our study uncovers
the functional significance of minute refinements in dietary
compositions and underscores the fact that subtle differences in
diet may have significant influence on immune composition and
overall organismal physiology.

The role of glycolysis on DC physiology is well-appreciated
(94, 95). A recent study further suggests that the level of glucose
consumed is capable of reprograming glycolytic metabolism and
mitochondrial oxidative phosphorylation in lipopolysaccharide
(LPS)-stimulated DCs and repress pro-inflammatory responses
(96). The authors propose that the extent of glucose consumption
can control the expression of glucose transporters and glycolytic
enzymes by mammalian target of rapamycin complex 1
(mTORC1) / hypoxia-inducible factor 1a (HIF1a) / inducible
nitric oxide synthase (iNOS) signaling circuit (97–99). There
are several studies dating as far back to the late 1950’s that
point to a possible connection between glucose consumption and
vitamin A metabolism (100). In light of these previous reports,
in this study we have successfully established an unequivocal
role of dietary glucose consumption and RALDH activity in
LP-DCs and therefore intestinal tolerance. Precise molecular
nature of this connection, and how it affects specifically the LP-
DCs, remain less understood, and will be an active area of our
investigation in recent future. In sum, these findings significantly
enhance our knowledge on the crosstalk between functional
relationship between immune homeostasis and dietary intake
and expand our understanding of therapeutic strategies for
clinical applications.

MATERIALS AND METHODS

Mice
Specific pathogen-free (SPF) C57BL/6 (B6) mice were purchased
from The Jackson Laboratory and maintained in the animal
facility of POSTECHBiotech Center. A colony of Germ-free (GF)
B6 mice was established at POSTECH from breeders obtained
from Dr. Andrew Macpherson. GF B6 mice were maintained in
sterile flexible film isolators (Class Biological Clean Ltd., USA)
and GF status was regularly monitored by culturing feces of GF
mice. AF mice were generated and maintained in sterile flexible
film isolator as previously described (50). All animal studies
were performed in accordance with the guidelines of Institutional
Animal Care and Use Committee of POSTECH.

Mouse Diets
SPF diet (38057, Purina Lab) and GF diet (2018S, Envigo)
were used as normal chow diet (NCD) for the maintenance
of SPF and GF mice at the animal facility of POSTECH
Biotech Center. AF diet (AFD) was self-generated as previously
described (50). The custom diets were generated and supplied
from Envigo: amino acid-defined diet (AAD, TD.01084), AAD
with 3× vitamin A (AAD∗, TD.160107), starch deficient-AAD∗

(AAD∗_StF, TD.160108), and mineral mix powder (TD.94049).
AFD-based diets were self-generated as follows: 22% glucose in
AFD (AFD_G220, same as general AFD), 50% glucose in AFD
(AFD_G500) and 50% sucrose in AFD (AFD_S500).

Preparation and Processing of Single Cell
Suspensions From Small Intestine, MLN,
and Spleen
Single cell suspension from SI was prepared and processed as
previously described (50). In brief, SIs were dissected and opened
longitudinally after removal of Peyer’s patches. Tissues were cut
into pieces and incubated in PBS buffer containing 3% fetal
bovine serum (FBS), 10mM EDTA, 20mM HEPES, 100 U/ml
penicillin, 100 mg/ml streptomycin, and 1mM sodium pyruvate
with gentle stirring at 37◦C for 20min to strip intestinal epithelial
cells (IECs). SI segments were collected by strainer for isolating
lamina propria lymphocytes and IECs in themedia were enriched
by 25–40 % Percoll density gradient centrifugation. Collected SI
segments were digested with 400 Mandl units/ml collagenase D
(Roche, Cat no. 11088882001) and 10µg/ml DNase I (Sigma,
04536282001) in RPMI 1640 containing 3% fetal bovine serum
(FBS), 20mM EDTA, 20mM HEPES, 100 U/ml penicillin, 100
mg/ml streptomycin, 1mM sodium pyruvate and 1mM Non-
essential amino acids at 37◦C for 45min with continuous stirring.
To stop the enzyme digestion, EDTA was added (10mM final
concentration) and cells were further incubated for 5min at
37◦C. Cell suspensions were enriched by 40–75% Percoll density
gradient centrifugation. MLNs and spleens were harvested and
minced with razor blade, followed by digesting at 37◦C for
20–30min with enzyme digestion buffer that were used for
SI cell preparation. For analysis of stroma cells from SI, the
enzyme digestions were repeated two more times with fresh
enzymes for 20min. The remaining procedures were same as SI
cell preparation.

ALDEFLUOR Assay and Flow Cytometry
Aldehyde dehydrogenate (ALDH) activity in individual cells
was measured using ALDEFLUOR kits (StemCell Technologies),
according to the manufacturer’s protocol with modifications.
Subsequently, aldefluor-reacted cells were stainedwith antibodies
and analyzed by flow cytometry. CD16/32 Fc Blocker (93, Cat.
No. 11302), CD3e-PerCp-Cy5.5 (145-2C11, Cat. No. 100328),
Thy1.2-PerCp-Cy5.5 (53-2.1, Cat. No. 140322), B220-PerCp-
Cy5.5 (RA3-6B2, Cat. No. 103236), NK1.1-PerCp-Cy5.5 (PK136,
Cat. No. 108728), MHC class II-eFluor 450 (M5/114.15.2,
Cat. No. 48-5321-82), CD11c-PE-Cy7 (N418, Cat. No. 25-
0114-82), CD103-PE (2E7, Cat. No. 12-1031-82), CD11b-
APC (M1/70, Cat. No. 17-0112-82), and CD8-BV650 (53-6.7,
Cat. No. 100742).

Fluorochrome-conjugated antibodies for single-cell staining
were purchased from BD Biosceineces, BioLegend, Thermo
Fisher Scientific and Tonbo Biosciences. For LP-DC phenotypic
analysis, cells were stained with antibodies and analyzed by flow
cytometry: CD16/32 Fc Blocker, CD3e-PerCp-Cy5.5, Thy1.2-
PerCp-Cy5.5, B220-PerCp-Cy5.5, NK1.1-PerCp-Cy5.5, CD11c-
PE-Cy7, MHC class II-APC-eFluor 780 (M5/114.15.2, Cat. No.
47-5321-82), CD103-BV510 (2E7, Cat. No. 121423) and CD11b-
FITC (M1/70, Cat. No.35-0112), Siglec-F-Alex Fluor 647 (E50-
2440, Cat. No. 562680), Ly6C-PB (HK1.4, Cat. No. 128014), and
CX3CR1-PE (SA011F11, Cat. No. 149006). For IECs and LP-SCs
analysis, cells were stained with CD45-PerCp-Cy5.5 (30-F11, Cat.
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No. 103132), EpCAM1-eFluor 450 (G8.8, Cat. No. 48-5791-82),
Pdpn-PE (8.1.1, Cat. No. 127408), and CD31-APC (390, Cat. No.
102410). For intracellular cytokine staining, cells were stimulated
with eBioscience cell stimulation cocktail plus protein transport
inhibitors (Thermo Fisher Scientific) for 4 h. Stimulated cells
were stained with antibodies for surface markers followed by
fixation and permeabilization with manufacturer’s instruction
(BD Biosciences). Intracellular staining with Foxp3, Tbet, and
GATA3 were performed by eBioscience Foxp3/Transcription
factor staining buffer set (Thermo Fisher Scientific): CD4-APC-
Cy7 (RM4-5, Cat. No. 25-0042), TCR-β-PE-Cy7 (H57-597, Cat.
No. 25-5961-82), CD44-eFluor 450 (IM7, Cat. No. 48-0441-
82), CD62L-FITC (MEL-14, Cat. No. 104406), Nrp-1-PE (3E12,
Cat. No. 145204), Foxp3-PE-Cy5.5 (FJK-16s, Cat. No. 35-5773-
82), GATA3-PE (TWAJ, Cat. No. 12-9966-42), Tbet-APC (4B10,
Cat. No. 644814). Dead cells were excluded by Ghost Dye
(Tonbo Biosciences) or Propidium iodide (PI, Sigma) staining.
Stained cells were analyzed by LSRFortessa or FACSCantoII
(BD Biosciences) and data were analyzed by FlowJo software
(Tree Star).

RNA Isolatio n and Real-Time PCR
CD11c+MHC-II+CD103+CD11b+ siLP-DCs were sorted with
a Moflo XDP (Beckman Coulter) and RNA was extracted using
TriZol (Invitrogen). IECs were obtained after stripping SI by
EDTA and RNA was extracted using RNeasy Mini kit (Qiagen)
or Hybrid-RTM (GeneAll). Complementary DNA was generated
using QuantiTect Reverse Transcription Kit (Qiagen) or Improm
II Reverse Transcriptase (Promega). Target messenger RNA was
quantified using SYBR green master mix (Applied Biosystems or
Takara) and gene specific primers in a duplex reaction with Hprt
(TaqMan gene expression assays, Thermo Fisher Scientific): Hprt
(Mm01545399_m1), (Aldh1a1 Mm00657317_m1), Aldh1a2
(Mm00501306_m1), Ido1 (Mm00492586_m1), and Tgfb1
(Mm01178820_m1). Data were analyzed on Applied Biosystems
ViiATM 7 Real-Time PCR system (Applied Biosystems) or Rotor-
Gene Q (Qiagen). Changes in gene expression were calculated
by the comparative CT method and fold changes were calculated
using 2−11Ct method.

In vitro Experiments
Common RPMI 1640 Medium (Gibco, 11875119) contains
11mM glucose, but RPMI 1640 Medium, no glucose (Gibco,
11879020) does not contain glucose. Retinoic acid (RA, Sigma)
and Glucose (Sigma) were treated to culture cells with a various
concentration. SiLP-DCs, MLN-DCs and SPL-DCs were purified
using anti-CD11c magnetic beads and MACS columns (Milteny
Biotec). Purified DCs and SI cell suspensions (2×105 per well in
a 96-well plate) were cultured in glucose-freemedia with different
concentration of glucose (0, 11, 22, and 44mM) in the presence
or absence of RA (1 nM). After overnight culture (20 h), cells
were analyzed for RALDH activity using ALDEFLUOR assay kit.
For in vitro Treg differentiation assay, DCs from siLP or MLN
were purified in the same way as above. Purified DCs (2 × 104

per well in a 96-well plate) were cultured in glucose-free media
with glucose (22mM) in the presence or absence of RA (1 nM)
for 14 h. Then, they were co-cultured with 2 × 105 naïve CD4+

T cells in the presence of 0.1µg/ml anti-CD3, 0.1 ng/ml TGFβ-
1 and 100U IL-2. Cultures were incubated for a total of 3 days
followed by FACS analysis.

Statistical Analyses
Mean and SEM values were calculated. Two-tailed unpaired
t-tests and one-way or two-way ANOVA with Turkey’s
multiple comparison test were performed, with GraphPad
Prism Software.
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The mechanism(s) underlying endotoxin tolerance in asthma remain elusive. As the
endotoxin lipopolysaccharide (LPS) affects the expression of the regulatory T-cell (Treg)-
suppressive glucocorticoid-induced tumor necrosis factor receptor ligand (GITRL) on
antigen-presenting dendritic cells (DCs), we hypothesized that LPS-induced changes
in DC GITRL expression may impact Treg-mediated T-helper (Th) cell suppression and
the induction of endotoxin tolerance. Here, we propose a novel mechanism by which
low-dose LPS inhalation in neonatal mice induces endotoxin tolerance, thereby offering
protection from later asthma development. Three-day old wild-type and Toll-like receptor
4 (TLR4)-deficient neonatal mice were exposed to low-dose LPS (1 µg) intranasally for
10 consecutive days prior to ovalbumin (OVA)-induced asthma to better understand
the tolerogenic mechanism(s) of low-dose LPS pre-exposure. In vivo findings were
validated using in vitro co-culturing studies of primary CD11c+ DCs and CD4+ T-cells
with or without low-dose LPS pre-exposure before OVA stimulation. Low-dose LPS
pre-exposure upregulated the Treg response and downregulated pathogenic Th2 and
Th17 responses through promoting apoptosis of Th2 and Th17 cells. Low-dose LPS
pre-exposure downregulated DC GITRL expression and T-cell GITR expression. Artificial
DC GITRL expression abrogated the tolerogenic Treg-skewing effect of low-dose LPS
pre-exposure. Low-dose LPS pre-exposure inhibited TRIF/IRF3/IFNβ signaling and
upregulated expression of tolerogenic TRIF/IRF3/IFNβ negative regulators in a TLR4-
dependent manner. This tolerogenic DC GITRL downregulation was attributable to
TRIF/IRF3/IFNβ signaling inhibition. Low-dose LPS pre-exposure produces tolerogenic
Treg skewing in neonatal asthmatic mice, a phenomenon attributable to TLR4-
dependent TRIF/IRF3/IFNβ-mediated DC GITRL downregulation.

Keywords: asthma, LPS, endotoxin tolerance, TLR4, GITRL

Abbreviations: AHR, airway hyperresponsiveness; APCs, antigen-presenting cells; DCs, dendritic cells; GITRL,
glucocorticoid-induced tumor necrosis factor receptor ligand; IFNβ, interferon-β; IRF3, interferon regulatory factor 3; LPS,
lipopolysaccharide; OVA, ovalbumin; TLR4, Toll-like receptor 4; Treg, regulatory T-cell; TRIF, TIR-domain-containing
adapter-inducing interferon-β.
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INTRODUCTION

Asthma is an allergen-derived immunologic disorder
characterized by airway hyperresponsiveness (AHR), chronic
airway inflammation, and enhanced allergen-specific IgE
production (1). Although the incidence of asthma has been
increasing globally (2), asthma medications are mainly anti-
symptomatic, and allergen-specific immunotherapy does
not show strong evidence of efficacy (3). Thus, blocking the
effects of the immune response in the critical period before
asthma formation has become an important issue for both
researchers and clinicians.

Notably, epidemiological studies have demonstrated that
children exposed to environments rich in the endotoxin
lipopolysaccharide (LPS) have a lower prevalence of asthma
and other allergic diseases, a phenomenon termed endotoxin
tolerance (4, 5). For instance, environmental endotoxin exposure,
such as from LPS present in dust from mattresses or kitchen
floors, has been shown to protect against asthma and atopy in
children residing in farming and non-farming households (4, 6).
On this basis, LPS may be a valuable tool in inducing endotoxin
tolerance prior to asthma development. However, a recent
study has demonstrated that differing levels of LPS exposure
can produce divergent immune responses in murine models
of asthma (7). Therefore, the precise mechanism(s) underlying
endotoxin tolerance remain unclear and require elucidation.

CD4+ T-cells, comprised mainly of T-helper (Th)1, Th2,
Th17, and regulatory T (Treg) cells, are critical cellular mediators
of asthma (8). Although an impaired Th1/Th2 balance in
favor of Th2 cells has been clearly established in asthma
patients (9), the role of Treg cells has also gained interest
among asthma researchers (10, 11). As Treg cells function in
opposition to T-helper cells, their main function in asthma is to
negatively regulate Th1, Th2, and Th17 cells to prevent Th-cell
hyperactivity (10, 11). Accordingly, targeted depletion of Treg
cells has been shown to aggravate a murine model of asthma
(12), while adoptive transfer of induced Treg cells produces
tolerogenic effects (13, 14). As early childhood exposure to LPS-
expressing microorganisms induces Treg cells and suppresses
aberrant Th2 immune responses (15), Treg-mediated Th cell
suppression may play a critical role in the induction of endotoxin
tolerance. However, the molecular mechanism(s) underlying this
tolerogenic phenomenon remain unclear.

Dendritic cells (DCs) are allergen-sensing, antigen-presenting
cells (APCs) that activate T-cells and direct their differentiation
toward Th1, Th2, Th17, or Treg lineages (15). One key
co-stimulatory molecule present on the surface of DCs—
glucocorticoid-induced tumor necrosis factor receptor ligand
(GITRL)—via binding to its corresponding T-cell ligand GITR
serves to inhibit Treg-mediated Th cell suppression and enhance
Th2 cell activity, thus augmenting AHR, serum IgE levels,
and Th2 cytokine release in a murine model of asthma (16).
As LPS has been shown to affect GITRL expression on DCs
(17), we hypothesized that LPS-induced changes in DC GITRL
expression may impact Treg-mediated Th cell suppression and
the induction of endotoxin tolerance. In this study, we propose a
novel mechanism by which low-dose LPS inhalation in neonatal

mice induces endotoxin tolerance, thereby offering protection
from later asthma development.

MATERIALS AND METHODS

The methods are fully detailed in the Supplementary Material.

RESULTS

Construction of Optimal LPS
Pre-exposure Model
To explore the effect of LPS pre-exposure during immune
maturation in early life, neonatal mice were pre-exposed to two
different doses of LPS (1 or 100 µg) at two different time points
after birth 3rd or 14th day of life (DOL) before the ovalbumin
(OVA)-induced asthma model was established (Supplementary
Figure 1). These various LPS pre-exposure protocols exhibited
different effects on asthma development. Notably, newborn
mice with the lower dose of LPS (3d1µgLPS/OVA) were
significantly protected from asthma with significantly reduced
AHR (p< 0.05, Supplementary Figure 2A), significantly reduced
peribronchial and perivascular inflammation in lung tissues
(p < 0.05, Supplementary Figure 2B), significantly reduced
serum OVA-specific IgE levels (p < 0.05, Supplementary
Figure 2C), and significantly reduced bronchoalveolar lavage
fluid (BALF) levels of pro-eosinophilic/neutrophilic cytokines
(p< 0.05, Supplementary Figure 3C). Thus, the 3d1µgLPS/OVA
model was chosen as the optimal LPS pre-exposure model for
subsequent experiments (Figure 1).

LPS Pre-exposure Promotes Treg
Skewing in vivo
Although the exact mechanism(s) underlying endotoxin
tolerance in asthma are still unclear, current evidence suggests
that T-cell distributions favoring Treg (CD4+CD25+Foxp3+)
or Th1 cells (which are induced by endotoxin exposure) over
pathogenic Th2 (CD4+IL-4+) and Th17 (CD4+IL-17+) cells, as
well as the suppression of DCs and barrier epithelial cells, may
play important roles in the development of endotoxin tolerance
(18). Therefore, using the aforementioned 3d1µgLPS/OVA
model, we assessed the changes of CD4+ T-cell profiles between
control, PBS/OVA, 3d1µgLPS/OVA, and 3d1µgLPS/PBS mice.
After asthma induction, the proportion of Treg cells and
Treg-associated Foxp3 mRNA expression significantly decreased,
whereas the proportions of Th2 cells (and Th2-associated GATA3
mRNA expression) as well as Th17 cells (and Th17-associated
ROR-γt mRNA expression) significantly increased in PBS/OVA
mice relative to the control group (p < 0.05, Supplementary
Figures 3A–B). Accordingly, asthma induction also significantly
decreased Treg-associated IL-10 and TGF-β production while
significantly increasing Th2-associated IL-4, IL-5, and IL-13
production and Th17-associated IL-17 production (p < 0.05,
Supplementary Figure 3C). Consistent with our hypothesis,
the 3d1µgLPS/OVA mice displayed significant reversal of
these asthma-induced effects, with significant increases in the
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FIGURE 1 | Experimental protocol for constructing murine model of asthma. Neonatal BALB/c mice received daily low-dose LPS (1 µg) or PBS (control) intranasally
(i.n.) from the 3rd DOL for a period of 10 consecutive days. Mice were then sensitized with 100 µg OVA plus 100 µl aluminum hydroxide (AlOH) or PBS (control) via
intraperitoneal (i.p.) injection on the 42nd DOL and 56th DOL, and then further exposed to a daily, 30-min 1% OVA aerosol or PBS aerosol (control) from the 63rd
DOL for a period of 10 consecutive days. Twenty-four hours after the last OVA challenge, the mice were sacrificed. n = 6–8 mice per group.

proportion of Treg cells (and their associated markers) and
significant decreases in the proportions of Th2 and Th17 cells
(and their associated markers) as compared to those of PBS/OVA
mice (p< 0.05, Supplementary Figures 3A–C). However, simple
exposure to 1 µg LPS without asthma induction (LPS/PBS) did
not significantly affect Foxp3, GATA3, or ROR-γt mRNA levels
nor IL-10, TGF-β, IL-4, IL-5, IL-13, or IL-17 levels (p > 0.05,
Supplementary Figures 3A–C) compared to those of Control
mice. These results demonstrate that pre-exposure with low-dose
LPS upregulates the Treg response and downregulates Th2 and
Th17 responses, thereby producing positive Treg skewing in
neonatal asthmatic mice.

LPS Pre-exposure Increases Apoptosis
of Th2 and Th17 Cells in vitro
Having shown that low-dose LPS pre-exposure produces Treg
skewing in vivo, we next examined the effects of low-dose LPS
pre-exposure on apoptosis levels of the CD4+ T-cell subsets
in vitro. We separated Treg, Th1, Th2, and Th17 cells by flow
cytometry and respectively analyzed cleaved caspase-3 expression
and apoptotic cell percentages in these subsets (Supplementary
Figure 4). Cleaved caspase-3 expression and apoptotic cell
percentages of Th2 and Th17 cells were significantly decreased
under PBS/OVA conditions as compared to control conditions
(p < 0.05, Supplementary Figures 4C,D). Notably, cleaved
caspase-3 expression and apoptotic cell percentages of Th2 and
Th17 cells increased significantly in LPS/OVA cells as compared
with PBS/OVA cells (p < 0.05, Supplementary Figures 4C,D).
However, no significant changes in cleaved caspase-3 expression
or apoptotic cell percentages were observed in Treg cells or Th1
cells (p > 0.05, Supplementary Figures 4A,B). These results
support our in vivo findings that pre-exposure with low-dose
LPS exposure produces Treg skewing, likely through promoting
apoptosis of pathogenic Th2 and Th17 cells.

LPS Pre-exposure Downregulates DC
GITRL and T-Cell GITR Expression in vivo
Stimulation of Treg-expressed GITR by DC-expressed GITRL
has been shown to abolish Treg suppression and increase the

proliferation of effector T-cells resistant to Treg suppressive
activity (16), and LPS has been shown to affect GITRL
expression on DCs (17). We hypothesized that the rebalancing
between Treg cells and effector T-cells observed after pre-
exposure with low-dose LPS in asthmatic mice may be due to
altered GITR and GITRL expression. Indeed, we found that
GITRL expression in lung-derived DCs from 3d1µgLPS/OVA
mice was significantly lower than that in PBS control mice
according to immunohistochemistry (p < 0.05, Figures 2A,B),
immunofluorescence (p < 0.05, Figures 2C,D), membrane-
fraction western blotting (p < 0.05, Figures 2E,F), and flow
cytometry (2.53 ± 0.46 vs. 6.82 ± 0.78 vs. 3.43 ± 0.74 vs.
2.55± 0.63, p < 0.05, Figure 2G).

We further studied GITR expression on Tregs as well as
Th1, Th2, and Th17 cells extracted from mice. Mirroring GITRL
expression on DCs, our results show that the levels of GITR on all
T-cell subtypes tested in 3d1µgLPS/OVA mice were significantly
lower than those in PBS/OVA mice (p < 0.05, Supplementary
Figure 5). These results show that DC GITRL expression and
T-cell GITR expression are downregulated in vivo by pre-
exposure with low-dose LPS in our murine model of asthma.

LPS Pre-exposure Downregulates DC
GITRL and T-Cell GITR Expression
in vitro
In order to validate our in vivo findings, we further confirmed the
effects of low-dose LPS pre-exposure on DC GITRL expression
and T-cell GITR expression using in vitro co-culturing studies.
Primary CD11c+CD11b+ DCs and CD4+ T-cells were extracted
and sorted for co-culture with or without low-dose LPS pre-
exposure (100 ng/ml) before OVA peptide stimulation (1 µg/ml).
Employing immunofluorescence, membrane-fraction Western
blotting, and flow cytometry, we demonstrated that GITRL
expression on PBS/OVA DCs was higher than control DCs
(p < 0.05, Figures 3A–C), and expression of GITRL significantly
decreased after pre-exposure with low-dose LPS (LPS/OVA)
(p < 0.05, Figures 3A–C). In parallel, the levels of GITR on
Treg, Th2, and Th17 cells in PBS/OVA mice were significantly
higher than matching cells from control mice, whereas the GITR

Frontiers in Immunology | www.frontiersin.org 3 September 2020 | Volume 11 | Article 2150515237

https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


fimmu-11-02150 September 20, 2020 Time: 12:1 # 4

Ding et al. LPS Induces Tolerance in Asthma

FIGURE 2 | Lung-derived dendritic cell GITRL expression downregulated in low-dose LPS-pre-exposed asthmatic mice relative to untreated asthmatic mice. (A,B)
Immunohistochemistry of GITRL in lung tissue sections. Left panel (200× magnification) scale bars = 50 µm, right panel (400× magnification) scale bars = 100 µm.
(C,D) Immunofluorescence of GITRL in lung tissue sections. Scale bars (200× magnification) = 50 µm. (E,F) Membrane-fraction immunoblotting of GITRL
expression in lung-derived CD11c+CD11b+ dendritic cells. (G) Flow cytometry of surface GITRL expression on lung-derived CD11c+CD11b+ dendritic cells.
n = 6–8 mice per group. Data are reported as means ± standard deviations (SDs). *p < 0.05 and ***p < 0.001 vs. Control group; ##p < 0.01 and ###p < 0.001 vs.
PBS/OVA group. Control, unexposed normal mice; PBS/OVA, asthmatic mice; 3d1µgLPS/OVA, low-dose (1 µg daily) LPS-exposed asthmatic mice with LPS
exposure at 3rd DOL; 3d1µgLPS/PBS, low-dose (1 µg daily) LPS-exposed normal mice with LPS exposure at 3rd DOL.
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FIGURE 3 | Co-culture of low-dose LPS-pre-exposed dendritic cells and T-cells prior to OVA stimulation downregulates dendritic cell GITRL expression. GITRL
expression on CD11c+CD11b+ dendritic cells were significantly downregulated in the low-dose LPS-exposed LPS/OVA cells (100 ng/ml LPS) as compared with
PBS/OVA cells. (A) Surface GITRL expression on primary dendritic cells by immunofluorescence. Scale bars (600× magnification) = 150 µm. (B) Membrane-fraction
immunoblotting of GITRL expression on primary dendritic cells. (C) Surface GITRL expression on primary dendritic cells by flow cytometry. Data are reported as
means ± standard deviations (SDs). **p < 0.01 vs. Control group; #p < 0.05 and ##p < 0.01 vs. PBS/OVA group. Control, unexposed normal mice; PBS/OVA,
asthmatic mice; LPS/OVA, low-dose LPS-exposed asthmatic mice; LPS/PBS, low-dose LPS-exposed normal mice.
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expression was significantly decreased after pre-exposure with
low-dose LPS (LPS/OVA) (Supplementary Figure 6, p < 0.05).
Notably, GITR expression on Th1 cells was not significantly
different between the experimental groups (Supplementary
Figure 6B, p > 0.05). These in vitro results confirm that DC
GITRL expression and T-cell GITR expression are downregulated
by pre-exposure to low-dose LPS.

Artificial Overexpression of DC GITRL
Abrogates the Tolerogenic Treg-Skewing
Effect of Low-Dose LPS Pre-exposure
To determine whether the effects of low-dose LPS pre-exposure
are GITRL-dependent, we next altered bone-marrow-derived DC
GITRL expression by transfection with either a GITRL siRNA
or a recombinant pEGFP-N1-GITRL overexpression plasmid and
then adoptively transferred these transfected DCs into mice.
To validate that the DCs successfully transferred and migrated
to the lung, we confirmed stable GITRL transcript knockdown
and overexpression in lung-derived DCs from GITRL-silenced
3d1µgLPS/OVA and GITRL-overexpressing 3d1µgLPS/OVA
mice, respectively (p < 0.05, Supplementary Figure 7).

glucocorticoid-induced tumor necrosis factor receptor ligand-
overexpressing 3d1µgLPS/OVA mice showed significantly higher
peribronchial and perivascular inflammation in lung tissues
(p < 0.05, Figure 4A), significantly higher levels of AHR
(p < 0.05, Figure 4B), significantly higher inflammation score
(p < 0.05, Figure 4C), significantly higher serum OVA-specific
IgE levels (p < 0.05, Figure 4D) and significantly higher BALF
levels of pro-eosinophilic/neutrophilic cytokines (p < 0.05,
Supplementary Figure 8C) as compared to 3d1µgLPS/OVA
mice. Moreover, GITRL-overexpressing 3d1µgLPS/OVA mice
displayed significant decreases in Treg levels and Treg-associated
Foxp3 mRNA expression accompanied by significant increases
in Th2 levels and Th2-associated GATA3 mRNA expression as
well as significant increases in Th17 levels and Th17-associated
ROR-γt mRNA expression as compared to 3d1µgLPS/OVA
mice (p < 0.05, Supplementary Figures 8A,B). Changes in
BALF cytokine levels paralleled the changes in T-cell subset
composition (p< 0.05, Supplementary Figure 8C). The opposite
effects were observed in GITRL-silenced 3d1µgLPS/OVA mice
(p < 0.05, Figures 4A–C and Supplementary Figures 8A–C).

In order to validate our in vivo findings, we further confirmed
the effects of altered GITRL expression using in vitro co-
culturing studies. Primary transfected CD11c+CD11b+ DCs
and CD4+ T-cells were co-cultured with or without low-dose
LPS pre-exposure before OVA stimulation. We first validated
stable GITRL transcript knockdown and overexpression in these
primary transfected DCs (p < 0.05, Supplementary Figure 9).
Similar to our in vivo findings, GITRL-overexpressing LPS/OVA
DCs produced significant decreases in Treg levels and Treg-
associated Foxp3 mRNA expression accompanied by significant
increases in Th2 levels and Th2-associated GATA3 mRNA
expression as well as significant increases in Th17 levels and
Th17-associated ROR-γt mRNA expression as compared to
LPS/OVA DCs (p < 0.05, Supplementary Figures 10A,B).
Changes in BALF cytokine levels paralleled the changes in T-cell

subset composition (p < 0.05, Supplementary Figure 10C). The
opposite effects were observed with GITRL-silenced LPS/OVA
DCs (p < 0.05, Supplementary Figures 10A–C). These
combined results demonstrate that the tolerogenic Treg-skewing
effect of low-dose LPS pre-exposure is abrogated by artificial DC
GITRL expression.

LPS Pre-exposure Downregulates DC
TRIF/IRF3/IFNβ Pathway Activation in a
TLR4-Dependent Manner
Having shown that the tolerogenic effects of low-dose LPS
pre-exposure are due to GITRL downregulation on DCs, we
next examined the molecular mechanism(s) underlying DC
GITRL downregulation following low-dose LPS pre-exposure.
LPS binds to Toll-like receptor 4 (TLR4) expressed on the
surface of APCs, and this LPS-TLR4 ligation regulates the
downstream TRIF/IRF3/IFNβ (TIR-domain-containing adapter-
inducing interferon-β/interferon regulatory factor 3/interferon-
β) pathway via multiple negative feedback loops (19, 20).
Given the fact that IFNβ stimulates GITRL expression (21), we
hypothesized that TLR4-dependent TRIF/IRF3/IFNβ signaling
inhibition is responsible for the GITRL downregulation observed
in low-dose LPS pre-exposed DCs.

To determine whether the effects of low-dose LPS pre-
exposure are TLR4-dependent, we next obtained TLR4-deficient
CD11c+CD11b+ DCs from the bone marrow of TLR4 knockout
(KO) mice. Then, either wild-type (WT) DCs or TLR4-KO DCs
were co-cultured with CD4+ T-cells with or without low-dose
LPS pre-exposure before OVA stimulation in order to determine
the downstream effects of TLR4. We first validated stable TLR4
expression and stable TLR4 knockdown in the WT and TLR4-
KO DCs, respectively, via immunoprecipitation with TRIF and
simple immunoblotting (p < 0.05, Figures 5A,B). PBS/OVA WT
DCs showed significantly higher activation of the downstream
TRIF/IRF3/IFNβ signaling cascade compared to control DCs
(p < 0.05, Figures 5B,C). Notably, TRIF/IRF3/IFNβ signaling
was significantly decreased in WT DCs after pre-exposure
with low-dose LPS (LPS/OVA) (p < 0.05, Figures 5B,C). In
contrast, this inhibitory effect of low-dose LPS pre-exposure
on TRIF/IRF3/IFNβ signaling was completely abrogated in
TLR4-KO DCs (p > 0.05, Figures 5B,C). These results
demonstrate that the inhibitory effect of low-dose LPS pre-
exposure on downstream TRIF/IRF3/IFNβ signaling in DCs
is TLR4-dependent.

In order to further investigate the mechanism(s) by which
low-dose LPS pre-exposure affects TRIF/IRF3/IFNβ signaling
in DCs, we next measured the expression of several TLR4-
associated negative regulators of TRIF/IRF3/IFNβ signaling,
including SARM (Sterile alpha and armadillo-motif containing
protein), PTPB1 (Polypyrimidine-tract binding protein), SIKE
(Suppressor of IKK epsilon), and SHP2 (Src homology region
2-containing protein tyrosine phosphatase 2) (22–24). PBS/OVA
WT DCs showed significant downregulation of SARM, PTPB1,
and SIKE compared to control DCs (p < 0.05, Figure 5D).
Notably, LPS/OVA WT DCs displayed significant upregulation
of these negative regulators compared to PBS/OVA WT DCs
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FIGURE 4 | Pulmonary effects of GITRL silencing or overexpression on low-dose LPS-pre-exposed asthmatic mice. (A) Representative images of lung tissue
sections stained with hematoxylin and eosin (H&E) 24 h after the final challenge. Left panel (200× magnification) scale bars = 50 µm, right panel (400×
magnification) scale bars = 100 µm. (B) Lung resistance (LR) values in reaction to increasing doses of methacholine were measured 24 h after the final challenge.
(C) Inflammation score in each group. (D) Serum OVA-specific IgE levels as measured by ELISA. n = 6–8 mice per group. Data are reported as means ± standard
deviations (SDs). *p < 0.05, **p < 0.01, and ***p < 0.001 vs. PBS/OVA group; #p < 0.05, ##p < 0.01, and ###p < 0.001 vs. 3d1µgLPS/OVA group. Control,
unexposed normal mice; Control + Vector, unexposed normal mice with empty vector; PBS/OVA, asthmatic mice; 3d1µgLPS/OVA, low-dose LPS-exposed
asthmatic mice; 3d1µgLPS/OVA + GITRL-siRNA, low dose LPS-exposed asthmatic mice with GITRL-siRNA DCs; 3d1µgLPS/OVA + GITRL-OE, low dose
LPS-exposed asthmatic mice with GITRL-overexpressing DCs.
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FIGURE 5 | Low-dose LPS pre-exposure downregulates TLR4-dependent TRIF/IRF3/IFNβ pathway activation in dendritic cells. TLR4-mediated TRIF/IRF3/IFNβ

pathway activation in CD11c+CD11b+ dendritic cells was significantly downregulated in the low-dose LPS-exposed LPS/OVA cells (100 ng/ml LPS) as compared
with PBS/OVA cells. (A) Whole-cell lysate immunoblotting of TLR4 and TBK1 following immunoprecipitation with anti-TRIF antibodies in primary dendritic cells.
(B) Whole-cell lysate immunoblotting of TLR4/TRIF/TBK1/IRF3 pathway proteins in primary dendritic cells. (C) Whole-cell lysate immunoblotting of IFNβ (left panels)
and supernatant levels of IFNβ as measured by ELISA (right panel) in primary dendritic cells. (D) Whole-cell lysate immunoblotting of four key negative regulators of
the TLR4/TRIF/TBK1/IRF3 pathway proteins in primary dendritic cells. Data are reported as means ± standard deviations (SDs). **p < 0.01 and ***p < 0.001 vs.
Control group; ###p < 0.001 vs. PBS/OVA group; ††p < 0.01 and †††p < 0.001 vs. WT.
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(p < 0.05, Figure 5D). In contrast, this upregulating effect
of low-dose LPS pre-exposure on SARM, PTPB1, and SIKE
expression was completely abrogated in TLR4-KO DCs (p> 0.05,
Figure 5D). These results suggest that the inhibitory effect of low-
dose LPS pre-exposure on TRIF/IRF3/IFNβ signaling in DCs may
be mediated by the negative regulators SARM, PTPB1, and SIKE
in a TLR4-dependent manner.

In order to further validate our findings, we took a deeper
look at IRF3. It is well-established that TBK1-phosphorylated
IRF3 dimerizes in the cytoplasm and translocates to the nucleus,
where it transactivates several potent genes, most notably IFNβ

(22). Here, we validated that PBS/OVA WT DCs displayed
significantly higher IRF3 dimerization, nuclear translocation, and
transactivation potential compared to control DCs (p < 0.05,
Supplementary Figures 11A–C). Notably, these effects were
significantly decreased in WT DCs after pre-exposure with low-
dose LPS (LPS/OVA) (p< 0.05, Supplementary Figures 11A–C).
In contrast, these inhibitory effects of low-dose LPS pre-exposure
on IRF3 activation were completely abrogated in TLR4-KO DCs
(p > 0.05, Supplementary Figures 11A–C).

IFNβ Exposure Rescues Dendritic Cell
GITRL Downregulation From Low-Dose
LPS Pre-exposure
Having demonstrated the inhibitory effects of low-dose
LPS pre-exposure on TRIF/IRF3/IFNβ signaling in DCs
and given the fact that IFNβ stimulates GITRL expression
(21), we surmised that exogenous IFNβ exposure should
rescue GITRL downregulation in low-dose LPS pre-exposed
DCs. In vitro, primary CD11c+CD11b+ DCs and CD4+
T-cells were co-cultured with or without low-dose LPS pre-
exposure in the presence of absence of IFNβ prior to OVA
stimulation. By both flow cytometry and membrane-fraction
immunoblotting, we found that IFNβ exposure completely
rescued GITRL downregulation in low-dose LPS pre-exposed
DCs (p < 0.05, Figures 6A,B).

In order to validate these findings in vivo, we employed the
aforedescribed 3d1µgLPS/OVA murine model (both with and
without IFNβ exposure during the LPS pre-exposure period)
and assessed the changes in DC GITRL expression between
control, PBS/OVA, 3d1µgLPS/OVA, and 3d1µgLPS/PBS mice.
Consistent with our in vitro results, we found that IFNβ exposure
completely rescued GITRL downregulation in 3d1µgLPS/OVA
DCs (p < 0.05, Figures 6C,D). These combined findings reveal
that the GITRL downregulation on DCs from low-dose LPS pre-
exposure is attributable to decreased TRIF/IRF3/IFNβ signaling.

DISCUSSION

In this study, we hypothesized that LPS-induced changes in
DC GITRL expression may impact Treg-mediated Th cell
suppression and the induction of endotoxin tolerance. We
found that low-dose LPS pre-exposure (1 µg) in neonatal
asthmatic mice produces Treg skewing via promoting apoptosis
of pathogenic Th2 and Th17 cells through downregulating
DC GITRL expression. We also demonstrated that this DC

GITRL downregulation is attributable to TLR4-dependent
TRIF/IRF3/IFNβ signaling inhibition. These combined findings
reveal that low-dose LPS pre-exposure produces tolerogenic
Treg skewing in neonatal asthmatic mice, a phenomenon
attributable to TLR4-dependent TRIF/IRF3/IFNβ-mediated DC
GITRL downregulation.

In humans, the majority of asthma cases debut before the age
of three with loss of lung function evident by 6 years of age (25).
During these early years, environmental LPS exposure appears
to play a critical role in either endotoxin tolerance or asthma
development (4–6). Moreover, differing levels of LPS exposure
can produce divergent immune responses in murine models of
asthma (7). In order to construct an optimal murine model
of endotoxin tolerance, here we applied various concentrations
of LPS at different time points during the neonatal immune
maturation period prior to OVA-induced asthma sensitization
and challenge. We observed that low-dose (1 µg) LPS inhalation
in 3-day old neonatal mice reduced AHR, peribronchial, and
perivascular inflammation in lung tissues, serum OVA-specific
IgE levels, and BALF levels of pro-eosinophilic/neutrophilic
cytokines. On this basis, low-dose LPS pre-exposure in neonates
appears to have a tolerogenic effect on later asthma development.
Moreover, our findings suggest that variations in the exposure
level and timing of environmental LPS exposure may explain the
discordant phenotypes following LPS exposure.

Although the exact mechanism(s) underlying endotoxin
tolerance in asthma remain unclear, current evidence suggests
that T-cell distributions favoring Treg or Th1 cells over
pathogenic Th2 and Th17 cells play important roles in the
development of endotoxin tolerance (18). This is because Th2
cells produce the type 2 cytokines IL-4, IL-5, and IL-13 that drive
eosinophilic inflammation and mucus production (26), while
Th17 cell-produced IL-17 induces pathogenic smooth muscle
contractions and structural alterations to the airway epithelium
(27). Here, from both in vivo and in vitro experimentation, we
found that low-dose LPS pre-exposure produces Treg skewing
by promoting apoptosis of pathogenic Th2 and Th17 cells. Our
findings are consistent with previous research demonstrating
that Treg and/or Th1 skewing confers tolerogenic effects against
asthma and other allergic disorders (28, 29).

The DC-expressed co-stimulatory molecule GITRL plays
an important role in inhibiting Treg-mediated suppression
of Th cells, thereby inhibiting tolerogenicity and eliciting
autoimmune disease (16). Here, from both in vivo and
in vitro experimentation, we found that low-dose LPS pre-
exposure produces Treg skewing by promoting apoptosis of
pathogenic Th2 and Th17 cells through downregulating DC
GITRL expression. To confirm that GITRL downregulation
was responsible for LPS’s tolerogenic effects, we silenced
and overexpressed GITRL in lung-derived murine DCs and
adoptively transferred these transfected DCs into mice. The
adoptive transfer of GITRL-overexpressing DCs abrogated the
tolerogenic effects of LPS pre-exposure as evidenced by increases
in AHR, peribronchial, and perivascular inflammation in lung
tissue, serum OVA-specific IgE levels, and BALF levels of pro-
eosinophilic/neutrophilic cytokines. In contrast, the adoptive
transfer of GITRL-silenced DCs produced the opposite effects.
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FIGURE 6 | IFNβ exposure rescues dendritic cell GITRL downregulation from low-dose LPS pre-exposure. (A) Surface GITRL expression on primary
CD11c+CD11b+ dendritic cells by flow cytometry. (B) Membrane-fraction immunoblotting of GITRL expression on primary CD11c+CD11b+ dendritic cells. (C) Flow
cytometry of surface GITRL expression on lung-derived CD11c+CD11b+ dendritic cells. (D) Membrane-fraction immunoblotting of GITRL expression in lung-derived
CD11c+CD11b+ dendritic cells. Data are reported as means ± standard deviations (SDs). **p < 0.01 and ***p < 0.001 vs. Control group; #p < 0.05, ##p < 0.01,
and ###p < 0.001 vs. PBS/OVA group. Control, unexposed normal mice; PBS/OVA, asthmatic mice; 3d1µgLPS/OVA, low-dose (1 µg daily) LPS-exposed asthmatic
mice with LPS exposure at 3rd DOL; 3d1µgLPS/PBS, low-dose (1 µg daily) LPS-exposed normal mice with LPS exposure at 3rd DOL.

We validated these findings in vitro via co-culturing primary
DCs with CD4+ T-cells. It is important to note that GITRL
overexpression in adoptively transferred DCs did not completely
inhibit Treg-mediated suppression of Th cells. This might reflect
the activity of APCs other than DCs.

We next examined the molecular mechanism(s) underlying
DC GITRL downregulation following low-dose LPS pre-
exposure. Interestingly, although LPS acts through the Toll-
like receptor TLR4 expressed on the surface of APCs, LPS
pre-exposure has divergent downstream effects depending on
the dosage of the initial LPS challenge (19, 20). While pre-
exposure to low or high doses of LPS can induce a transient
pro-inflammatory state followed by a refractory tolerant state
(endotoxin tolerance), pre-exposure to super-low doses of
LPS (picogram levels) produces a non-resolving inflammatory
adaptation, a phenomenon Morris et al. terms endotoxin
priming (19, 20). Current evidence suggests that the “switch”
between endotoxin tolerance vs. endotoxin priming results from
a complex competition between two TLR4-mediated signaling
pathways in APCs, namely the MyD88-dependent IRAK/MAPK
pathway and the MyD88-independent TRIF/IRF3 pathway (20).
Specifically, while the MyD88-dependent IRAK/MAPK pathway
induces pro-inflammatory NF-κB activation, it also activates
multiple tolerogenic negative feedback loops (20). In contrast,
the MyD88-independent TRIF/IRF3 pathway prevents endotoxin
tolerance by downregulating the expression of tolerogenic

negative regulators, such as SIKE and SARM (20, 22). Therefore,
there is a competitive dynamic balance between the MyD88-
dependent IRAK/MAPK pathway (favoring endotoxin tolerance)
vs. the MyD88-independent TRIF/IRF3 pathway (favoring
endotoxin priming) (20). Consistent with this molecular model,
here we demonstrated that low-dose LPS pre-exposure inhibited
TRIF/IRF3/IFNβ signaling and upregulated expression of the
tolerogenic negative regulators SARM, PTPB1, and SIKE.
Mechanistically, as SARM and PTPB1 interfere with TLR4-TRIF
binding and SIKE suppresses TBK1 activation, SARM, PTPB1,
and SIKE upregulation would synergistically act to inhibit
TRIF/IRF3/IFNβ signal transduction (22, 30). More importantly,
the observed tolerogenic DC GITRL downregulation is also
attributable to this inhibition in TRIF/IRF3/IFNβ signaling, as
IFNβ exposure completely abolished GITRL downregulation
both in vitro and in vivo.

In conclusion, low-dose LPS pre-exposure (1 µg) produces
tolerogenic Treg skewing in neonatal asthmatic mice, a
phenomenon attributable to TLR4-dependent TRIF/IRF3/IFNβ-
mediated DC GITRL downregulation. Our findings provide
important cellular and molecular insights into the criticality of
LPS exposure levels and timing in the development of endotoxin
tolerance, which help explain the discordant conclusions
regarding the effects of early environmental endotoxin exposure
on later allergic responses. Moreover, our findings may provide
guidance on the development of novel preventative approaches
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against asthma and other allergic disorders in young children via
targeting the GITRL/GITR axis.
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The development of novel approaches to control unwanted immune responses

represents an ambitious goal in the management of a number of clinical conditions,

including autoimmunity, autoinflammatory diseases, allergies and replacement therapies,

in which the T cell response to self or non-harmful antigens threatens the physiological

function of tissues and organs. Current treatments for these conditions rely on the

use of non-specific immunosuppressive agents and supportive therapies, which may

efficiently dampen inflammation and compensate for organ dysfunction, but they require

lifelong treatments not devoid of side effects. These limitations induced researchers

to undertake the development of definitive and specific solutions to these disorders:

the underlying principle of the novel approaches relies on the idea that empowering

the tolerogenic arm of the immune system would restore the immune homeostasis

and control the disease. Researchers effort resulted in the development of cell-free

strategies, including gene vaccination, protein-based approaches and nanoparticles, and

an increasing number of clinical trials tested the ability of adoptive transfer of regulatory

cells, including T and myeloid cells. Here we will provide an overview of the most

promising approaches currently under development, and we will discuss their potential

advantages and limitations. The field is teaching us that the success of these strategies

depends primarily on our ability to dampen antigen-specific responses without impairing

protective immunity, and to manipulate directly or indirectly the immunomodulatory

properties of antigen presenting cells, the ultimate in vivo mediators of tolerance.

Keywords: tolerance, dendritic cells, autoimmunity, cell therapy, immunomodulation, antigen-specific

INTRODUCTION

The identification of novel approaches designed to selectively control antigen(Ag)-specific effector
T (Teff) cell responses and promote or restore tolerance in T cell mediated diseases is an unsolved
issue in the management of autoimmune diseases in humans. On this line, a new version of
vaccination, also called “inverse vaccination,” aims at inducing or restoring an immunological state
of unresponsiveness, either toward foreign Ags (e.g., protein therapeutics, allergens, or transgenes)
or autoAgs (1). The overall goal of inverse vaccination strategies is to dampen the adverse response,
through deletion, inhibition or deviation of Ag-specific Teff cells, and to support the induction
and/or expansion of Ag-specific T regulatory cells (Tregs). Tregs are recognized as a cell population
responsible for induction and maintenance of immune tolerance. The best characterized subsets

616247

https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org/journals/immunology#editorial-board
https://www.frontiersin.org/journals/immunology#editorial-board
https://www.frontiersin.org/journals/immunology#editorial-board
https://www.frontiersin.org/journals/immunology#editorial-board
https://doi.org/10.3389/fimmu.2020.02194
http://crossmark.crossref.org/dialog/?doi=10.3389/fimmu.2020.02194&domain=pdf&date_stamp=2020-09-29
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles
https://creativecommons.org/licenses/by/4.0/
mailto:gregori.silvia@hsr.it
https://doi.org/10.3389/fimmu.2020.02194
https://www.frontiersin.org/articles/10.3389/fimmu.2020.02194/full


Passerini and Gregori Ag-Specific Approaches to Restore Tolerance

are the Forkhead box P3 expressing Tregs (FOXP3+ Tregs) (2)
and the IL-10-producing type 1 regulatory (Tr1) cells (3).

A number of different strategies have been proposed as

inverse vaccination: (i) cell-free based approaches, including
gene vaccination and protein or peptide delivery; (ii) vehicle
approaches, to deliver Ags bymeans of apoptotic cells, liposomes,
or nanoparticles; (iii) cell-based approaches, aimed at providing
specialized cells to reinforce the regulatory arm of the immune
system. This Review aims to provide an overview of the most
promising approaches currently under development and clinical

FIGURE 1 | Strategies to induce Ag-specific tolerance in T cell mediated diseases. Approaches under development include: inverse vaccination with autoantigen-

encoding DNA or viral vectors; in vivo administration of whole Ags, unmodified peptides or altered peptide ligads (APLs); autoantigen-loaded vehicles; transfer of

polyclonal or Ag-specific Tregs or of tolerogenic DC loaded with disease-relevant Ags.

testing (Figure 1 and Table 1) and their potential advantages
and limitations.

CELL FREE STRATEGIES

Inverse gene vaccination strategies aim at the induction of
tolerance to a relevant Ag by means of transient expression
of whole proteins or epitopes from DNA or RNA vectors in
the absence of pro-inflammatory stimuli. Once injected, the
coding sequence needs to enter the cytoplasm of the target
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TABLE 1 | Clinical trials using antigen-specific approaches.

Design Disease outcome Trial ID References

Plasmid DNA MBP, i.m. MS Adult Reduced IFNg-producing CD4+ T cells

Decrease of autoantibodies in CNS

NCT00103974 (4)

MBP, i.m. MS Adult No effects NCT00382629 (5)

hINS, i.m. T1D Adult Increased C-peptide

Decreased insulin-reactive CD8+ T cells

NCT00453375 (6)

hINS, i.m. T1D Children Ongoing NCT03794960 N.A.

hINS, i.m. T1D Adult Ongoing NCT03794973 N.A.

PPI + TGF-β1, IL-10, IL-2, s.c. T1D Adult Ongoing NCT04279613 N.A.

Proteins Ins, oral T1D Adult No clinical effects N.A. (7)

Ins, oral T1D Adult No clinical effects IMDIAB trial (8)

Ins, oral T1D Adult Increased C-peptide in patients >

age 20 years

N.A. (9)

Ins, oral FDR No delay or no T1D prevention NCT00004984 (10)

Ins, intranasal T1D Adult No T1D prevention

Evidence of insulin-specific tolerance

N.A. (11)

Ins, intranasal FDR children No T1D prevention NCT00223613 (12)

Ins, intranasal FDR Ongoing NCT00336674 N.A.

Ins, oral FDR No T1D prevention

Modulation of insulin-response

ISRCTN76104595

isrctn.org

(13)

Ins, oral FDR Ongoing NCT02580877 N.A.

Ins+ IFA i.m. T1D Adult No T1D prevention

Induction of insulin-specific Tregs

NCT00057499 (14)

Ins + MAS-1 i.m. T1D Adult ongoing NCT03624062 N.A.

GAD-alum s.c. Newly diagnosed T1D No clinical effects NCT00529399 (15)

GAD-alum s.c. Newly diagnosed T1D No clinical effects NCT00723411 (16)

GAD-alum s.c. LADA No clinical effects N.A. (17, 18)

GAD-alum + Vit D s.c. LADA Ongoing NCT04262479 N.A.

Myelin, oral RR-MS No clinical effects N.A. (19)

Myelin, oral RR-MS No clinical effects

Induction of myelin-specific

TGF-b1+ cells

N.A. (20)

Peptides PPI (C19-A3), intradermal Newly diagnosed T1D Maintenance of C-peptide over

6-months Increased IL-10-expressing

T cells

NCT01536431 (21, 22)

MBP8298, i.v. Secondary progressive

MS

No stable clinical benefit NCT00468611 (23, 24)

Multiple Islet Peptides, intradermal Newly diagnosed T1D Not published NCT02620332 N.A.

IMCY-0098, s.c. Newly diagnosed T1D Not published NCT03272269 N.A.

MBP-derived peptide cocktail

ATX-MS-1467, intradermal – s.c.

RR-MS Safety and tolerability

No clinical response

NCT01097668 (25)

MBP-derived peptide cocktail

ATX-MS-1467, intradermal

RR-MS Reduction in MRI lesions NCT01973491 (26)

MBP85-99, MOG35-55, and

PLP139-155, transdermal

RR-MS Reduction of clinical outcomes,

induction of Tregs

N.A. (27, 28)

HLA-DQ2.5-restricted gliadin

peptides, intradermal

CD-GFD, HLA-DQ2·5 Unresponsiveness of T cells after gluten

challenge

NCT02528799 (29, 30)

gliadin peptides, intradermal CD-GFD, HLA-DQ2·5 Ongoing NCT03644069 N.A.

APL (NBI-5788), s.c. MS Persistent Th2 immune deviation

Hypersensitivity

N.A. (31, 32)

APL (CGP77116), s.c. MS Th1 skewing

Disease exacerbation in some patients

NCT00001781 (33)

APL (NBI-6024), s.c. Newly diagnosed T1D No clinical effects NCT00873561 (34)

DR2:MBP84-102 (AG284), i.v. Progressive MS No clinical effects N.A. (35)

DR2:MOG35,55 (RTL100), i.v. MS Adult No clinical effects N.A. (36)

(Continued)

Frontiers in Immunology | www.frontiersin.org 3 September 2020 | Volume 11 | Article 2194636449

https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


Passerini and Gregori Ag-Specific Approaches to Restore Tolerance

TABLE 1 | Continued

Design Disease outcome Trial ID References

Peptide coupled

with cells

PBMC coupled with a pool of myelin

peptides, i.v.

RR-MS

Progressive MS

Decrease in antigen-specific T cells NCT01414634

ETIMS

(37)

RBC coupled with a pool of myelin

peptides, i.v.

RR-MS Decrease in myelin-specific T cells with

an increased Treg frequency

ETIMSRed (38)

Liposomes

Nanoparticles

PLGA-gliadin (TIMP-GLIA) i.v. CD Completed results unpublished NCT03486990 N.A.

PLGA-gliadin (TIMP-GLIA) i.v. CD-GFD Ongoing NCT03738475 N.A.

Treg-based

therapy

Expanded Treg, i.v. Newly diagnosed T1D

children

Short term preservation of C-peptide

No long-term effects

ISRCTN06128462

isrctn.org

(39, 40)

Expanded Treg, i.v. Newly diagnosed T1D Short term preservation of C-peptide NCT01210664 (41)

Expanded Treg, i.v. SLE Terminated due to participant

recruitment

NCT02428309 (42)

Expanded Treg, i.v. Newly diagnosed T1D Completed, unpublished NCT02691247 (42)

Expanded Treg, i.v. Autoimmune Hepatitis Ongoing NCT02704338 (42)

Expanded Treg, i.v. Pemphigus Vulgaris Ongoing NCT03239470 (42)

Expanded Treg, i.v. IBD Ongoing NCT03185000 (42)

Expanded Treg, i.v. Alzheimer Disease Ongoing NCT03865017 N.A.

Treg, intravitreous Bilateral Severe Uveitis Suspended NCT02494492 (42)

Cord-blood Treg, i.v. Guillain–Barré syndrome Ongoing NCT03773328 N.A.

Expanded Treg + IL-2, i.v. Newly diagnosed T1D Ongoing NCT02772679 N.A.

Expanded Treg + Liraglutide, i.v. Newly diagnosed T1D Ongoing NCT03011021 N.A.

Ova-specific Tr1 cell clones, i.v. Refractory Crohn’s Expansion of OVA-specific Treg

Limited clinical responses

CATS1/CATS29 (43)

DC-based

therapy

shRNA CD40, CD80 and CD86, i.p. T1D Safety and tolerability, no clinical

responses

NCT00445913 (44)

Citrullinated peptide loaded DC,

intradermal

RA Safety and tolerability, no clinical

responses

N.A. (45)

VitD3/dexa synovial fluid loaded DC,

intra-articular

RA Safety and tolerability, Knee symptoms

stabilized in two patients

NCT01352858 (46)

VitD3 myelin peptides loaded DC,

intradermal

MS Ongoing NCT02618902 N.A.

VitD3 myelin peptides loaded DC,

intranodal

MS Ongoing NCT02903537 (47, 48)

Peptides loaded TolDC i.v. MS neuromyelitis optica Ongoing NCT02283671 (47–49)

IFN-α/GM-CS/Dexa DC,

intra-articular

RA Ongoing NCT03337165 N.A.

MBP, Myelin Basic Protein; PPI, PrePro Insulin; hINS, Insulin; Ins, Insulin; GAD, glutamic acid decarboxylase; APL, Altered Peptide Ligand; PLGA, poly(lactic-co-glycolic acid; VitD3,

Vitamin Da; Dexa, dexamethasone; MS, Multiple Sclerosis; T1D, type 1 diabetes; FDR, first-degree-relative; LADA, latent autoimmune diabetes; RR-MS, relapse and remitting MS;

CD, Celiac Disease; CD-GFD, Celiac Disease in gluten-free-diet; SLE, Systemic Lupus Erythematosus; IBD, Inflammatory Bowel Disease; RA, Rheumatoid Arthritis; i.m., intramuscular

injection; s.c., subcutaneous; i.v., intravenous injection; i.p.,intraperitoneal injection; N.A., not applicable.

cells, and, in case of DNA vectors, translocate to the nucleus
for transcription, followed by translation in the cytoplasm and
presentation of the Ag in the context of HLA class I molecules.
The balance between an inflammatory immune response and
the induction of tolerance can be controlled by several factors,
including the route of administration, the target tissue, and the
vector design. For example, direct transfection or transduction
of professional antigen presenting cells (APCs) may result in
efficient presentation to Ag-specific CD8+ T cells (50) or, as
a consequence of cell death or tissue damage, the Ag may be
taken up by professional APCs, processed as exogenous Ags, and
presented to Ag-specific CD4+ T cells in the context of HLA
class II (51, 52). On the same line, the vector backbone itself
may contain immunostimulatory sequences, which could impact

on gene expression, intracellular localization of the product and
APCs activation via TLRs (53). Hence, the activation status of
APCs is pivotal for the final outcome of the response: protection
vs. tolerance. Two strategies for the delivery of the Ag-coding
sequences have been used in preclinical studies, plasmids and
viral vectors [reviewed in (42)].

Plasmid DNA
Intramuscular plasmid DNA vaccination has been the most
studied, likely due to the short persistence in the host, the
low immunogenicity, and the low costs of plasmid production.
This strategy was first tested in experimental autoimmune
encephalitis (EAE), the murine model of multiple sclerosis (MS):
immunization with plasmid encoding for an EAE epitope of
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myelin basic protein (MPB) prevented disease development, via
T helper (Th)2 cell skewing of the Ag-specific T cell response
(54). The initial preclinical studies led to clinical testing of this
strategy not only in MS (4, 5), but also in Type 1 Diabetes (T1D)
(6) (Table 1). A DNA vaccine (BHT-3009, Bayhill Therapeutics)
containing full-length sequence of the human MBP was tested
in two trials in MS patients (4, 5). In the first trial no severe
adverse events were reported. Results indicated a trend of lower
lesion activity, reduced IFNγ-producing CD4+ T cells up to
50 weeks after initiation, and a decrease of autoantibodies in
the cerebrospinal fluid (4). Nonetheless, in the second trial the
intervention did not result in any differences in the time to
first relapse, rate of relapses per year, disability progression,
and the treatment showed a deleterious effect at high vaccine
dose, likely due to a greater percentage of immunostimulatory
CpG motifs in the DNA plasmid (5). A similar approach was
tested in T1D with a bacterial plasmid encoding for pro-insulin
[BHT-3021, Bayhill Therapeutics; (6)]. No serious adverse events
were observed, and the treatment resulted in improvement of
endogenous insulin production, measured as 28% increase in C-
peptide, and decreased frequency of proinsulin-reactive CD8+

T cells (6). Despite encouraging results, insulin requirements
did not change substantially, and demonstration of efficacy is
still pending. The same product (under the name TOL-3021,
Tolerion Inc.) is going to be tested in two distinct phase II trials
in T1D children and adults (NCT03794960 and NCT03794973).
On the same line, DNA vaccines based on oral administration
of recombinant live attenuated bacteria expressing diabetes
autoAgs in combination with inhibitory cytokines, such as
transforming growth factor (TGF-β1) and IL-10 or with anti-
CD3 mAb have also been tested to prevent or revert the
onset of diabetes in non obese diabetic (NOD) mice, showing
induction of Tregs (both FOXP3-expressing and Tr1 cells) and
suppression of autoimmunity (55, 56). A phase I trial will test
the safety of subcutaneous injection of a plasmid co-encoding
for T1D Ag and adjuvant cytokines (NNC0361-0041: plasmid
encoding pre-proinsulin, TGF-β1, IL-10, and IL-2, Novo Nordisk
A/S, NCT04279613).

Overall, thus far the plasmid DNA delivery approach
showed the ability to skew the immune response, with no
evidence of stable tolerance induction. The combination with
immunomodulatory cytokines, which should sustain Ag-specific
Treg induction, is expected to boost the induction of active
tolerance. Results of ongoing clinical trials will shed light on the
valuability of this approach.

Viral Vectors
As alternative to plasmids, the use of viral vectors allows to
restrict expression of the autoAg to specific tissues and avoid
unwanted expression in activated APCs. In this context, the
liver is an ideal target, due to its intrinsic tolerogenic properties
[reviewed in (57)]. Two types of viral vectors have been
used to target gene expression specifically to hepatocytes: the
recombinant adeno associated vectors (AAV) and the lentiviral
vectors (LVs). Although widely used as vector systems for
liver directed in vivo gene therapy, few groups explored the
use of AAV to induce tolerance to autoAgs in autoimmune

diseases. Liver gene therapy with an AAV vector encoding for
the full sequence of myelin oligodendrocyte glycoprotein (MOG)
prevented development of and reversed preexisting EAE via the
induction/expansion of Ag-specific FoxP3+ Tregs (58). Earlier
studies of intramuscular injection inNODmice of AAV encoding
for glutamic acid decarboxylase (GAD) peptides prevented the
development of overt diabetes in NOD mice via skewing of
Teff cells to Th2 responses, but those studies were not further
developed and active tolerance was not demonstrated (59).

The use of LVs to induce Ag-specific tolerance upon liver
targeting was also investigated in NOD mice. Intraveneous
injection of LV encoding the insulin B chain (InsB) 9–23 epitope
led to specific expression of the autoAg in hepatocytes, thanks
to the use of tissue-specific promoter and concomitant de-
targeting of Ag expression in professional APCs bymiR142 target
sequences. This treatment prevented diabetes development by
induction of Ag-specific FoxP3+ Tregs. Although highly efficient
in prevention, the control of overt disease required a combination
therapy with anti-CD3 mAb, to block Teff cells from destroying
the target organ (60).

Gene vaccination strategies present several advantages in
terms of cost-efficient production and long shelf life for
plasmid-based vaccines and available (although expensive) large
scale and clinical grade protocols for LV production. However,
administration of the therapeutic products invariably leads to
deleterious activation of professional APCs and the innate
immune system (61) and may not be sufficient to counteract
the burden of expanded Teff cells with multiple Ag-specificity.
The future of these approaches points at combined therapies to
overcome these hurdles.

Protein Delivery Approaches
The direct administration of autoAgs in non-inflammatory
conditions to induce tolerance in T cell mediated diseases
has been widely investigated, especially in EAE and NOD
pre-clinical models (62, 63). The underlying idea is that repetitive
administration or exposure to large amounts of protein Ag, as
whole protein, native or altered peptide alone or combined to
carrier complexes, in the absence of pro-inflammatory adjuvants,
will favor the deletion or clonal anergy of autoreactive Teff
cells and the induction of Ag-specific Tregs, via uptake and
presentation of the Ag by endogenous tolerogenic APCs (62, 63).
In this context the route of administration is a key issue: the
positive results obtained in allergic diseases by oral, intranasal
and subcutaneous administration of allergens [reviewed in (64)]
led to parallel attempts in autoimmune diseases.

Due to the early recognition of insulin epitopes as antigenic
targets in NOD mice (65), insulin was the first Ag investigated
for the development of protein-based immunotherapy of T1D.
Initial promising results in murine models (66–68) led to
the clinical testing of oral (7–10) and intranasal insulin [(11,
12), and INITII, NCT00336674], as tolerizing protocols in
subjects at risk to develop the disease [(10, 13), NCT00336674
and TN20, NCT02580877] or in recent onset T1D patients
(7–9, 11) (Table 1). Although results of few trials are still
unpublished (NCT00336674; NCT02580877), thus far, none
of them resulted in preserved insulin secretion in T1D
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patients. Inverse vaccination with InsB has also been tested
as intramuscolar injection with Incomplete Freund’s Adjuvant
[IBS-VS01, (14)]: despite induction of InsB-specific Tregs,
C-peptide levels were unaltered by the treatment. A new
formulation of the vaccine in combination with MAS-1, an
emulsion-based adjuvant, known to promote Th2 responses
(69), is currently being tested in a Phase I study (MER3101,
NCT03624062). Several trials betted on GAD65 as key Ag
and on different routes: Dyamid, a GAD-Alum vaccine, was
administered subcutaneous in recent onset T1D (15, 16) and in
adults with latent autoimmune diabetes (LADA) (17) without
achievement of clinically desirable results (18). Combination
of Dyamid with vitamin D in LADA is currently being tested
in a Phase II trial (NCT04262479). Similarly, attempts of oral
tolerization with myelin Ags in MS, which date back to the early
90’s, showed modulation of Ag-specific immune response, but no
evidence of efficacy (19, 20).

Peptide Delivery Approaches
In parallel to whole protein-based approaches, administration
of peptides derived from disease-causing Ags was also tested
both in T1D and MS (Table 1). Intradermal administration of
a HLA-DR4-restricted native peptide derived from proinsulin
(C19-A3) allowed maintenance of C-peptide levels in new-
onset T1D over a 6-month treatment and resulted in increased
frequencies of IL-10-expressing T cells [MonoPepT1De, (21, 22)].
The HLA-DR2-restricted immunodominant synthetic peptide
MBP8298, containing the MBP immune-dominant epitope 85–
96, was extensively tested in patients with MS, without stable
clinical benefit (23, 24).

Overall these initial peptide-based approaches resulted in
modulation of Ag-specific immune responses, but poor clinically
relevant results, likely because autoimmune diseases are not
caused by single T cell clones, as a result of epitope spreading
(70). Given this phenomenon, recent studies have pointed at
mixture of peptides frommultiple autoAgs for the modulation of
autoimmune diseases: in the context of T1D the MultiPepT1De
(NCT02620332) and the IMCY-0098 trial (NCT03272269) have
been completed, although results are still unpublished. The
same approach was tested in MS: following promising results in
humanized mice (25), the MBP-derived peptide cocktail ATX-
MS-1467 (Aptiope (https://apitope.com/multiple-sclerosis/) was
tested for safety and efficacy in relapsing MS patients. Results
showed association of treatment with reduction in Magnetic
Resonance Imaging (MRI) lesions (26). Moreover, transdermal
application of a mixture of 3 myelin peptides showed significant
effect in reducing the MRI and clinical outcomes (27) via
the induction of Tregs (28). Similarly, NexVax2, composed of
three HLA-DQ2.5-restricted immunodominant gliadin peptides,
NPL001, NPL002, and NPL003, has been tested in a phase
I clinical trial in Celiac Disease (CD) patients. Despite some
gluten-related gastrointestinal side effects, the treatment was
safe and well tolerated (29, 30). In treated patients functional
unresponsiveness of T cells after gluten challenge was observed,
indicating induction of tolerance. Currently, a phase II quadruple
blind clinical trial (NCT03644069) is underway (71).

Modification of native peptides alters the way peptides interact
with TCR and, therefore, influences subsequent T cell activation
and T cell fate. Increasing knowledge of both MHC binding
registers and TCR interacting residues of peptides allowed the
development of altered peptide ligands (APL), with the aim
of favoring the expansion and/or induction of Tregs upon
peptide recognition [reviewed in (72, 73)]. Following studies in
murine disease models, showing that specific APLs were capable
of eliciting cytokine release and affecting T cell polarization
(74, 75), APLs were tested in vivo in autoimmune diseases.
Indeed, two altered peptides of MBP83-99 have already been
tested in MS. NBI-5788 (Neurocrine Biosciences Inc), in which
L-amino acids were changed to D-amino acids at positions
83, 84, 89, 91, was known to stimulate Th2-type responses
in MS patients’ PBMC (76). Clinical testing confirmed Th2
immune deviation in treated patients (31), but several patients
developed hypersensitivity and antibodies that cross-reacted
with native MBP83–99 peptide (32). The second MBP-derived
APL tested is CGP77116 (Ala D-amino acids at positions
83, 84, 89, 91). It caused a Th1 skewing of CD4+ T cells
cross-reacting with the native peptides, thus raising issues on
the APL design (33). On the same line, the use of an insulin
β-chain-derived APL (NBI-6024) did not improve or maintain
beta cell function in recent onset T1D patients (34). Despite
the promising results obtained in murine models and the
improvements in the development of algorithms for peptide-
HLA-binding prediction, thus far clinical trials using APLs were
unsuccessful. The design of APLs currently represents a major
caveat: the ability to predict the consequence of peptide binding
to HLA molecules on APCs or Ag-receptors on T and B cells
is still limited and it needs to be empirically determined for
each peptide.

Regardless of the type, origin, number of Ags or the route
of administration used, the outcome of the administration
of whole proteins or peptides is strictly dependent on the
activation status of the host’s APCs the Ag is binding to.
APCs in vivo exist in several different flavors (77), expressing
different ranges of activatory or inhibitory cell surface molecules
and soluble mediators, which play a critical role on the
outcome of the cognate T-APC interaction. Peptide-based
therapy showed immunological effects, including increased
frequency of Treg cells and of IL-10, suggesting modulation of
pathogenic responses. The beneficial effects, although observed
only short-term after treatment, are compatible with immune
tolerance, thus suggesting that endogenous APCs function
was modulated, likely indirectly by a bystander suppression
mechanism. We believe that to better sustain long term tolerance
protein or peptide based approaches could benefit from strategies
designed to keep APCs in check.

One of the strategies tested to address this limitation is the
injection of soluble peptide-MHC (pMHC) complexes to target
directly T cells. Vaccination with pMHC complexes is predicted
to induce tolerance either by deletion of naive and memory Teff
cells that recognize the self-peptide, or by induction of Tregs
(78). This strategy was applied in preclinical models of Myastenia
Gravis (79), in EAE (80–82) and in NOD mice (83) resulting in
reduction of T cell responsiveness. Phase I trials were performed
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in MS patients (35, 36), but further testing is necessary to assess
clinical efficacy.

The experience with administration of soluble Ags was further
developed using different types of vehicles designed to deliver
the Ag specifically to steady-state or tolerogenic APCs, as
outlined below.

VEHICLE APPROACHES TO DELIVER
ANTIGENS

A number of different approaches to deliver Ag specifically to
APCs in vivo have been investigated in pre-clinical studies and
some of them have been translated into clinical application.

Peptide Coupled to Cells
The first approach tested was the intravenous administration
of antigenic peptides cross-linked to peripheral blood or
splenic leukocytes using 1-ethyl-3-(3-dimethylaminopropyl)
carbodiimide (ECDI), which promotes Ag coupling and induces
cell apoptosis (Ag-SP) (84). Once injected in vivo, apoptotic Ag-
SP are taken up by APCs and trigger the production and secretion
of IL-10 and TGF-β and the up-regulation of PD-L1, leading
to T cell anergy and apoptosis of pathogenic T cells and Treg
induction (84). The efficacy of Ag-SP has been demonstrated in
pre-clinical models, including EAE and NOD mice [reviewed
in (84)]. The translation to the clinic of this approach was the
administration of autologous peripheral blood cells coupled with
seven MS-related peptides to MS patients in a Phase I-II clinical
trial (ETIMS) (Table 1). Results demonstrated the feasibility,
safety and tolerability of the treatment, and a decrease in Ag-
specific T cell responses (37).

An alternative approach to deliver Ags to APCs in
a tolerogenic manner is the administration of Ag-loaded
erythrocytes, thus exploiting the natural tolerization mechanisms
of dying red blood cells (85). To facilitate the binding of peptide
Ags to erythrocytes, peptides were designed to contain the 12aa
sequence ERY1 that binds to glycophorin A or sortase A on
erythrocytes. Testing in EAE, in NOD and in transgenic mice
demonstrated the deletion of Ag-specific T cells in vivo (86–
88). Using this approach a phase Ib trial (ETIMSRed) has been
completed; mechanistic studies demonstrated a reduction in
myelin-specific T cell responses with an increased frequency
of Tr1 and nTreg cells, thus pointing toward active induction
of immune tolerance (38). Possible clinical translation of
the erythrocyte binding technology is currently pursued by
Anokion (www.anokion.com).

Liposomes and Nanoparticle
As an alternative, to mimic the features of apoptotic cells,
liposomes containing phosphatidylserine have been developed
and loaded with antigenic peptides. Injection of liposomes
loaded with MS-related peptides reduced symptoms in the
EAE model (89). Instead, phosphatidycholine liposomes loaded
with Ag and NF-kB inhibitors reduced disease severity in a
mouse model of arthritis (90). Poly-(lactic-co-glycolic acid)
(PLGA) microspheres carrying anti-sense oligonucleotides for
the costimulatory molecules CD40, CD80, and CD86 delivered

to NOD mice prevented T1D development (91, 92). Notably, the
Authors showed that the Ag was not required to elicit Ag-specific
Tregs, since, uponmicrosphere administration, DCmigrate from
the site of injection to the pancreatic lymph nodes, where auto-
Ags are captured and presented to T cells, thus leading to Ag-
specific Treg induction (91). This approach is under development
for the treatment of T1D (DiaVac. Inc, https://www.angelmd.co/
en/startups/diavacsinc).

The discovery that polymeric biodegradable nanoparticles
(NPs) could efficiently deliver molecules in vivo, prompted
investigators to develop NPs suitable for tolerance induction.
PLGA-NPs can encapsulate immune-modulatory agents, such
as rapamycin, alone or in combination with peptide Ags.
Once injected in vivo these NPs target DC, thus allowing
Ag-presentation in a tolerogenic manner (93). Pre-clinical
studies showed that in vivo delivery of PLGA-NPs containing
MS-related peptide Ags prevents and treats EAE by up-
regulating PD-L1 on APCs and inhibiting the production of
pro-inflammatory cytokines by Ag-specific pathogenic T cells
(93). PLGA particles encapsulating gliadin (TIMP-GLIA) were
developed for application as a therapy for CD and tested in a
Phase I clinical trial (NCT03486990). The results of this trial
are yet to be published, and the Phase II trial is currently
underway (NCT03738475).

The tolerogenic effects of NPs depend on size, which
dictates their trafficking and biodistribution: (i) particles smaller
than 6 nm drain to the blood; (ii) particles larger than 9 nm
preferentially drain to lymphatics; (iii) particles in the range
of 20–100 nm accumulate in liver sinusoidal endothelial cells
(LSECs) or macrophages; (iv) particles from 100 to 200 nm can
traffic to the spleen and liver; (v) particles from 200 nm to 5µm
accumulate in the spleen. Moreover, NPs biodistribution is also
affected by the route of administration: intravenous injection
targets APCs in the spleen and liver, whereas upon subcutaneous
injection NPs are taken up by DC that accumulate in draining
lymph nodes (94). The ability of LSECs to promote induction
of FoxP3+ Tregs, prompted the development of NPs to deliver
Ags to LSECs for autoimmune disease treatment (95). NP-based
autoAg delivery to LSECs prevented the onset of clinical EAE
and, in therapeutic settings, mice with already established EAE
improved rapidly (95).

More recently, a further evolution on the NP approach to
deliver Ag and promote tolerance was described by Santamaria
et al. (96, 97). This approach consists on coating NPs with
MHC class I or MHC class II molecules coupled with
antigenic peptides (pMHC-coated NPs) (98). In pre-clinical
models, the administration of pMHC-coated NPs promoted
the differentiation of Ag-specific Tr1 cells and the conversion
of Ag-specific Th1 cells into Tr1 cells, following massive
expansion. Expanded Tr1 cells were activated by autologous
APCs presenting the cognate Ag and induced bystander
IL-10-mediated suppression (98). These pMHC-coated NPs
(NavacimsTM) have been validated in different pre-clinical
models of autoimmunity (96, 97) and are currently under
clinical development.

The application of nanotechnology to advance treatment of
autoimmunity is likely to undergo major development in coming
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years. Nanotechnology will create new materials for NP-related
products. However, NPs are highly reactive, leading to their
potentially harmful interaction with biological systems and the
environment, thereby increasing the risk of toxicity. Detection
of adverse effects is complex, since they depend on the route of
administration, doses and size of NPs. NPs accumulate in the
reticuloendothelial system and their long-term effects are not yet
fully elucidated. Moreover, the small size of nanomaterial allows
their penetrance into deeper areas of biological systems that are
usually inaccessible to larger particles. Thus, due to the different
properties of NPs, their application for therapeutic purposes,
especially the long-term effect on the immune system, requires
further attention and research (99, 100).

CELL-BASED APPROACHES

Cell-based therapies are clinically attractive for promoting or
restoring tolerance in T cell mediated diseases as they can
theroretically control several inflammatory cells, including T
and B lymphocytes, NK cells and APCs, leading to the control
of unwanted immune responses. Therapies based on adoptive
transfer of regulatory cells (T, macrophages, and DC) entered the
clinical trial arena in the last years with the goal to investigate
the safety and feasibility of the approach, and several studies are
still ongoing.

Treg-Based Therapies
The increasing knowledge on the biology of Tregs, on their
mode of action and their ability to control autoimmune responses
when adoptively transferred in vivo in pre-clinical models of
autoimmunity allowed the growth of a number of clinical
trials to investigate the safety and feasibility of the approach
(42, 101). The literature on Treg cell therapy is extensive and
will not be reviewed here in depth. Tregs were first used
in clinical trials to treat patients with graft vs. host disease
(GvHD) after hematopoietic stem cell transplantation (HSCT).
Results demonstrated that Tregs are safe, with some concern
about the occurrence of mild to moderate infections (101).
Treg therapy is currently applied to reduce dependency on
immunosuppressive drugs in patients after organ transplantation
(101, 102). In the context of autoimmune diseases both FOXP3+

Tregs and Tr1 cells have been tested in clinical trials (Table 1).
The infusion of ex-vivo expanded polyclonal FOXP3+ Tregs
in patients with recently diagnosed T1D showed improved
beta-cell function and reduced exogenous insulin requirement
only short-term (39–41). The limited efficacy of Treg-based
immunotherapy in T1D may depend on the limited number of
residual functional beta-cells at time of treatment, the inadequate
availability of IL-2 in vivo (40), or, more importantly, on the
lack of antigen-specificity of the infused Tregs. A number of
clinical trials with expanded autologous Tregs are ongoing, have
been closed, or have been completed but results have not been
published yet [NCT02428309; NCT02494492; NCT02691247;
NCT02704338; NCT03239470; NCT03185000; NCT03773328;
NCT03865017; (42)]. Pre-clinical studies indeed showed that Ag-
specificity may offer an advantage for Treg function compared
to polyclonal Tregs (103). The first experience with Ag-specific
Tregs was in Crohn’s disease: ovalbumin-specific Tr1 cells

(Ovasave R©) expanded in vitro were infused in patients, who
ingested ovalbumin to allow Treg activation and inhibitory
function in the gut, with no side effects, but limited clinical
effects (43). Beside the use of T cell clones, several other
approaches have been investigated and applied to generate Ag-
specific Tregs. The most advanced strategies were applied to
the transplantation area: alloAg-specific Tregs can be generated
using tolerogenic DC (104–106) or by engineering Tregs with
a chimeric antigen receptor (CAR) recognizing HLA-A2 (107,
108). These approaches are currently under clinical investigation
(NCT03198234; TX200, www.sangamo.com). Translation of the
latter strategy to autoimmune settings is more challenging
because (i) the Ags inducing the disease are often unknown; (ii)
Tregs and pathogenic T cells are driven by different epitopes; and
(iii) while disease progresses, epitope spreading occurs.

Results of the pioneer trials of adoptive Treg cell therapies
in transplantation and T1D taught the field that transfer of
Tregs alone may not be sufficient to control immune responses
in the long-term, thus combined therapies with growth factors
or repetitive Treg injections are currently under investigation.
Based on the evidence that low doses of IL-2 can increase the
endogenous pool of Tregs (109), the combination of a single
infusion of autologous ex-vivo expanded polyclonal Tregs with
IL-2 or with Liraglutide in patients with T1D is currently under
clinical testing (NCT02772679 and NCT03011021).

Overall, Treg-based clinical trials demonstrated the safety
and feasibility of the approach with some clinical benefit.
However, several open issues remain to be solved specifically
in the application of polyclonal ex-vivo expanded Tregs: (i)
their potential to mediate pan immunosuppression in vivo,
due to the phenomenon of bystander immune suppression; (ii)
their intrinsic instability when exposed to strong inflammatory
conditions in vivo, thereby the risk of pathogenic conversion and
exacerbation of the disease; (iii) the overall impact of long-lasting
Tregs on infections and malignancies (110).

DC-Based Approaches
It is now widely accepted that DC, either naturally arising or
experimentally induced, play a critical role in the maintenance
of tissue homeostasis and in promoting tolerance [reviewed
in (111–113)], thus acting as regulatory cells. DC can acquire
regulatory capacity upon treatment with immunosuppressive
mediators, genetic manipulation or signals from other immune
cells (114). DC with regulatory properties are generally indicated
as tolerogenic DC (tolDC): they present Ags and prime
Ag-specific T cells, while down-regulating the expression of
costimulatory molecules and pro-inflammatory cytokines, and
up-regulating the expression of inhibitory and/or modulatory
receptors and anti-inflammatory cytokines. As a result, priming
or activation of T cells by tolDC leads to induction of Ag-specific
Tregs (114). On the other hand, DC sense environmental signals,
which can impact their maturation and activation status and can
modulate their microenvironment by release of soluble factors,
thus indirectly impacting the outcome of Ag recognition by
T cells.

A better understanding of the biology of tolDC and the
development of protocols for the generation of tolDC in vitro,
opened the possibility to translate their use as immunotherapy
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FIGURE 2 | Mechanism of DC-mediated tolerance. Tolerogenic (Tol)DC promote deletion or modulate Teff cells via Fas/FasL interaction [1], starvation of Teff cells via

IDO production that degrades tryptophan (L-Trp) into kynurenine (Kyn) [2]. IDO is induced by the interaction between CD80/CD86 on tolDC and CTLA-4 on regulatory

T cell (FOXP3 Treg), which concur to the suppression of Teff cells [3]. The interaction of inhibitory molecules on tolDC and Teff cells in the presence of IL-10 secretion

promotes T cell anergy [4]. TolDC favor the activation and expansion of pre-existing Tregs [5] of de novo induction of FOXP3 Treg of Tr1 cells [6]. Finally, surface

expression of inhibitory molecules and secretion of regulatory mediators promote the conversion of resident APCs into tolerogenic APCs, which sustain tolerance [7].

Teff, effector T cells; CTLA-4, cytotoxic T-lymphocyte antigen-4; IDO, indoleamine 2,3-dioxygenase; L-Trp, L-tryptophan, Kyn, kynurenins; Fas, first apoptosis signal;

FasL, Fas ligand.

in clinical trials for immune-mediated diseases (115, 116). These
therapies are not simple alternatives to Treg-based therapies,
but they are complementary. Ex-vivo generated tolDC have the
potential to induce, enhance, or restore Ag-specific tolerance
in vivo since, once loaded with Ags, they act in an Ag-specific
manner. TolDC can regulate pathogenic T cell responses via
several mechanisms, including T cell deletion or inhibition,
induction of T cell anergy, de novo Treg generation or expansion
of pre-existing Tregs, and modulation of APCs (Figure 2).
TolDC can delete Teff cells by inducing T cell apoptosis
via Fas/FasL pathway. Furthermore, tolDC can inhibit Teff
cell function either directly, via production of the enzyme
indoleamine 2,3-dioxygenase (IDO), which degrades the amino
acid tryptophan (L-Trp) causing starvation of pathogenic T
cells (117), or indirectly, by activating pre-existing Tregs via
interaction between CD80/CD86 and CTLA-4 to exert their
suppressive function. TolDC can also promote the induction of T
cell anergy into Teff cells via the secretion of anti-inflammatory

cytokines, such as IL-10, or signals via inhibitory molecules, such
as HLA-G and ILT3/4 (104, 118). Moreover, tolDC promote
the expansion of pre-existing Tregs and de novo induction of
both Tr1 cells and FOXP3+ Tregs, via the secretion of IL-
10, TGF-β and active kynurenines, products of IDO-mediated
L-Trp degradation (119). Finally, tolDC, via the expression
and secretion of regulatory molecules, can also modulate
APCs, rendering them pro-tolerogenic (e.g., modulation of
resident macrophages into an M2 phenotype, or dampening the
maturation of resident DC), a process that generates a self-
sustaining tolerogenic microenvironment, which can promote
long-term tolerance. Beside exerting their effect on immune
cells, tolDC secrete several factors (e.g. pro-angiogenic cytokines)
which promote tissue repairing and regeneration (Figure 2).
Altogether, these properties rendered tolDC the cells of choice
to restore tolerance in autoimmune diseases.

Pioneer clinical trials with adoptive transfer of tolDC
demonstrated the safety, feasibility and efficacy of the
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treatment and some clinical benefits [reviewed in (115)]
(Table 1). Several tolerogenic approaches have been
used in the past. In the first-in-man study, autologous
tolDC treated with antisense oligonucleotides targeting
CD40, CD80 and CD86 to maintain their immature
state were infused in T1D patients [NCT00445913,
(44)]. The group of Thomas treated DC with a
nuclear factor-kB (NF-kB) inhibitor and pulsed them
with citrullinated peptide Ags before injection into
RA patients (45). More recently DC differentiated
with vitamin D3 and dexamethasone alone or in
combination have been or are currently used to treat
RA, Crohn’s disease, and MS patients [NCT01352858-
AutoDECRA (46); NCT02618902-MS-tolDC; NCT02283671-
TolDecEM/NMO (47–49); NCT02903537-Tolervit-MS (48, 49);
NCT03337165-TolDCfoRA; (120)].

Despite these encouraging results, phase II/III clinical trials
are needed to address several open issues and to allow
comparison to current available treatments. Indeed, a number
of open questions remain before tolDC-based therapies can be
routinely used to treat or cure autoimmune diseases (101, 116).
A variety of routes for tolDC administration have been tested
in the past, including intradermal, intraperitoneal, intravenous
and intra-articular (121). These administration routes are indeed
required to allow tolDC to reach the relevant draining lymph
nodes or the disease-specific site of inflammation. However,
if direct administration to the relevant tissue is challenging,
such as in the case of T1D, intraperitoneal administration has
been preferred.

As for any Ag-specific approach for tolerance induction,
an additional major hurdle in developing an effective tolDC-
based therapy is the selection of the Ag critical for a given
disease. As in the case of peptide-based approaches, the use of
broad spectrum disease-related peptides has been postulated to
overcome this limitation [reviewed in (101)]. Interestingly, in
the context of T1D the identification of neoepitopes opened
new perspectives in the field. The peptides characterized by
improved MHC binding register, such as the insulin peptide
InsB9−23 with combined substitutions in positions 14, 21, and
22 (122), those generated by fusion of peptides, such as the
Hybrid Insulin Peptides (HIPs) (123), or by aberrant translation,
such as INS-DriP peptide (124), have been shown to trigger
strong specific T cell responses. These highly immunogenic
peptides presented by tolDC are promising tools for the
reprogramming of pathogenic T cells and induction of tolerance
in T1D.

Besides the critical issues discussed above some additional
considerations should be taken into account when designing
tolDC-based therapies: (i) the necessity of multiple cell
infusions to allow the induction of the self-sustained
mechanisms described above will invariably lead to high
manufacturing costs; (ii) the generation of autologous
tolDC implies the use of patient-derived monocytes, which
may not be as functional as those isolated from healthy
subjects (105); (iii) the stability of the cell product to be
infused must be evaluated for limiting in vivo side effects or
disease exacerbation.

CONCLUSIVE REMARKS

In recent years the development of in vivo and ex-vivo Ag-
specific approaches to modulate detrimental immune responses
has made striking progress. Results obtained in Phase I/II
demonstrated the safety and tolerability of the approaches with,
thus far, limited clinical responses. Phase II/III clinical trials
will help in defining whether the strategies outlined here will
reach the goal of completely reversing the course of T cell
mediated diseases.

Overall, results obtained thus far highlighted common
requirements for achieving the desired effectiveness of the Ag-
specific based therapy, either peptide or protein delivery, or the
vehicle strategies to delivery Ags or the regulatory cell-based
approaches: the repetitive administrations and the use of multiple
Ags to effectively activate the tolerogenic branch of the immune
response and to tackle the epitope spreading, respectively.
Moreover, the selection of the most suitable epitope/s to be
used might be challenging, because different patients may
display preferential response to specific Ags. This issue opens
the need for the identification of peptide Ags that can be
used across different HLA-type patients [e.g., (21, 22)] or for
deeper characterization of patients’ reactivity before enrollment
in trials.

The field is rapidly evolving, and the upcoming clinical trials
will confirm the safety and feasibility and will shed light on the
efficacy of Ag-specific approaches. Several issues remain to be
clarified for each of the approaches in the pipeline. Regardless
of the tolerogenic approach used, one of the open questions
in the field of tolerance induction is the definition of common
parameters to monitor the response to treatment, and to allow
comparison of different approaches. In the context of cell-
based tolerance-inducing therapies an initiative of the European
scientific community brought together the leader scientists in
the field of cell-based therapies and autoimmune diseases under
the umbrella of the European Cooperation in Science and
Technology (COST). The main objective of A-FACTT Action
was to coordinate efforts to minimize overlap and maximize
comparison of the diverse cell-based approaches through
establishment of consensus monitoring parameters (https://
www.cost.eu/actions/BM1305/#tabs|Name:overview). More of
such initiatives could help the field to address this relevant point.
On the same line, the definition of “tolerogenic treatment” should
be unambiguouosly referred to therapies inducing long-term
active tolerance. Indeed, several treatments have been shown
to modulate immune responses in the short term, but fail in
controlling disease signs long-term. Tolerogenic therapies should
promote long-lasting effects, and this can be achieved by different
mode of action, including the conversion of pathogenic Teff
cells into Tregs, or the de novo induction of Tregs. As discussed
above, we believe that modulated DC, or APCs, represent the
population of cells able to prevent activation of pathogenic Teff
cells, to promote de novo induction of Tregs, and to re-educate
Teff cells to become Tregs, thus maintaining tolerance long-term.
To achieve these long lasting effects possible repetitive injection
of the tolerogenic treatment might be required. Based on the
central role of APCs in determining the outcome of Ag-specific
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T cell activation, inverse vaccination strategies are unlikely to
be successful, unless the underlying mechanism allows boosting
of the immunomodulatory properties of DC or, more generally,
of APCs.
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Chemokine receptor CCR9 is a G protein–coupled receptor and expressed on several
types of immune cells, including dendritic cells (DCs), CD4+ T cells, and B cells. CCR9
drives the migration of immune cells to gradients of its cognate ligand CCL25. The
chemokine CCL25 is mostly produced by gut and thymic epithelial cells. Gut- and thymic-
homing DCs are known to express CCR9, and these cells are predominantly localized in
the gut lining and thymus. CCR9+ DCs are implicated in regulating inflammation, food
allergy, alloimmunity, and autoimmunity. Differential interaction of CCR9+ DCs with
lymphoid and myeloid cells in the thymus, secondary lymphoid tissues, and mucosal
sites offer crucial insights to immune regulation. In this review, we examine the
phenotypes, distributions, and interactions of CCR9+ DCs with other immune cells,
elucidating their functions and role in inflammation and autoimmunity.

Keywords: C-C chemokine receptor type 9 (CCR9), Foxp3+ Regulatory T cells, CCL25, dendritic cell (DC),
mucosal tolerance
INTRODUCTION

Chemokine receptor CCR9 has important homeostatic and regulatory functions and drives the
migration of immune cells to the gradient of CCL25 (also known as thymus-expressed chemokine,
TECK). Expression of CCR9 is reported on the majority of gut-homing CD4+ and CD8+ T cells,
gamma-delta T cells, plasmacytoid dendritic cells (pDCs), IgA plasmablast, IgA plasma cells, and
intraepithelial lymphocytes (IELs) (1–3). Thymic and intestinal epithelial cells constitutively express
CCL25 in mice and humans (4), and it is overexpressed in the intestine during gut inflammation
and autoimmunity (1, 5–9). Due to the upregulation of CCL25 and recruitment of CCR9+ immune
cells in the gut of inflammatory bowel disease (IBD) patients, CCR9 is considered as a potential
therapeutic target to control gut inflammation (1, 10, 11). However, Ccr9-/- or Ccl25-/- mice show
increased severity of dextran sodium sulfate (DSS)-induced colitis (12). Ccr9-/- mice have very low
capacity to induce immune tolerance to oral antigens (5). In parallel, clinical trials with CCR9
antagonist CCX282-B have been disappointing and display dose-dependent adverse reactions in
Crohn’s disease (10, 11, 13). Further, it is shown that CCR9 expression in CD4+ T cells in gut
inflammation has a dispensable function (14).

On the other hand, DCs play an important role in maintaining gut homeostasis and
inflammation in mice and humans. DCs in mouse lymphoid organs can be broadly classified
into two groups: conventional DCs (cDC; B220-CD11chi) and pDCs (B220+CD11cint). Using flow
cytometry and CyTOF, multidimensional analysis of DCs in the different tissues in humans and
org October 2020 | Volume 11 | Article 5363261757661
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mice is been elegantly characterized and shows a heterogeneous
population of DCs than just cDCs and pDCs (15). A study in
2009 by a group of researchers led by Villandangos show that
both DC subsets differ in their developmental and functional
properties (16). The DCs are known to exhibit inflammatory and
tolerogenic functions in the gut. Gut DCs are present within the
gut-associated lymphoid tissues (GALTs), which include Peyer’s
patch (PP) and solitary isolated lymphoid tissues (ILT) or even
distributed throughout lamina propria (LP) (17). Gut-homing
DCs are further classified into four subsets based on the
expression of the surface markers CD103 and CD11b;
CD103+CD11b-, CD103-CD11b+, CD103+CD11b+ and CD103-

CD11b- (18). CD103+CD11b− falls under cDC1, whereas
CD103+CD11b+ forms subgroup cDC2 (15, 19, 20). CCR9 and
other gut-homing chemokine receptors drive the migration of
DCs into the GALTs. The localization of DCs in secondary
lymphoid tissues, and its interaction with immune cells
meticulously tunes the balance between homeostasis and
inflammation. In this review, we discuss how CCR9+ DCs
regulate the phenotype and function of innate and adaptive
immune cells during homeostasis and tolerance.
DISTRIBUTION AND FUNCTION OF
CCR9+ DCS

In the gut, DCs are present in mesenteric lymph node (mLN), LP,
and PP to mount an effective immune response (21, 22). The
mucosal tolerance induction by DCs to innocuous antigens by
promoting Tregs and producing sIgA in the intestine are discussed
earlier (22). However, during inflammation, DCs promote the
generation of Th1/Th17 by secreting proinflammatory cytokines
(23). CCR9 controls the migration of CD11c+ DCs into the gut (14,
24) and also drives the recruitment of various subsets of DCs into
the PP and mLN during inflammation (14). PP with specialized M
cells uptake and recognize particulate antigens in a controlled
manner and induce tolerance during homeostasis (25, 26). In
colitis, many DCs are recruited into the subepithelial dome. These
DCs internalize the bacteria and translocate into the PP (27).
CD103+ DCs play a protective role at the initial phase of
inflammation, whereas in the chronic phase, CD11b+ DCs show a
pathogenic role by inducing Th1/Th17 response (28, 29). Our
recent study demonstrates that CCR9 is expressed in various
subsets of DCs during homeostatic and gut inflammation (14).
Inflammation increases CCR9 expression on CD103+CD11b-,
CD103-CD11b+, and CD103+CD11b+ subset in PP and mLN
(14). Thus, CCR9 affects the distribution of a different subset of
cDCs in the gut during homeostasis and inflammation (Figure 1). A
study from Wendland et al. reveals that CCR9 controls the
migration of pDCs into the gut under homeostasis and
inflammation. Furthermore, these intestinal pDCs help in the
rapid mobilization of myeloid DCs into LP (8). In addition to
distribution, CCR9 affects the function of DCs during inflammation
(14, 24). Previous work has shown that CCR9+ pDCs inhibit T cell
proliferation and induce Foxp3+ regulatory T cells (7). However, the
intrinsic mechanism of CCR9 signaling that controls the expression
Frontiers in Immunology | www.frontiersin.org 2767762
of costimulatory and regulatory molecules on cDCs and its effects
on the distribution and function of DCs in the GALTs require
detailed investigation.
ROLE OF CCR9+ DCS IN THE INDUCTION
OF CENTRAL TOLERANCE

The role of DCs in inducing peripheral and central tolerance is well
known (7, 30, 31). In thymus, DCs have extrathymic and
intrathymic origins and are very heterogeneous. In the thymic
medulla, DCs andmedullary thymic epithelial cells (mTEC) express
MHC-I and MHC-II and act as very important antigen-presenting
cells. The negative selection of ab TCR cells and Foxp3+ Treg
development requires direct recognition of self-antigens via MHC
class II present on mTEC and thymic DCs (32–34). DCs can take
up antigens from the peripheral tissues and migrate into the
thymus, thus playing a role in controlling the development of
Foxp3+ natural Tregs (nTregs) (35). CCR2 and CCR9 are crucial
chemokine receptors involved in the homing of DCs in the thymus
(31, 36). CCR9 is expressed at an early developmental T cell stage
(double negative 3; DN3 stage), during which thymocytes undergo
b selection (rearranging of the TCR beta chain expression along
with the pre-T alpha chain) (37). The successful b selection leads
the thymocytes to enter the DN4 stage and become CD4+CD8+

thymocytes and then further undergo positive and negative
selection. In the thymic microenvironment, thymic stromal cells
express chemokine CCL25 and CCL2 and control the migration of
thymic DC and control the central tolerance (4, 36). Thymic cDC2
expressing CCR2 and Ccr2-/- mice show defective negative selection
(38). pDC in the thymus expressing CCR9 and Ccr9-/- mice show a
defect in the migration of pDC in the thymus as well as impairment
in thymocyte deletion (31). It has been reported that CCR7 drives
the recruitment of cDCs in the thymus as Ccr7-/-, Ccl21a-/-, or
Ccl19-/- mice that show a defect in the migration of cDC
progenitors (39). CCL2/CCR2 interaction helps in the migration
of cDCs into the thymic cortex and localizing them to perivascular
spaces where they further participate in central tolerance by
depleting autoreactive T cell clones (36, 38, 40). This homing
process is also controlled by lymphotoxin a (LTa), which
negatively regulates CCL2, CCL8, and CCL12 chemokines in the
thymus (40). CCL8 is also a ligand for CCR1 and CCR5 and
involved in the migration of pDCs and cDCs in the thymus (40).
Our recent study also suggests that CD103+ DCs and thymic DCs
are a potent inducer of Treg in the presence of CCL25 (14). Thus,
chemokine receptors play an important role in the thymic settling
of DCs and controlling the central tolerance.
MOLECULAR MECHANISM OF CCR9+

DCS IN INFLAMMATION AND
AUTOIMMUNITY

Upon antigen encounter, various signaling pathways, such as
JAK/STAT3, Wnt/b-catenin, and AKT/mTOR pathways, get
October 2020 | Volume 11 | Article 536326
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activated in DCs, altering gene expression (41). STAT3 and
MAP kinase signaling activate IL-10, TGF-b, and aldehyde
dehydrogenase (ALDH), which, in turn, induces tolerance, and
any disruption in these pathways leads to loss of T cell tolerance
and cause gut inflammation (41–43). However, little is known
about the molecular mechanism of how CCR9 affects DC
function and their phenotype. Only a few studies have
attempted to address this issue and provide preliminary
insights into the underlying molecular mechanisms in
DCs. DCs are well-known antigen-presenting cells, and CCR9
signaling DCs has an inverse relation in DC maturation (24). V-
ATPase is known to play an important role in homeostasis and
disease. V-ATPases are affected by activation through toll-like
receptor signaling, glucose, and amino acid availability in the
microenvironment (44). PI-3 kinase and mTOR signaling is
known to upregulate DC maturation by assembling the
domains of V-ATPase. Consequentially, inhibition of the V-
ATPase domain assembly may affect the antigen processing and
presentation in the DCs and promoting tolerogenic phenotype
(45). Previous studies report that the NFkB pathway prevents the
transcription of proinflammatory genes and promotes the
tolerogenic DC phenotype. NFkB is designated as a critical
marker of TSLP production in airway epithelial cells (46, 47).
As a prelude to unraveling the functional and phenotypic
Frontiers in Immunology | www.frontiersin.org 3777863
insights under the homeostasis condition, we show that
CCR9hi DCs have a lower costimulatory molecule and show
thymic-stromal lymphopoietin (TSLP)-mediated regulation of
the immune response (14). Based on these recent investigations,
we suggest that it could be possible that CCR9 may use this
mechanism to prevent the maturation of DCs by inhibiting the
V-ATPase domain assembly or activating the NFkB pathway to
regulate TSLP secretion. In either case, it may contribute to the
tolerogenic function of DCs (45, 46). Thus, we comment that,
apart from these two possible mechanisms, CCR9 may regulate
other signaling pathways in DCs, contributing to tolerogenic
function in the gut, which is an interesting area of research
requiring further investigation. In the next sections, we critically
review the potential role of CCR9+ DCs in regulating the CD4+ T
cell, B cell, and innate lymphoid cell responses.

Regulation of Different Subsets
of CD4 T Cells
As discussed above, inflammation induces the expression of
CCL25 to several folds in intestinal epithelial cells and drives
the recruitment of various subsets of DCs (14, 48). Apart from
the chemotactic role of CCR9 to CCL25, we follow up in our
recent study to show how its intrinsic signaling in DCs affects the
differentiation of regulatory Foxp3+ CD4+ T cells (Tregs) (14).
FIGURE 1 | Functions of CCR9+ DCs in the intestine: Pre-pDCs or pre-cDCs derived from CDP progenitors. Further pre-cDCs are differentiated into three subsets
based on the expression of surface markers CD103 and CD11b: CD103+CD11b-, CD103-CD11b+, CD103+CD11b+. All three subsets express CCR9 and induce
either T cells to differentiate into Tregs or Th17. CD103+CD11b- is the potent inducer of Treg cells. Pre-pDCs differentiate into pDCs, and CCR9+ pDCs promote
Treg differentiation in the gut. CDP, Common dendritic cell progenitor; Pre-cDC, pre-common dendritic cell; Pre-pDC, pre-plasmacytoid dendritic cell; cDC, common
dendritic cell; Treg, T regulatory cells; pDC, plasmacytoid dendritic cell.
October 2020 | Volume 11 | Article 536326
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We recall that CCR9+ DCs are present in the mLN and PP,
promoting Tregs’ differentiation, whereas CCR9- DCs drive the
Th17 cells in the presence of CCL25 (14). These studies indicate
that CCR9- DCs are more inflammatory in the phenotype and
drive the differentiation of naïve CD4+ T cells into Th1/Th17.
Intriguingly, CCR9+ DCs show reduced expression of
costimulatory molecules (MHC II and CD86) and increased
expression of regulatory molecules such as FasL and latency-
associated peptides (LAP) (14, 49, 50). A study from the
Blanchard group in 2009 shows that higher expression of
CCR9 inhibits IL-2 production, causing apoptosis of T cells
and promoting tolerance in mice (24). In contrast, the low or
absent CCR9 on bone marrow (BM)–generated DCs in the
presence of GM-CSF increases the expression of inflammatory
molecules, which, in turn, induces proliferation and expansion of
T cells (24). However, it is reported that BM treated with GM-
CSF gives rise to macrophages (51). A study from Wurbel et al.
shows that the CCR9+ macrophage responds to CCL25 gradient
and displays proinflammatory and anti-inflammatory functions
(48). Therefore, further studies are required to understand
how CCL25/CCR9 interaction regulates macrophage function.
The different subsets of DCs show diverse functions in the
intestine by expressing various surface molecules and cytokines
(41). CD103+ DCs mediate tolerogenic function (52) while
CD11b+ DCs regulate inflammatory responses by producing
IL-12, IL-23, iNOS, and TNF-a (53). Our recent study shows
that CD103+CD11b- DCs promote Treg differentiation in the
presence of CCL25 (14). TSLP is highly expressed by CD103+

DCs, which promote the differentiation of Foxp3+ Tregs by
directly interacting with its receptor on CD4+ T cells or
limiting their potential to drive Th1 cells (54). These studies
suggest that CCR9+CD103+ DCs are the most probable
promoters of Treg induction via secreting TSLP molecule
while CCR9+CD11b+ DCs induce the Th1/Th17 response by
expressing proinflammatory cytokines (14, 20, 55). We comment
that it could be possible that, during inflammation, CD11b+ DCs
lose CCR9 expression due to altered gene expression and
promoting proinflammatory response. Nonetheless, the role of
TSLP in the presence or absence of CCL25 in DCs require
further investigation.

Regulation of B Cell Response
The incoming antigens into the GALTs are sampled by DCs that
reside just beneath the subepithelial dome (SED) region
underlying the follicle-associated epithelium (FAE) (25). This
local sampling of antigens by DCs in the PP established by
studies so far is believed to be critical to the induction of adaptive
mucosal immunity (56, 57). On the other hand, IgA class
switching occurs in both a T cell–dependent and –independent
manner (58). Tolerogenic DCs, therefore, trigger the inductive
and effector phase of the IgA response in a T cell–dependent
route in the PP (57, 58). DCs are known to offer antigens to
CD4+ T cells in the perifollicular region of PP or B cell in the
SED, which, in turn, activates the TGF-b pathway and promotes
IgA class switching and generates high-affinity IgA antibodies
(57). These DCs further help in the migration of the plasma cell
Frontiers in Immunology | www.frontiersin.org 4787964
precursor to LP by upregulating the expression of gut-homing
receptors, a4b7-integrin and CCR9 (59). In the T cell–
independent pathway, epithelial cells trigger DCs to increase
the expression of both B-cell activating factor (BAFF) and a
proliferation-inducing ligand (APRIL), which promotes IgA
class switching (60). TSLP also provides an autocrine effect on
DC and increases expression of BAFF or APRIL, which is
required for IgA class switching in the intestine (Figure 2). In
addition, BAFF and APRIL are also critical regulators of the IgE-
specific class-switch recombination (CSR) in the presence of IL-4
(61). On the other hand, our study elucidates that the adoptive
transfer of CCR9+ DCs in an ova-allergy model reduces the IgE
response (14) and marginally increases IgA+ B cells in the PP and
mLN. The presence of cytokines other than TGF-b is known to
induce IgG or IgE class switching over the IgA class. With our
recent studies in hand, we hypothesize one alternative to the
above previously proposed mechanism, i.e., CCR9+ DC inhibits
IL-4 production, which activates B cells toward IgA switching
over to IgE. However, further mechanistic details of how CCR9+

DCs regulate B cell class switching needs allied investigation and
is currently beyond the scope of this review.

Regulation of Innate Immune Cells
From the preceding sections, it is clear that the role of CCR9+

DCs in regulating innate immune cell distribution and function
in the intestine currently suffers from poor characterization. Two
independent research teams led by Pizzaro and Artisin 2015 in
concert show that DCs and innate lymphoid cells (ILCs) cross-
talk with each other to maintain gut tolerance, and any
perturbation in this cross-talk leads to gut inflammation and
colitis (62, 63). On the other hand, ILCs are divided into three
subsets. ILC1 is regulated by the transcription factor T-bet and
produces cytokines IFN-g and TNF-a (64). The second group,
ILC2, is controlled by transcription factors GATA-3 and Bcl11b
and produces Th2 cytokines (65, 66). The third group, ILC3,
depends on transcription factor RORgt, and secretes IL-17 and
IL-22 cytokines (67). ILC1 and ILC3 play pathogenic roles and
are implicated in the epithelial and LP compartment of a mouse
model of IBD (62, 63). It is shown that ILC1 is increased in
patients with Crohn’s disease (CD), whereas ILC2 is increased in
patients with ulcerative colitis (UC) (68). However, IBD patients
with established UC and CD have increased frequency of ILC1
and ILC2 (68). It is shown that functional cross-talk between
human DCs and ILCs occurs across the lymphoid and
nonlymphoid (mucosal) tissues (69). DCs regulate the function
of ILCs by producing various cytokines, such as IL-23 and IL-1b
(62, 70). TLR5 activation on DCs augments IL-23 production,
which induces ILC3 to produce cytokine IL-22 (70).
Consequentially, IL-22 helps in maintaining epithelial cell
integrity by inducing the production of antimicrobial peptides
(AMPs), such as regenerating islet-derived protein 3 beta
(RegIII‐b) and RegIII‐g and mucins from epithelial cells (71).
The absence of IL-22 increases Th17 cell expansion and
promotes colitis in mice (71). In contrast, ILC3 also regulates
IL-22 production by activating lymphotoxin (LT) signaling,
which contributes to the development of lymphoid follicles
October 2020 | Volume 11 | Article 536326
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(LF) in the gut (72). In the LF, the interaction of ILC3 and DCs
through lymphotoxin beta receptor (LTbR) signaling controls
the IL-22 synthesis in ILCs (72). In addition, IL-1b regulates the
release of Csf2 by ILC3, which promotes the secretion of retinoic
acid (RA) and IL-10 from DCs and macrophages to generate
homeostasis in the gut (73). ILC3 acquires antigen from CD103+

DCs in LP and eliminates commensal-reactive CD4+ T cells in
the mLN during homeostasis (74). ILC3 T cell interaction
inhibits IL-2 production and induces apoptosis of effector
CD4+ T cells (74). However, in IBD, this function is
compromised due to the low expression of MHC-II on ILC3,
which governs the expansion of pathogenic Th17 cells (74).
Hepworth et al. shows that ILC3 and thymic epithelial cells show
regulation of MHC-II expression, and MHC-II+ ILC3s can
directly induce cell death in activated commensal bacteria-
specific CD4+ T cells (75). Together, these studies indicate that
CCR9+CD103+ DCs may induce suppressor function in T cells
directly by secreting TSLP and indirectly via regulating MHC-II
expression on ILC3 and during inflammation. We suggest that
ILC3 may acquire antigens from other subsets of CCR9+ DC,
which perturbs the MHC-II presentation of ILC3 and induces a
Th17 response. In conclusion, ILCs are crucial determinants of
pathogen immunity and intestinal homeostasis. Nonetheless, the
mechanism of CCR9+ DC regulation by ILCs in the intestine
during colitis remains a stone unturned and requires
further investigation.
Frontiers in Immunology | www.frontiersin.org 5798065
FUTURE PERSPECTIVES

Our recent study in the mouse model shows that CCR9+ DCs
contribute to controlling the intestinal inflammation by
regulating innate and adaptive immune responses (14).
CCL25-CCR9 is studied mostly as a homing receptor. Like
another gut-tropic chemokine receptor CCR6 intrinsic
signaling, known to alter the phenotype and function of CD4
T cells (76), how the intrinsic signaling of CCR9 manipulates
the phenotype and function of DCs is not known. In this
review, we focus on the inevitable role of CCR9 in the
migration of DCs and how it affects its function during gut
inflammation. This review spells out that further studies are
indispensable to define intrinsic molecular and cellular
signaling of CCR9 in various subsets of DCs. Such studies
are expected to offer new pathways to control intestinal
inflammation and autoimmunity. Future studies with specific
deletion of CCR9 in the subsets of DCs during intestinal
inflammation will throw more light on its importance under
both homeostatic and inflammatory conditions.
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FIGURE 2 | Role of CCR9+ DCs in the regulation of innate and adaptive immune cell function in the intestine during homeostasis: (i) CCL25-CCR9 interaction on
DCs increase the production of TSLP and expression of FasL and LAP, which promotes Treg differentiation, which induces tolerance and maintains intestinal
homeostasis. (ii) CCR9+ DCs inhibit Th17 differentiation by an unknown mechanism, which prevents intestinal inflammation. (iii) CCR9+ DCs might regulate the ILC3
function by regulating IL-22 production by secreting IL-23 cytokine. IL-22 augments the production of AMP and helps in maintaining epithelial cell integrity and
preventing colitis. (iv) ILC3 may acquire antigens from CCR9+ DCs and eliminate commensal-reactive CD4+ T cells by activating the apoptotic pathway, which
prevents the expansion of pathogenic Th17 cells and maintains intestinal homeostasis. (v) CCR9+ DCs may regulate IgA+ B cell class switching by activating the
TGF-b pathway or increasing expression of BAFF or APRIL and generate high-affinity IgA antibodies, which control commensal and pathogenic bacteria growth.
TSLP provides an autocrine effect on DCs and increases expression of BAFF or APRIL, which help in IgA class switching. (vi) CCR9+ DCs may inhibit IgE class
switching by an unknown mechanism. DC, Dendritic cell; Treg, T regulatory cells; TSLP, thymic stromal lymphopoietin; LAP, latency-associated peptide; ILCs, innate
lymphoid cells; AMP, antimicrobial peptide; BAFF, B-cell activating factor; APRIL, A proliferation-inducing ligand.
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Antigen (Ag)-specific tolerance induction by intravenous (i. v.) injection of high-dose auto-

Ags has been explored for therapy of autoimmune diseases, including multiple sclerosis

(MS). It is thought that the advantage of such Ag-specific therapy over non-specific

immunomodulatory treatments would be selective suppression of a pathogenic immune

response without impairing systemic immunity, thus avoiding adverse effects of

immunosuppression. Auto-Ag i.v. tolerance induction has been extensively studied in

experimental autoimmune encephalomyelitis (EAE), an animal model of MS, and limited

clinical trials demonstrated that it is safe and beneficial to a subset of MS patients.

Nonetheless, the mechanisms of i.v. tolerance induction are incompletely understood,

hampering the development of better approaches and their clinical application. Here, we

describe a pathway whereby auto-Ag i.v. injected into mice with ongoing clinical EAE

induces interferon-gamma (IFN-γ) secretion by auto-Ag-specific CD4+ T cells, triggering

interleukin (IL)-27 production by conventional dendritic cells type 1 (cDC1). IL-27 then,

via signal transducer and activator of transcription 3 activation, induces programmed

death ligand 1 (PD-L1) expression by monocyte-derived dendritic cells (moDCs) in the

central nervous system of mice with EAE. PD-L1 interaction with programmed cell death

protein 1 on pathogenic CD4+ T cells leads to their apoptosis/anergy, resulting in disease

amelioration. These findings identify a key role of the IFN-γ/IL-27/PD-L1 axis, involving T

cells/cDC1/moDCs in the induction of i.v. tolerance.
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INTRODUCTION

Autoimmune diseases develop due to a break in immune
tolerance toward certain auto-antigens (auto-Ags). It follows
that the healthy state could be achieved by restoring peripheral
immune tolerance toward those auto-Ags. Devising therapies
based on the restoration of Ag-specific immune tolerance
induction has been a long-standing goal for treatment of
autoimmune diseases, including multiple sclerosis (MS) (1).
One such approach relies on intravenous (i.v.) injection of
free myelin-derived auto-Ags that are targets of autoimmune
response. This approach, and variants thereof, have been proven
beneficial in experimental autoimmune encephalomyelitis
(EAE), an animal model of MS (1). Some clinical trials have
confirmed that repeatedly i.v. injecting large doses of myelin
auto-Ag can be safe and beneficial to a subset of MS patients (1).
In comparison with non-specific immunomodulatory therapies
currently in use, the principal advantage of Ag-specific therapy
would be that it suppresses harmful autoimmune response while
sparing the rest of the immune system. This would eliminate side
effects and adverse events due to systemic immunosuppression
caused by non-specific immunomodulation.

Even though certain key players in i.v. tolerance induction,
such as interleukin (IL)-10, IL-27, and programmed death ligand
1 (PD-L1), have been identified (2, 3), its complete mechanisms
have not been elucidated. This lack of specific knowledge also
includes the cell types involved, sequence of their interactions,
and relative relevance of the periphery vs. the central nervous
system (CNS) in tolerance induction and maintenance over time.
A more thorough understanding of these mechanisms will be
helpful in developing better Ag-specific therapies for MS and
possibly other autoimmune diseases.

Consistent with the suppressive role of IL-10 in EAE
development (4), i.v. tolerance induction in EAE requires
IL-10. Tolerization by i.v. injection of an auto-Ag elicits IL-10
production, and blockade of IL-10 signaling precludes tolerance
induction (2, 5, 6).

The lack of IL-27 signaling leads to the development of
more severe EAE (7), and treatment with recombinant IL-27
suppresses EAE (8–10), demonstrating its anti-inflammatory
role in EAE. The anti-inflammatory effects of IL-27 encompass
inhibition of Th17 cell development; suppression of granulocyte-
macrophage colony-stimulating factor (GM-CSF) expression;
induction of PD-L1, CD39, and IL-10 expression; and
enhancement of Treg development and function (8–10).
We have shown that IL-27 is necessary for induction of i.v.
tolerance in EAE (3); in particular, IL-27 signaling in DCs was
required for tolerance induction, whereas its signaling in T
cells was not. IL-27-dependent tolerance induction relied on
cooperation of distinct subsets of spleen DCs with the ability to
induce T cell-derived IL-10 and interferon-gamma (IFN-γ) (3).

Programmed cell death protein 1 (PD-1) and its ligands, PD-
L1 and PD-L2, regulate the balance between T cell activation
and immune tolerance (11, 12). The majority of CD4+ T
cells in the CNS of mice with EAE express PD-1, while PD-
L1 and PD-L2 are differentially expressed by populations of
Ag-presenting cells (APC) (13). PD-1−/− and PD-L1−/− mice

develop atypically severe EAE, with enhanced T cell proliferation
and increased production of inflammatory cytokines (14, 15).
Genetic deficiency in PD-L2 did not lead to more severe EAE
(14), suggesting that PD-L1 is a dominant inhibitory PD-1 ligand
in EAE development. In contrast, blockade of PD-L2, but not
PD-L1, in advanced EAE in C57BL/6 mice led to worsening
of disease, indicating that these two PD-1 ligands, or possibly
cell types that express them, have distinct roles in regulating
different stages of EAE (2, 16, 17). In regard to i.v. tolerance
induction in EAE, it has been shown that tolerization induces
PD-L1 expression by APCs and that PD-1 blockade abrogates
tolerance induction (2, 18).

IFN-γ is a cytokine released by almost all activated immune
cells, with natural killer (NK) and T cells being its major
sources (19). Although IFN-γ has been traditionally considered
a pro-inflammatory cytokine, it is now clear that IFN-γ also
has prominent anti-inflammatory roles that balance its possibly
damaging inflammatory effects (20). Numerous studies have
firmly established that IFN-γ suppresses EAE; mice lacking
IFN-γ signaling develop severe EAE, and mouse strains resistant
to EAE become susceptible (21–23). Consistent with this, IFN-
γ production by myelin-specific CD4+ T cells is not required
for their encephalitogenicity (24), IFN-γ-deficient CD4+ T cells
could be notably more pathogenic than their IFN-γ-sufficient
counterparts (25), and IFN-γ production by encephalitogenic T
cells in the CNS is required for recovery from EAE (26). Further,
an increase in IFN-γ levels in the CNS of mice with EAE leads
to disease suppression (27, 28). Taken together, these findings
indicate that IFN-γ could be important in EAE suppression
by i.v. tolerance induction as well, a possibility that has not
been explored.

Here we show that i.v. administration of auto-Ag (free
encephalitogenic peptide) halts EAE progression by inducing
PD-L1 expression in CNS monocyte-derived dendritic cells
(moDCs) via an IFN-γ/IL-27-dependent mechanism. Blockade
of PD-L1, but not PD-L2, or the lack of PD-1 in CD4+ T cells
precluded i.v. tolerance induction. The lack of IFN-γ in CD4+ T
cells, or IFN-γR in conventional DCs type 1 (cDC1), abrogated
IL-27 production and PD-L1 expression by moDCs. Collectively,
our data reveal a mechanism of Ag-dependent induction of PD-
L1 expression in moDCs that in turn suppresses Ag-specific Th
cell responses and ameliorates CNS autoimmunity.

MATERIALS AND METHODS

Mice
C57BL/6, B6.Ly5.1 (CD45.1+), RAG1−/−, PD-1−/−, 2D2,
Zbtb46-iDTR, IFN-γ−/−, IFN-γRα−/−, GREAT (IFN-γ
reporter), Ccr2−/−, Wsx−/−, and Stat3mut mice were purchased
from The Jackson Laboratory (Bar Harbor, ME, USA). IL-27p28
reporter mice were a gift of Dr. Ross M. Kedl (University of
Colorado). Mice were kept in specific pathogen-free conditions
with a maximum of 5 mice per cage, in 12/12 h of light/dark
cycles and food ad libitum throughout the experimental
procedures. Every effort was made to minimize suffering of
mice. Experimental protocols using mice were approved by
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the Institutional Animal Care and Use Committee of Thomas
Jefferson University.

Generation of BMDCs
STAT1−/−, STAT3−/−, and WT BMDCs were generated
according to a previously described protocol (3). Briefly, BM
cells were seeded at 2 × 106 cells/mL in Petri dish in complete
IMDM supplemented with 100 ng/mL of recombinantmouse Flt-
3 (R&D Systems, Minneapolis, MN, USA). Culture medium was
changed every 3 days. Maturation of the DCs was induced with
LPS (100 ng/mL) for 16 h. At day 9 after starting the culture, DCs
were enriched by anti-Flt-3-biotin Ab and anti-biotinmicrobeads
(Miltenyi Biotec, CA, USA), and CD11c+MHCII+ cells were
then FACS-sorted.

IFN-γRα−/− and WT cDCs were generated from BM cells
following a protocol described in (29) with slight modifications.

Ag-presentation Assays
Naive CD4+ T cells from spleens of 2D2 mice were isolated
using magnetic beads (Naive CD4+ T cell isolation kit, Miltenyi
Biotec, CA, USA). 2 × 105 naive CD4+ T cells were added to
each well of the cell culture plate containing moDCs, cDC1, or
BMDCs (ratio of 1 DC: 10 T cells) and plates were incubated
at 37◦C in the presence of MOG35−55 peptide (20µg/mL) and
anti-PD-L1 MAb (1µg/mL; clone 10F.9G2, BioXCell). Cells
were collected after 72 h and analyzed by flow cytometry, while
cytokine concentrations in culture supernatants were measured
by ELISA.

EAE and i.v. Tolerance Induction
Anesthetized mice were subcutaneously injected with 200 µL
of an emulsion containing 200 µg of MOG35−55 peptide
(MEVGWYRSPFSRVVHLYRNGK, Genscript, NJ, USA) in PBS
and equal volume of Complete Freund’s adjuvant supplemented
with 10 mg/mL of heat-killed Mycobacterium tuberculosis
H37Ra. Additionally, mice were intraperitoneal (i.p.) injected
with 200 ng of pertussis toxin at immunization time and 48 h
later. Mice were weighed and scored for clinical signs daily.
Clinical assessment of EAE was performed according to the
following scoring criteria: 0, healthy; 1, limp tail; 2, ataxia and/or
paresis of hindlimbs; 3, paralysis of hindlimbs and/or paresis of
forelimbs; 4, tetraparalysis; and 5, moribund or death (30).

i.v. tolerance was induced inmice after onset of clinical disease
by injections of 200µgMOG35−55 in PBS every third day, 3 times
in total. Control mice received PBS only (3).

Bone Marrow Chimeras
B6.Ly5.1 (CD45.1+) congenic mice were lethally irradiated with
2 × 2.5Gy with an 8 h interval between irradiation and were
then i.v. injected with 5 × 106 CD45.2+ BM cells from WT, or
Zbtb46-DTR donors. Recipient mice were in other experiments
reconstituted with 1:1 mixture (total 1 × 107 cells) of BM
cells from Wsx−/− and Ccr2−/− mice, or with mixture of BM
cells from Stat3mut and Ccr2−/− mice. Mice were allowed to
reconstitute for 6–8 weeks prior to use.

DT Ablation
Diphtheria toxin (DTX; Sigma-Aldrich) was administered i.p. at
1 µg/20 g of mouse weight in 200 µl of PBS, 1 day before i.v.
injection of MOG35−55. Mice received three injections of DTX
once every 3 days.

PD-L1, PD-L2, and IFN-γ Blockade
Mice with EAE were i.p. injected with 200 µg/mouse of αPD-
L1 MAb (clone 10F.9G2, BioXCell), or with 200 µg/mouse of
αPD-L2 MAb (clone TY25, BioXCell), or with 150 µg/mouse of
αIFN-γ MAb (clone R4-6A2, BioXCell) 1 day before i.v. injection
of MOG35−55. Mice received two MAb injections, 3 days apart in
each treatment.

Ag-Specific Recall Response
Spleens of mice with EAE were dissociated through a 70µm
strainer to prepare single-cell suspensions in complete IMDM,
containing 10% heat-inactivated fetal bovine serum, penicillin
(100U), streptomycin (10µg/mL), L-glutamine (0.3 mg/mL),
and 2-mercaptoethanol (55µM). After treatment with RBC lysis
buffer (Biolegend, CA, USA), cells were extensively washed with
complete IMDM by centrifugation at 1,300 rpm for 5min at 4◦C
and the cell density was adjusted to 2 × 106 /mL. One hundred
microliter of adjusted cell suspension was added to each well of
a 96-well plate. MOG35−55 was added to a final concentration of
20µg/mL. Cells were incubated at 37◦C for 3 days. As negative
control, cells were cultured without MOG35−55. Cell culture
supernatants were collected and stored at −20◦C until use, and
cells were analyzed for proliferation and cytokine production by
flow cytometry.

Reconstitution of WT and RAG1–/– Mice
WT mice with EAE received i.v. 2 × 106 FACS-sorted CD11b+

CD11c+ Ly6chigh MHCII+ cells from the CNS of WT mice with
EAE previously i.v. injected with MOG35−55 or PBS. CD45.1+

mice reconstituted with CD45.2+ BM cells fromWT, or Zbtb46-
iDTR donors, received i.v. 2× 106 of in vitro Flt-3-differentiated
cDCs. RAG1−/− mice were i.v. reconstituted with 5 × 106

magnetic bead-isolated total CD4+ T cells from spleens of
WT, PD1−/−, or IFN-γ−/− mice. After 72 h of adoptive transfer,
mice were immunized for EAE induction.

Isolation of CNS Infiltrating Leukocytes
Brain and spinal cord tissues were incubated for 30min at
37◦C with 0.4 mg/mL type IV collagenase (Sigma-Aldrich) and
dissociated by passing through a 19-gouge needle. Cells were
enriched by centrifugation on a Percoll gradient as previously
described (31).

Flow Cytometry and Cell Sorting
Flow cytometry was performed using a FACSaria II (Becton
Dickinson) and analyzed with FlowJo software (Tree Star).
Fluorochrome-conjugated MAbs specific for: CD45 (clone 30-
F11), CD45.1 (A20), CD11b (M1/70), CD3 (17A2), CD8α (53-
6.7) CD4 (RM4-5), CD19 (1D3/CD19), CD11c (N418), CD26
(H194-112), CD88 (20/70), CD172α (P84), PDCA1 (927), Ly6c
(AL-21), F4/80 (MB8), Ly6g (1A8), MHC-II (M5/114.15.2), PD-
1 (29F.1A12), PD-L1 (10F.9G2), PD-L2 (TY25), Caspase 3, and
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Annexin V were purchased either from BD Biosciences, R&D,
Biolegend, Santa Cruz, or Abcam.

For intracellular staining, cells were stimulated for 4 h
with phorbol 12-myristate 13-acetate (PMA; 50 ng/ml, Sigma-
Aldrich) and ionomycin (500 ng/ml, Sigma-Aldrich) in the
presence of GolgiPlug (1:1,000, BD Pharmigen), permeabilized
using a Cytofix/Cytoperm Plus kit (BD Bioscience) and stained
with the following fluochrome-conjugated MAbs: GM-CSF
(MP1-22E9), IL-17A (TC11-18H10.1), and IFN-γ (XMG1.2)
from Biolegend and BD Pharmingen. Dead cells were excluded
using L/D stain (BD Pharmingen). Data were acquired on a
FACSAria Fusion (BD Biosciences) and analyzed using FlowJo
software (TreeStar).

ELISA
Supernatants from cell cultures were kept at −20◦C until
use. Cytokine concentrations in culture supernatants were
measured with sandwich enzyme-linked immunosorbent assay
(ELISA) using commercial kits, following the manufacturer’s
recommendation (R&D Systems, Minneapolis, MN, USA).

qPCR
Total RNA was extracted from moDCs, CD4+ T cells, and cDC1
with RNeasy Mini Kit (Qiagen), whereas from total CNS and
spleen with Trizol (Invitrogen). Genomic DNA was removed
by treatment with DNAse I type (Qiagen). cDNA synthesis was
performed using ThermoscriptTM RT-PCR system (Invitrogen).
Apoptosis (cat# 4413255), Jak/Stat signaling (cat# 4391524)
arrays, Il27ra, (Mm00497259_m1 ), and Gapdh (4352339E).
mRNA levels were measured by real-time RT-PCR (Applied
Biosystems, Invitrogen). The 2–11CT method was used to
calculate relative changes in gene expression (32).

Statistical Analysis
Statistical analysis was performed by GraphPad Prism 8 software.
Statistical evaluations are expressed as mean ± s.d. or mean ±

s.e.m., as appropriate. Results were analyzed using Two- or One-
way ANOVA and posttested with Bonferroni, and with unpaired,
two-tailed Student’s t-test. Statistical significance was ranked ∗p
< 0.05; ∗∗p < 0.001; ∗∗∗p < 0.0001; ∗∗∗∗p < 0.00001.

RESULTS

Intravenous Tolerance Induction in
Experimental Autoimmune
Encephalomyelitis Is Dependent on
Programmed Death Ligand 1 and
Programmed Cell Death Protein 1, but Not
on Programmed Death Ligand 2
We and others have reported that i.v. delivery of auto-Ag in mice
with EAE induces expression of PD-L1 by APCs (2, 3). Given
the importance of PD-1 and its ligands in immune tolerance,
we investigated their role in i.v. tolerance induction in EAE.
Mice were immunized with myelin oligodendrocyte glycoprotein
(MOG)35−55 for EAE induction and i.v. injected with 200 µg of

MOG35−55 in phosphate-buffered saline (PBS), or with PBS, at
the onset of clinical disease; two more doses of MOG35−55 and
PBS were injected 3 days apart (Supplementary Figures 1A,B).
Mice were sacrificed at 21 days post immunization (d.p.i.), and
cells isolated from their CNS were analyzed by flow cytometry.
t-distributed stochastic neighbor embedding (t-SNE) analysis
(33) identified eight populations of CD45+ MHCII+ cells:
cDC1, cDC2, microglia, plasmacytoid DCs (pDCs), moDCs,
macrophages (M8), neutrophils, and B cells (Figure 1A).
MOG35−55-treated mice had increased numbers of PD-L1+

and PD-L2+ cells compared with PBS-treated mice. Next, we
investigated which of these cells expressed PD-L1 and PD-L2.
moDCs (75%) were the bulk of PD-L1+ cells, whereas in control
mice, cDC1 (58%) and cDC2 (33%) were the most abundant
PD-L1+ cells (Figure 1B). In mice that received MOG35−55, PD-
L2 was mostly expressed by neutrophils (50%) and M8 (35%),
whereas in control mice, PD-L2 was expressed by microglia
(64%) and cDC2 (34%) (Figure 1C). These data show that
i.v. delivery of auto-Ag induces a robust PD-L1 expression by
moDCs and PD-L2 expression by neutrophils and M8. We also
found increased numbers of PD-L1+ and PD-L2+ cells among
lymph node and splenic cells of MOG35−55-tolerized mice (data
not shown).

We then tested the role of PD-L1 and PD-L2 in tolerance
induction by i.p. injecting anti-PD-L1 or anti-PD-L2 MAbs 24 h
before i.v. injectingMOG35−55. Treatment with anti-PD-L1MAb
precluded tolerance induction (Figures 1D,E) and led to an
increase in the number of leukocytes in the CNS (Figure 1F),
whereas treatment with anti-PD-L2 MAb did not have an effect
(Figures 1G–I). Further, we transplanted PD-1−/− or wild-type
(WT) CD4+ T cells into RAG1−/− mice and induced EAE in
them. MOG35−55/i.v. treatment suppressed EAE in mice with
WT CD4+ T cells, but not in mice with PD-1−/− CD4+ T cells
(Figures 1J–L). These data demonstrate that PD-L1 and PD-1
are critical for i.v. tolerance induction in ongoing EAE, whereas
PD-L2 does not play a role.

Monocyte-Derived Dendritic Cells From
the Central Nervous System of Tolerized
Mice With Experimental Autoimmune
Encephalomyelitis Are Suppressive via
Programmed Death Ligand 1
Given that tolerized mice had increased numbers of apoptotic
annexin V+ CD4+ T cells (Supplementary Figures 1C,D) and
PD-L1+ moDCs in the CNS (Figure 1B), we investigated a
correlation between their numbers. There was a robust positive
correlation of apoptotic CD4+ T cells with PD-L1+ moDCs
(Supplementary Figure 1E), but not with PD-L2+ moDCs
(Supplementary Figure 1F) or PD-L2+ neutrophils (data not
shown). This suggests that PD-L1+ moDCs mediate apoptosis of
T cells.

We next evaluated the effect of moDCs on myelin-specific
CD4+ T cells ex vivo. MHCII+ Ly6chigh moDCs were sorted
from the CNS of mice with EAE treated with MOG35−55/i.v. and
co-cultured with naive CD4+ T cells expressing a transgenic T
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FIGURE 1 | Intravenous administration of myelin oligodendrocyte glycoprotein (MOG)35−55 induces programmed death ligand 1 (PD-L1) expression in central nervous

system (CNS) monocyte-derived dendritic cells (moDCs) and suppresses experimental autoimmune encephalomyelitis (EAE) in a programmed cell death protein 1

(PD-1)/PD-L1 manner. C57BL/6 wild-type (WT) mice (n = 10/group each experiment) were immunized with MOG35−55 for EAE induction and starting from disease

onset i.v. injected with 200 µg of MOG35−55 in PBS every 3 days. Mice were sacrificed 21 days post immunization (d.p.i.) and CD45+ MHCII+ cells from the CNS were

analyzed by flow cytometry. (A) Eight populations were identified: microglia (CD11b+ CD45low), monocytes (CD11b+ CD11c+ Ly6chigh Ly6g−), macrophages (CD11b+

Ly6clow Ly6g− F4/80high ), cDC1 (CD11b+ CD11c+ Ly6cmed CD26+), cDC2 (CD11b+ CD11c+ Ly6cmed CD172α+), plasmacytoid DCs (pDCs; Lin− PDCA1high), and B

cells (CD19+). (B,C) t-SNE graphs showing the expression and percentage of PD-L1+ (B) and PD-L2 (C) cells from the CNS of PBS- or MOG35−55-treated EAE mice.

(D) Mice with EAE (n = 5–7/group in each experiment) were i.p. injected with blocking anti-PD-L1 MAb (200 µg/mouse/injection; clone 10F.9G2), or isotype control

MAb, on 11, 14, and 17 d.p.i. MOG35−55 or PBS was i.v. injected on 12, 15, and 18 d.p.i. (E) Cumulative disease score for mice described in (D). (F) Mice described

in (D) were sacrificed at day 21 p.i. and the numbers of CD45+ leukocytes obtained from their CNS were determined by flow cytometry. (G) Mice with EAE (n =

5–7/group in each experiment) were i.p. injected with blocking anti-PD-L2 MAb (200 µg/mouse/injection; clone TY25), or isotype control MAb, as described in (D). (H)

Cumulative disease score for mice described in (G). (I) Mice described in (G) were sacrificed at day 21 p.i. and the numbers of CD45+ leukocytes obtained from their

CNS were determined by flow cytometry. (J) RAG1−/− mice were reconstituted with 5 × 106 total CD4+ T cells from WT or PD-1−/− mice (n = 10/group in each

experiment); 72 h post reconstitution, recipient mice were immunized for EAE induction and MOG35−55 or PBS was injected i.v. three times, starting from EAE onset.

(K) Cumulative disease score for mice described in (J). (L) Mice described in (J) were sacrificed at day 21 p.i. and the numbers of CD45+ leukocytes obtained from

their CNS were determined by flow cytometry. (M) Recipient WT mice with EAE were transplanted at the peak of disease with 2 × 106 moDCs from the CNS of donor

mice with EAE that were previously i.v. tolerized with MOG35−55 or PBS (n = 5/group in each experiment). Groups of recipient mice with EAE received moDCs that

were pretreated for 1 h with anti-PD-L1 MAb (1µg/ml). All data are representative of at least two experiments and symbols depict mean ± SEM. Analyses between

two groups were carried out by Student’s t-test and between four groups by one-way ANOVA with Bonferroni post-test (E,F,H,I,K,L). EAE experiments were analyzed

by two-way ANOVA with Bonferroni’s multiple comparison. Values of **P < 0.001, ***P < 0.0001, and ****P < 0.00001 were considered significant.
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cell receptor for MOG35−55 from 2D2 mice. Anti-PD-L1 MAb
was added in some co-cultures. In comparison with moDCs
from control mice, moDCs from MOG35−55-tolerized mice
induced lower T cell proliferation and lower GM-CSF and
IL-17A production, but greater IFN-γ and PD-1 expression and
annexin V staining by T cells (Supplementary Figures 1G–I).
We also measured a larger quantity of regulatory cytokines,
IL-27 and IL-10, in supernatants of these co-cultures
compared with controls (Supplementary Figure 1J). In the
presence of anti-PD-L1 MAb, moDCs did not reduce T cell
proliferation or induce their apoptosis, demonstrating that
PD-L1 expressed by moDCs limits myelin-specific CD4+ T cell
responses in vitro.

To validate the immunosuppressive phenotype of
MOG35−55/i.v.-induced moDCs in vivo, we transplanted
moDCs from the CNS of tolerized mice with EAE into mice
with ongoing EAE. Control mice received either moDCs from
PBS/i.v. mice, PBS, or moDCs from MOG35−55/i.v. mice that
were pretreated for 1 h with anti-PD-L1 MAb. The transfer of
moDCs from MOG35−55-treated donors, but not from those
that were PBS-treated, led to recovery from the disease, and
anti-PD-L1 MAb pretreatment of moDCs from MOG35−55/i.v.
donors precluded their suppressive effect on EAE in recipient
mice (Figure 1M). These data show that moDCs of MOG35−55-
treated mice with EAE are suppressive via PD-L1 in vitro
and in vivo.

Interferon-γ Secreted by CD4+ T Cells Is
Necessary for Experimental Autoimmune
Encephalomyelitis Suppression Upon
Myelin Oligodendrocyte
Glycoprotein35−55/Intravenous Treatment
Given that IFN-γ suppresses EAE (28, 34) and induces PD-
L1 expression (35), we tested whether IFN-γ plays a role
in tolerance induction. We injected anti-IFN-γ MAb into
mice after EAE onset, 24 h before MOG35−55/i.v. injection
(Figure 2A). Anti-IFN-γ-treated mice developed a severe disease
that did not respond toMOG35−55/i.v. treatment (Figures 2B,C).
These mice had markedly increased numbers of leukocytes
in the CNS compared with control MOG35−55/i.v.-treated
mice (Figure 2D). Anti-IFN-γ-treated mice also had lower
expression of PD-L1+ in moDCs, reduced numbers of apoptotic
CD4+ T cells, and greater frequencies of GM-CSF+ IL-
17A+ CD4+ T cells (Figures 2E–I). Consistent with this
observation, we found higher concentrations of GM-CSF and
IL-17A in culture supernatants from MOG35−55-stimulated
splenocytes of the above anti-IFN-γ-treated mice compared
with controls (Figures 2J,K); however, while MOG35−55/i.v.
treatment resulted in an increase of IL-10, and especially IL-
27 production, treatment with anti-IFN-γ MAb precluded these
increases (Figures 2L,M). We next determined the kinetics
of IFN-γ expression upon MOG35−55 injection into mice
with EAE. Ifng mRNA levels, both in the CNS and spleen,
were highest at 6 h after the injection and declined to base
levels by 12 h post injection (Figures 3A,B). These data show

that IFN-γ plays a critical role in the induction of i.v.
tolerance in EAE.

To identify the cellular sources of MOG35−55/i.v.-induced
IFN-γ, we induced EAE in IFN-γ reporter mice (express GFP
from the IFN-γ gene), injected them with MOG35−55/i.v. at
disease onset, and 3 h after the injection analyzed their CNS. IFN-
γ was primarily produced by CD4+ T cells, whereas in control
mice injected with PBS, both cDCs and CD4+ T cells produced
IFN-γ (Figure 3C). We then investigated whether CD4+ T cells
are a relevant source of IFN-γ in tolerance induction. To this
end, we reconstituted RAG1−/− mice with WT or IFN-γ−/−

CD4+ T cells and immunized them for EAE induction; mice
received PBS or MOG35−55/i.v. at disease onset. MOG35−55/i.v.
significantly suppressed disease in mice with WT CD4+ T cells,
whereas it exacerbated the disease in mice with IFN-γ−/− T
cells (70% of mice died) (Figures 3D,E). Consistent with clinical
outcome, mice with IFN-γ−/− T cells had reduced PD-L1+

expression in CNS moDCs compared with mice with WT T cells
(Figure 3H). Moreover, splenocytes of mice with IFN-γ−/− T
cells upon in vitro activation produced significantly less IL-27
compared with control mice (Figure 3I). These data show that
IFN-γ secretion by CD4+ T cells is required for EAE suppression
by MOG35−55/i.v. treatment.

The Lack of Interferon-γ Signaling in
Conventional Dendritic Cells Type 1
Precludes Their Interleukin-27 Expression
in Intravenous Tolerance Induction in
Experimental Autoimmune
Encephalomyelitis
Blocking IFN-γ resulted in reduced IL-27 production, prompting
us to search for the cellular source of IL-27 upon MOG35−55/i.v.
treatment. We induced EAE in IL-27 reporter mice (express GFP
from the IL-27p28 gene) and injected them with MOG35−55 at
disease onset. IL-27 production in the spleen and CNS peaked
at 16 h after the injection (Figures 4A,B), and among cells from
the CNS, the primary IL-27-producing cells were cDC1 (∼80%
of GFP+ cells), while in PBS-treated mice, moDCs also produced
IL-27 (Figure 4C).

We next investigated whether the lack of IFN-γ signaling
in cDC1 affects IL-27 production and compromises tolerance
induction. We generated a Zbtb46-DTR (CD45.2+)→ CD45.1+

bone marrow (BM) chimera mice in which cDC1 can be depleted
with diphtheria toxin (DTX) (36) (Supplementary Figure 2A).
WT (CD45.2+)→ CD45.1+ BM chimeras served as control.
We immunized chimera mice for EAE induction and depleted
cDC1 by administering DTX, starting at disease onset and
then every other day. We then transplanted in vitro Flt3-
differentiated WT or IFN-γR−/− cDC1 into these DTX-
treated chimera mice with EAE (Figure 4D). Mice were treated
with DTX and transplanted with cDC1 twice. Moreover,
24 h post cDC1 transplantation, mice were injected with
PBS or MOG35−55, three times, 3 days apart. MOG35−55/i.v.
treatment had no effect in mice that received IFN-γR−/−

cDC1, whereas in mice with WT cDC1, it significantly
suppressed disease (Figure 4D). We also found a reduced
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FIGURE 2 | IFN-γ is critical for i.v. tolerance induction in EAE. (A) Mice with EAE (n = 5–7/group in each experiment) were i.p. injected with blocking anti-IFN-γ MAb

(150 µg/mouse/injection; clone H22), or isotype control MAb, on 12, 15, and 18 d.p.i. MOG35−55 or PBS was i.v. given on 13, 16, and 19 d.p.i. (B) Cumulative

disease score for mice described in (A). (C) Mice described in (A) were sacrificed on day 21 p.i. and the numbers of CD45+ leukocytes in their CNS were determined

by flow cytometry. (D) Flow cytometry plot showing lymphoid (1) and infiltrating myeloid (2) cells from the CNS of mice shown in (A). (E) MFI of PD-L1+ moDCs from

the CNS of mice described in (A). Frequencies of GM-CSF+ IL-17A+ (F), PD-1+ (G), and annexin V+ (H) CD4+ T cells from the CNS of mice described in (A). (J–M)

Cytokine concentrations in supernatants from cultures of spleen cells from mice described in (A) stimulated for 72 h with MOG35−55. Cytokine concentrations were

measured by ELISA. All data are representative of at least two experiments, and symbols depict mean ± SEM. Analysis between four groups was carried out by

one-way ANOVA with Bonferroni post-test. EAE experiments in (A) were analyzed by two-way ANOVA with Bonferroni’s multiple comparison. Values of *P < 0.05,

**P < 0.001, and ***P < 0.0001 were considered significant.
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FIGURE 3 | CD4+ T cell-derived IFN-γ is critical for i.v. tolerance induction in EAE. Time course of Ifng mRNA, analyzed by qPCR, in the spleen (A) and CNS (B) after

treating mice with EAE i.v. with MOG35−55 peptide (200 µg) or PBS (n = 5/group in each experiment). (C) GFP/IFN-γ reporter mice were immunized for EAE induction

and i.v. injected with MOG35−55 or PBS at disease onset (n = 5/group in each experiment). Mice were sacrificed 3 h post injection and CD45+ cells from the CNS

were analyzed by flow cytometry. t-SNE graphs showing the expression and percentage of IFN-γ+ (GFP+) among these cells. Ten populations were identified:

microglia (CD11b+ CD45low), monocytes (CD11b+ CD11c+ Ly6chigh MHCIIhigh Ly6g−), macrophages (CD11b+ Ly6clow Ly6g− MHCII+ F4/80high ), cDC1 (CD11b+

CD11c+ Ly6cmed MHCIIhigh CD26+), cDC2 (CD11b+ CD11c+ Ly6cmed MHCII+ CD172α+), pDCs (Lin− PDCA1high), B cells (CD19+ MHCII+), CD8+ T cells (CD11b−

CD3+ CD8α+), and CD4+ T cells (CD11b− CD3+ CD4+). (D) RAG1−/− mice were reconstituted with 5 × 106 total CD4+ T cells from WT or IFN-γ−/− mice (n =

10/group in each experiment); 72 h post reconstitution, recipient mice were immunized for EAE induction and MOG35−55 or PBS was given i.v. three times, starting at

EAE onset. (E) Cumulative disease score for mice shown in (D). (F) Survival (%) of EAE mice treated described in (D). (G) Mice described in (D) were sacrificed 21

d.p.i. and the numbers of CD45+ leukocytes in their CNS were determined by flow cytometry. (H) MFI of PD-L1+ moDCs from the CNS of mice shown in (D). (I)

Splenocytes from mice described in (D) were stimulated with MOG35−55 for 72 h. Concentrations of IL-27 in culture supernatants were measured by ELISA. All data

are representative of at least two experiments, and symbols depict mean ± SEM. Analyses between two groups were carried out by Student’s t-test, and analyses

between four groups by one-way ANOVA with Bonferroni post-test. EAE experiments in (D) were analyzed by two-way ANOVA with Bonferroni’s multiple comparison.

Values of *P < 0.05, **P < 0.001, and ***P < 0.0001 were considered significant.
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FIGURE 4 | The lack of IFN-γ signaling in cDC1 abrogates their IL-27 production upon i.v. tolerance induction in EAE. Time course of Il27 mRNA expression analyzed

by qPCR, in the spleen (A) and CNS (B) 24 h after treating mice with EAE i.v. with MOG35−55 or PBS (n = 5/group in each experiment). (C) GFP/IL-27p28 reporter

mice were immunized with MOG35−55 for EAE induction and i.v. injected with MOG35−55 or PBS at disease onset (n = 5/group in each experiment). Mice were

sacrificed 16 h post injection and cells from the CNS analyzed by flow cytometry. Ten CD45+ cell populations were identified: microglia (CD11b+ CD45low), monocytes

(CD11b+ CD11c+ Ly6chigh MHCIIhigh Ly6g−), macrophages (CD11b+ Ly6clow Ly6g− MHCII+ F4/80high ), cDC1 (CD11b+ CD11c+ Ly6cmed MHCIIhigh CD26+), cDC2

(CD11b+ CD11c+ Ly6cmed MHCII+ CD172α+), pDCs (Lin− PDCA1high), B cells (CD19+ MHCII+), CD8+ T cells (CD11b− CD3+ CD8α+), and CD4+ T cells (CD11b−

(Continued)
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FIGURE 4 | CD3+ CD4+). t-SNE graphs show the expression and percentage of IL-27p28+ (GFP+) cells. (D) CD45.2+ mice were irradiated and transplanted with

Zbtb46-iDTR or CD45.1+ BM and 6–8 weeks later immunized with MOG35−55 (n = 7–10/group in each experiment). cDC depletion (Zbtb46+ MHCII+ CD11c+) was

accomplished by i.p. injecting DTX (20 ng/g of mouse weight) every third day after EAE onset. In vitro Flt-3-differentiated BMDCs, IFN-γRα−/−, or WT was i.v.

transferred 1 day post DTX injection, in total twice. MOG35−55 or PBS was i.v. injected at 13, 16, and 19 d.p.i. (E) At 21 d.p.i, cDC1 (CD11b+ CD11c+ CD45+

Ly6cmed MHCIIhigh CD26+) were isolated from the CNS of EAE mice described in (D) and their IL-27p28 production was analyzed by flow cytometry and (F) by qPCR.

The numbers of MHCII+ (G), CD80+ (H), CD86+ (I), and MFI of PD-L1+ (J) in moDCs from the CNS of mice described in (D). Frequencies of GM-CSF+ IL-17A+ (K),

PD-1+ (L), and annexin V+ (M) CD4+ T cells from the CNS of mice described in (D). All data are representative of at least two experiments, and symbols depict mean

± SEM. Analysis between two groups was carried out by Student’s t-test, whereas analysis between four groups was carried out by one-way ANOVA with Bonferroni

post-test. EAE experiments in (D) were analyzed by two-way ANOVA with Bonferroni’s multiple comparison. Values of *P < 0.05, **P < 0.001, and ***P < 0.0001

were considered significant.

IL-27 production (both mRNA and protein) by CNS IFN-
γR−/− cDC1 (Figures 4E,F), suggesting that IFN-γ induces
IL-27 expression in cDC1. We next investigated whether
reduced IL-27 production by IFN-γR−/− cDC1 affected PD-
L1 expression by moDCs and encephalitogenic CD4+ T cells.
CNS moDCs from IFN-γR−/− cDC1-transplanted mice did not
differ in MHCII, CD80, and CD86 expression from moDCs
of control mice, but they had significantly fewer PD-L1+

moDCs (Figures 4G–J). Failure of tolerance induction in IFN-
γR−/− cDC1-transplanted mice was associated with increased
frequencies of IL-17+ and GM-CSF+ CD4+ T cells in the CNS
(Figure 4K) and reduced numbers of annexin V+ and PD-
1+ CD4+ T cells (Figures 4L,M) compared with WT cDC1-
transplanted mice.

We then investigated whether, upon MOG35−55/i.v. injection,
CNS and splenic cDC1 uptake MOG35−55, enabling them
to directly interact with MOG35−55-specific T cells. Two
hours post MOG35−55 or PBS i.v. injection into mice
with ongoing EAE, cDC1 were FACS-sorted from the CNS
(Supplementary Figures 2B,C) and co-cultured with 2D2 CD4+

T cells. cDC1 from MOG35−55-injected mice induced greater
T cell proliferation and IFN-γ production, compared with
cDC1 from PBS-injected mice (Supplementary Figures 2D–G).
Overall, these data show that cDC1 acquire i.v. injected
MOG35−55, which enables them to activate T cells and induce
IFN-γ secretion. IFN-γ signaling in cDC1 is required to induce
their IL-27 production, PD-L1 expression by moDCs, and i.v.
tolerance in EAE.

Interleukin-27 Induces Programmed Death
Ligand 1 Expression in Monocyte-Derived
Dendritic Cells
Given that IL-27 signaling is critical for i.v. tolerance induction
(3) and that Il27ra−/− (Wsx-1−/−) mice with EAE had reduced
numbers of PD-L1+ moDCs in the CNS upon MOG35−55/i.v.
treatment, we investigated whether the lack of IL-27 signaling in
moDCs affects their PD-L1 expression and tolerance induction.
We generated a mixed BM chimeras in which recipient mice
(CD45.1) received half BM from Ccr2−/− mice and another
half from Il27ra−/− (CD45.2) mice. In these chimera mice,
virtually all monocytes outside of the BM are Il27ra−/−Ccr2+/+,
as Ccr2−/− monocytes fail to leave the BM (37). As a control, we
generated mixed chimeras with BMs (1:1) fromWT and Ccr2−/−

mice. Chimera mice were immunized for EAE induction and

treated with MOG35−55/i.v. at disease onset. Mice with Il27ra−/−

BM developed severe disease, compared with mice with WT
BM, and MOG35−55/i.v. treatment failed to suppress disease
(Figures 5A,B). Worsening of disease and treatment failure
were associated with a higher number of CNS-infiltrating
leukocytes (Figure 5C) and greater frequencies of Th1 and Th17
cells, whereas the frequency of apoptotic CD4+ T cells was
reduced (Figures 5D–F). Moreover, the lack of IL-27 signaling
in CNS moDCs precluded upregulation of PD-L1 on them upon
MOG35−55/i.v. treatment (Figure 5G). Taken together, these data
show that MOG35−55/i.v.-induced IL-27 in turn induces PD-L1
expression in CNS moDCs.

CNS and spleen moDCs upregulated PD-L1 under
MOG35−55/i.v. treatment, expressing high levels of genes
related to Jak–Stat signaling (Figure 5H), especially signal
transducer and activator of transcription-1 (STAT1) and STAT3.
We therefore investigated whether they were involved in
IL-27-mediated PD-L1 induction in moDCs. WT, Stat1−/−,
and Stat3mut [mutant STAT3 gene with impaired activity (38)]
BM-derived DCs (BMDCs) were treated with IL-27 for 24 h, and
PD-L1 expression was evaluated. While IL-27 treatment induced
PD-L1 expression inWT and Stat1−/− moDCs, Stat3mut moDCs
failed to upregulate PD-L1. Next, when cultured with naive
2D2T cells, IL-27-treated Stat3mut BMDCs were less suppressive
to T cell proliferation and GM-CSF production, compared with
IL-27-treated WT BMDCs.

To test whether STAT3 is necessary for PD-L1 induction

in moDCs in vivo, we generated mixed BM chimera mice in

which recipient mice (CD45.1) received BM cells from Ccr2−/−

mice and from Stat3mut mice. In these mice, virtually all
monocytes and monocyte-derived cells (e.g., moDCs) outside of

BM are Stat3mut, whereas other immune cells are approximately

1:1 mixture of Stat3mut and Stat3WT cells. Control chimera
mice received BM cells from Ccr2−/− and WT mice; in
these mice, monocytes and moDCs outside of the BM are

Stat3WT. Chimera mice were immunized for EAE induction
and, after onset of clinical disease, treated with MOG35−55/i.v.
Mice with Stat3mut BM developed severe EAE and did not
respond to MOG35−55/i.v. treatment (Figures 5I,J). Treatment
failure was associated with an increased number of CNS-
infiltrating leukocytes (Figure 5L), higher frequencies of CNS-
infiltrating Th1 and Th17 cells (Figure 5M), reduced frequency
of apoptotic CD4+ T cells (Figure 5N), and reduced PD-L1+

expression in moDCs (Figure 5O). Moreover, although Ccr2−/−
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FIGURE 5 | IL-27 induces PD-L1 expression in moDCs via STAT3. (A) CD45.1+ mice were irradiated and transplanted with 1:1 Wsx−/− and Ccr2−/− BM or WT and

Ccr2−/− BM and 6–8 weeks later immunized with MOG35−55 (n = 7–10/group in each experiment). Starting from disease onset, mice were i.v. injected with 200 µg of

MOG35−55 every 3 days. (B) Cumulative disease score for mice shown in (A). (C) Mice described in (A) were sacrificed at day 21 p.i. and the numbers of CD45+

leukocytes in their CNS were determined by flow cytometry. Frequencies of GM-CSF+ IL-17A+ (D), PD-1+ (E), and annexin V+ (F) CD4+ T cells from the CNS of

mice shown in (A). (G) MFI of PD-L1+ moDCs from the CNS of mice shown in (A). (H) Splenic and CNS Ly6chigh MHCII+ monocytes were FACS-sorted from WT

mice with EAE at 21 d.p.i. and Jak/Stat signaling gene array analysis was performed by qPCR. Heat map showing the expression levels of the top 10 genes. Gene

expression levels are row centered, log2 transformed, and saturated at −3 and +3 for visualization. (I) CD45.1+ mice were irradiated and transplanted with 1:1

Stat3mut and Ccr2−/− BM, or WT and Ccr2−/− BM, and 6–8 weeks later immunized with MOG35−55 (n = 7–10/group in each experiment). Starting from disease

onset, mice were i.v. injected with 200 µg of MOG35−55 every 3 days. (J) Cumulative disease score for mice shown in (I). (K) Survival (%) of mice treated as described

in (I) (n = 10/group in each experiment). (L) Mice were sacrificed at day 21 p.i. and the numbers of CD45+ leukocytes from the CNS were determined by flow

cytometry. Frequencies of GM-CSF+ IL-17A+ (M) and annexin V+ (N) CD4+ T cells in the CNS of mice shown in (I). (O) Numbers of PD-L1+ moDCs from the CNS of

mice shown in (I). All data are representative of at least two experiments, and symbols depict mean ± SEM. Analysis between four groups was carried out by

one-way ANOVA with Bonferroni post-test. EAE experiments (A,I) were analyzed by two-way ANOVA with Bonferroni’s multiple comparison. Values of *P < 0.05,

**P < 0.001, and ***P < 0.0001 were considered significant.
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Stat3mut chimera mice developed severe EAE, we did not find
statistical differences in survival compared with Ccr2−/− WT
mice (Figure 5K). These findings show that IL-27 induces PD-L1
expression in moDCs via the STAT3 pathway.

DISCUSSION

Extinguishing harmful immune responses by restoring
peripheral tolerance toward auto-Ags has been a long-standing
goal in the search for therapies for autoimmune diseases (1, 39).
Although depletion of autoreactive T cells and induction of Tregs
and tolerogenic DCs are well-known mechanisms of peripheral
tolerance (5, 40, 41), our study defines an interplay between
molecular and cellular factors that leads to the development of
tolerogenic DCs and depletion of autoreactive T cells. Auto-Ag
administered i.v. is acquired by cDC1 and presented to auto-Ag-
specific T cells, leading to their activation and IFN-γ secretion,
which in turn induces IL-27 secretion from cDC1. IL-27 acts
on moDCs to induce PD-L1 expression, which then promotes
apoptosis of PD-1+ autoreactive T cells and disease amelioration.

It has been established that IFN-γ plays a protective role in
EAE through multiple mechanisms (22, 25, 42, 43); it is therefore
not surprising that it also mediates disease suppression in i.v.
tolerance induction. We have shown that i.v. tolerized mice with
EAE have higher frequencies of IFN-γ+ CD4+ T cells compared
with controls (3). We show here that i.v. injection of auto-Ag in
mice with EAE induces a robust and rapid production of IFN-
γ by CD4+ T cells and that blockade of IFN-γ inhibits IL-27
production and PD-L1 expression in CNS moDCs and abrogates
tolerance induction. This is in agreement with the findings
that IFN-γ prevents accumulation of activated CD4+ T cells in
response to Ag stimulation by both inhibiting proliferation and
inducing apoptosis of CD4+ T cells (25). Rapid in vivo/in situ
IFN-γ secretion by peptide-specific effector memory CD4+ T
cells upon i.v. injection of the peptide has been demonstrated
(44), a finding fully applicable to our system. Thus, our results
demonstrate that IFN-γ derived from CD4+ T cells is critical for
i.v. tolerance induction in ongoing EAE.

Several studies have reported that distinct DC subpopulations
can uptake Ags and induce immune tolerance by the induction
of IL-27 production and Tregs (3, 10, 45). We have shown
that CD11b+ CD103− DCs are the major source of IL-27 in
i.v. tolerance induction in EAE (3). The engagement of IFN-
γR on DCs induces their expression of IL-27 and several other
regulatory molecules, and IFN-γ-modified DCs modulate EAE
severity in an IL-27-dependent manner (42). DCs treated with
IFN-γ in vitro and injected into mice with EAE suppress disease
(46). Consistent with this, we show here that mice lacking IFN-
γ signaling in cDC1 fail to recover from EAE upon auto-Ag
i.v. treatment. We also show that cDC1 uptake i.v. injected
myelin Ag activate CD4+ T cells and their IFN-γ expression and
induce tolerance.

The role of monocytes in EAE is viewed as solely pro-
inflammatory (47, 48). However, there is evidence that CNS
moDCs can acquire regulatory phenotype and facilitate tissue
repair (49). Given that IL-27 induces PD-L1 in moDCs (8,

50) and that IL-27 signaling is beneficial in EAE (10, 51), we
investigated whether the absence of IL-27 signaling in moDCs
affects tolerance induction. We show that the absence of IL-27R
in CNS moDCs abrogates the expression of PD-L1 and EAE
recovery upon auto-Ag i.v. treatment. In contrast, neutrophils do
not upregulate PD-L1 upon injection of auto-Ag; instead, they
upregulate PD-L2, which is dispensable for tolerance induction.

It is well-known that IL-27 induces IL-10 expression by T cells
and other types of immune cells (10). We and others have shown
that i.v. tolerance induction in EAE induces IL-10 production
(2, 5), which was also the case in this study. Further, the essential
role of IL-10 in i.v. tolerance induction in EAE has been clearly
demonstrated (2, 3, 41). We therefore did not test its role again
here; however, in future studies, it would be interesting to define
a pathway by which IL-10 mediates i.v. tolerance, such as its
relevant cellular sources and targets, and to determine which
effects of IL-27, if any, are not reliant on IL-10 induction.

Mice lacking PD-L1 develop exacerbated EAE, with PD-L1 on
CD11c+ DCs playing an important role in limiting self-reactive
CD4+ T cells (52). However, the lack of PD-L2, also a PD-
1 ligand, did not worsen EAE (53), demonstrating that PD-L1
has a dominant role in regulating EAE severity. In agreement
with these findings, our data reveal that PD-L1 is required
for tolerance induction, whereas PD-L2 is dispensable. This is
seemingly at odds with studies showing that blockade of PD-
L1 with MAb at chronic stage EAE in C57BL/6 mice does not
worsen the disease, whereas blockade of PD-L2 does (16, 53).
A possible reason for this inconsistency is that we induced i.v.
tolerance while clinical disease was still developing, whereas the
abovementioned studies started PD-L1 and PD-L2 blockade later,
in the chronic phase of disease. Taken together, these findings
suggest that the relative importance of cell types and factors they
express in regulating disease does change over the disease course.

Studies have shown that IL-27 induces PD-L1 expression (8)
and that STAT3, which together with STAT1 mediates IL-27R
signaling (3, 10), is required for PD-L1 expression (12, 54).
However, the intracellular pathways downstream of IL-27 in i.v.
tolerance induction in EAE are still unclear. Consistent with
our previous finding that STAT1 is not necessary for IL-27-
induced DC modulation (3), we show here that IL-27 from
cDC1 induces PD-L1 expression in moDCs via STAT3. Indeed,
BM chimera mice with impaired STAT3 signaling in moDCs
failed to upregulate PD-L1 and to recover from EAE upon
MOG35−55/i.v. treatment.

Our findings define the regulatory pathway that suppresses
auto-Ag-specific immune response. The prerequisite for
activation of this pathway is the existence of a large pool
of auto-Ag-specific effector T cells that secrete IFN-γ upon
activation with auto-Ag presented by APCs. Injection of a large
quantity of auto-Ag induces a burst of IFN-γ secretion from
auto-Ag-specific effector T cells, eliciting IL-27 and PD-L1
expression by APCs, which then in turn suppress immune
response by causing anergy/apoptosis of the T cells. This is
a regulatory feedback mechanism for dampening strong and
possibly damaging immune responses. It is likely that this
mechanism regulates myelin-specific autoimmune responses in
EAE throughout its course, not only after i.v. tolerance induction.
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The existence of this pathway provides a unifying explanation
for more severe disease in IFN-γ-, IL-27-, and PD-L1-deficient
animals. It is likely that additional molecules participate in this
pathway, such as IL-10, which is induced in and essential to
i.v. tolerance induction in EAE (2, 3, 5, 55); upregulation of
TGF-β has also been noted (55), but its significance not explored.
Even though we have defined it in the context of i.v. tolerance
induction in EAE, this regulatory pathway is certainly relevant
in other contexts, being either beneficial or detrimental in them.
In addition to CD4+ T cells, the source of IFN-γ could be, for
example, pathogen-specific CD8+ T cells or NK cells as well.
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Intestinal commensal bacteria can have a large impact on the state of health and disease
of the host. Regulation of Th17 cell development by gut commensals is known to
contribute to their dichotomous role in promoting gut homeostasis and host defense,
or development of autoimmune diseases. Yet, the underlying mechanisms remain to be
fully elucidated. One candidate factor contributing to Th17 differentiation, and the
expression of which could be influenced by commensals is the atypical nuclear IkB
protein IkBz. IkBz acts as a transcriptional regulator of the expression of Th17-related
secondary response genes in many cell types including dendritic cells (DCs). Insights into
the regulation of IkBz in DCs could shed light on how these immune sentinel cells at the
interface between commensals, innate and adaptive immune system drive an immune-
tolerogenic or inflammatory Th17 cell response. In this study, the influence of two gut
commensals of low (Bacteroides vulgatus) or high (Escherichia coli) immunogenicity on
IkBz expression in DCs and its downstream effects was analyzed. We observed that the
amount of IkBz expression and secretion of Th17-inducing cytokines correlated with
the immunogenicity of these commensals. However, under immune-balanced conditions,
E. coli also strongly induced an IkBz-dependent secretion of anti-inflammatory IL-10,
facilitating a counter-regulative Treg response as assessed in in vitro CD4+ T cell
polarization assays. Yet, in an in vivo mouse model of T cell-induced colitis, prone to
inflammatory and autoimmune conditions, administration of E. coli promoted an
expansion of rather pro-inflammatory T helper cell subsets whereas administration of
B. vulgatus resulted in the induction of protective T helper cell subsets. These findings
might contribute to the development of new therapeutic strategies for the treatment of
autoimmune diseases using commensals or commensal-derived components.
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INTRODUCTION

With an area around 200 times larger than the skin, the
gastrointestinal mucosa is the largest immunological organ in
the body (1). It faces a challenging environment and needs to
maintain a careful balance between fighting intestinal intruders
and tolerating commensal and nutrition-derived antigens (2).
Failure of maintaining gut homeostasis promotes a shift in the
microbiota composition, known as dysbiosis and characterized
by a loss of bacterial diversity and/or commensals, as well as a
bloom of pathobionts (3). A dysbiotic microbiota has been
associated with many multifactorial autoimmune diseases such
as multiple sclerosis, type 1 diabetes mellitus and inflammatory
bowel diseases (IBD) (2, 4).

Dendritic cells (DCs) play a major role in the regulation of
gastrointestinal mucosal immunity since they are among the
first-line antigen-presenting cells at mucosal surfaces and link
the innate and the adaptive immune system (5). DCs encounter a
diversity of gut microbes and respond by inducing either
immune tolerance to harmless commensal-derived antigens or
an inflammatory response to potential pathogens. DCs recognize
various surface structures on bacteria, so-called microbe-
associated molecular patterns (MAMPs), via their patter
recognition receptors (PRRs), such as Toll-like receptors
(TLRs) (6, 7). Upon sampling of these antigens, DCs undergo
a differentiation process resulting in e.g., semi-mature (smDCs)
or mature DCs (mDCs), characterized by low or high expression
of activation and maturation markers, respectively (8, 9). Under
homeostatic conditions, DCs orchestrate the differentiation of
naïve CD4+ T cells into functionally distinct T helper cell subsets
by creating an environmental cytokine milieu required for the
balanced co-existence of regulatory and inflammatory CD4+ T
cells (10). In this role, smDCs are known to induce T cell anergy
and regulatory T cells (Tregs) whereas mDCs are potent antigen
presenting cells promoting CD4+ and CD8+ T cell responses (9).

A subset of IL-17-secreting CD4+ T cells (Th17 cells) plays a
dichotomous role in gut homeostasis by promoting protection
against fungal and bacterial pathogens on one side, and driving
inflammatory pathology and development of autoimmune diseases
on the other side (11, 12). The orphan nuclear receptor RORgt is the
lineage-determining “master” transcription factor directing the
production of the hallmark cytokines IL-17A, IL-17F as well as
IL-21 and IL-22 (12, 13). Among these, especially IL-17A plays a
dominant role in driving autoimmunity (13). Due to intrinsic
instability and plasticity, Th17 cells are able to transdifferentiate to
more inflammatory or regulatory phenotypes in response to
fluctuating physiological environments (10, 12). Differentiation of
Th17 cells is dependent on interleukin 6 (IL-6) and transforming
growth factor b (TGFb), whereas their full maturation depends on
IL-1b and IL-23, possibly favoring their pathological activity in the
induction of autoimmunity (14, 15). Beyond their demonstrated
ability to secrete all these cytokines, how DCs influence plasticity
and poise protective and inflammatory responses is not fully
known (14).

Besides RORgt, another transcription factor required for
Th17 development is the atypical inhibitor of the nuclear
factor kB (IkB) protein IkBz which harbors six ankyrin repeats
Frontiers in Immunology | www.frontiersin.org 29910085
at its carboxyl terminus, and is encoded by the Nfkbiz gene (16,
17). Also known as MAIL or INAP, IkBz is expressed in a variety
of cell types and is essential for the induction of a subset of
secondary response genes, e.g., Il-6, Il-12, Il-17, and Ccl2 (16, 18–
20). Transcription of the Nfkbiz gene is rapidly induced as
primary NFkB response gene upon TLR- and cytokine-
receptor signaling (18, 19, 21). The necessity of IkBz in Th17
development was shown inNfkbiz-/- mice which were resistant to
experimental autoimmune encephalomyelitis (EAE), a model of
Th17-mediated autoimmune disease with a multiple sclerosis-
like phenotype (16, 22).

IkBz expression in DCs is of particular importance for regulating
Th17 development due to the steering role of DCs in states of
homeostasis and inflammation. Yet, the impact of a shifting
microbiota, as it is observed in states of inflammatory and
autoimmune diseases, on IkBz-dependent, DC-mediated T cell
differentiation has not been characterized. In this study, we elucidate
the impact of two model gut commensals on the induction of Th17
responses mediated by DCs. We could show that the induction of
IkBz-expression by commensals with low (Bacteroides vulgatus) and
high (Escherichia coli) immunogenicity positively correlates with their
immunogenicity in DCs. Furthermore, in an in vivo mouse model of
IBD, enhancing abundance of these commensals influenced the
differentiation of intestinal T helper cells towards rather protective
and regulatory phenotypes (B. vulgatus) or pro-inflammatory
phenotypes (E. coli). This effect could experimentally be traced back
to the differential expression of IkBz in DCs.
MATERIALS AND METHODS

Bacteria
Escherichia coli mpk (23) was grown overnight in Luria-Bertani
(LB) medium under aerobic conditions at 37°C and
subcultivated in the same medium for 2.5 h the next day prior
quantification to ensure logarithmic growth phase. Bacteroides
vulgatus mpk (23) was cultivated in liver broth for 3 days and,
prior to quantification, subcultivated in Brain-Heart-Infusion
(BHI) medium for 2 days and anaerobic conditions at 37°C to
ensure logarithmic growth phase.

Mice
Female C57BL/6NCrl (WT) mice were purchased from Charles
River Laboratories. C57BL/6J-Rag1tm1Mom (Rag1-/-), TLR2-/-,
TLR4-/- and TLR2-/-xTLR4-/- mice were obtained from Jackson
Laboratories. Nfkbiz-/- mice were kindly provided by Dr. M
Morimatsu (24) and bred from Nfkbiz+/- breeding pairs. For
isolation of bone marrow and T cells, 6–12 week old mice were
used. All mice were kept and bred under specific pathogen-free
(SPF) conditions.

Cultivation and Stimulation of Bone
Marrow-Derived Dendritic Cells
Bone marrow cells were isolated and cultivated as described
previously (25). At day 7 after isolation, CD11c+ bone marrow
derived-dendritic cells (BMDCs) were used for in vitro experiments.
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1 × 106 BMDCs/ml were stimulated with PBS (mock, Thermo
Fisher Scientific), B. vulgatus or E. coli at a multiplicity of infection
(MOI) of 1 at 37°C. 100 ng/ml isolated LPS of B. vulgatus [LPSBV,
isolated as described in (26, 27) and (28)] or E. coli [LPSEC, isolated
as described in (26, 27) and (28)] were used for stimulation. For
stimulation with a complex microbiota, fecal samples were collected
from SPF Rag1-/- mice prior to administration of bacteria and
induction of colitis, as well as at the end of the experiment (see T cell
transfer in Rag1-/- mice). Samples were weighed, dissolved in sterile
PBS to a stock concentration of 50 mg/ml, heat-inactivated for
15 min at 80°C and filtered through a 100 µm cell sieve. Fecal
samples were then further diluted in sterile PBS and BMDCs were
stimulated with prepared fecal samples in a concentration of 100 µg/
ml. Gentamicin (1 µg/ml) was added to all samples in order to
prevent bacterial overgrowth and to create equal treatment
conditions. Cells were harvested after the indicated stimulation
periods and processed for subsequent analyses.

Cultivation and Stimulation of mICcl2 Cells
Trans-immortalized mouse intestinal epithelial cells derived
from the small intestine of a transgenic mouse were cultured
as described elsewhere (29). One day prior stimulation, mICcl2
cells were seeded at a concentration of 5 × 105 cells/ml. Cells were
stimulated with PBS (mock), B. vulgatus or E. coli at a MOI of 10
for 2 h and gentamicin (1 µg/ml) was added to all samples in
order to prevent bacterial overgrowth and to ensure equal
treatment conditions. Cells were gently detached with 0.05%
trypsin-EDTA (Gibco) from culture vessels and processed for
further analysis.

Isolation of Naïve T Cells
For adoptive T cell transfer and in vitro T cell polarization assay,
splenic naïve CD3+CD4+CD25-CD45RB+ T cells from female
WT mice were purified using a MACS-based negative selection
kit (Miltenyi) according to the manufacturer’s instructions.

T Cell Polarization Assay
Antigen-independent activation of naïve CD4+ T cells occurred
by overnight incubation with plate-bound anti-CD3 (145-2C11)
antibodies (BioLegend, coated with 10 µg/ml in PBS) and 2 µg/
ml anti-CD28 (37.51) (BioLegend). As polarizing factor, sterile-
filtrated cell culture supernatants of 16 h-stimulated BMDCs
containing stimulus-dependent cytokine concentrations were
used, diluted 1:2 in T cell medium (RPMI 1640 supplemented
with 10% FCS, 50 mM 2-mercaptoethanol, 25 mM HEPES, 1%
non-essential amino-acids, 1% sodium pyruvate and 1%
penicillin/streptomycin). In order to mimic an imbalanced
cytokine milieu, neutralizing anti-IL-10 (JES5-2A5) antibodies
(BioLegend, 10 µg/ml) were added to naïve T cells simultaneously
with the BMDC supernatant. Cells were incubated for 4 h with
GolgiStop (BD) prior to end of polarization time and processed for
flow cytometry analysis.

Dextran Sodium Sulfate (DSS)-Induced
Colitis in WT and Nfkbiz-/- Mice
Acute DSS colitis was induced in SPF WT and Nfkbiz-/- mice by
administration of 2.5% (w/v) DSS (molecular weight 36–50 kDa,
Frontiers in Immunology | www.frontiersin.org 310010186
MP Biomedicals) dissolved in drinking water for 7 days. Onset of
inflammation was assessed on day 0 and on days 3–7 by
monitoring body weight and disease activity index (DAI) with
parameters ranging from 0–3 regarding blood in stool and on
anus, stool consistency, relieving posture and appearance of fur.
Colon tissue was used for histopathological analysis by fixing it in
4% formalin and sections stained with Hematoxylin/
Eosin (H&E).

T Cell Transfer Colitis in Rag1-/- Mice
Administration of B. vulgatus or E. coli to 10 week-old Rag1-/- mice
via drinking water in a concentration of 2 × 108 bacteria/ml started
one week prior to intraperitoneal injection of 5x105 naïve T cells.
Replacing drinking water with bacteria and weighing of mice
occurred twice a week. Mice were kept in IVCs in order to
maintain stability of the newly developed microbiota composition.
Fecal samples were collected prior to administration of bacteria and
at the end of the experiment. Mice were sacrificed 5 weeks after T
cell transplantation for analysis. Degree of colonic inflammation
was determined using colonic histological sections, stained by H&E
and scored as described elsewhere (30).

Isolation of Dendritic Cells and T Cells
From Colonic Lamina Propria and
Mesenteric Lymph Nodes
For isolation of colonic lamina propria (cLP) cells, caecum and
colon were thoroughly washed with PBS and cut into 1.5 cm pieces,
followed by two incubation periods in HBSS/5% FCS/2 mM
EDTA/1 mM DTT, washing in HBSS/5% FCS/1 mM HEPES for
10 min and digestion of minced pieces in RPMI/40 U/ml DNase I/
0.12 mg/ml collagenase for 15 min. All steps were performed at
37°C and gentle stirring, with vortexing and filtering through a 100
µM cell strainer in between single steps. Final cell suspension was
washed twice with ice-cold HBSS/5% FCS. Immune cells from
mesenteric lymph nodes (mLN) were isolated by gentle disruption
and passing through a nylon cell strainer (40 µm mesh) with PBS/
1% FCS and a washing step with PBS/1% FCS. T cells from cLP and
mLN were activated with leukocyte activation cocktail (BD
Biosciences) for 4 h with subsequent processing for flow
cytometry analysis.

RNA Isolation and RT-PCR
Isolation of RNA from mICcl2 cells, BMDCs and colonic tissue
lysates was performed using Qiagen’s RNeasy Mini Kit according
to manufacturer’s instructions. Additional DNA digestion was
conducted by using the DNA-free DNA Removal Kit (Thermo
Fisher Scientific). SybrGreen based quantitative RT-PCR was
performed on a Roche LightCycler480 using Qiagen SybrGreen
RT-PCR Kit. Primer annealing occurred at 60°C. 10–100 ng
DNase-digested RNA was used for qRT-PCR. Relative mRNA
expression in cells stimulated with bacteria to unstimulated cells
was determined by using b-actin as housekeeping gene according
to the DDCp-method, which takes into account the specific
amplification efficiency of every primer pair and each PCR run.
Primer sequences: Nfkbiz (NCBI Gene ID: 80859) forward:
GTGGGAGAACAGATCCGACG, reverse: AGTGAGTGTC
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GCTGAACCAG; b-actin (NCBI Gene ID: 11461) forward:
CCCTGTGCTGCTCACCGA , r e v e r s e : ACAGTGT
GGGTGACCCCGTC.

Quantification of Bacteria in Fecal
Samples
Plasmid standards were generated by blunt-end cloning using
pJET (Thermo Fisher Scientific) and the respective specific 16s
PCR fragments of E. coli (Primer forward: GTTAATA
CCTTTGCTCATTGA, reverse: ACCAGGGTATCTAATC
CTGTT (31) or B. vulgatus (Primer forward: AACCTGCCG
TCTACTCTT, reverse: CAACTGACTTAAACATCCAT (32).
The concentration of the isolated plasmids was determined
and the standard concentrations were prepared in 10-fold
serial dilutions in a range of 100,000–10 copies. Bacterial DNA
was isolated using the QIAamp DNA Stool Mini Kit (Qiagen)
according to manufacturer’s instructions. DNA concentration
was measured using Qubit dsDNA High Sensitivity Assay
(Thermo Fisher Scientific). For the qPCR measurement, DNA
concentrations were adjusted to 5 ng per reaction, and PCR was
performed using QuantiFast SYBR Green PCR Kit (Qiagen).
Bacterial copy numbers were determined by a standard curve.
For this purpose, log10 of standard copy numbers were plotted
against ct-values.

Cytokine Analysis
For determination of IL-6, IL-10, IL-23, IL-1b concentrations in
cell culture supernatants, ELISA kits purchased from BD
Biosciences or eBiosciences were used according to
manufacturers’ instructions. For detection of mouse serum
cytokines, the Bio-Plex Pro assays Mouse Cytokine 23-Plex
and sets for Mouse IL-17F, Mouse IL-21, Mouse IL-22, Mouse
IL-23 and TGFb1 (Bio-Rad) were performed according to
manufacturer’s instruction and analyzed on a Bio-Plex 200.

Flow Cytometry Analysis
After harvesting or isolation, mICcl2cells, BMDCs, cLP cells and
mLN cells were washed and Fc-receptors were blocked for
15 min at 4°C. Staining with fixable viability dyes (Thermo
Fisher Scientific) for 15 min at 4°C was applied for live-dead
discrimination. For intracellular staining, cells were fixed and
permeabilized using Cytofix/Cytoperm (BD Biosciences)
according to manufacturer’s instructions, washed and
resuspended in PBS/1% FCS/0.1% saponin. For intracellular
staining and cell surface staining, cells were labeled for 30 min
at 4°C with fluorophore-conjugated antibodies (all BD, if not
stated otherwise) and washed twice. Flow cytometric analyses
were performed on a FACS LSRII (BD Biosciences). Data were
analyzed using the FlowJo software (Tree Star Inc., USA).
Antibodies: CD11c (HL3)-APC, CD11c (HL3)-PE-Cy7, CD4
(RM4-5)-BV605, CD45 (30-F11)-APC-Cy7, CD45R (RA3-
6B2)-PE, CD64 (X54-5/7.1)-PE, Foxp3 (MF23)-AF647, Foxp3
(MF23)-BV421, GATA3 (L50-823)-PE-Cy7, IFNg (XMG1.2)-
PE-Cy7, IFNg (XMG1.2)-APC, IFNg (XMG1.2)-FITC, IkBz
(LK2NAP)-PerCP-EF710 (Thermo Fisher Scientific), IL-10
(JES5-16E3)-BV510, IL-10 (JES5-16E3)-FITC (BioLegend), IL-
17A (TC11-18H10)-PE, IL-17A (TC11-18H10)-APC-Cy7, IL-4
Frontiers in Immunology | www.frontiersin.org 410110287
(11B11)-PE, LY6G/C (RB6-8C5)-PE, I-A/I-E (MHC II) (AF6-
120.1)-APC, I-A/I-E (MHC II) (AF6-120.1)-BV421, RORgt
(Q31-378)-BV421, and T-bet (4B10)-BV421 (BioLegend).

Statistics
Statistical analysis of the data was performed with the GraphPad
Prism 8 Software. Data were tested for normality using the
Shapiro-Wilk normality test. Statistical analyses were then
performed via unpaired student’s t test or ANOVA for
normally distributed data and Mann-Whitney or Kruskal-
Wallis multiple comparison test for nonparametric statistics.
Statistical significance: *p < 0.05, **p < 0.01, ***p < 0.001,
****p < 0.0001. Error bars represent + standard deviation (SD).
RESULTS

Expression of IkBz Promotes Intestinal
Homeostasis in a Mouse Model
of Acute Colitis
To confirm the role of IkBz in the modulation of mucosal
immune responses, we analyzed the impact of IkBz-expression
on the course of intestinal inflammation in a mouse model of
dextran sodium sulfate (DSS) –induced acute colitis. Wild type
(WT) and Nfkbiz-/- specific-pathogen-free mice were
administered 2.5% DSS for seven days in order to induce acute
colitis. The severity of disease was estimated by monitoring the
weight of the mice and determining the disease activity index
(DAI). Nfkbiz-/- mice were found to be significantly more
susceptible to DSS colitis, as shown by a significantly increased
weight loss and DAI, as well as clear signs of severe colitis as
shown by histopathological examination of colon sections
(Figure 1). Based on these results, we conclude that IkBz plays
an important role in maintaining intestinal homeostasis.

IkBz Expression in BMDCs and Intestinal
Epithelial Cells Is Differentially Modulated
by Distinct Commensals
Next, we assessed the contribution of two model gut commensals
to IkBz-dependent activation and maturation of DCs. The mouse
gut commensal B. vulgatus exhibits low immunogenicity and
induces smDCs in the colonic lamina propria (cLP), thus
contributing to the promotion of homeostasis and prevention of
intestinal inflammation in mouse models for colitis (8, 23, 33). E.
coli, however, is strongly immunogenic and provokes a pro-
inflammatory immune response by inducing mDCs, resulting in
intestinal inflammation in Il-2 deficient mice (8, 23, 34). Since
bone marrow-derived dendritic cells (BMDCs) are phenotypically
similar tointestinal lamina propria DCs (26) and can be generated
in high numbers and comparable maturation status, we used
BMDCs to evaluate IkBz induction by B. vulgatus or E. coli.
Wild type (WT) BMDCs were stimulated with either of the two
commensals at a MOI of 1 for 16 h, and Nfkbiz gene expression as
well as IkBz protein levels were determined at different time points
(Figures 2A, B, and Supplementary Figure 1). E. coli stimulation
strongly induced Nfkbiz gene expression with a maximal
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expression at 2 h post stimulation, followed by a decrease over
time to levels close to the starting ones (Figure 2A). In contrast,
stimulation of WT BMDCs with B. vulgatus did not significantly
alter the basal levels of Nfkbiz gene expression. In agreement with
the enhanced mRNA levels, 2 h stimulation of WT BMDCs with
E. coli strongly increased the IkBz protein levels in comparison to
those in B. vulgatus-stimulated BMDCs, which did not differ much
from the basal protein levels (Figure 2B). Yet, the IkBz protein
levels in E. coli-stimulated BMDCs did not decrease as strongly
and rapidly as the mRNA levels, indicative of a stable protein.
These results suggest that IkBz expression in BMDCs is differently
regulated by commensals, with E. coli provoking a strong cell
response and B. vulgatus a weak one. Hence, the question arises
whether IkBz-mediated cytokine secretion required for T cell
polarization is also influenced by commensals.

To address this, we measured the secreted levels of Th17-
inducing cytokines IL-6, IL1b and IL-23 as well as anti-
inflammatory IL-10 in cell culture supernatants of BMDCs
derived from WT and IkBz-deficient (Nfkbiz-/-) mice after
stimulation (Figure 2C). IL-6 and IL-1b are crucial for the
induction of RORgt, whereas IL-23 is required for Th17
effector functions, since the receptor for IL-23 (IL-23R) is
absent on naïve T cells (35). Upon 24 h-stimulation with E.
coli, but not with B. vulgatus, WT BMDCs secreted significantly
higher amounts of IL-6, IL-1b and a clearly higher amount of IL-
23 than unstimulated WT BMDCs. In agreement with our
previous findings (34), E. coli stimulation also significantly
enhanced IL-10 secretion by WT BMDCs when compared to
stimulation with B. vulgatus. Cytokine secretion in B. vulgatus-
stimulated WT BMDCs was generally very low and did not
significantly differ from that in unstimulated WT BMDCs.
However, IL-6 and IL-10 secretion by Nfkbiz-/- BMDCs
stimulated with E. coli was significantly lower than that in WT
Frontiers in Immunology | www.frontiersin.org 510210388
BMDCs, indicating that IL-6 and IL-10 production by BMDCs is
dependent on IkBz. In contrast, deficiency of IkBz did not
significantly reduce cytokine secretion in B. vulgatus-
stimulated or unstimulated BMDCs. Hence, IkBz-mediated
cytokine secretion by BMDCs seems to be dependent on a
strong stimulus, as provided by E. coli.

Since DCs are not the only cell type in the gut expressing IkBz
and in direct contact to the microbiota, we also analyzed
commensal-mediated effects on IkBz-expression in mouse
intestinal epithelial cells. We stimulated immortalized mouse
small intestinal epithelial cells (mICcl2) cells with PBS (mock), B.
vulgatus or E. coli for 2 and 4 h, and measured IkBz protein and
mRNA levels, respectively. Flow cytometry analysis revealed that,
similar to what was observed in BMDCs, IkBz protein levels were
significantly higher in E. coli-stimulated cells compared to
unstimulated or B. vulgatus-stimulated cells after 2 h (Figure
2D and Supplementary Figure 2). After 4 h, a strong induction
of Nfkbiz gene expression could still be observed in E. coli-
stimulated, but not B. vulgatus-stimulated cells (Figure 2E).

These results indicate that commensals display similar
immunogenic effects on different cell types of the gut barrier,
facilitating a uniform and coordinated immune response by
different cell types.

Commensals Trigger Secretion of Th17-
Inducing Cytokines in BMDCs via TLR4
Signaling
As previously described, immunogenicity of the model
commensal bacteria B. vulgatus and E. coli is mainly mediated
by their lipopolysaccharide (LPS) and affects both the maturation
status and cytokine secretion of BMDCs (26, 34). To identify the
bacterial MAMP and the host TLR responsible for the observed
IkBz induction, Nfkbiz gene expression, IkBz protein and
A B

C

FIGURE 1 | IkBz expression promotes intestinal homeostasis in the mouse model of DSS colitis. Wild type (WT) (n = 6) and Nfkbiz-/- (n = 6) specific-pathogen free
(SPF) mice were administered 2.5% DSS (w/v) in drinking water for 7 days to induce colitis. (A) Changes in body weight were monitored throughout the experiment:
dotted lines indicate each individual, and continuous lines indicate group means ± SD. (B) Disease activity index (DAI) was determined according to the criteria
mentioned in the material and methods part, with indicated group means ± SD. **p < 0.005 (C) Representative H&E stained colon sections.
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secreted cytokine levels were determined in stimulated BMDCs
isolated from WT as well as TLR2 (Tlr2-/-), TLR4 (Tlr4-/-) and
TLR2/TLR4 (Tlr2-/- × Tlr4-/-) deficient mice. The significant
reduction in Nfkbiz gene expression and IkBz protein levels in
Tlr4-/- and Tlr2-/- × Tlr4-/- BMDCs, but not Tlr2-/- BMDCs,
suggested that the TLR4 ligand LPS was mainly responsible for
the high IkBz induction in E. coli-stimulated WT BMDCs
(Figures 3A, B). In Tlr2-/- × Tlr4-/- BMDCs, the induced levels
were even slightly but not significantly lower than those of single
knockouts Tlr2-/- and Tlr4-/- BMDCs, suggesting a synergistic
effect of TLR2 and TLR4 signaling upon strong immunogenic
stimulation. Deficiency of TLR2 and/or TLR4 did not
significantly influence IkBz induction in B. vulgatus-stimulated
BMDCs, emphasizing the low immunogenicity of this
commensal. TLR4 signaling was also responsible for the
secretion of Th17-inducing cytokines, since the amount of
secreted IL-6, IL-1b, IL-23 and IL-10 was significantly reduced
in Tlr4-/- BMDCs despite a strong stimulus, and slightly but not
significantly lower in TLR2 and/or TLR4-deficient BMDCs
stimulated with weakly immunogenic B. vulgatus (Figure 3C).
Frontiers in Immunology | www.frontiersin.org 610310489
To evaluate the role of IkBz in TLR-dependent DC
maturation, we correlated the percentage of highly mature
BMDCs, as indicated by MHC IIhi expression, 16 h post
stimulation with the IkBz protein levels measured 2 h after
stimulation in these cells (Figure 3D). A positive correlation
could be observed which decreased upon deficiency for TLR2
and/or TLR4, suggesting a possible role for IkBz in TLR-ligand
induced maturation processes of BMDCs.

To confirm LPS as the main trigger for IkBz expression, WT
BMDCs were stimulated for 2 h with B. vulgatus, E. coli and the
respective LPS (LPSBV and LPSEC). As expected, IkBz protein
levels normalized to levels in unstimulated BMDCs did not
significantly differ between B. vulgatus and LPSBV as well as
between E. coli and LPSEC (Figure 3E). Furthermore, LPSEC-
induced IkBz levels were significantly higher than the LPSBV-
induced protein levels, mirroring the results obtained with
B. vulgatus and E. coli stimulation. This data suggests that the
immunogenicity-dependent effects of B. vulgatus and E. coli on
IkBz expression, cell maturation and cytokine secretion are
mediated by their LPS.
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FIGURE 2 | The influence of B. vulgatus and E. coli stimulation on IkBz expression in bone marrow-derived dendritic cells (BMDCs) and mICcl2 cells. (A) Nfkbiz
gene expression after stimulation of wild type (WT) BMDCs with B. vulgatus (BV) or E. coli (EC) at the indicated time points for a total of 16h as determined by RT-
PCR (n = 4). (B) The respective IkBz protein levels were determined by flow cytometry analysis. (C) Cytokine secretion into cell culture supernatants of WT BMDCs
and Nfkbiz-/- BMDCs after 24 h stimulation with mock, BV and EC was determined by ELISA (n = 5). (D) IkBz protein levels after 2 h stimulation of mICcl2 cells with
mock, BV or EC was determined by flow cytometry and (E) Nfkbiz gene expression after 4 h stimulation of mICcl2 cells with mock, BV or EC was determined by RT-
PCR. Data are represented as geometric mean + SD, ns, not significant, *p < 0.05, **p < 0.005, ***p < 0.0005, ****p < 0.00005.
January 2021 | Volume 11 | Article 612336

https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Michaelis et al. Commensal Influence on Th17 Induction
The Unique Composition of the
Cytokine Milieu in Response to Various
Commensals Differentially
Polarizes T Cells
Antigen-inexperienced, i.e., naïve, CD4+ T cells can differentiate
into multiple lineages upon activation, depending on the
local environment mainly defined by the composition and
Frontiers in Immunology | www.frontiersin.org 710410590
concentration of the available cytokines (36, 37). As we
observed a distinct cytokine secretion pattern in response to B.
vulgatus and E. coli, we analyzed the influence of the different
cytokine milieu on CD4+ T cell differentiation. To this aim, we
antigen-independently activated naïve CD4+ T cell with plate-
bound anti-CD3 and soluble anti-CD28, and defined their
polarization fate in response to sterile-filtrated cell culture
supernatant (SN) of BMDCs previously stimulated for 16 h
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FIGURE 3 | IkBz induction in bone marrow-derived dendritic cells by commensals is mainly TLR4-dependent. (A) Nfkbiz gene expression in wild type (WT), Tlr2-/-,
Tlr4-/- and Tlr2-/-x Tlr4-/- BMDCs after stimulation with B. vulgatus (BV) or E. coli (EC) as determined by RT-PCR. (B) The respective IkBz protein levels were
determined by flow cytometry after 2 h of stimulation. (C) Cytokine secretion into cell culture supernatants after 16 h of stimulation was determined by ELISA.
(D) Correlation between percentages of MHC IIhi-expressing BMDCs after 16 h of stimulation and the IkBz levels after 2 h with indicated Pearson r (E) IkBz levels in
WT BMDCs after stimulation with BV, LPSBV (100 ng/ml), EC, LPSEC (100 ng/ml) for 2 h, normalized to IkBz levels in unstimulated WT BMDCs. Data represent
geometric mean + SD, ns, not significant, *p < 0.05, **p < 0.005, ***p < 0.0005, ****p < 0.00005.
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with PBS (mock SN), B. vulgatus (BV SN), or E. coli (EC SN)
(Figure 4A and Supplementary Figure 3). As control,
differentiation in presence of the sole BMDC medium
was performed.

To mimic an imbalance between pro- and anti-inflammatory
cytokines as reported for the pathogenesis of autoimmune
diseases (38), we added neutralizing anti-IL-10 antibody to the
cell culture supernatants (medium + anti-IL-10, mock SN+ anti-
IL-10, BV SN + anti-IL-10, EC SN + anti-IL-10). Neutralization
of extracellular IL-10 appeared to slightly reduce T cell survival
after 72 h of incubation (Figure 4B). Yet, it also induced a more
pronounced differentiation of naïve T cells into Th1
(IFNg+CD4+) and Th2 (IL-4+CD4+) effector helper subsets.
Furthermore, it significantly increased differentiation into Th17
cells (IL-17+ CD4+) when present alone (BMDC medium only)
and in combination with BV SN or EC SN. Yet, BV SN and EC
SN induced similar levels of Th17 cells, under both balanced and
imbalanced cytokine conditions.

Th17 cells are known to have certain plasticity. On the one
hand, they are able to convert to Th1-like Th17 cells, co-
expressing IL-17 and IFNg, and contributing to increased
inflammatory activity (39). On the other hand, anti-Th17 Treg
cells co-expressing IL-17 and Foxp3 were shown to suppress
CD4+ T cell proliferation, and found in the inflamed intestinal
Frontiers in Immunology | www.frontiersin.org 810510691
mucosa of patients with Crohn´s Disease (40). Th17 cells co-
expressing IL-17 and IL-10 are instead protective and prevent the
accumulation and activity of inflammatory Th17 at sites of
inflammation (41). Therefore, we further characterized
differentiated Th17 cells with respect to the co-expression of
IL-17 with IFNg, Foxp3 or IL-10 to define their inflammatory or
non-inflammatory potential. No significant influence of the
differentiation environments on the subsets of Th17 cells was
observed (Figure 4B, bottom panels). However, the percentage
of Foxp3+ IL-17+ T cells and IFNg+ IL17+ T cells significantly
increased upon neutralization of IL-10 in BV SN, suggesting that,
even in absence of anti-inflammatory IL-10, a balanced Th17
immune response is guaranteed by an increased number of anti-
Th17 Tregs.

E. coli Promotes a Pro-Inflammatory CD4+

T Cell Response in the Mouse Model of T
Cell Transfer Colitis
The initial lack of Tregs and induction of inflammatory Th1 and
Th17 cells are known to play a role in disease onset in the T cell
transfer model of colitis in Rag1-/- mice (42, 43). Transfer of
naïve T cells into these immune-deficient mice lacking functional
T cells and B cells induces a chronic colonic inflammation that
is largely dependent on the microbiota composition (44).
A

B

FIGURE 4 | In vitro CD4+ T cell polarization in response to the supernatant of BMDCs. (A) Overview of the experimental setup: WT BMDCs were stimulated with
PBS (mock), B. vulgatus (BV) or E. coli (EC) for 16 h. The resulting supernatants were sterile-filtrated and used for differentiation of anti-CD3/anti-CD28-activated WT
CD4+ T cells with or without addition of neutralizing anti-IL-10 antibodies (10 µg/ml). After 72 h, T cells were analyzed by flow cytometry. (B) Flow cytometry analysis
of differentiated CD4+ T cell subsets after incubation with T cell medium or supernatants of mock, BV or EC-stimulated WT BMDCs with or without addition of
neutralizing anti-IL antibodies (10µg/ml) (n = 5). Data represent geometric mean + SD, ns, not significant, *p < 0.05, **p < 0.005.
January 2021 | Volume 11 | Article 612336

https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Michaelis et al. Commensal Influence on Th17 Induction
We therefore analyzed the impact of administration of a
symbiont or a pathobiont, respectively, on DC responses and T
helper cell polarization in the colonic lamina propria (cLP) and
mesenteric lymph nodes (mLN). SPF Rag1-/- mice were
administered either B. vulgatus or E. coli by continuous
administration of 2 × 108 bacteria per mL drinking water,
starting one week prior to transplantation of 5 × 105 naïve T
cells (Figure 5A). Mice were weighed and drinking water
renewed twice a week. Mice were sacrificed five weeks after T
cell transplantation.

Administration of B. vulgatus or E. coli did not lead to significant
differences in weight loss over time (Figure 5B and Supplementary
Figure 4). However, a slightly accelerated weight loss was observed
Frontiers in Immunology | www.frontiersin.org 910610792
in E. coli-administered mice starting three weeks after T cell
transplantation compared to mice administered with either B.
vulgatus or no bacteria. Furthermore, a high variation within
experimental groups was observed, as indicated by large standard
deviations in Figure 5B. To evaluate the influence of B. vulgatus- and
E. coli-administration on systemic inflammation, the concentration
of serum cytokines was determined (Figure 5C). No significant
differences were observed between the different experimental groups
with the exception of increased IL-21 levels in some E. coli-
administered mice. Serum concentrations of Th17-inducing IL-6
and IL-1b were very low with IL-23 concentrations even under the
detection limit in all mice. Concentrations of the anti-inflammatory
IL-10 did positively correlate with concentrations of many pro-
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FIGURE 5 | E. coli-administration accelerates colitis induction in a T cell transfer model of colitis. (A) Overview of the experimental setup: specific-pathogen free
(SPF) Rag1-/- mice were continuously administered with B. vulgatus (n = 4) or E. coli (n = 5) via drinking water. A control group was left untreated (n = 4). After one
week of bacterial association, naïve CD4+ T cells were transplanted. Mice were sacrificed 5 weeks after T cell transplantation. (B) The change in bodyweight was
monitored throughout the experiment: dotted lines indicate each individual and continuous lines indicate group means ± SD, ns, not significant. (C) The
concentration of the indicated cytokines was determined in mouse serum, using Bio-Plex assays. Each column represents one individual. (D) RNA was isolated from
colonic tissue and Nfkbiz gene expression was determined by RT-PCR. Data represent geometric mean + SD.
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inflammatory cytokines (Supplementary Figure 5), indicating a
systemic repressive function. Yet, Nfkbiz gene expression in colonic
tissue was found to be higher upon E. coli-administration, compared
to B. vulgatus-administration, giving first hints of a more
pronounced Th17 response to a microbiota rich in E. coli
(Figure 5D).

Flow cytometry analyses revealed that total numbers of cLP DCs
were significantly higher in the B. vulgatus-administered group
compared to the control group, whereas E. coli-administration
resulted in only slightly increased numbers (Figure 6A and
Supplementary Figure 6). A positive correlation between the
maturation status of cLP DCs, as indicated by MHC IIhi

expression, and IkBz protein levels in these DCs was observed,
with only low percentages of highly mature DCs in B. vulgatus or E.
coli-administered mice (Figure 6B, left panel). However, highly
mature DCs with low IkBz levels were observed in mLN of B.
vulgatus or E. coli-administered mice (Figure 6B, right panel). In
the control group, the percentage of IkBzhi MHC IIhi mLN DCs
remained low.

Total numbers of recruited cLP CD4+ T cells were not found to
be dependent on microbiota composition (Figure 6C). Yet, the
polarization of these CD4+ T cells seemed to be conditioned by
microbiota composition: enhanced abundance of B. vulgatus
clearly induced more Tregs than E. coli-administration or no
microbiota-manipulation. Also the total numbers of Foxp3+ IL-
17+ anti-Th17 Tregs were significantly higher, and total numbers
of IL10+ IL-17+ protective Th17 cells were slightly higher in B.
vulgatus-administered mice compared to the other groups. In
contrast, E. coli-administration resulted in significantly higher
total numbers of Th1 cells and slightly higher total numbers of
Th1-like Th17 cells than the control group, but at levels similar
to those detected in the B. vulgatus-administered group. Total
numbers of Th2 cells were significantly higher in B. vulgatus- or
E. coli-administered groups compared to the control group.
Taken together, polarization of CD4+ T cells in the cLP is tilted
to rather anti-inflammatory and regulatory phenotypes in
B. vulgatus-administered mice whereas in E. coli-administered
mice, cLP CD4+ T cells express rather pro- inflammatory markers,
promoting colonic inflammation.

In order to evaluate the role of DCs in the induction of the
observed phenotypes and overall disease progression, we
correlated IkBz-expression in cLP DCs with CD4+ T cell
phenotypes in cLP and mLN (Figure 6D). IkBz-expression in
cLP DCs was negatively correlated with total numbers of cLP
Th1 cells in all experimental groups (Figure 6D, left panel).
Furthermore, induction of the anti-Th17 Tregs seemed to be
dependent on intermediate IkBz-levels as observed in the B.
vulgatus- administered group (Figure 6D, right panel). High and
low IkBz-levels in cLP DCs in control or E. coli-administered
mice did not correlate with high numbers of anti-Th17 Tregs.

With respect to the classical Th1/Th2 balance, a shift towards
autoimmune-disease promoting Th1 cells was observed in E.
coli-administered mice whereas in B. vulgatus- administered
mice the number of Th2 cells exceeded the number of Th1
cells (Figures 6C, E) (45). Consistently, the grade of colonic
inflammation negatively correlated with the induction of
Frontiers in Immunology | www.frontiersin.org 1010710893
protective Th17 cells in mLN, emphasizing the anti-
inflammatory role of these cells (Figure 6F).

Increased Abundance of B. vulgatus in
Microbiota Dampens the Secretion of Pro-
Inflammatory Cytokines by BMDCs
The above presented results indicate that the enhanced intestinal
abundance of B. vulgatus leads to an increase in regulatory/anti-
inflammatory CD4+ T cell subsets whereas higher numbers of E.
coli promote differentiation of pro-inflammatory CD4+ T cells in
an immune-compromised host with a presumably dysbiotic
microbiota. However, a differential activation of DCs by the
two commensals could not be clearly observed in these mice. To
directly link our in vitro results with those obtained in the model
of T cell transfer colitis, we collected fecal samples from
representative Rag1-/- mice with a presumably dysbiotic
microbiota (DYS) prior to bacterial administration and from T
cell transplanted mice with or without commensal enrichment
after development of colitis (DYS + TC, DYS + TC + BV, DYS +
TC + EC). Heat-inactivated fecal samples were then used to
stimulate WT BMDCs (Figure 7A). Increased abundance of E.
coli induced significantly higher Nfkbiz gene expression (Figure
7B) and IkBz–protein levels (Figure 7C) than all the other
microbiota. However, we did not observe a significant increase in
the secretion of pro-inflammatory cytokines in response to DYS
+ TC + EC- stimulation as compared to DYS+TC (Figure 7D).
Rather, 4 h stimulation of BMDCwith DYS + TC + BV decreased
the secretion of pro-inflammatory cytokines, with a slight but not
significant decrease of secreted IL-6, and a significant lower
secretion of IL-23 compared to DYS + TC or DYS + TC + EC.
The levels of IL-10 decreased as a result of T cell transfer.
DISCUSSION

The impact of the intestinal microbiota on health and disease is
indisputably large. Due to the close link between microbiota and
host immunity, it is not surprising that dysbiosis is associated
with many diseases linked to a malfunctioning immune system,
e.g., autoimmune diseases. A local impact of a disturbed
microbiota is well described for inflammatory bowel diseases
(IBD) such as Crohn’s disease or ulcerative colitis). Moreover,
many extra-intestinal diseases such as type 1 diabetes,
rheumatoid arthritis, asthma or multiple sclerosis have been
reported to be influenced by the microbiota (3, 46).

The first model commensal used in this study, B. vulgatus,
belongs to the phylum of Bacteroidetes, one of the most
abundant phyla in the mammalian gut, and was found to
reduce inflammation in mouse models of colitis (23, 47). A
decrease in Bacteroides species was reported in patients with IBD,
together with the simultaneous increase of facultative anaerobes
such as E. coli, the second model commensal used in this study
(48). E. coli is a colitogenic pathobiont,that can promote
intestinal inflammation in genetically predisposed hosts (23).
Differences in bacterial immunogenicity as well as in the
interaction with several cell types of the innate and adaptive
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immune system are accountable for these contrary outcomes. In
this study, we focused on the interaction of commensals with
DCs and the resulting CD4+ T cell response in vitro and in vivo
in an autoimmune-driven mouse model of colitis (49).

The role of IkBz has already been extensively studied in
various autoimmune diseases and cell types. For instance,
keratinocyte-derived IkBz was found to drive psoriasis (50,
51); and mice deficient in IkBz are resistant to EAE due to a
Frontiers in Immunology | www.frontiersin.org 1110810994
defect in Th17 development, explainable by the fact that IkBz
enhances IL-17 expression by directly binding to the regulatory
region of the Il-17 gene (16). However, IkBz-deficient epithelial
cells provoke a Sjögren’s syndrome-like inflammation in mice,
and IkBz-deficient hepatocytes showed defective proliferation
due to impaired TLR4-signaling (21, 52). Furthermore, IkBz
exerts both inhibitory and transcription-promoting effects on
NFkB activity. The transcription factor NFkB plays an
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FIGURE 6 | B. vulgatus promotes induction of immune regulative mechanisms in a T cell transfer model of colitis. Dendritic cells (DCs) and CD4+ T cells were
isolated from the colonic lamina propria (cLP) and mesenteric lymph nodes of T cell transplanted Rag1-/- mice and analyzed by flow cytometry (see Fig.5) (A) Total
number of cLP CD11c+ DCs as determined by flow cytometry. (B) Correlation between percentages of MHC IIhi expressing cLP (left panel) and mLN DCs (right
panel) and their IkBz levels, indicated Pearson r. (C) CD4+ T cell phenotypes in cLP with corresponding gating. (D) Correlations between IkBz expression in cLP DCs
and cLP Th1 cells or CLP anti-Th17 Tregs are indicated Pearson r. (E) Th1/Th2 balance in cLP. (F) Correlation between histological colitis score and number of cLP
protective Th17 cells, as indicated Pearson r. Data represent geometric mean + SD, *p < 0.05.
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importantrole in cellular responses to stress, injury and
inflammation (53). Its subunits p50, p52, p65 (RelA), RelB and
c-Rel can form various homo- and heterodimers which bind to
specific DNA elements to induce target gene expression of e.g.,
IL-6, IL-1b, IL-23, or IL-10 (54–56). More recently, upregulation
of Nfkbiz has been detected in inflamed intestinal tissue of UC
patients, suggesting that an altered function of IkBz may
contribute to the development of the disease (57). We could
demonstrate a deleterious effect of IkBz deficiency in the mouse
model of acute DSS-induced colitis (Figure 1). Nfkbiz-/- mice
progressed towards a significantly more severe disease than WT
mice, indicating an important role of IkBz for intestinal
inflammatory responses to DSS administration. Taken
together, these data suggest that the function of IkBz needs to
be tightly regulated in many cell types: too much or too little of
its activity can lead to disease.

We could also show that bacterial immunogenicity regulates IkBz
expression in DCs thus driving either an inflammation-promoting
or tolerogenic DC phenotype. In our previous studies, we
demonstrated that B. vulgatus induces smDCs, characterized by a
lower expression of maturation markers, such as MHC II, CD40,
CD80 and CD86, as well as lower secretion of pro-inflammatory
cytokines compared to mDCs induced by E. coli (8, 58). These
smDCs are tolerant towards maturation-inducing stimuli and are
unable to induce pro-inflammatory Th1 and Th17 responses (8).
Frontiers in Immunology | www.frontiersin.org 1210911095
Here, we could relate the expression levels of IkBz to the degree of
DCmaturation and induction of T cell differentiation: E. coli, but not
B. vulgatus increased the mRNA and protein levels of IkBz (Figures
2A, B). Based on this, we propose that the transition from smDCs to
mDCs requires a relief of the tight regulation on IkBz expression
and activity.

IkBz is generally induced by stimulation with MAMPs or the
cytokines IL-1, IL-17 and IL-18 (16, 20, 21, 57). Here, we could
demonstrate that E. coli-induced IkBz expression as well as BMDC
maturation is mainly mediated by LPS via TLR4 signaling (Figure
3). Despite being one of the most conserved structures in Gram-
negative bacteria, differences in immune-activating activities of LPS
have been observed before: isolated LPSBV displayed only weak
agonistic interactions with the host MD2/TLR4 receptor complex,
thus inducing smBMDCs, whereas isolated LPSEC potently activated
the MD2/TLR4 receptor complex, causing rather pro-inflammatory
signaling by mBMDCs (26). We additionally demonstrate that the
extent of LPS-induced TLR4 signaling impacts the ability of BMDCs
to induce a Th17 response: a stronger activation significantly
enhances secretion of Th17-promoting cytokines by BMDCs
(Figures 2C and 3C). In addition, we observed a synergistic effect
of TLR2 and TLR4 signaling upon a strong stimulus, indicated by a
decreased response in BMDCs deficient for both receptors compared
to BMDCs deficient for only one of these TLRs. This observation
supports earlier findings, describing a marked increase in pro-
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FIGURE 7 | Enhanced abundance of E. coli increases IkBz levels in dendritic cells. (A) Overview of the experimental setup: fecal samples were collected from SPF
Rag1-/- mice prior to bacterial administration and T cell transplantation (DYS) as well as from T cell transplanted mice with established colitis, and left untreated (DYS
+ TC) or administered with B. vulgatus (DYS + TC + BV) or E. coli (DYS + TC + EC) via drinking water. Samples were dissolved in PBS, heated for 15 min at 80°C,
filtered and used in a concentration of 100 µg/ml for a 2 h and 4 h stimulation of wild type (WT) bone marrow-derived dendritic cells (BMDCs). (B) Nfkbiz gene
expression, as determined by RT-PCR and (C) IkBz protein levels, as determined by flow cytometry, after 2 h stimulation of WT BMDCs. (D) Secreted cytokines
after 4 h stimulation of WT BMDCs, as determined by ELISA. Data represent geometric mean + SD, ns, not significant, *p < 0.05, **p < 0.005, ***p < 0.0005,
****p < 0.00005.
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inflammatory cytokine secretion by mouse peritoneal macrophages
upon co-stimulation with TLR2 and TLR4 ligands compared to the
stimulation of either receptor alone (59). As previously reported,
only secretion of IL-6 and IL-10 was found to be IkBz-dependent
(21, 60). IL-6 is mainly induced by p65/p50 NFkB heterodimers and
IL-10 by p50/p50 NFkB homodimers (56, 61). IkBz preferentially
associates with p50 present in p65/p50 heterodimers or p50/p50
homodimers, stabilizes promoter binding and thus assists expression
of IL-10 and IL-6 (17, 60, 61). IL-1b is mainly induced by subunits
p65 and cRel and, thus, presumably not preferentially bound by IkBz
(62). Nevertheless, an indirect influence of IkBz activity on IL-1b
secretion has been elucidated recently: IkBz upregulates the
transcription of the Nlrp3 gene, which encodes the inflammasome
component NLRP3 (63). Activation of the NLRP3 inflammasome
leads to the cleavage of inactive pro-IL-1b into active IL-1b, which
can then be secreted by the cell. Kim et al. reported that Nfkbiz
deficiency results in impaired IL-1b secretion, which we could
confirm (Figure 2C). An IkBz-dependent regulation of IL-23
secretion by BMDCs was however not observed.

We tested whether the cytokine milieu of stimulated BMDCs is
sufficient for determining the differentiation fate of already activated
T cells. We could not observe significant induction of effector T cells
(Th1, Th2, Tregs, Th17 subsets) (Figure 4). A slightly but
insignificantly increased survival of T cells could be observed upon
differentiation with the cytokine mix originating from B. vulgatus-
and E. coli- stimulated BMDCs. Cytokines such as IL-6 serve as T cell
survival factors and are secreted in higher amounts by BMDCs upon
contact with bacterial antigens (Figures 2C and 3C) (64). IL-10 is
known to exert a critical role in limiting immune-mediated
inflammation and to prevent autoimmune pathologies. IL-10 is
broadly expressed by many cell types of the innate and adaptive
immune system, serving as feedback negative regulator of the innate
effector functions of macrophages, DCs and, indirectly, T cells.
Furthermore, IL-10 stimulates its own production by enhancing
differentiation of IL-10-secreting Tregs (65). Interestingly, creating
an “imbalanced” pro-inflammatory cytokine environment by
neutralizing IL-10 in the cytokine mixes led to a slightly decreased
survival in all conditions tested. Nevertheless, it also increased
differentiation of effector T cells. The cytokine mix secreted by E.
coli–stimulated BMDCs induced significantly higher amounts of
Th2 cells upon neutralization of IL-10, suggesting a Th2-inhibiting
action of IL-10 upon exposure to strong stimuli. Since overshooting
Th2 responses provoke allergic reactions, a strategy for inducing IL-
10-secreting DCs with strong stimuli such as bacteria or bacterial
components is of large therapeutic interest (66). Furthermore, DC-
secreted IL-10 also appears to inhibit Th1 differentiation upon a
strong stimulation, here represented by E. coli-stimulation. This effect
could be abolished by neutralization of IL-10 and was less evident
with the other cytokine mixes used. Neutralization of IL-10 in B.
vulgatus-induced cytokine mixes resulted in significantly increased
differentiation of Th17 cells, especially of those expressing Foxp3 and
IFNg. However, the percentage of induced CD4+ T cells was
relatively low, questioning the biological relevance of the observed
differences. Comparatively high amounts of induced Foxp3+ Tregs
could be observed by cytokine mixes produced by unstimulated
immature BMDCs, which was not significantly influenced by IL-10-
Frontiers in Immunology | www.frontiersin.org 1311011196
neutralization. Immature DCs are known to promote T cell anergy
and generate Tregs (5). Here, we suggest a Treg-promoting effect by
immature DCs independent of antigen presentation and IL-10,
which needs further investigation.

When we evaluated the immuno-modulating effects of B.
vulgatus and E. coli under inflammatory conditions in a genetically
predisposed host with a presumably dysbiotic microbiota, E. coli
administration induced colitis slightly but not significantly quicker
than an unchanged microbiota or B. vulgatusadministration as
indicated by accelerated weight loss beginning 3 weeks after T cell
transfer (Figure 5). Nonetheless, flow cytometry analysis of the cLP
immune cells revealed significant differences in CD4+ T cell subsets
even though the absolute numbers of CD4+ T cells remained equal:
In B. vulgatus-administered T cell-transplanted Rag1-/- mice,
numbers of regulatory and anti-inflammatory T helper subsets
were higher than upon E. coli administration or in T cell-
transplanted control mice, indicating a potent regulation of
inflammation (Figure 6). In contrast, E. coli administration
resulted in high numbers of pro-inflammatory Th1 and Th1-like
Th17 cells in the cLP, indicating an uncontrolled inflammation,
which was not dampened by low numbers of regulatory CD4+ T cell
phenotypes. Administration of commensals thus seems to
manipulate the Th1/Th2/Th17/Treg balance as well as the
pathogenicity of induced Th17 cells. In previous studies, we had
already observed that B. vulgatus impaired inflammation in T cell-
transplanted Rag1-/- mice, whereas transplantation of
Enterobacteriaceae-rich microbiota strongly exacerbated the course
of colitis (27, 33). So far, the cellular mechanisms underlying the
protective effect of B. vulgatus remained unknown. Here, we could
shed light on the influence of the two commensal bacteria on T cell
polarization and disease progression.

In addition to the in vitro experiments, we observed increased
Nfkbiz gene expression in inflamed colonic tissue isolated from T
cell-transplanted Rag1-/- mice administered with E. coli-
compared to control or B. vulgatus-administered mice. This
finding could not be completely traced back to intestinal DCs
as sole source of IkBz-expressing cells. Since mouse small
intestinal epithelial cells also increased IkBz expression upon
stimulation with E. coli in vitro (Figures 2D, E), we assume that
the measured Nfkbiz expression originated from intestinal
epithelial cells.We are aware of the limitation that small
intestinal cells do not fully recapitulate the response of colonic
tissue and might not be a colonization site for these commensals.

In IBD, the colonic barrier is weakened, resulting in a close
contactof the commensals with the epithelial layer (67). This
increased contact to epithelial cells represents an antigen-
overload, and can lead to an inappropriate and dysregulated
response of CD4+ T cells, resulting in pro-inflammatory
phenotypes and, eventually, in chronic inflammation.

We cannot rule out a contribution of DC-derived IkBz to the
consolidation of inflammation. Intestinal DCs migrate to the mLN
upon antigenic challengewhere they present microbiota-derived
antigens to naïve T cells thus initiating an adaptive immune
response. Recognition of the cognate antigen along with DC-
secreted lineage specifying cytokines leads to the differentiation
and proliferation of effector T cells, which migrate to the effector
January 2021 | Volume 11 | Article 612336
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site, e.g., the cLP (68, 69). On a first sight, low IkBz levels observed
in vivo in cLP and mLN DCs in bacteria-administered T cell-
transplanted Rag1-/-mice would contradict the in vitro findings. Ir is
however conceivable that cLP and mLN DCs represent DCs in
different stages of maturation and differentiation. An earlier
accumulation of IkBz results in suppression of NFkB-induced
gene transcription due to the inhibitory activity of IkBz, creating
a self-limiting negative feedback loop. We speculate that the in vivo-
induced IkBz expression levels are already diminished in the
analyzed cLP and mLN DCs as a result of its self-limitation at a
later time point of the maturation stage. WT BMDCs stimulated
with heat-inactivated microbiota samples of T cell-transplanted
Rag1-/- mice from the experiment discussed above confirmed the
commensal-dependent IkBz expression in DCs: Supporting
the inflammation-dampening influence of B. vulgatus is the
significantly decreased secretion of IL-23 by BMDCs stimulated
with the microbiota of B. vulgatus-administered mice, a cytokine
responsible not only for the maintenance of Th17 cells but also for
the innate immune-based pathology (70).

In conclusion, our study suggests that modulating the host’s
immune response by commensal bacteria can define the outcome
of a Th17-mediated disease, at least in part, via regulation of
IkBz in DCs. These findings can be applied for the optimization
of microbiota-based therapeutic strategies.
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The use of autologous tolerogenic dendritic cells (tolDC) has become a promising
alternative for the treatment of autoimmune diseases. Among the different strategies
available, the use of vitamin D3 for the generation of tolDC (vitD3-tolDC) constitutes one of
the most robust approaches due to their immune regulatory properties, which are
currently being tested in clinical trials. However, the mechanisms that vitD3-tolDC
trigger for the induction of tolerance remain elusive. For this reason, we performed a full
phenotypical, functional, and transcriptomic characterization of T cells upon their
interaction with autologous, antigen-specific vitD3-tolDC. We observed a strong
antigen-specific reduction of T cell proliferation, combined with a decrease in the
relative prevalence of TH1 subpopulations and IFN-g production. The analysis of the
transcriptomic profile of T CD4+ cells evidenced a significant down-modulation of genes
involved in cell cycle and cell response to mainly pro-inflammatory immune-related stimuli,
highlighting the role of JUNB gene as a potential biomarker of these processes.
Consequently, our results show the induction of a strong antigen-specific
hyporesponsiveness combined with a reduction on the TH1 immune profile of T cells
upon their interaction with vitD3-tolDC, which manifests the regulatory properties of these
cells and, therefore, their therapeutic potential in the clinic.

Keywords: tolerogenic dendritic cells, immune tolerance, T cells, antigen-specific response, transcriptomic study
INTRODUCTION

In the last years, tolerogenic dendritic cells (tolDC)have becomeoneof themost promising alternatives
for the treatment of autoimmunediseases, such asmultiple sclerosis (MS), rheumatoid arthritis, or type
1 diabetes. In fact, several Phase I clinical trials have already finished or are currently ongoing, with
positive results regarding the safety and the tolerability of this therapeutic cell-based approach (1). In
general, tolDC are commonly defined as a stable and semi-mature subset of dendritic cells (DC),
org January 2021 | Volume 11 | Article 5996231114115100
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betweenantigen-capturing immatureDC(iDC)and immunogenic
matureDC(mDC)—characterizedby their increased expressionof
MHCclass II and co-stimulatorymolecules. Butmost importantly,
tolDC are presumably capable to induce immune tolerance
towards the peptides these cells are presenting, in an antigen-
specific manner (2–5).

TolDC can be generated in vitro from peripheral blood
monocytes. In the last years, a wide variety of protocols for their
production have been reported, ranging from the use of different
drugs and chemical agents to genetic engineering techniques (6, 7).
In this regard, theuseof1,25-dyhydroxyvitaminD3, the active form
of vitamin D3, constitutes one of the most widely studied
approaches for the differentiation of tolDC. Briefly, vitamin D3-
induced tolDC (vitD3-tolDC) are thought to develop their
regulatory properties through a semi-mature profile, their ability
to inhibit or reduce T cell responses, and a switch of the immune
response towards a TH2 profile (8–18). Furthermore, vitD3-tolDC
are characterized by a reduced NF-kB-mediated activity and an
increase of mTOR-mediated glucose metabolism (10, 19).

Even though tolDC—and vitD3-tolDC in particular—have
been characterized with a developing knowledge over their
metabolism, molecular mechanisms, and functional pathways,
the specific effect of these cells over the rest of the immune-
related components still remains elusive. It is known that tolDC
can usually induce either anergy, hyporesponsiveness or depletion
over activated T cells, as well as regulatory T cell (Treg)
differentiation (20). However, to our knowledge, so far only one
study has focused its attention on the actual processes that
autologous T cells might be undergoing upon tolDC interaction
—reporting an induction of hyporesponsiveness of CD4+memory
and naïve T cells towards antigen-specific stimulationmediated by
dexamethasone-induced tolDC (21)—but neither at the
transcriptomic level nor with vitD3-tolDC in particular.

In previous studies, our group has already extensively
characterized vitD3-tolDC phenotypically, functionally, and
transcriptomically, evidencing the regulatory potential of these
cells both in vitro and in vivo in the animal model of MS,
experimental autoimmune encephalomyelitis (EAE) (13, 16, 22–
24). Consequently, we wanted to take one step further for the
elucidation of the mechanisms of immune tolerance induction of
vitD3-tolDC. With that aim, here we present a full phenotypical,
functional, and transcriptomiccharacterizationofTCD4+cells after
their interaction with autologous vitD3-tolDC loaded with tetanus
toxin (TT), in order to study the antigen-specific effect mediated by
these cells compared to TT-loaded immunogenic mDC. The
purpose of this study is to identify one or several potential
biomarkers of the immune modulation developed by vitD3-tolDC
over T cells, which could constitute an interesting tool for the
monitoring of patients treated with these cells in clinical trials, and
the understanding of the mechanisms of tolerance induction.
MATERIAL AND METHODS

Sample Collection
Buffy coat samples from 16 randomized healthy controls were
obtained from the Banc de Sang i Teixits (Barcelona, Spain),
Frontiers in Immunology | www.frontiersin.org 2115116101
according to the institutional Standard Operating Procedures for
blood donation, including a signed informed consent. In parallel,
whole blood samples from 12 different healthy donors were
collected by standard venipuncture in lithium heparin tubes for
the allogeneic functional assays (see below).

Monocyte Isolation
Healthy donor buffy coat samples were processed first depleting
CD3+ cells using the RoseetteSep® Human Monocyte
Enrichment Kit (StemCell Technologies, Vancouver, Canada)
prior to a density gradient separation using ficoll-hypaque
(Rafer, Zaragoza, Spain). Afterwards, CD14+ cells were isolated
using the EasySep® Human CD14 Positive Selection Kit
(StemCell), according to the manufacturer’s instructions. Cell
viability was determined using 7-amino-actinomycin D (7-AAD)
(BD Biosciences, Franklin Lakes, NK, USA) and phycoerythrin
(PE)-conjugated annexin V (Immunotools, Friesoythe,
Germany) staining for 20 min at 4°C, protected from light, and
cell counts were quantified simultaneously using PerfectCount
beads (Cytognos, Salamanca, Spain). Samples were acquired on a
FACSCanto II flow cytometer (BD Biosciences), and monocyte
purity was determined using forward and side scatter gating
strategies on FACSDiva software (BD Biosciences).

TT-Loaded DC Cultures
The protocol for the generation of antigen-loaded tolDC was
adapted from a previous study (25). Briefly, isolated monocytes
were cultured for 6 days in 24-well plates at 37°C at a density
of 1 × 106 cells/ml in X-VIVO 15 medium, in the presence of
400 U/ml granulocyte-macrophage colony-stimulating factor
(GM-CSF) and 500 U/ml IL-4 (both from Peprotech, London,
UK). The whole volume of medium and cytokines was
replenished on day 4. If no further treatment was performed,
monocytes were differentiated into iDC. For the generation
of mDC, we further added a maturation cocktail, containing
1,000 U/ml IL-1b, 1,000 U/ml TNF-a (both from Peprotech) and
1 µM prostaglandin E2 (PGE2) (Pfizer, New York, NY, USA) on
day 4. Finally, in addition to the maturation cocktail, we added
1 nM vitamin D3 (Calcijex, Abbott, Chicago, IL, USA) on days
0 and 4 for the differentiation of vitD3-tolDC. For the generation
of TT-loaded mDC (mDC-TT) and TT-loaded vitD3-tolDC
(vitD3-tolDC-TT) as antigen-specific experimental conditions,
0.1 µg/ml of the whole TT protein (Sigma-Aldrich, St. Louis,
MO, USA) were added to the mDC and vitD3-tolDC cultures on
day 3, 18 h before the addition of the maturation stimulus, while
still in an immature status. On day 6, cells were harvested after an
accutase (Invitrogen, Carlsbad, CA, USA) detaching treatment
for 30 min, and washed twice. As shown above, cell counts and
viability were determined by flow cytometry.

Autologous PBMC Isolation, Co-Culture,
and Sorting
For the isolation of autologous PBMC, 3 ml of the buffy coat
samples from each healthy donor was processed using a ficoll-
hypaque density gradient separation and washed twice.
Afterwards, cells were counted by flow cytometry, as described
above, and plated in round-bottom 96-well plates at a density of
January 2021 | Volume 11 | Article 599623
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1 × 106 cells/ml in RPMI medium supplemented with 10% heat-
inactivated fetal bovine serum, 2 mM L-glutamine (Lonza, Basel,
Switzerland), 100 U/ml penicillin (Reig Jofre, Sant Joan Despı,́
Spain) and 100 µg/ml streptomycin (Normon, Tres Cantos,
Spain). The plates were then incubated for 6 days at 37°C in a
5% CO2 atmosphere. Afterwards, cells were harvested, and cell
counts and viability were determined by flow cytometry.

Subsequently, an antigen-specific proliferation experimental
setup was performed in 96-well round-bottom plates with co-
cultures of 105 autologous PBMC and 5,000 either mDC-TT or
vitD3-tolDC-TT (1:20 ratio) in a final volume of 200 µl of
supplemented RPMI medium. For each condition, 48 replicates
were performed. Cells were then incubated for 5 days at 37°C in a
5% CO2 atmosphere. Afterwards, cells were harvested and the
whole volume of each cell suspension was incubated for 20 min,
protected from light, with the adequate amounts of monoclonal
antibodies anti-CD3 Violet 450 (V450) and anti-CD4 PerCP-
Cyanine dye (Cy)5.5. Finally, cells were washed and the whole
CD3+CD4+ cell subpopulation was isolated and counted using a
FACSAria II cell sorter (BD Biosciences). Finally, dry pellets of
mDC-TT-conditioned CD3+CD4+ cells (mDC-Tcell) and vitD3-
tolDC-TT-conditioned CD3+CD4+ cells (vitD3-Tcell) were
obtained by centrifugation and stored at −80°C.
Phenotype Characterization of DC
and Autologous PBMC
Surface expression of CD11c, CD14, CD83, CD86 and HLA-DR
in iDC, mDC, mDC-TT, vitD3-tolDC and vitD3-tolDC-TT was
determined by flow cytometry. In each case, DC suspensions
were incubated for 20 min, protected from light, with the
appropriate amounts of monoclonal antibodies anti-: CD11c
PE-Cy7, CD14 V450, CD83 allophycocyanin (APC), CD86
fluorescein isothiocyanate (FITC) and HLA-DR Violet 500
(V500) (all of them from BD Biosciences). Subsequently, at
least 10,000 CD11c+ events of each condition were acquired
using a FACSCanto II flow cytometer and analyzed using
FACSDiva software.

For the phenotypical characterization ofmDC-Tcell and vitD3-
Tcell, cell suspensions of these conditions were incubated for 20
min with the adequate amounts of monoclonal antibodies
indicated below. Afterwards, samples were washed twice and
acquired on a LSRFortessa flow cytometer, setting the stopping
gate at 300,000 peripheral bloodmononuclear cells. The definition
of each peripheral blood mononuclear cell subpopulation was
determined as specified in Supplementary Table 1, using several
combinations of the following monoclonal antibodies anti-:
CXCR3 AlexaFluor (AF)488, CD4 PerCP-Cy5.5, CCR7 PE,
CD45RA PE-Cy7, CD38 APC, CD45 AF700, CD8 APC-H7,
CD3 V450, HLA-DR V500, CCR6 Brilliant Violet (BV) 605,
CD25 PE, CCR4 PE-Cy7, CD127 AF647, CD45RO APC-H7,
CD49b FITC and LAG-3 PE (BD Biosciences). Results were
analyzed with FACSDiva software (BD Biosciences). Forward
and side scatter gating strategy was used in order to select the
desired lymphocyte subpopulations, and their relative percentages
were analyzed for each cell subset.
Frontiers in Immunology | www.frontiersin.org 3116117102
Allogeneic and Autologous Cell
Proliferation Assays
For the determination of the reactivity of PBMC from each
donor against TT, 2 × 105 PBMC were plated in 96-well round
bottom plates at day 0 of each culture in supplemented RPMI
medium containing 0.1 µg/ml TT. As control conditions, the
same number of cells was cultured with either supplemented
RPMI medium only (negative control) or 50 ng/ml phorbol 12-
myristate-13-acetate (PMA) and 500 ng/ml ionomycin (positive
control). Ten replicates were performed for the negative control
and the condition of analysis, and six replicates for the positive
control. Cells were then cultured for 5 days at 37°C in a 5% CO2

atmosphere. Afterwards, 1 µCi [3H]-thymidine (PerkinElmer,
Waltham, MA, USA) was added to each well, and the plate was
incubated for further 18 h under the same conditions. Cells were
then collected using a HARVESTER96 2M cell harvester
(Tomtec Inc, Hamdem, CT, USA) and read on a 1450
MicroBeta TriLux liquid scintillation counter (Wallac, Turku,
Finland). Donors were considered positive for TT reactivity
when the counts per minute (cpm) of at least five replicates
from the condition of analysis were over the mean plus two times
the standard deviation (SD) of the negative control.

For the isolation of allogeneic PBMC, whole blood samples of
different healthy donors were processed by ficoll-hypaque
density gradient separation. Cells were washed twice, and
afterwards, their absolute number and viability was determined
as shown above. Subsequently, 105 either allogeneic or
autologous viable PBMC were co-cultured with 5,000 either
iDC, mDC, mDC-TT, vitD3-tolDC or vitD3-tolDC-TT (1:20
ratio) in 96-well round bottom plates, in a total volume of 200 µl
of supplemented RPMI medium. Again, as negative and positive
controls, either supplemented RPMI medium or a mix of 50 ng/
ml PMA and 500 ng/ml ionomycin was used, respectively. Six
replicates of each condition were performed. Cells were then
plated for 4 days at 37°C in a 5% CO2 atmosphere, and
afterwards, 1 µCi [3H]-thymidine was added to each well, and
the plates were incubated, harvested, and read as described above.

Cytokine and Soluble Protein Production
The production of granzyme B (GZMB), as well as of IL-1b,
IL-6, IL-10, IFN-g, IL-12p70 and TNF-a cytokines, was
quantified in the supernatants of mDC-TT and vitD3-tolDC-
TT with autologous PBMC co-cultures, using the Human
Soluble Protein CBA Flex Set (BD biosciences) according to
manufacturer’s instructions. Samples were acquired on an LSR
Fortessa flow cytometer (BD Biosciences), and the results
were analyzed using FACSDiva software. The production of
TGF-b was determined using the Human/Mouse TGF beta 1
Uncoated ELISA kit (Invitrogen) in 100 µl of the co-culture
supernatants after sample activation with HCl 1N, following the
manufacturer’s instructions. The optical density of each well was
measured at l = 450 nm, and the optical density at l = 570 nm
was then subtracted as background signal, using a Varioskan
Flash Multimode Reader (Thermo Fisher Scientific, Waltham,
MA, USA).
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RNA Extraction and RNA-seq Analysis
Total RNA of autologous mDC-Tcell and vitD3-Tcell samples
was isolated using the automated Maxwell 16 LEV simplyRNA
Purification Kit (Promega Biotech, Madison, WI, USA),
including a DNAse I digestion step, according to manufacturer’s
instructions. Samples were quantified using a Nanodrop ND-1000
spectrophotometer (Thermo Fisher Scientific), and subsequently
stored at −80°C in RNAse-free tubes. RNA integrity number
(RIN) was determined in an Agilent BioAnalyzer with the
RNA6000 Pico assay (Agilent Technologies, Santa Clara, CA,
USA). Afterwards, the sequencing libraries were prepared using
the TruSeq Stranded Total RNA Sample Preparation kit (Illumina,
San Diego, CA, USA) with 200 ng of total RNA per sample as
input. Paired-end sequencing (2 × 75 bp) was then performed on a
HiSeq-2500 instrument (Illumina). Reads were quality trimmed
and adapters removed using Trimmomatic V0.30. TopHat
software v2.1.0 was used to map RNA-seq reads to the human
reference genome (Ensembl release 78) (26). FeatureCounts
function was used to assign reads to genomic features focusing
on RNA biotypes. A matrix with summarized raw counts of reads
assigned through mapping to high confidence protein coding
genes only was generated (“golden” annotation label),
corresponding to stable and unlikely to change transcripts from
the Consensus CDS (CCDS) Project. Data exploration results
from hierarchical clustering and principal component analysis
(PCA) in R software were used to exclude any outliers and assess
sample similarities based on global gene expression patterns, and
to guide the modeling design to be used for subsequent analyses.

Differential Gene Expression Analysis
Transcriptional changes at the gene level between mDC-Tcell
and vitD3-Tcell were assessed using the Bioconductor DeSeq2
package in R (27). A paired sample comparison design, factoring
in inter-individual differences, was applied. The results were
considered statistically significant with an adjusted p-value
(padj) < 0.05. We set a 20% fold change (FC) cutoff as the
threshold for relevant biological effects (|FC| > 1.2).

Gene Ontology Enrichment Analysis
Unranked lists of the significant differentially upregulated (FC >
1.2 and padj < 0.05) and downregulated genes (FC < −1.2 and
padj < 0.05) were tested for enrichment in Gene Ontology (GO)
functional categories using the GOrilla web tool, applying the
default settings for comparison to the background list of genes
found in the dataset (28). We tested for enrichment in three types
of GO categories: “biological process” (GOPROCESS),
“molecular function” (GOFUNCTION), and “cellular
component” (GOCOMPONENT). Enrichment score (ES) was
defined as ES = (b/n)/(B/N), where “N” is the total number of
genes in the background list, “B” is the total number of genes in
N associated with a specific GO term, “n” is the number of
differentially expressed genes being tested for enrichment and
“b” is the number of n intersecting with B. Enrichment p-value is
computed according to the hypergeometric (HG) model. False
discovery rate (FDR) q-value is the Benjamini and Hochberg
multiple testing correction adjusted p-value. For the ith term
Frontiers in Immunology | www.frontiersin.org 4117118103
(ranked according to p-value), the FDR q-value is the p-value
multiplied by the number of GO terms assessed and divided by i.

Statistical Analysis
All the statistical analyses were performed with either parametric
or non-parametric tests depending on the normality of each
compared data set, as determined by the D’Agostino & Pearson
test using Prism 6.0 software (GraphPad, La Jolla, CA, USA). For
multiple comparisons, either the non-parametric Friedman test
with Dunn’s correction or the one-way ANOVA test with
Geisser–Greenhouse correction were used, and analogously,
either paired t tests or Wilcoxon tests for the comparisons
between two groups if they were normally distributed or not,
respectively. Results were expressed as mean ± SD, unless noted
otherwise, and they were considered statistically significant when
p < 0.05.
RESULTS

Functional and Phenotypical
Characteristics of TT-Loaded vitD3-tolDC
Monocytes from 16 healthy donor samples were isolated (94.4 ±
2.8% purity) with viabilities of CD14+ cells above 95%. After
their differentiation into DC, with or without exposition to TT,
cells were harvested and their purity, viability, and phenotype
were determined by flow cytometry, as shown previously (25). In
all cases, purity was >90%, as determined by the percentage of
CD11c+ cells, with a mean viability of 94.2 ± 3.3%, which was not
affected by the addition of TT (Supplementary Table 2). The
study of the phenotype of vitD3-tolDC-TT showed significant
reductions in the surface expression of CD86 (77.2 ± 8.7%) and
HLA-DR (79.5 ± 7.7%) compared to mDC, but more
importantly, evidenced that the exposure of DC to TT on day
3 of the culture did not have an effect per se over the expression of
these molecules, neither in vitD3-tolDC nor in mDC, since there
were no relevant differences on the percentages of reduction
(Supplementary Figure 1). The same could be observed
regarding the functionality of these cells. On the one hand, as
also shown in Supplementary Figure 1, both vitD3-tolDC and
vitD3-tolDC-TT exhibited a similar and strongly reduced
induction of allogeneic proliferation compared to mDC (vitD3-
tolDC: 50.6 ± 30.7, p < 0.001; vitD3-tolDC-TT: 49.2 ± 36.7, p =
0.001). On the other hand, there were no statistically significant
differences in the mean induction of allogeneic proliferation
induced by mDC-TT compared to mDC (p = 0.916).
Altogether, our results evidence that vitD3-tolDC-TT show the
same tolerogenic properties as vitD3-tolDC, thus demonstrating
that loading these cells with TT does not affect their phenotype
nor their functionality.

VitD3-tolDC-TT Induce
an Antigen-Specific Response Over
Autologous PBMC
In order to test the antigen-specific functionality of vitD3-tolDC-
TT in an autologous setup, we assessed the baseline reactivity of
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each donor against the TT itself to measure their potential to
respond under these conditions. As shown in Figure 1A, we were
able to assess the TT reactivity in all of our healthy donors, but
only nine of them resulted positive, according to the criteria
described in the Material and Methods section—when the mean
proliferation of at least 5 out of 10 replicates was over the mean
plus two times the SD of the control condition—and reaching
statistical significance (p < 0.05).

Subsequently, we analyzed the capability of our cells to induce
proliferation over autologous PBMC. As shown in Figure 1B, a
significant proliferation was only induced by mDC-TT, as
evidenced by the statistically significant differences observed
with the remaining conditions. Specifically, reductions of a
38.4 ± 44.3% (p = 0.020), a 40.0 ± 21.0% (p < 0.001), a 56.9 ±
19.2% (p < 0.001) and a 37.3 ± 17.4% (p < 0.001) were observed
in iDC, mDC, vitD3-tolDC and vitD3-tolDC-TT, respectively,
compared to mDC-TT. Our results therefore evidence that
autologous proliferation is only primed if an antigenic peptide
is presented by an immunogenic DC condition, such as mDC-
TT, confirming the antigen-specific modulation developed by
our cells. Furthermore, reduced autologous proliferation
mediated by vitD3-tolDC-TT was observed in all donors
(Figure 1C).
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VitD3-tolDC-TT Drive a Reduction of TH1
CD4+ Cell Subpopulations
Once determined that an antigen-specific modulation was
established by TT-loaded DC, we studied which changes were
being induced over the autologous T lymphocytes. Therefore, we
characterized the phenotype of CD3+CD4+ and CD3+CD8+ cells
using an exhaustive multiparametric flow cytometry panel,
described in previous studies (29). First, our results evidenced
a reduction in the prevalence of activated T CD4+ cells,
determined by HLA-DR and/or CD38 staining, in vitD3-Tcell
compared to mDC-Tcell (Activated CD4+ mDC-Tcell: 23.57 ±
15.81 vs Activated CD4+ vitD3-Tcell: 18.52 ± 14.16; p = 0.002).
The same effect was observed over T CD8+ cells (Activated
CD8+ mDC-Tcell: 15.94 ± 12.48 vs Activated CD8+ vitD3-Tcell:
11.33 ± 9.81; p = 0.002). Furthermore, we found a reduction in
the relative percentages of CD4+ TH1 Central Memory (CM) and
Effector Memory (EM) subpopulations in vitD3-T cell (TH1 CM
mDC-Tcell: 33.98 ± 6.44 vs TH1 CM vitD3-Tcell: 30.23 ± 7.48; p =
0.013; TH1 EM mDC-Tcell: 44.46 ± 8.72 vs TH1 EM vitD3-Tcell:
40.95 ± 8.08; p = 0.001). All these results are shown in Figures
2A, B. Thus, our data suggest that vitD3-tolDC-TT are driving
an antigen-specific switch towards a more anti-inflammatory—or
less TH1-like—profile over T CD4+ lymphocytes. We could not
A B

C

FIGURE 1 | PBMC reactivity and antigen-specific induction of autologous proliferation mediated by DC against tetanus toxin. (A) Induction of proliferation of PBMC
without stimuli (C−) and against tetanus toxin (TT) after 5 days of culture (n = 16). Data presented as counts per minute (cpm), measured as tritiated thymidine
incorporation after 18 h. Ten replicated measurements of each condition were performed. (B) Induction of antigen-specific autologous proliferation against TT
mediated by immature DC (iDC), mature DC (mDC), TT-loaded mDC (mDC-TT), vitamin D3-induced tolerogenic DC (vitD3-tolDC) and TT-loaded vitD3-tolDC (vitD3-
tolDC-TT), as well as a negative control (C−), without any stimuli (n = 16) and (C) comparison of autologous antigen-specific proliferation against TT mediated by
mDC-TT and vitD3-tolDC-TT on each donor. Data presented as relative percentage of induced proliferation compared to mDC-TT, measured as tritiated thymidine
incorporation after 18 h. Six replicated measurements of each condition were performed. Error bars corresponding to SEM. ns, not significant; *p < 0.05. One-way
ANOVA test with Geisser–Greenhouse correction or paired t test.
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FIGURE 2 | Phenotype and cytokine production of DC-co-cultured autologous PBMC. (A) Gating strategy. (B) Relative percentages of CD4+CD38+HLA-DR+,
CD8+CD38+HLA-DR+, TH1 Central Memory and TH1 Effector Memory subpopulations on PBMC co-cultured with either tetanus toxin (TT)-loaded mature DC (mDC-
TT) or TT-loaded vitamin D3-induced tolerogenic DC (vitD3-tolDC-TT) after 5 days of culture (n = 10). Data presented as the relative percentage of each lymphocyte
subpopulation within its respective parent subpopulation, measured by multiparametric flow cytometry, in a box and whiskers representation. Error bars
corresponding to the maximum and minimum values of each condition. (C) Analysis of the secretion of granzyme B (GZMB) (n = 12), IFN-g (n = 12), IL-1b (n = 8),
IL-6 (n = 8), IL-10 (n = 10), TGF-b (n = 7), and TNF-a (n = 8) in the supernatants of PBMC co-cultured with either mDC-TT or vitD3-tolDC-TT after 5 days of culture
using either ELISA (TGF-b) or cytometric bead array (GZMB, IFN-g, IL-1b, IL-6, IL-10, and TNF-a) techniques. One ELISA experiment was performed for all samples,
with duplicated measurements for each sample. One single cytometric bead array experiment was performed for the analysis of all the samples, with one single
measurement for each sample. Sample sizes vary due to some measurements being negative or under the detection limit of the technique. Error bars corresponding
to SEM. ns, not significant; * p < 0.05. Paired t test or Wilcoxon test.
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detect any significant changes over any other T cell subpopulation,
nor Treg nor Tr1 subpopulations (data not shown).

Next, we analyzed the cytokine secretion profile present in the
autologous co-cultures of mDC-TT and vitD3-tolDC-TT. Our
results, as shown in Figure 2C, evidenced a statistically significant
increased secretion of the cytokine IL-6 and lower levels of IFN-g in
the co-culture of autologous PBMC with vitD3-tolDC-TT compared
to mDC-TT (IL-6 mDC-TT: 61.4 ± 84.3 pg/ml vs IL-6 vitD3-tolDC-TT:
77.7 ± 94.5 pg/ml; p = 0.039; and IFN-g mDC-TT: 3.3 ± 2.9 pg/ml vs
IFN-g vitD3-tolDC-TT: 2.2 ± 2.8 pg/ml; p = 0.002). Therefore, the
reduction in the production of IFN-g, combined with the increase
of IL-6, again suggest a reduction of the TH1-like cytokine profile, in
line with the phenotype results. No statistically significant changes
could be found in the production of GZMB, IL-1b, IL-10, TGF-b nor
TNF-a.

VitD3-tolDC Induce a General
Transcriptomic Repression Over
T CD4+ Cells
For all the 16 donors, at least 700,000 CD3+CD4+ cells in both
conditions (mDC-Tcell and vitD3-Tcell) were successfully
isolated by flow cytometry cell sorting. The gating strategy is
shown in Supplementary Figure 1. Afterwards, we extracted
Frontiers in Immunology | www.frontiersin.org 7120121106
their RNA and selected 10 donors that showed sufficient nucleic
acid concentration and integrity for theRNA-seq analysis (RIN>7)
in both mDC-Tcell and vitD3-Tcell conditions. Consequently,
donors HD4, HD5, HD9, HD10, HD11, and HD12 were
discarded from downstream studies.

After processing the samples through the RNA-seq analysis,
39% of total reads could be assigned to different known RNA
classes (Supplementary Figure 2A), and out of them, around
47% of these assigned reads could be related to protein coding
genes (Supplementary Figure 2B). Interestingly, the hierarchical
clustering analysis revealed that our samples tended to cluster by
individual rather than by treatment (Figure 3A), but also that
there is a consistent pattern by which vitD3-Tcell samples ranked
higher on both axes from the PCA (Figure 3B). These results led
to choose a paired comparative analysis approach for the
differential expression analysis.

After the subsequent filtering process described in theMaterial
and Methods section, a total of 16,333 protein coding genes with
detectable reads were tested for differential expression. Among all
of them, 546 genes showed a statistically significant change in their
expression (adjusted p < 0.05) in vitD3-Tcell compared to mDC-
Tcell, and only 373 also presented an absolute value of FC superior
to 1.20 (|FC vitD3-Tcell vs mDC-Tcell| > 1.20). While only 29 of these
A B

C

FIGURE 3 | Exploratory analysis of the RNA-seq study of T CD4+ cells co-cultured with autologous antigen-specific DC. (A) Hierarchical clustering analysis by gene
expression of the 20 samples of CD4+ T cells of the RNA-seq study. (B) Representation of the first two principal component analysis (PCA) components at the gene
level. Each color corresponds to a different sample of CD4+ T cells, as depicted in the legend, and the co-culture condition of each sample is indicated with a prefix,
either “m” for tetanus toxin (TT)-loaded mature DC or “v” for TT-loaded vitamin D3-induced tolerogenic DC. (C) Volcano plot showing the significant differentially
expressed genes. Axis is the log2 fold change. Color code: green, significantly regulated genes (padj < 0.05; |FC| > 1.2) considered in the Gene Ontology enrichment
analysis; orange, genes with |FC| > 1.2 below the significance threshold; red, genes with padj < 0.05 below the relevant fold change cutoff.
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genes were up-modulated in vitD3-Tcell compared tomDC-Tcell,
themajority of them, 344 genes, were down-modulated, indicating
a strong transcriptomic repression induced by vitD3-tolDC-TT
over these cells (Figure 3C).

T CD4+ Cells Selectively Undergo a Strong
Functional and Immune-Related
Transcriptomic Down-Modulation Upon
Interaction With vitD3-tolDC
When we studied those differentially expressed genes that
appeared up-modulated (FC vitD3-Tcell vs mDC-Tcell > 1.20) in our
analysis (Table 1), we did not find many relevant or immune-
related genes. Specifically, 18 of these 29 genes did not have any
GO annotation, and among the rest, we could only find the genes
encoding the JUNB and SCML1 transcription factors and several
other genes encoding different molecule transporters (ABCC2
and SLC10A1), G-protein modulators (GRTP1 and RASA4) and
kinases (AK5 and CKMT2).

However, as mentioned above, the study of the down-
modulated genes (FC vitD3-Tcell vs mDC-Tcell < 1.20) yielded
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many more results. Within the 50 most down-regulated results
(FC vitD3-Tcell vs mDC-Tcell < 1.78) we found several genes encoding
proteins involved in the immune response (CCL17, CCL22, EBI3,
IL13 and LIF), antigen presentation (HLA-DQA1, HLA-DQA2
andHLA-DRB5) and microtubule binding (KIF4A, KIF15, KIF18B
and KIFC1), among others (Table 2). Furthermore, when we
analyzed the whole list, we could find not only several more genes
included in these categories, but also many other genes encoding
proteins related to cytoskeleton and cell adhesion (ARPC1B,
CAPG, CTNNA1, LGALS1, MYL6B, LGALS9 or SDC4), actin
related functionalities (ACTB, ACTG1, PARVB or TPM4), G-
proteins and modulators (GBP2, GBP4, GNA15, GNG4,
IQGAP3, MYO1G, MYO1E or SRGAP3), nucleic acid binding
(ASF1B, DEPDC1, EXO1 or FEN1), histones (HIST1H2BL,
HIST2H2BF or, HIST1H4H), the pro-inflammatory transcription
factor STAT1 and other pro-inflammatory mediators (TNFSF4),
different kinase activators and modulators, proteases and protease
inhibitors, oxydases, oxygenases, transferases and many other
metabolic mediators. The whole list is shown in Supplementary
Table 3. Altogether, these results indicate that vitD3-tolDC-TT
mediate a strong down-modulation of metabolic and immune-
related functions over vitD3-Tcell.

VitD3-Tcell Present Decreased Cell Cycle
and Mitotic Activity
In this regard, the GO enrichment analysis further supported the
results observed in the differential gene expression (DGE) study.
Thus, first, the enrichment analysis produced a total of 482
protein sets and pathways with p < 0.001, four of them up-
modulated—although none of them showed an FDR value below
0.25—and the remaining 478 down-modulated (Supplementary
Table 4). We further filtered the results to analyze only those GO
terms that presented a much more significant enrichment (p <
10-9). This process left us with a total of 66 down-modulated GO
terms, but none up-modulated. These 66 elements, ordered by
decreasing ES, are shown in Table 3. Interestingly, among the
most significantly enriched down-modulated pathways, we
found several GO annotations referring to immune-related
functionality (for instance Interferon-Gamma-Mediated
Signaling Pathway, ES: 10.65; Cytokine-Mediated Signaling
Pathway, ES: 5.09; or Immune Response, ES: 3.03), class II-
related antigen presentation (like MHC Class II Protein
Complex, ES: 30.23; Antigen Processing And Presentation Of
Exogenous Peptide Antigen Via MHC Class II, ES: 8.08; or
Antigen Processing And Presentation Of Exogenous Peptide
Antigen, ES: 6.74), cell response to different stimuli (Cell
Surface Receptor Signaling Pathway, ES: 2.21; Response To
Stress, ES: 1.93; or Cellular Response To Stimulus, ES: 1.80)
and, specially, to cell cycle and mitotic division (for instance
Condensed Chromosome Outer Kinetochore, ES: 21.98; Mitotic
Spindle Organization, ES: 8.79; Microtubule Cytoskeleton
Organization Involved In Mitosis, ES: 7.48; or Cell Cycle
Checkpoint, ES: 6.05). Our results, in line with the DGE
analysis, would suggest that vitD3-Tcell are undergoing a
process of transcriptomic down-modulation leading to reduced
immune-related, metabolic and proliferative functionalities.
TABLE 1 | Up-modulated genes in vitD3-Tcell compared to mDC–Tcell.

Gene
Symbol

GO annotation FC vs
mDC–Tcell

Adj.
p-value

TMIE NA 1.62 0.01199
PRH2 NA 1.61 0.04136
ARHGEF26 NA 1.53 0.01404
GRTP1 G-Protein Modulator; Cysteine Protease 1.50 0.03547
AKAP6 NA 1.45 0.01310
CKMT2 Amino Acid Kinase 1.43 0.03068
SLC10A1 Cation Transporter 1.40 0.00264
C17orf107 NA 1.40 0.01419
SULT1B1 NA 1.38 0.00117
TTC16 NA 1.37 0.03271
TEC NA 1.35 0.02676
KRT72 NA 1.31 0.00543
ABCC2 ATP-Binding Cassette (ABC) Transporter 1.30 0.00598
KRT73 NA 1.28 0.02747
SORBS3 NA 1.26 0.00279
AK5 Nucleotide Kinase 1.24 0.02996
EDAR NA 1.24 0.00041
ADAM23 Metalloprotease 1.24 0.01495
RALGPS2 Guanyl-Nucleotide Exchange Factor 1.23 0.02922
ALS2CL NA 1.22 0.04815
KBTBD11 NA 1.22 0.00543
JUNB Basic Leucine Zipper Transcription Factor;

Nucleic Acid Binding
1.22 0.00360

RASA4 G-Protein Modulator 1.22 0.01328
C9orf72 NA 1.22 0.00818
ZC4H2 NA 1.21 0.04572
ADPRM NA 1.21 0.01438
SCML1 Chromatin/Chromatin-Binding Protein;

Transcription Factor
1.21 0.03955

MEGF6 Extracellular Matrix Protein 1.21 0.00102
LMTK3 NA 1.21 0.03156
Gene expression values from an RNA-seq analysis with healthy donors (n = 10). Data
presented as the mean fold change (FC) of expression in vitD3-Tcell compared to mDC-
Tcell. GO, Gene Ontology; mDC-Tcell, mature dendritic cell-conditioned CD3+CD4+ cells;
NA, not available; padj, adjusted p-value; vitD3-Tcell, vitamin D3-induced tolerogenic
dendritic cell-conditioned CD3+CD4+ cells.
January 2021 | Volume 11 | Article 599623

https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Navarro-Barriuso et al. VitD3-tolDC Induce T-Cell Transcriptomic Hyporresponsiveness
DISCUSSION

In this study we analyzed the specific effect of vitD3-tolDC over
autologous CD4+ T cells. Thus, we switched the attention from
the study of tolDC themselves—widely studied so far—to focus
on the study of the functional effect that these cells develop over
T cells upon their interaction. In homeostatic conditions, either
depletion, inactivation and/or induction of anergy is often
Frontiers in Immunology | www.frontiersin.org 9122123108
induced on T cells due to a lack of one or more of the three
immunogenic activation signals. This causes T cells to become
hyporesponsive or to die (20, 30). However, in the case of
autoimmunity, where T cells are already activated and
developing an immunogenic response, an antigen-specific
process of tolerance induction is required. In this regard,
previous in vivo studies with vitD3-tolDC in the EAE model
showed that an antigen-specific setup—and therefore an active
TABLE 2 | Top 50 down-modulated genes in vitD3-Tcell compared to mDC-Tcell.

GeneSymbol GO annotation FC vs mDC-Tcell padj

IL13 Cytokine −2.59 0.00082
C1orf106 NA −2.43 0.00486
RYR2 Ligand-Gated Ion Channel −2.35 0.00802
HLA-DQA2 Major Histocompatibility Complex Antigen −2.25 0.03271
UBE2C NA −2.23 0.00000
DEPDC1 Nucleic Acid Binding −2.23 0.00367
NEK2 Protein Kinase −2.20 0.00206
EBI3 Cytokine; Defense/Immunity Protein −2.18 0.00009
CCL17 Chemokine −2.18 0.01852
AURKB Non-Receptor Serine/Threonine Protein Kinase −2.14 0.00006
CYP1B1 Oxygenase −2.12 0.02334
SPC25 Enzyme Modulator −2.11 0.01556
KIF4A Microtubule Binding Motor Protein −2.09 0.00001
KIF18B Microtubule Binding Motor Protein −2.07 0.00001
CCNB2 Kinase Activator −2.06 0.00000
HLA-DRB5 Major Histocompatibility Complex Antigen −2.02 0.00970
MCM10 NA −2.01 0.00003
HIST1H3C Histone −2.01 0.00000
KIF15 Microtubule Binding Motor Protein −1.97 0.00000
BIRC5 Protease Inhibitor −1.96 0.00002
CHST3 NA −1.95 0.01782
FAM111B NA −1.95 0.00000
MYBL2 NA −1.92 0.00000
ATP8B4 Cation Transporter. Hydrolase −1.92 0.00000
SKA1 NA −1.91 0.00898
KIAA0101 NA −1.91 0.00292
TK1 Nucleotide Kinase −1.90 0.00001
HIST1H3J Nucleic Acid Binding; Transcription Factor −1.89 0.03504
E2F8 Nucleic Acid Binding; Transcription Factor −1.89 0.00209
HLA-DQA1 Major Histocompatibility Complex Antigen −1.88 0.00011
HIST1H3F Reductase −1.88 0.00005
RRM2 Reductase −1.88 0.00337
GNG4 Heterotrimeric G-Protein −1.87 0.01479
PRR11 NA −1.86 0.00041
CEP55 NA −1.85 0.00008
CKAP2L NA −1.84 0.00151
CDCA8 NA −1.84 0.00015
HIST1H3G Histone −1.83 0.00000
CDK1 Non-Receptor Serine/Threonine Protein Kinase; Non-Receptor Tyrosine Protein Kinase −1.83 0.00283
HMMR NA −1.83 0.00012
PKMYT1 Non-Receptor Serine/Threonine Protein Kinase −1.83 0.00825
CCL22 Chemokine −1.82 0.02508
CREB3L3 NA −1.81 0.02749
CDC25A Protein Phosphatase −1.81 0.02454
DTL NA −1.81 0.00008
RAD51AP1 NA −1.80 0.00912
ESCO2 NA −1.79 0.01020
LIF Cytokine −1.78 0.00000
KIFC1 Microtubule Binding Motor Protein −1.78 0.00000
ASB2 NA −1.78 0.00000
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Gene expression values from an RNA-seq analysis with healthy donors (n = 10). Data presented as the mean fold change (FC) of expression in vitD3-Tcell compared to mDC-Tcell. GO,
Gene Ontology; mDC-Tcell, mature dendritic cell-conditioned CD3+CD4+ cells; NA, not available; padj, adjusted p-value; vitD3-Tcell, vitamin D3-induced tolerogenic dendritic cell-
conditioned CD3+CD4+ cells.
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TABLE 3 | Most significantly down-regulated Gene Ontology terms in vitD3-Tcell compared to mDC-Tcell.

GO category GO term ES p-value FDR

GOCOMPONENT MHC Class II Protein Complex 30.23 5.24E-16 2.39E-13
GOCOMPONENT Condensed Chromosome Outer Kinetochore 21.98 3.96E-10 4.81E-08
GOCOMPONENT MHC Protein Complex 18.71 1.94E-12 5.88E-10
GOCOMPONENT Clathrin-Coated Endocytic Vesicle Membrane 16.92 6.86E-10 7.81E-08
GOFUNCTION Peptide Antigen Binding 16.92 6.86E-10 7.06E-07
GOPROCESS Interferon-Gamma-Mediated Signaling Pathway 10.65 1.35E-13 1.44E-10
GOCOMPONENT DNA Packaging Complex 10.26 5.61E-19 5.11E-16
GOPROCESS Nuclear Chromosome Segregation 10.21 9.93E-10 2.98E-07
GOCOMPONENT Nucleosome 9.82 2.16E-16 1.31E-13
GOPROCESS Mitotic Spindle Organization 8.79 1.87E-11 8.07E-09
GOPROCESS Antigen Processing And Presentation Of Exogenous Peptide Antigen Via MHC Class II 8.08 1.20E-12 8.70E-10
GOPROCESS Regulation Of Chromosome Segregation 7.98 9.85E-14 1.24E-10
GOPROCESS Antigen Processing And Presentation Of Peptide Or Polysaccharide Antigen Via MHC Class II 7.98 1.50E-12 9.88E-10
GOPROCESS Antigen Processing And Presentation Of Peptide Antigen Via MHC Class II 7.98 1.50E-12 9.43E-10
GOPROCESS Microtubule Cytoskeleton Organization Involved In Mitosis 7.48 1.93E-11 8.07E-09
GOPROCESS Chromosome Segregation 7.21 8.19E-13 7.07E-10
GOPROCESS Mitotic Cell Cycle 7.20 1.49E-15 2.29E-12
GOPROCESS Nucleosome Assembly 7.08 9.78E-14 1.35E-10
GOPROCESS Antigen Processing And Presentation Of Exogenous Peptide Antigen 6.74 1.09E-11 5.59E-09
GOPROCESS Antigen Processing And Presentation Of Exogenous Antigen 6.62 1.57E-11 6.98E-09
GOCOMPONENT Protein-DNA Complex 6.57 5.01E-14 1.82E-11
GOPROCESS Antigen Processing And Presentation Of Peptide Antigen 6.32 3.73E-11 1.47E-08
GOPROCESS Spindle Organization 6.11 2.12E-10 7.32E-08
GOPROCESS Cell Cycle Checkpoint 6.05 2.87E-11 1.16E-08
GOPROCESS Antigen Processing And Presentation 5.91 1.55E-11 7.15E-09
GOCOMPONENT Midbody 5.75 9.66E-12 1.95E-09
GOPROCESS Nucleosome Organization 5.71 1.12E-11 5.52E-09
GOPROCESS Regulation Of Mitotic Nuclear Division 5.46 7.83E-11 2.92E-08
GOPROCESS Regulation Of Nuclear Division 5.39 1.37E-11 6.52E-09
GOPROCESS Cytokine-Mediated Signaling Pathway 5.09 3.61E-27 2.49E-23
GOCOMPONENT Spindle 5.07 1.32E-10 1.85E-08
GOCOMPONENT Chromosome 4.67 9.10E-12 2.07E-09
GOPROCESS Mitotic Cell Cycle Process 4.64 3.48E-28 4.81E-24
GOPROCESS Positive Regulation Of Cell Cycle Process 4.55 4.10E-11 1.57E-08
GOPROCESS Protein-DNA Complex Assembly 4.47 7.59E-10 2.33E-07
GOPROCESS Cell Division 4.25 5.31E-16 9.17E-13
GOPROCESS Negative Regulation Of Cell Cycle Process 4.04 6.43E-10 2.02E-07
GOPROCESS Regulation Of Mitotic Cell Cycle Phase Transition 3.99 1.04E-12 8.42E-10
GOPROCESS Chromosome Organization 3.94 1.50E-12 1.04E-09
GOPROCESS Regulation Of Cell Cycle Phase Transition 3.82 1.92E-12 1.15E-09
GOPROCESS Cell Cycle Process 3.63 2.27E-25 1.05E-21
GOPROCESS Cell Cycle 3.56 1.11E-12 8.53E-10
GOPROCESS Regulation Of Cell Cycle Process 3.47 7.37E-17 1.69E-13
GOFUNCTION Protein Heterodimerization Activity 3.44 5.36E-10 7.36E-07
GOCOMPONENT Chromosomal Part 3.27 8.53E-20 1.55E-16
GOCOMPONENT Nuclear Chromosome Part 3.14 3.70E-11 6.75E-09
GOPROCESS Regulation Of Mitotic Cell Cycle 3.12 2.72E-12 1.44E-09
GOPROCESS Negative Regulation Of Cell Cycle 3.12 2.28E-10 7.66E-08
GOPROCESS Immune Response 3.03 2.51E-12 1.45E-09
GOPROCESS Regulation Of Cell Cycle 2.82 6.87E-17 1.90E-13
GOPROCESS Positive Regulation Of Immune System Process 2.68 5.07E-10 1.67E-07
GOFUNCTION Protein Dimerization Activity 2.58 1.83E-12 3.76E-09
GOPROCESS Immune System Process 2.36 3.18E-16 6.27E-13
GOPROCESS Regulation Of Immune System Process 2.31 1.35E-10 4.91E-08
GOCOMPONENT Cytoskeletal Part 2.26 7.15E-12 1.86E-09
GOPROCESS Cell Surface Receptor Signaling Pathway 2.21 2.80E-13 2.76E-10
GOPROCESS Response To Stress 1.93 6.04E-13 5.56E-10
GOCOMPONENT Extracellular Region Part 1.83 1.79E-10 2.33E-08
GOCOMPONENT Non-Membrane-Bounded Organelle 1.82 1.01E-10 1.67E-08
GOCOMPONENT Intracellular Non-Membrane-Bounded Organelle 1.82 1.01E-10 1.53E-08
GOPROCESS Cellular Response To Stimulus 1.80 6.19E-10 1.99E-07
GOPROCESS Response To Stimulus 1.78 6.82E-17 2.35E-13
GOPROCESS Signal Transduction 1.76 9.95E-14 1.14E-10
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process—is required, provided that a beneficial effect of this
therapy was only observed when vitD3-tolDC were pulsed with
the adequate immunogenic peptide (23, 24). Consequently, we
developed an experimental model for the generation of
autologous antigen-specific vitD3-tolDC and T cells from
healthy donors, using an immunogenic peptide presented via
class II MHC with the aim to reproduce antigen presentation in
the context of CD4+-mediated autoimmune diseases. In this
regard, we selected TT for its compliance with this feature—
since the vaccination against TT is included in European health
systems—which also allowed us to use healthy donors instead of
patients of a determined autoimmune disease, thus eliminating
disease-conditioned immune variations.

All in all, our approach aimed to be as versatile as possible,
and to serve as a preliminary study for future research, with the
idea that the immunogenic peptide/s might be replaced
depending on the disease of interest, as well as, of course,
using patient cells instead of healthy donors. On the one hand,
for autoimmune diseases with identified autoantigens, this
decision would be trivial. On the other hand, for those
conditions in which autoimmune antigens are yet to be
identified, the experimental design should be considered case
by case. For instance, using autologous synovial fluid as a source
for autoantigens to load tolDC has provided promising results in
rheumatoid arthritis (31), so analog workaround solutions could
be taken into account.

After validating our experimental setup—meaning that
vitD3-tolDC-TT were able to induce an antigen-specific
response—we focused on the study of the actual phenotypic,
functional and transcriptomic modulations induced by vitD3-
tolDC. First, the analysis of the phenotype of T CD4+ cells
evidenced that their interaction with vitD3-tolDC-TT caused a
relative reduction in the activation of these cells. More
importantly, a switch in the immune response of these cells
towards a more immunoregulatory profile was induced, with a
reduction in the prevalence of TH1 memory subpopulations.
These results were further supported by the decrease of IFN-g
production in the autologous co-culture supernatants,
consequently supporting that vitD3-tolDC were inducing a
switch towards a more anti-inflammatory immune profile, in
line with previous findings in the literature (16–18).

When we deepened into the analysis of the vitD3-tolDC-
mediated transcriptomic profile of T cells, we observed several
genes and GO terms regulated in line with the abovementioned
phenotypical and functional switch towards a less activated an
more immunoregulatory profile; for instance, a down-
modulation of STAT1 gene and the interferon-gamma-
Frontiers in Immunology | www.frontiersin.org 11124125110
mediated signaling pathway was observed, which on the other
hand supported the robustness of our RNA-seq study. Beyond
this, the results pointed towards a generalized down-modulation
of the transcriptomic profile of vitD3-Tcell that could either
respond to an induction of T CD4+ cell hyporesponsiveness or
even to a process of clonal deletion. On the one hand, the down-
modulation of genes and pathways involved in crucial cellular
mechanisms—in particular those related to cell proliferation,
mitosis, cell cycle and response to immune stimuli, some of them
never reported before—could be explained by both of these
processes. However, on the other hand, the lack of induction
of cell death and apoptotic-related pathways makes clonal
deletion very unlikely to be happening. Therefore, our results
suggest that the antigen-specific interaction of vitD3-tolDC with
autologous T CD4+ cells is mediating, in fact, an induction of
hyporesponsiveness over these cells. Furthermore, previous
studies from our group already pointed in this direction (16), a
biological situation that, potentially, might lead to the abrogation
of an autoimmune immunogenic response in patients. Moreover,
our current results provide evidence that these modulations are
taking place at the transcriptomic level in T CD4+ cells,
indicating that the antigen-specific modulation induced by
vitD3-tolDC is deeper than expected and, in consequence,
probably also long-lasting.

Unfortunately, the lack of strongly up-regulated genes among
the protein-coding RNA transcripts did not allow us to point
towards many clear candidate biomarkers that might become
indicators of the response of T cells upon their interaction with
vitD3-tolDC to monitor patients in clinical trials. One of the
most relevant exceptions came given by JUNB gene, encoding a
member of the AP-1 family of transcription factors. In
experimental models, this gene has been reported to be crucial
in maintaining Treg suppressive function (32), although it is also
apparently involved in the induction and maintenance of IL-23-
related pathogenicity of TH17 cells (33, 34). However, neither of
these functionalities seems to fit in our model based on our
results, since neither TH17 nor Treg induction was evidenced.
Consequently, it would be interesting to elucidate the specific
role of JunB in our experimental setting, and to what extent small
changes in its expression can actually be sufficient or not for the
induction and maintenance of immune tolerance. Furthermore,
if this hypothesis proves to be valid, either JUNB and/or other
related genes might also constitute potential biomarkers of
response to vitD3-tolDC treatment in the clinic. It is also
worth noting that we may have overlooked other potential
biomarkers that might be found among the non-protein-
coding and alternate splicing RNA transcripts. Although this
TABLE 3 | Continued

GO category GO term ES p-value FDR

GOPROCESS Regulation Of Cellular Process 1.28 1.91E-10 6.76E-08
GOFUNCTION Protein Binding 1.26 4.87E-15 2.01E-11
GOPROCESS Cellular Process 1.15 2.64E-12 1.46E-09
Jan
uary 2021 | V
olume 11 | Artic
Results presented as Enrichment Score (ES) values of different Gene Ontology (GO) terms in vitD3-Tcell compared to mDC-Tcell using data from an RNA-seq analysis with healthy donors
(n = 10). FDR, False Discovery Rate; GOCOMPONENT, GO cellular component; GOFUNCTION, GO molecular function; GOPROCESS, GO biological process; mDC-Tcell, mature
dendritic cell-conditioned CD3+CD4+ cells; NA, not available; padj, adjusted p-value; vitD3-Tcell, vitamin D3-induced tolerogenic dendritic cell-conditioned CD3+CD4+ cells.
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possibility, if true, would have a limited functional value in our
experimental model, it could be addressed in future studies.

In addition, our results did not allow us to reach any
conclusion regarding a potential induction of anergy, and, as
discussed above, they also rule out any kind of Treg or Tr1
response. Even though our previous in vivo experiments with the
murine EAE model pointed towards an induction of Treg
mediated by vitD3-tolDC (23, 24), we have observed that, at
least in this experimental setting, this is not the case with human
cells. These results are in line with what previous studies from
both our group and other authors have already reported (13, 16,
35), although there seems to be some controversy (36, 37).
However, it is also worth mentioning that in these reports,
Treg induction was only observed after two rounds of
stimulation of T cells, which might explain why we have not
detected it. This is definitely something to be taken into account,
since Treg induction is, undoubtedly, one of the main
mechanisms for the induction of immune tolerance of tolDC
and other antigen presenting cell approaches (38, 39). Indeed,
Treg themselves, when expanded in vitro, present a huge
therapeutic potential as a cell therapy for autoimmune diseases
in humans (40). Consequently, the transcriptomic study of
vitD3-tolDC-induced Treg should probably be addressed
separately in future studies, since two rounds of T cell
stimulation might have masked some of the results that we
have reported here.

Our current study presents some limitations. First, since we
focused on the study of CD4+ T cells alone, we were naturally
omitting the potential modulation that vitD3-tolDC might be
mediating through other subpopulations, such as regulatory B
cells or regulatory NK cells. Furthermore, the election of the
timepoint for the RNA-seq analysis intrinsically establishes
another limitation, which is the status of the transcriptomic
profile at different timepoints of the co-culture. However, our
selection came based on the phenotypical and functional results
shown in the study, which evidence that, by day 5 of the co-
culture, there is a significant and differential modulation
mediated by vitD3-tolDC over T CD4+ cells. Consequently,
even though it is true that other timepoints might provide
valuable additional information, we think that our election
provided the best compromise, and a full time-course
characterization of the antigen-specific transcriptomic changes
induced by vitD3-tolDC will be addressed in future studies. On
the other hand, we cannot fully discard the presence of non-
antigen-specific CD4+ cells by the time the cell sorting was
performed. However, even with a residual amount of non-
antigen-specific T cells, the obtained results were consistent
not only within the different techniques, but also with the
literature, supporting our findings.

In conclusion, our results evidence that vitD3-tolDC are
inducing a strong antigen-specific transcriptomic down-
modulation over autologous T CD4+ cells, with a reduced ability
to respond to immune- and non-immune-related stimuli.
Consequently, it constitutes one of the first attempts to
understand the changes that T cells are undergoing at the
transcriptomic level upon an antigen-specific interaction with a
tolerogenic cell product, such as vitD3-tolDC. In that regard, we
Frontiers in Immunology | www.frontiersin.org 12125126111
identified several specific genes and pathways selectively down-
modulated, as well as the induction of JUNB, which might
constitute a putative biomarker of the modulation mediated by
vitD3-tolDC over CD4+ T cells and, consequently, a potential
biomarker to monitor the effect of vitD3-tolDC after their
administration to patients. Therefore, the results presented in
this article allowed us to better understand the process of T cell
hyporesponsiveness at the molecular level and, more importantly,
to set the path for future studies to fully elucidate the specific
processes that are taking place in one of the most important
mechanisms that the promising tolDC-based therapies can
trigger in order to restore tolerance in autoimmune diseases.
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SUPPLEMENTARY FIGURE 1 | Phenotype and functionality of DC. (A) Gating
strategy. (B) Surface expression of CD86 (FITC) and HLA-DR (V500) on immature
DC (iDC), mature DC (mDC), tetanus toxin (TT)-loaded mDC (mDC-TT), vitamin D3-
induced tolerogenic DC (vitD3-tolDC) and TT-loaded vitD3-tolDC (vitD3-tolDC-TT)
(n = 8). Data presented as relative percentage of median fluorescence intensity (MFI)
normalized versus mDC, measured by flow cytometry. In all cases, DC populations
were CD11c+ (C) Allogeneic proliferation of PBMC from healthy donors co-cultured
with either iDC, mDC, mDC-TT, vitD3-tolDC or vitD3-tolDC-TT (n = 14) in a DC :
PBMC 1:20 ratio. Data presented as relative percentage of induced proliferation
compared to mDC, measured as tritiated thymidine incorporation after 18 h. Six
replicated measurements of each condition were performed. Error bars
corresponding to SEM. ns = not significant; * p < 0.05. Friedman test with Dunn’s
correction. (D) Gating strategy for the sorting of autologous T CD4+ cells.

SUPPLEMENTARY FIGURE 2 | Assignment and functional classification of the
total reads from the RNA-seq study of T CD4+ cells co-cultured with autologous
antigen-specific DC. (A) Assignment of the total reads from the RNA-seq analysis to
known RNA classes. (B) Classification of the assigned reads into known RNA
functionalities.

SUPPLEMENTARY TABLE 3 | Up and down-modulated genes in vitD3-Tcell
compared to mDC-Tcell.

SUPPLEMENTARY TABLE 4 | Differentially enriched Gene Ontology terms in
vitD3-Tcell compared to mDC-Tcell.
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Dendritic cells (DCs) are professional antigen-presenting cells involved in the initiation

of immune responses. We generated a tolerogenic DC (tolDC) line that constitutively

secretes interleukin-10 (IL10-DCs), expressed lower levels of co-stimulatory and

MHCII molecules upon stimulation, and induced antigen-specific proliferation of T

cells. Vaccination with IL10-DCs combined with another tolDC line that secretes

IL-35, reduced antigen-specific local inflammation in a delayed-type hypersensitivity

assay independently on regulatory T cell differentiation. In an autoimmune model of

rheumatoid arthritis, vaccination with the combined tolDCs after the onset of the

disease impaired disease development and promoted recovery of mice. After stable

memory was established, the tolDCs promoted CD4 downregulation and induced

lymphocyte activation gene 3 (LAG-3) expression in reactivated memory T cells,

reducing T cell activation. Taken together, our findings indicate the benefits of combining

anti-inflammatory cytokines in an antigen-specific context to treat excessive inflammation

when memory is already established.

Keywords: dendritic cells, IL-10, IL-35, LAG-3, tolerogenic DCs

INTRODUCTION

Dendritic cells (DC) are widely recognized as inducers of adaptive immune responses, modulating
the balance between tolerance and immunity. To do so, they rely on the ability to sense the
environment upon antigen uptake, migrate, and translate the signals met, not only through
upregulation ofMHC and co-stimulatory molecules, but also secreting cytokines and inflammatory
mediators. Thus, during antigen presentation, DCs are able to activate T cells and direct their fate
based on the quality of the signals they expose (1). However, in the context of autoimmune diseases,
where exceeding immune activation against self-antigens takes place, it is preferable that the
immune response is shifted toward tolerance. Thus, the manipulation of DCs can be advantageous
as they represent key players in the development of regulatory responses.

Tolerogenic DCs (tolDCs) are essential for the maintenance of central and peripheral
tolerance. They are able to induce clonal T cell deletion, T cell anergy, and regulatory
T cell differentiation. DCs can further restrain memory and effector T cell responses
due to impaired or sustained antigen presentation, insufficient co-stimulation, and
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secretion of large amounts of anti-inflammatory mediators (2–
5). TolDC differentiation can be favored by many different
suppressive factors, like anti-inflammatory cytokines (e.g., TGF-
β, IL-10), immunomodulatory drugs (e.g., corticosteroids),
vitamin D, and other substances (6, 7). However, the stability of
tolDCs and the difficulty in achieving a definitive and efficient
induction protocol are issues that still need to be addressed.

The MutuDC1 cell line (CD8α+ murine tumor DC line)
consists of an immortalized cell line generated through culture of
splenic DC tumors from transgenic mice. They were developed
and described by our group a few years ago and their functional
and phenotypical features resemble the splenic conventional
DC1s (cDC1) (8). MutuDC1s are easy to culture in vitro and
their stability allows further transformation through lentiviral
transduction system (9). Therefore, the MutuDC1s represent a
great tool to explore the effects caused by the overexpression of
immunosuppressive molecules.

We have previously described the generation of a genetically
modified MutuDC1 line that constitutively secretes the anti-
inflammatory cytokine IL-35 (IL35-DCs). The overexpression
of IL-35 in the IL35-DCs was shown to strongly regulate
antigen-specific CD4+ and CD8+ T cell responses in vitro
and in vivo, conferring a tolDC phenotype to the MutuDC1s.
In addition, vaccination with IL35-DCs both prevented and
ameliorated disease severity on experimental autoimmune
encephalitis (EAE), indicating an encouraging approach for
treating autoimmune diseases (10). Employing the same
approach used to generate the IL35-DC, we have developed
a new MutuDC1 cell line that constitutively expresses high
amounts of IL-10 (IL10-DC). IL-10 is a potent anti-inflammatory
cytokine naturally produced by antigen presenting cells (APCs),
B cells, eosinophils, mast cells, and many subsets of CD4+

and CD8+ T cells upon activation. It has a broad and strong
effect on DC function, inhibiting their capacity to produce
pro-inflammatory cytokines, upregulating MHC II and co-
stimulatory molecules, and impairing their antigen-presenting
function (11). The association of IL-10 with other cytokines
like the pleiotropic TGF-β was shown to potentiate their
individual anti-inflammatory features, leading to the induction
of robust regulatory cells in an antigen-specific context (12).
This fact indicates that anti-inflammatory cytokines could act
in synergy to mediate a tolerogenic response in excessively
inflammatory pathologies.

The combination of IL-10 and IL-35 secreted by tumor-
infiltrating regulatory T cells was shown to induce the expression
of the inhibitory receptors TIM-3, LAG-3, TIGIT, and 2B4,
driving intratumoral CD8+ T cells to exhaustion (13). LAG-
3 is an inhibitory co-receptor involved in controlling excessive
activation after persistent antigen exposure. Its expression was
observed to play a suppressive role in murine autoimmune
disease models of myocarditis, type-1 diabetes, and EAE (14–17),
indicating that LAG-3 expression might be modulated by both
IL-10 and IL-35 also during CD4+ T cell activation.

In this work, we describe our new tolerogenic murine
DC line that secretes high amounts of IL-10. We show that
when applied in combination with the IL35-DC line, they
cooperate to induce antigen-specific tolerance in overly inflamed

conditions. Moreover, we show that this cooperation induced the
upregulation of LAG-3 expression inmemory T cells, dampening
the immune response.

MATERIALS AND METHODS

Mice
OT-I/ Rag−/−, OT-II, and CD11b−/− mice were bred and kept
in our specific pathogen free animal facility. C57BL/6 mice
were purchased from Harlan laboratories and kept under the
same conditions as mentioned. For all experiments, 8–12-week-
old female mice were used, except for the CIA protocol where
CD11b−/− sex-matched groups were formed. All experimental
procedures were performed in accordance with the Swiss Federal
Legislation and approved by the Cantonal Veterinary Office
(license number VD.3324).

Generation of the IL10-Secreting Mutu DC
Line (IL10-DC)
The murine tumor DC1 (MutuDC1) line was derived from
splenic tumors of transgenic CD11c:SV40LgT C57BL/6 female
mouse (8, 18) and the generation and characterization of the
IL35-DC line was previously described by Haller et al. (10). For
the generation of the IL10-DC line, the Il10 gene was obtained
from the cDNA of MutuDC1s stimulated with CpG (1µM)
and amplified by PCR using the following primers 5′-GCC
ACCAT-GCCTGGCTCAGCACTG-3′ (forward) and 5′-GAT
CGTCGACTTAGCTTTTCATTTTGAT-CATCAT-3′ (reverse)
(synthesized by Invitrogen). The amplified DNA fragments
were loaded in 1% Sea Kem GTG agarose gel (Lonza) and
purified with the Wizard SV Gel and PCR Clean-up system
(Promega) according to the supplier’s instructions. The Il10
gene was inserted into the lentiviral vector (pWP-SIN-cPPT-
WPRE)-CMV-IRES-GFP and lentiviral particles either empty or
containing the IL-10 expression vector (with the GFP reporter)
were produced by 293T HEK cells through a second generation
transduction system using pMD2G and psPAX2 as packaging
vectors. MutuDC1s were stably transduced with the IL-10
lentiviral particles generating the IL10-DC line, or with the empty
vector, generating the Mock-DC line. To confirm the transgene
expression, protein production was confirmed by FACS (GFP
expression and IL-10 expression in GFP+ cells) and ELISA. The
MutuDC1 lines were cultured in IMDM-Glutamax (GIBCO)
supplemented with 10% heat-inactivated fetal bovine serum
(FBS Good, PAN-Biotech), 10mM Hepes (GIBCO), 50µM β-
Mercaptoethanol (GIBCO), 50 U/mL of penicillin, and 50 µg
/mL streptomycin (BioConcept) at 37◦C in a humidified 5%
CO2 atmosphere.

Cell Engineering and Encapsulation for
Device Implantation
The murine myoblast C2C12 cell line was obtained from
the American Type Culture Collection (ATCC) and cultured
with DMEM (GIBCO) supplemented with 10% FBS, penicillin
(100 U/mL) and streptomycin (100µg/mL) (BioConcept). To
generate the C2C12 cell lines expressing IL-10 or IL-35, the Il10
gene was inserted into the lentiviral vector pRDI277 (kindly
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provided by Prof. Richard Iggo, Bergonié Cancer Institute,
University of Bordeaux), under the control of the CMV
promoter. The Il35 construct (Ebi3 and p35 linked by Gly4Ser)
was cloned into the lentiviral expression vector pCDH-CMV-
MCS-EF1α-RFP+Puro (System Biosciences). Lentiviral particles
were generated by transfection of 293T HEK cells using pVSV-
G and psPAX as packaging vectors in serum-free DMEM, in
the presence of 1 µg of polyethylenimine/µg DNA. The viral-
containing supernatants were collected and filtered (0.22µM)
after 24 h. C2C12 cells were stably transduced with the lentiviral
particles and selected for puromycin resistance. Transgene
expression was confirmed by FACS and qPCR.

Cell preparation and encapsulation of bioactive cellular
implants were previously described (19). Briefly, cells were
harvested with Trypsine-EDTA solution and cell suspensions
were mixed with PEG gel premix and coagulation factor XIIIa
immediately before the loading of 3× 106 cells (250 µL) into the
cell encapsulation devices. The devices were placed on a rocking
platform until hydrogel crosslinking was complete, and then
sealed with polymerizing medical-grade glue (Loctite, Henkel).
The devices were maintained in DMEM for 24 h under cell
culture conditions and washed with PBS before subcutaneous
(s.c.) implantation in the back of mice. Surgeries were performed
under ketamine (100 mg/kg)/xylazine (10 mg/kg) anesthesia and
mice recovered in their home cages. Analgesia was provided by a
s.c. injection of Buprenorphine (0.5 mg/kg) 24 h after surgery.

Organ Collection and Processing
Blood was obtained by cardiac puncture, left at room temperature
for 30min and centrifuged for 10min at 2,000 × g in a
refrigerated centrifuge. Sera were collected and stored at −70◦C.
Draining lymph nodes (DLNs) and spleens were mashed through
40µm cell strainers. For OT-I, OT-II, and memory assays, T
cells were magnetically isolated using the EasySep Mouse CD8+

T or CD4+ T Cell Isolation Kits (STEMCELL Technologies),
following manufacturer’s protocols. For the other experimental
protocols, cells were treated with ACK lysis buffer (NH4Cl
0.155M, KHCO3 0.01M, EDTA 0.1mM) before they were seeded
in culture plates and re-stimulated ex vivo.

In vitro OT-I and OT-II Proliferation Assays
104 MutuDCs were seeded in U-botton 96-well plates and
pulsed with different concentrations of the ovalbumin peptides
SIINFEKL (OVA257-264) (OT-I) or OVA329-337 (OT-II) for 4 h
and washed. CD8+ or CD4+ cells isolated from OT-I/Rag−/− or
OT-IImice, respectively, were labeled with 5µMof the eFluor670
(ThermoFisher) or with Tag-it Violet (Biolegend) proliferation
dyes. 105 T cells were then co-cultured with DCs for 72 h.

Delayed-Type Hypersensitivity (DTH) Assay
C57BL6 mice were immunized against OVA (50 µg – Grade
IV, Sigma Aldrich) in Complete Freund’s Adjuvant (CFA –
InvivoGen). After 7 days, MutuDCs were pulsed with 100µg/mL
of OVA overnight, washed with PBS twice, and 3× 106 cells were
transferred to immunized mice by intraperitoneal (i.p.) injection.
When IL10-DCs and IL35-DCs were transferred in combination,
they were mixed only a few minutes before the injection, at 1:1

ratio. One week later, mice were challenged with 25 µL of heat-
aggregated OVA (20 mg/mL – 500 µg/animal) in one footpad
and the same volume of PBS was injected in the contralateral
footpad as a control. Footpad thickness was measured with a dial
thickness gauge (Mitutoyo) multiple times for 72 h. Blood, lymph
nodes and spleen were collected and processed as mentioned
above. Total cells were re-stimulated ex vivo with 100µg/mL
OVA for 24 h.

Collagen-Induced Arthritis (CIA)
Chicken collagen type II (CII, Sigma Aldrich) emulsified in
CFA (InvivoGen) was prepared as previously described (20) and
injected intradermally at the base of tail of the CIA-susceptible
CD11b−/− mice. Mice were assessed every day for redness and
swelling of limbs or ankle and scored from 1 to 4: (1) erythema
and light swelling confined to 1 joint; (2) erythema and mild
swelling in one joint or more; (3) erythema and moderate
swelling confined to 1 joint; (4) erythema and severe swelling
involving multiple joints, joint malformation or ankylosis. No
boost of CII was given as mice started scoring positive for the
disease as early as 2 weeks after the immunization. In one setup,
tolerogenic implants were inserted 1 week after immunization;
in another, when around 80% of mice scored at least 1, 5
× 106 MutuDCs pulsed with CII (100µg/mL) overnight were
transferred i.p. When IL10-DCs and IL35-DCs were transferred
in combination, they were mixed only a few minutes before the
injection, at 1:1 ratio. DC transfer was repeated 2 days later
and mice were observed for another 7 days, then euthanized.
Blood, lymph nodes and spleen were collected and processed as
mentioned above. Total cells from lymph nodes and spleen were
re-stimulated with 100µg/mL of CII ex vivo for 24 h.

T Cell Memory Assays
C57BL6 mice were immunized against OVA (Grade IV, Sigma
Aldrich) in CFA (InvivoGen) (50 µg in a total of 100 µL of
emulsion per mouse), and boosted after 1 week either with
OVA (same concentration) in Incomplete Freund’s Adjuvant
(IFA, Invitrogen), or with OVA-pulsed MutuDCs (ctrl-DCs).
Fourteen days later, spleens were collected and processed as above
described. Isolated T cells were labeled with 5µMof Tag-it Violet
proliferation dye (Biolegend). MutuDCs were pulsed overnight
with OVA (100µg/mL), washed twice with PBS, and seeded 96-
well plates. DCs and T cells were kept in co-culture for 3 days
(104:105 cells per well, respectively).

ELISA for Cytokine and Antibody Detection
For IL-10 cytokine detection, a specific ELISA kit was used
according to manufacturer’s instructions (BD Biosciences). To
determine OVA- or CII-specific antibodies, plates were coated
overnight at 4◦C with 20µg/mL of the appropriate protein
in PBS. Plates were washed three times with wash buffer
(0.05% Tween-20 in PBS), and blocked with assay diluent (PBS
containing 10% heat-inactivated FBS) for 1 h. Mice sera samples
were serial diluted in assay diluent and added to plates after three
more washes. Following a 2 h incubation at room temperature
(RT), plates were washed five times, and anti-IgG1 (clone
2H12B4, Chondrex) or anti-IgG2a (clone 1F10C2, Chondrex)
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conjugated with peroxidase were used as secondary antibodies.
Plates were incubated for 1 h RT and washed seven times. TMB
Substrate (Thermo Scientific) was added and plates were left for
30min RT in the dark. Colorimetric reaction was stopped by
the addition of 2N H2SO4. Absorbance was acquired at 450 nM
in the microplate reader (Ledetect 96, LabExim). Absorbance
sample values were considered after subtracting values of wells
incubated with fresh serum from naïvemice in the same dilutions
or incubated with assay diluent. Data are shown in optical density
(OD) units.

Flow Cytometry Analysis
The fluorochrome-conjugated anti-mouse antibodies used were
purchased from Biolegend, ThermoScientific, BD Pharmingen,
or R&D Systems, and were specific for: Clec 9A (clone 4D2,
PE), MHC-I (Kb) (clone AF6-88.5.5.3, APC), DEC205 (clone
205yekta, PerCP-eFluor710), CD24 (clone M1/69, PerCP-Cy5.5),
GR1 (clone RB6-8C5, PerCp-Cy5.5), Langerin (clone eBioL31,
PE), CD4 (clone RM4-5, APC, PE-Cy7, PE, or eFluor450), CD11b
(clone M1/70, APC), Sirpα (clone P84, APC), MHCII (clone
M5/114.15.2, PE), CD11c (clone N418, PeCy7), CD8α (clone
53-6.7, APC-Cy7 or PE-Cy7), B220 (clone Ra3-6B2, eFluor450),
CD80 (clone 16-10A1, PE), CD40 (clone 1C10, APC), B7-DC
(clone Ry25, PE), PD-L1 (clone 1-111A, PE), CD86 (clone GL-
1, AlexaFluor700), MHCII (clone M5, PerCp), CD44 (clone IM7,
APC, PE-Cy7, or Pacific Blue), CD62L (cloneMEL-14, APC-Cy7,
FITC or PE), CD25 (clone PC61.5), TIM-3 (clone B8.2C12, PE-
Cy7), LAG-3 (clone C9B7W, APC), FoxP3 (clone FJK-16s, PE or
PE-Cy5), EBI3 (clone 355022, APC), P35 (clone IC2191P, PE),
IL-10 (clone JES5-16E3, FITC or PE). For intracellular staining,
cells were re-stimulated with PMA (10 ng/mL) and ionomycin
(500 ng/mL) in the presence of Brefeldin A (10µg/mL) for
4 h. After extracellular staining, cells were fixed with 3.4%
formalin for 15min at RT and permeabilized with 0.5% saponin
buffer for 30min at 4◦C or fixed and permeabilized with the
Foxp3/Transcription Factor Staining Buffer Set (ThermoFisher)
according to manufacturer’s instructions. Cells were analyzed
in a LSRII, Canto, or Fortessa flow cytometers (BD), and data
processing was done using FACS Diva (BD) and FlowJo (Tree
Star). Gates were performed based on Fluorescence Minus One
(FMO) controls.

Statistical Analysis
Results were presented as mean values± SEM. Statistical analysis
were determined by the one-way ANOVA, followed by Tukey’s
multiple comparison test, or two-tailed Student’s t-test, using
GraphPad Prism software (ns, not significant; ∗P < 0.05; ∗∗P <

0.01; ∗∗∗P < 0.001).

RESULTS

IL-10-Secreting DCs: Altered MHC II and
Co-stimulatory Molecule Expression at
Steady State and Upon Stimulation
The newly generated IL-10-expressing MutuDC line (referred to
as IL10-DC in this work) stably expressed and released IL-10 in
resting conditions (Figures 1A,B). In order to test if they kept

the MutuDC1 phenotype, we used a panel of surface markers
to distinguish DC subsets in IL10-DCs and compared them
to untransduced (ctrl-DCs) and mock-transduced MutuDCs.
The lentiviral transduction did not affect the expression of
the distinctive markers for cDC1s: CD11c, CD8α, DEC205,
CD24, and Clec9A, and did not lead to the expression
of B220 (specific for pDCs), CD11b, CD4, SIRPα (typically
expressed by cDC2s), Gr1 (characteristic for monocytes), or
langerin (restricted to dermal DCs) (Supplementary Figure 1).
No important modifications in the immature state of the
MutuDC1 line were observed after the viral transduction (data
not shown).

Upon stimulation with a combination of the TLR ligands
CpG (1µM) and poly(I:C) (5µg/mL) for 24 h, IL-10 production
by IL10-DCs was approximately five times higher than the
production of the cytokine by stimulated ctrl-DCs. Contrary to
untransduced DCs, the same augmented amount of IL-10 was
detected in IL10-DCs cultured in the absence of the stimuli,
suggesting that the cells were already producing the cytokine at
maximum rate (Figure 1B). In resting conditions, the IL10-DCs
expressed lower levels of CD40 and MHC II than control DCs
and comparable levels of CD80 and CD86. Upon stimulation
with CpG (1µM) and poly(I:C) (5µg/mL), IL10-DCs failed
to upregulate MHC II expression. CD86 and CD40 were only
weakly upregulated upon activation in IL-10 DCs, whereas CD80
expression was only slightly lower in IL-10 DCs than in control
DCs (Figure 1C).

IL10-DCs Induced T Cell Proliferation but
Did Not Enhance Treg, Tr1, or iTr35
Differentiation When Combined With
IL35-DCs
We next sought to find out if IL10-DCs were able to induce
T cell proliferation and what kind of adaptive immune
response could be generated in an antigen-specific manner.
IL-10 was shown to impair allogeneic and antigen-specific
CD8+ T cell responses (21). To determine whether IL10-
DCs could affect CD8+ T cell proliferation, DCs were
pulsed with SIINFEKL (OVA257−264) for 4 h, washed, and
co-cultured with naïve eFluor670-labeled OT-I CD8+ T cells for
3 days. IL10-DCs induced similar CD8+ T cell proliferation
compared to control DCs (Supplementary Figure 2A). The
expression of perforin (Supplementary Figure 2B) and
granzyme B (Supplementary Figure 2C) in CD8+ T cells
after co-culture was also comparable. Comparable CD4+

T cell proliferation was also observed when IL10-DCs or
control DCs were pulsed with OT-II peptide (OVA323−339)
and co-cultured with eFluor670-labeled OT-II CD4+ T cells
(Supplementary Figure 2D). IL10-DCs were similarly able to
process full-length ovalbumin and induce antigen-specific CD4+

T cell proliferation (Supplementary Figure 2E).
We have previously thoroughly characterized a high IL-35-

producing DC line, also generated from transduced MutuDC1,
that expressed low levels of MHC class I and II and failed
to upregulate them. Similarly, CD40, CD80, and CD86 was
less induced upon stimulation with CpG and poly I:C. When
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FIGURE 1 | Characterization of the novel IL-10-expressing DC line. 2.5 × 105 control MutuDCs or IL10-DCs or were stimulated with CpG (1µM) + Poly I:C (5µg/mL)

for 24 h. (A) IL-10 expression of control MutuDC (ctrl-DC) and IL10-DC in resting conditions. (B) IL-10 secretion assessed in the supernatants of cells cultures. (C)

Flow cytometric analysis of CD40, CD80, CD86, and MHCII surface expression of ctrl-DC or IL10-DC. Data are expressed in Median Fluorescence Intensity (MFI) of

GFP+-gated cells. Data are representative of at least three independent experiments. ND, not detected. *P < 0.05; **P < 0.005, ***P < 0.001.

compared to mock-transduced MutuDCs, IL35-DCs induced
reduced levels of CD4+ and CD8+ T cell proliferation
(10). Having observed that IL35-DCs could be efficient in
changing immunological memory after Th1/Th17 balances were
established, we wondered if in combination with the IL10-DC
line their tolerogenic features could be potentiated in a synergistic
manner. To do that, we tested the combination of our two DC
lines in a T cell proliferation assay. We found that the addition
of IL10-DCs in the co-culture failed to restore the impaired
CD4+ T cell proliferation induced by the IL35-DCs (Figure 2A).
Interestingly, CD4 expression in T cells appeared reduced

when they had been primed by IL35-DCs (Figures 2A,B). The
percentages of total induced CD25+FoxP3+ Tregs were similar,
except for a reduced Treg differentiation when the CD4+ T
cells were co-cultured with IL10-DCs alone (Figure 2C). For
Tr1 (CD4+ IL10+ T cell) differentiation, co-culture with IL10-
DCs or IL35-DCs alone was significantly more effective than
when the cell lines were combined (Figure 2D). Surprisingly, the
regulatory iTr35 population (EBI3+ P35+ T cells) differentiation
was not increased when IL35-DCs were present in the co-
cultures (Figure 2E). In order to rule out the effect of the
cytokine alone, we polyclonally stimulated T cells in the presence
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FIGURE 2 | The combination of IL10-DC and IL35-DC did not increase regulatory T cell populations in OVA-specific T cell cultures. 5 × 103 DCs were seeded in

96-well plates and pulsed with OVA323−339 peptide for at least 2 h before the addition of 5 × 104 naïve eFluor450-labeled OT-II CD4+ T cells. IL10-DC and IL35-DC

lines, when added together, were mixed in equal dilutions before the seeding. Flow cytometric analysis of (A) cell proliferation, (B) CD4 expression (given in Median

Fluorescence Intensity, MFI, of GFP−gated cells), (C) Tregs, determined as CD4+ CD25+ FoxP3+ of GFP−gated cells, (D) Tr1, determined as CD4+ IL10+ of

GFP−gated cells, and (E) IL35-secreting Tregs (iTr35), determined as CD4+ EBI3+ P35+ of GFP−gated cells. Data are representative of at least three independent

experiments. *P < 0.05; **P < 0.005.

of the supernatant of our DCs in parallel. In this setup, no
differences in cell proliferation were observed, but EBI3 MFI was
found increased when IL35-DC supernatant was added (data not
shown), indicating that the impaired proliferation induced by
IL35-DCs is dependent on cell-to-cell contact.

TolDCs Reduce Antigen-Specific
Inflammation in vivo
To observe if the combination of the tolDCs would impact
on memory response in vivo, we immunized mice with OVA
in complete Freund’s adjuvant (CFA). Two weeks after the
immunization, OVA-pulsed DCs were transferred to immunized
mice, which were divided in groups according to the DC line
they were going to receive: (1) IL10-DC; (2) IL35-DC; (3) IL10-
DC + IL35-DC; (4) ctrl-DC; and finally as a control to see if
DCs were boosting the immune response, (5) unpulsed ctrl-DC
(Figure 3A). One week after DC transfer, mice were challenged

with 25 µL of OVA (20 mg/mL in PBS, 500 µg) in the footpad.
The same volume of PBS was injected in the contralateral footpad
as a control and footpad thicknesses were measured at multiple
time-points. After 48 h of challenge, the mice that were injected
with IL10-DCs showed a reduced local inflammatory response
compared to the ctrl-DC group. This difference was still detected
after 56 h, when the footpads of mice from the IL10-DC + IL35-
DC group also showed decreased swelling compared to the ctrl-
DC and the IL35-DC groups (Figures 3B,C). Also, OVA-specific
IgG1 and IgG2a antibodies were found decreased in the sera
of mice from the IL10-DC + IL35-DC group (Figure 3D). We
then re-stimulated total cells from the inguinal draining lymph
nodes (Figure 3E) or spleen (Figure 3F) with OVA ex vivo and
we observed a slight increase of the Breg (B220+ IL10+ cells –
lymph nodes) and Tr1 (CD4+ IL10+ – spleen) cell populations in
the IL35-DC group compared to the ctrl-DC group. Surprisingly,
we did not find any differences in the frequency of Bregs or Tr1 in
the IL10-DC group or when the two cell lines were combined. In
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FIGURE 3 | The combination of IL10-DC and IL35-DC ameliorated in vivo inflammatory response. Mice were injected s.c. with 50 µg of OVA in Complete Freund’s

Adjuvant (OVA-CFA) at day 0 and divided in five different groups. At day 14, 3 × 106 OVA-pulsed DCs were injected (via i.p.) and 1 week later they were challenged

with a heat-aggregated OVA (20 mg/mL) s.c. injection in the back-right footpad. Same volume of PBS (vehicle) was injected in the contralateral footpad as control.

(Continued)
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FIGURE 3 | Footpad thickness was repeatedly measured with a micrometer for 56 h before blood and organ collection. (A) Schematic timeline of the experimental

procedures. (B) Footpad thickness measurements of OVA-injected footpad minus PBS-injected footpads. (C) Total increase of OVA-injected footpad thickness after

challenge. (D) OVA-specific IgG1 and IgG2a antibodies in the serum of mice. Cells from the (E) inguinal lymph nodes and (F) spleen were re-stimulated with OVA

(100µg/mL) in the presence of brefeldin A (10µg/mL) overnight and T cell populations were assessed by flow cytometry. Data are representative of at least two

independent experiments (n = 5 mice/group/experiment). *P < 0.05; **P < 0.005.

fact, the IL10-DC+ IL35-DC group showed reduced numbers in
the regulatory cell populations compared to the IL35-DC group,
but also decreased numbers of CD4+CD44high cells in the DLNs,
indicating impaired T cell activation.

Prevention and Treatment of Established
Collagen-Induced Arthritis (CIA)
Rheumatoid arthritis (RA) is an autoimmune disease generally
characterized by exacerbated Th1 and Th17 responses, which
cause and sustain joint inflammation. Systemic delivery of anti-
inflammatory cytokines, such as IL-10 and IL-35 has been
shown to prevent the onset of collagen-induced arthritis (CIA)
and to treat its symptoms, but the short half-life of some
cytokines require constant delivery and high concentrations
of the substance, which can cause secondary effects associated
with excessive anti-inflammatory response (22, 23). More target-
specific approaches employing peptides or cell transfer have also
been tested and showed promising results (24). Taking advantage
of our tolerogenic cytokine-secreting DC lines, we tested the
therapeutic effect of IL-10 and IL-35-secreting DCs in CIA.
For that, we immunized the CIA-susceptible CD11b−/− mice
with collagen II (CII) in CFA. When over 80% of mice were
already showing at least mild scores of the disease (footpad
redness and/or swelling of one limb), we transferred a total of
5 × 106 tolDCs/mouse via i.p. injection. The treatment was
repeated 2 days later, and the progression of the disease was
then scored for 1 extra week (Figures 4A,B). The combination
of the two tolDC lines increased the chances of scores being
reduced (Figures 4C,D). Moreover, in the group of mice treated
with the combination of IL10-DCs + IL35-DCs, 75% of mice
showed capacity for an intermediate recovery (over 1.5 points
in score from the day of the second DC injection to 1 week
later), while the groups that were treated with ctrl-DCs, IL10-
DCs, or IL35-DCs alone could also reach reduced rates for the
same criteria (25, 50, and 33.33%, respectively). Although no
significant differences were observed in the linear phase of CII-
specific IgG2a or IgG1 antibodies dilution in the sera of mice 1
week after treatment, the group that was injected with IL10-DC
+ IL35-DCs showed a tendency to produce reduced CII-IgG1
levels, demonstrated by a lower ratio of antibody concentration
between the sera of DC-injected mice and of non-injected mice
(Supplementary Figure 3). In another approach, we tested the
systemic delivery of IL-10 in combination or not with IL-35
in the prevention of the disease’s onset. For that, mice had a
cytokine-secreting implant inserted subcutaneously in their back
before the onset of the CIA (Figure 4E). Our results showed
that the scores were kept lower in mice with IL-10- or IL-35-
secreting implants. The systemic delivery of the two cytokines
simultaneously, however, did not protect mice from the disease.

In the mixed cytokine devices, the ratio of cytokine-producing
cells was 1:1, but the total number of cells per device was the same
as in the other groups, suggesting that the final concentration
of both cytokines was probably suboptimal in the IL10 + IL35
implant group (Figures 4F,G). FoxP3+ Tregs, Bregs, iTr35, and
Tr1 subpopulations in the spleen and inguinal lymph nodes of
the mice from the implant groups and the mice that were treated
with the DCs were assessed but no differences were found (data
not shown). These results indicated that the systemic delivery
of either IL-10 or IL-35 alone were significantly effective in the
prevention of the disease onset, while the combination of the two
cytokines did not show an advantage on it. However, it was only
the combination of the IL-10 and IL-35 secreting tolDC lines that
was more efficient at reducing the disease scores and promoting
a robust recovery in mice with less severe forms of the disease.

The Combination of IL10-DCs and
IL35-DCs Did Not Alter Pre-established
Memory Through Treg Expansion
As our data indicated that the effect of the tolerogenic cell lines
combined was in reducing pre-established memory activation,
we generated memory T cells by immunizing mice against OVA
(0.5 mg/mL) in CFA to further investigate it. Four weeks after
the initial injection, CD4+ T cells were extracted from spleens
and inguinal lymph nodes, labeled with a proliferation dye and
co-cultured with OVA-pulsed tolDCs for 3 days. All DC lines
induced comparable CD4+ T cell proliferation (Figure 5A) but
CD4 MFI of total T cells was found reduced after the co-
culture with IL35-DCs alone or in combination with IL10-DCs
(Figure 5B). When central memory cells (TCM, CD25− CD62L+

CD44high) and effector memory cells (TEM, CD25− CD62L−

CD44high) compartments were investigated, no differences in
the percentage of central and effector memory cells were
observed between the experimental groups (Figures 5C–E). CD4
expression was downregulated in T cells primed by IL35-DCs
alone or in combination with IL10-DCs was found in both, TCM

and TEM compartments (Figures 5F,G).

The Combination of IL10-DCs and
IL35-DCs Induced High LAG-3 Expression
in TCM
IL-35 was reported to induce LAG-3, PD-1, and TIM-3 on
intratumoral CD4+ and CD8+ T cells (25). LAG-3 has been
recently shown to selectively bind to stable peptide-MHC class II
complexes, regulating CD4+ T cell activation in an expression-
level-dependent fashion (26), therefore we tested if LAG-3
expression was altered by the IL35-DCs and what consequences
the association of the IL35-DC and IL10-DC lines would bring
to T cell fate. Indeed, LAG-3 expression was upregulated in
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FIGURE 4 | IL10-DC + IL35-DC vaccination reduced established CIA clinical scores. CIA was induced with an i.d. injection at the base of the tail of 100 µg of chicken

collagen II emulsified in Complete Freund’s Adjuvant (5 mg/mL) (CII-CFA). At day 18, when 80% of mice were showing at least mild scores of the disease, mice were

vaccinated with 5 × 106 CII-pulsed DCs (CII-DC). Treatment was repeated 2 days later. Arthritis severity was evaluated daily and each paw was individually scored for

(Continued)
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FIGURE 4 | erythema, swelling, and ankylosis. (A) Schematic timeline of the experimental procedures. (B) Cumulative arthritis scores; CII-DC transfers are indicated

by the arrows. (C) Probability of recovery evaluation of mice after the second DC transfer based on cumulative score reduction: each mouse was analyzed for having

its scores reduced or not. (D) Individual score evolution of sick mice after the second DC transfer: each line represents the increase (full lines) or decrease (dashed

lines) of the cumulative score (y axis) of one individual during days 21 to 28 (x axis). In a second approach, 1 week after immunization, five groups of mice were

implanted with bioactive cellular implants secreting IL-10, IL-35, IL-10, and IL-35, or empty implants. (E) Schematic timeline of the experimental procedures. (F)

Cumulative arthritis scores. (G) Individual score evolution of sick mice 1 week after the implantation of device: each line represents the increase (full lines) or decrease

(dashed lines) of the cumulative score (y axis) of one individual during days 14 to 26 (x axis). Data are representative of at least two independent experiments

(n = 3–10 mice/group/experiment). *P < 0.05.

FIGURE 5 | The combination of IL10-DC and IL35-DC induced upregulation of LAG-3 expression on memory CD4+ T cells. CD4+ T cells were isolated from the

spleens of OVA-immunized mice, labeled with a proliferation dye, and put in co-culture with OVA-pulsed DCs for 3 days. Flow cytometric analysis of (A) T cell

proliferation after co-cultures and (B) CD4 expression of total cells. (C) Gating strategy to determine T central memory (TCM–CD62L
+CD44high–D) or T effector

memory (TEM–CD62L
−CD44high–E) cells. CD4 expression on (F) TCM and (G) on TEM, and LAG-3 expression on (H) TCM and (I) on TEM (given in MFI values). Data are

representative of at least three independent experiments with T cells isolated from 3 to 5 independently immunized mice (n = 3–5, each experiment). *P < 0.05; **P <

0.005, ***P < 0.001, ****P < 0.0001.

both, central and effector memory compartments, when T cells
had been co-cultured with IL35-DCs (Figures 5H,I). In addition
to that, when IL35-DCs were combined with IL10-DCs, the
LAG-3 MFI in the TCM compartment was even more increased
(Figure 5H). We also tested TIM-3 but there were no changes in
its expression among the subgroups tested (data not shown).

When the co-cultures were performed in the presence of
LAG-3 blocking antibody, CD4+ T cell proliferation induced by
ctrl-DCs and by the combination of IL10-DCs plus IL35-DCs
was found increased. When T cells were primed by IL35-DCs,
on the contrary, proliferation was reduced in a dose-dependent
manner (Figure 6A). The effect of the blockade of LAG-3
was mostly observed in the reactivated TCM compartment: in

the presence of the antibody we observed an expansion of
memory T cells after co-cultures with ctrl-DCs or with the
combination of IL10-DC + IL35-DCs, and a reduction when
co-cultures were done with IL10-DCs or IL35-DCs. In the TEM

compartment, the effect observed was the opposite: the blockade
of LAG-3 decreased the expansion of the effector memory
T cells in the first two groups mentioned above (Figure 6B).
Altogether these results indicated that the combination of
IL10-DCs and IL35-DCs reduced T cell activation through
the downregulation of CD4 and upregulation of LAG-3 in
the re-activated central memory cells, preventing them to
be expanded, thus arresting excessive response during an
inflammatory scenario.
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FIGURE 6 | IL10-DCs in combination with IL35-DCs arrest memory expansion through LAG-3. CD4+ T cells were isolated from the spleens of OVA-immunized mice,

labeled with a proliferation dye, and put in co-culture with OVA-pulsed DCs in the presence of anti-LAG-3 blocking antibody for 3 day. Flow cytometric analysis of (A)

T cell proliferation after co-cultures and (B) CD4+ memory (CD62L+CD44high) or effector (CD62L−CD44high) cell population. Data are representative of at least two

independent experiments with T cells isolated from five independently immunized mice (n = 5, each experiment). **P < 0.005, ***P < 0.001, ****P < 0.0001.

DISCUSSION

DC vaccination relies on the manipulation of DCs to

influence the immune system in an antigen-specific manner
toward a tolerogenic or an immunogenic response. The

study of DC biology is, however, limited by the scarcity

and instability of DCs and thereby, the MutuDC lines

represent a great tool to define the benefits of different
immunomodulatory molecules in DC-based therapy. For
this study, we employed our MutuDCs and generated a new

tolerogenic DC line that constitutively produced high levels
of IL-10.

TolDCs are characterized by stable low expression of co-
stimulatory and MHC molecules, and altered cytokine secretion,
leading T cells to anergy or promoting regulatory T cell
differentiation. In addition to that, IL-10 is a major player in
the anti-inflammatory response, classically known to inhibit
T cell responses due to its modulatory effects on APCs or
acting directly on the T cells [reviewed by Saraiva et al. (22)].
Moreover, IL-10 is also involved in the differentiation of Tr1
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cells, which are able to suppress antigen-specific responses, thus
having an important effect on the induction and maintenance
of the peripheral tolerance (27). The IL10-DC line displayed
many aspects of tolDCs, probably due to the constant and robust
exposure to the tolerogenic cytokine secreted. Additionally, our
results showed their ability to induce Tr1 differentiation and
restrain in vivo antigen-specific inflammation. Still, they were
able to induce substantial T cell response both in vitro and in vivo,
indicating an advantage over conventional cytokine therapy.

The IL35-DC line was shown to induce suppressive T cells
and efficiently reduce EAE scores even after the Th1/Th17
balance was established (10). Our results presented in this study
confirmed the tolerogenic properties of the IL-35 secreting
MutuDCs. Furthermore, here we show that the combination of
IL35-DCs and IL10-DCs promoted a robust recovery of sickmice
in an autoimmune model of RA. RA is a chronic, inflammatory,
systemic autoimmune disease that can severely damage the
joints and impair life quality. There is no cure for RA and
the progression of the disease can lead to irreversible disability.
Even though it is generally difficult to cure an established
autoimmunity, different treatments for RA that allow many
to live a near-normal life are available. In fact, most of the
drugs currently used to treat RA are anti-inflammatory immune
modulators, like Infliximab (anti-TNFα), Abatacept (CTLA-
4Ig), Tocilizumab (anti-IL6R), Rituximab (anti-CD20), Anakinra
(IL1-R antagonist), Canakinumab (anti-IL1), and Tofacitinib
(JAK inhibitor). Some of these approaches are also proposed
to treat other autoimmune diseases, such as Crohn’s disease,
ulcerative colitis, psoriasis, and have been shown to help in
most cases, but the constant need of monitoring the disease
and adjusting the treatment accordingly makes it challenging
to achieve clinical remission (28, 29). On top of this, those
broad spectra acting drugs, present a strong impact on the host
defense as they modulate inflammatory and immune mediators,
creating an eminent risk of infection. Thus, targeting the
pathogenic autoreactive cells and/or antibodies in an antigen-
specific fashion can exempt the protective immune cells and
healthy tissues from collateral damage. While peptide-MHC-
specific monoclonal antibodies have not yet been approved for
therapeutic use, tolDC-based immunotherapeutic approaches
have been conducted in the past decades aiming to induce,
enhance, or restore tolerance in an antigen-specific fashion. In
fact, many clinical trials with DCs differentiated in the presence
of tolerogenic factors, such as IL-10, vitamin D, NF-κB inhibitor,
have been reported with positive results, but the establishment
of a standard DC manufacturing protocol, their tolerogenic
characteristics stability, mode of action, and so on still remain
elusive (7). Cytokine therapy can also represent an alternative to
treat autoimmunity. The administration of IL-10, for example,
has already shown promising results in the treatment of RA
(30) and psoriasis (31). Moreover, the association of IL-10 with
other anti-inflammatory cytokines could also be advantageous.
The cooperation of IL-10 and TGF-β in downregulating immune
responses is widely known as their production and action
are interrelated. Additionally, the two cytokines were shown
to cooperate in inducing secondary hyporesponsiveness to
alloantigen (32), generating potent regulatory cells (12), and even

inhibiting humoral immune response in a synergistic fashion
(33), which suggests that combinatory cytokine therapies could
increase the efficacy of the treatment without the possible side
effects caused by high doses of single mediators. Thus, our
results with systemic delivery of anti-inflammatory cytokines
also provide new insights on therapeutic strategies for systemic
inflammatory diseases.

In the immunological synapse, CD4 acts as a co-receptor for
MHC class II, contributing to the assembly of the TCR-MHC II
complexes. CD4 expression was reported to be upregulated after
TCR triggering, which in turn correlates with increased T cell
proliferation (34). On the other hand, low expression of CD4
could decrease T cell sensitivity to antigens and the efficiency of
TCR-peptide-MHC II (pMHCII) binding. Through the blockade
of IL-35 or Treg-restricted deletion of IL-35, Turnis et al. showed
that IL-35 was implicated in promoting the expression of the
inhibitory receptors PD-1, TIM-3, and LAG-3 in CD8+ tumor
infiltrating T cells (25). LAG-3 structurally resembles CD4 but
binds to MHC class II with a higher affinity than CD4, acting
as a regulator of the immune response. This receptor has been
also reported to be expressed in FoxP3+ Tregs and Tr1 cells, but
most of all, its expression correlates with high IL-10 secretion
[reviewed by Anderson et al. (35)]. Usingmultiple in vivo systems
to induce immune responses in LAG-3−/− mice, Workman
et al. showed that LAG-3 negatively regulated primary T cell
expansion and memory development (36). Among memory T
cells, the TCM cells comprise a population of lymph node-
homing and circulatory cells that have a greater capacity of
proliferation upon reactivation; they have less co-stimulation
dependency and have a lower activation threshold, thus they
are more likely to become activated during a second encounter
with the antigen and providing stronger and faster responses
(37). The distinct effect observed on TCM expansion in the
presence of anti-LAG-3 blocking antibody indicated that the two
cytokine-secreting cell lines work differently in the induction
of tolerance, and that when combined, the effect observed
is most likely the result of a cooperation between them. As
shown by Maruhashi et al. (26), the inhibition of CD4+ T
cell activation through LAG-3 is dependent on stable pMHCII
recognition. Due to the impaired T cell priming activity of
IL35-DCs, we find unlikely that stable pMHCII complexes were
formed by these cells. IL10-DCs could, however, provide those
stable complexes, thus preferentially leading to their binding
to LAG-3 instead of CD4. Thus, we hypothesize that when
the two cell lines were combined, LAG-3 expression in T cells
was induced and potentiated by the combination of the two
cytokines secreted, but the T cell-DC binding mainly occurred
with IL10-DCs. This could explain the enhanced upregulation
of LAG-3, but similar proliferation induced by the two tolDC
lines combined. In this scenario, IL35-DCs alone would induce
tolerance through a different mechanism other than LAG-3
expression, and T cell priming by IL10-DCs alone would not be
affected by the blockade of LAG-3. Nevertheless, the decreased
proliferation induced by IL35-DCs under anti-LAG3 blockade
still requires further studies to investigate if IL-35 could prompt
an inverse agonist activity of the blocking antibody in memory
T cells.
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Taken together, our results demonstrate that MutuDC
lines represent a great tool to investigate the benefits of
immunomodulatory molecules in the antigen-presentation
context and thus could help to characterize and optimize
potential treatments for autoimmune disorders where overly
inflammatory conditions are established.
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Supplementary Figure 1 | Phenotypical characteristics of the IL10-DC line after

transduction. Cells were analyzed for the indicated surface markers by Flow

cytometry after lentiviral transduction. Data are representative of three

independent experiments.

Supplementary Figure 2 | IL10-DC induce antigen-specific T cell proliferation. 5

× 103 transduced or untransduced DCs were seeded in 96-well plates and

pulsed with OVA257−264 peptide (SIINFEKL), OVA323−339 peptide (OT-II peptide), or

full-length ovalbumin (100µg/mL) for at least 2 h before adding 5 × 104 of naïve

proliferation dye-labeled OT-I CD8+ or OT-II CD4+ T cells. Cells were left in

co-culture with peptide-pulsed DCs for 3 days or with OVA-pulsed DCs for 4

days. Flow cytometric analysis of (A) CD8+ T cell proliferation, (B) perforin, and

(C) granzyme B expression on CD8+ T cells; (D,E) CD4+ T cell proliferation. Data

are representative of at least three independent experiments. Bar graphs indicate

the mean of technical replicates in one representative experiment.

Supplementary Figure 3 | The combination of IL10-DC and IL35-DC lines

reduced the IgG1-CII antibody levels in CIA sick mice. Blood serum samples from

sick mice were obtained after 28 days of CIA induction. (A) Collagen II-specific

IgG1 and IgG2a antibodies. (B) Ratio between the average concentration of

CII-specific antibodies in DC-injected mice and non-injected mice. Data are

representative of two independent experiments (n = 3–8 mice/group/experiment).
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The mechanisms that promote local inflammatory injury during lupus nephritis (LN)

flare are largely unknown. Understanding the key immune cells that drive intrarenal

inflammation will advance our knowledge of disease pathogenesis and inform the

development of new therapeutics for LN management. In this study, we analyzed kidney

biopsies from patients with proliferative LN and identified a novel inflammatory dendritic

cell (infDC) population that is highly expressed in the LN kidney, but minimally present in

healthy human kidneys. During an agnostic evaluation of immune transcript expression

in the kidneys of patients with proliferative LN, the most abundantly overexpressed

transcript from isolated glomeruli was FCER1G, which encodes the Fc receptor gamma

chain (FcRγ). To identify the cell types expressing FcRγ that infiltrate the kidney in

LN, studies were done on kidney biopsies from patients with active LN using confocal

immunofluorescence (IF) microscopy. This showed that FcRγ is abundantly present in the

periglomerular (PG) region of the kidney and to a lesser extent in the tubulointerstitium (TI).

Further investigation of the surface markers of these cells showed that they were FcRγ+,

MHC II+, CD11c+, CD163+, CD5−, DC-SIGN+, CD64+, CD14+, CD16+, SIRPα+,

CD206−, CD68−, CD123−, CD3−, and CD11b−, suggesting the cells were infDCs.

Quantification of the infDCs showed an average 10-fold higher level of infDCs in the

LN kidney compared to the healthy kidneys. Importantly, IF identified CD3+ T cells

to be adjacent to these infDCs in the PG space of the LN kidney, whereas both cell

types are minimally present in the healthy kidney. Thus, we have identified a previously

undescribed DC in lupus kidneys that may interact with intrarenal T cells and play a role

in the pathogenesis of kidney injury during LN flare.
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INTRODUCTION

Lupus nephritis (LN) is a severe complication of systemic
lupus erythematosus (SLE) that is associated with considerable
morbidity and mortality. Up to 30% of patients with LN
progress to end-stage kidney disease (ESKD) (1). There are no
specific United States Food and Drug Administration (FDA)
approved therapies to treat LN, and the current therapies produce
suboptimal response rates with considerable cytotoxicity (2).
We and other investigators have been exploring the molecular
pathology of the kidney during active LN to better understand
the pathogenesis of kidney injury in LN and pathways that may
be specifically targeted to treat LN.

During the course of an agnostic evaluation of transcript
expression in laser microdissected kidney tissue from clinical
LN biopsies, we found that the most abundantly overexpressed
transcript in the glomerular compartment was FCER1G,
encoding the Fc receptor gamma chain (FcRγ). It was assumed
that this transcript reflected immune cells infiltrating the
kidney during active LN, and this work was undertaken to
identify the cell types represented by the overexpressed FcRγ.
Thus, in this study, transcriptomic findings were used to
guide confocal immunofluorescence (IF) studies to characterize
the major infiltrating immune cells present in the kidney
during LN flare. We identified a unique population of FcRγ-
expressing inflammatory dendritic cell (infDC) that resides
in the periglomerular (PG) space and adjacent to CD3+ T
cells signifying a potential cross-talk between infDC and T
cell populations.

MATERIALS AND METHODS

Experimental Design
The purpose of this work was to perform transcriptional
analysis and IF on kidney biopsies done at the LN flare to
identify the major infiltrating immune cells present in the
kidney at the time of the LN flare. Transcriptomic analysis
was performed on kidney biopsies obtained at the LN flare
from 58 patients with proliferative (Class III/IV ± V) LN
between 2007 and 2013. Archival biopsies were used after clinical
testing was completed. Laser capture microdissection (LCM)
was performed, and glomeruli and tubulointerstitium (TI) were
isolated separately. Preimplantation living donor kidney biopsies
(n = 10) served as healthy controls (HCs) and were analyzed in
parallel with LN biopsies. The same nephrologist (A.M.) treated
all the patients, and one experienced nephropathologist (V.A.)
read kidney biopsies. Hospital Fernandez (Buenos Aires) ethics
board and The Ohio State University institutional review board
approved the investigation of the kidney biopsies.

RNA Extraction and Analysis
The biopsies used for transcriptomic analysis were fixed in
formalin and paraffin-embedded (FFPE). From the paraffin
blocks, 10µm sections were cut from each biopsy. After
deparaffinization, all available glomeruli and TI were separated by
laser microdissection (PALM MicroBeam, Zeiss Labs, Bernried,

Germany), captured, and digested with proteinase K. DNA was
removed with DNase. RNA was precipitated, extracted with
RNeasy MinElute spin columns (Qiagen, Redwood City, CA,
USA), and eluted in RNase-free water. Transcript expression was
analyzed from 250 ng of extracted RNA using the NanoString
nCounter platform and the GX human immunology transcript
panel [NanoString Technologies, Seattle, WA, USA; (3–5)]. The
human immunology panel v2 consisted of 579 immune response
genes, 6 positive control genes, and 6 negative control genes. A
complete list of these genes can be found in the earlier publication
from our group (6).

For confocal IF microscopy, frozen kidney biopsy tissues
from four patients with active Class IV LN were obtained from
the Ohio State Nephropathology Biorepository. Three frozen
nephrectomy samples were used as HC. The nephrectomies
were performed in patients with renal cell carcinoma. Tissue
obtained for analysis was sectioned away from the cancer tissue.
The surrounding tissue used for analysis appeared healthy by
histologic analysis. Nephrectomies were used as controls because
frozen samples were needed, and we did not have frozen
transplant donor tissue stored in our biorepository.

Antibodies
The primary antibodies (Abs) used for IF are all listed in
Supplementary Table 1. The antibodies used in this study were
validated for IF by either using human lymph node or using
human liver as positive control (data not shown). The isotype
controls used are ChromoPure normal rabbit IgG, normal
mouse IgG (Jackson ImmunoResearch, West Grove, PA, USA),
mouse IgG1κ (BioLegend, San Diego, CA, USA), and mouse
IgG2bκ (Jackson ImmunoResearch). The secondary antibodies

used for IF were goat F(ab
′

)2 anti-mouse IgG 488 (Jackson
ImmunoResearch) and goat anti-rabbit IgG 568, goat anti-rabbit
IgG 488, and goat anti-rabbit IgG 647 from Invitrogen (Thermo
Fisher Scientific, Waltham, MA, USA).

Immunofluorescence
Frozen nephrectomy and LN kidney biopsies were sectioned
(5µm section per slide), fixed in 4% paraformaldehyde-
phosphate buffered saline (PBS) for 15min at room temperature,
and washed with PBS (with 0.02% sodium azide). The sections
were blocked with 5% milk in PBS, followed by incubation with
the primary Ab overnight. After three washes with PBS for 1 h,
the sections were incubated with fluorescently tagged secondary
Abs for another hour at room temperature, and nuclei were
stained with DAPI (100 ng/ml) for 10min. The sections were
then mounted with Prolong Gold (Invitrogen) under coverslips.
Control Abs refer to the list of isotype Abs with their respective
secondary Ab. The images were obtained using an Olympus
FluoView 1000 Laser Scanning Confocal microscope equipped
(Olympus Corp., Tokyo, Japan) with a spectral detection system
for a finer separation of fluorochromes (FV1000 spectra) along
with×60 oil immersion lens at room temperature.
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Quantitative Microscopy
The expression level of infDC in LN and HC kidneys was
quantified from images that were stained for infDC using anti-
CD163. The total intensity of CD163 based on the infDC
expression was calculated using ImageJ software (National
Institutes of Health, Bethesda, MD, USA). CD163 intensity was
obtained after subtracting the background fluorescence from the
isotype plus secondary Ab-stained images and by measuring the
area and the mean fluorescence intensity of the green pixels
emanating from infDC using the CD163 antibody as described
earlier (7).

Statistical Analysis
For transcriptomic analysis, descriptive statistics are presented
as mean ± standard deviation or as a percentage. For
clinical variables, t-tests, ANOVA, or Wilcoxon rank sum
tests were applied as appropriate. For categorical clinical
variables, Fisher’s exact test was used. For nanostring data, raw
counts were normalized to the positive spike-in controls and
then log2 transformed. To reduce technical bias, the genes
with an expression level below the mean plus two standard
deviations of the negative controls were filtered out. Quantile
normalization was applied to the remaining transcripts (522
for glomeruli and 502 for TI). Glomerular samples were
analyzed separately from TI samples. To determine differential
expression, glomerular and TI transcript expression from the
LN kidneys were compared to the controls. A 1.5-fold change
and p < 0.05 were necessary for a transcript to be considered
differentially expressed.

For statistical analysis of confocal microscopy, a two-
tailed Student’s t-test was used for two-group comparison,
and p < 0.05 was considered significant. All analyses were run
using Origin Pro version 2020 (OriginLab Corp., Northampton,
MA, USA).

RESULTS

Transcriptomic Analysis of Kidney Biopsies
at LN Flare Reveals Significant
Overexpression of FCER1G in the
Glomeruli and TI at LN Flare
We performed transcriptomic analysis on RNA isolated from
glomeruli and TI using LCM from the kidney biopsies obtained
at proliferative LN flare (n = 58). Preimplantation living
donor kidney transplant biopsies were used as HCs (n = 10).
Transcriptomic analysis for 579 immune transcripts showed
FCER1G to be the most significantly overexpressed glomerular
transcript [Fold Change (FC): 3.6, p-value (p): 1E-10] but was
also significantly overexpressed in the TI (FC: 1.7, p = 0.001)
at the LN flare (Figure 1 and Supplementary Table 2) compared
to HC. Additionally, the FCER1G expression correlated with the
NIH histologic disease activity index (r =−0.43, p= 0.01).

Kidney FcRγ Is Highly Expressed at LN
Flare and Confined to the Periglomerular
Region
To characterize the immune cell that expresses FCER1G, we
analyzed the FCER1G encoded protein, Fc receptor gamma
chain [FcRγ; (8)] in human LN, and HC kidney tissue
by IF microscopic analysis using a specific antibody. The
IF analysis revealed that FcRγ is minimally expressed in
glomeruli (identified by the podocyte marker, synaptopodin),
but abundantly expressed in the PG and TI regions of the
LN flare biopsies. The cells expressing FcRγ seemed to have
a typical appearance of cellular infiltrate in the PG region,
microscopically (Figure 2). The IF analysis demonstrated that
during LN flare, the PG region is expanded due to the presence
of cellular infiltrate, whereas the PG region is thin and without
cell infiltration in HC as seen in the merged images of Figure 2

FIGURE 1 | FCER1G is one of the top differentially expressed transcript in patients with lupus nephritis (LN). Volcano plot showing expression of FCER1G and other

top differentially expressed transcripts in human LN glomeruli (G) (left) and tubulointerstitium (right) at the LN flare compared to healthy controls (HCs).
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FIGURE 2 | Fc receptor gamma chain is highly expressed in the patient’s kidney with LN, and its expression is confined to the periglomerular (PG) region. Three color

confocal IF image that is representative of 5 human LN kidney showing the expression of FcRγ (bottom row) in the PG region of the kidney and no expression in the

representative of the three HC kidneys (top row). The third column shows merged images of the first 2 columns, i.e., synaptopodin (podocyte marker in green) was

used as a landmark for G in the first column, FcRγ (red) in the second column plus differential interference contrast (DIC) microscopy and DAPI staining of nuclei (blue).

The fourth column shows the zoomed image of the third column highlighted using a dotted square. The scale bar in the second column represents 20 µm.

and Supplementary Figure 4. Most importantly, we saw a weak-
to-nil expression of FcRγ in LN and HCs using isotype antibody
controls that were processed simultaneously (data not shown).
These data support the transcriptomic findings that FCER1G
codes FcRγ and is abundantly overexpressed in proliferative
LN flare.

Macrophage Markers CD11b and CD68 Did
Not Colocalize With FcRγ in Human LN
Kidney
Based on prior descriptions of interstitial leukocytes in LN (9–
11), we predicted the FcRγ expressing cell to be a macrophage.
We dual stained biopsy sections with anti-FcRγ antibodies
FcRγ antibodies against macrophage markers CD68, CD206,
and CD11b. Unexpectedly, staining for M2-specific macrophage
markers, CD11b and CD206 [(12); data not shown], showed
weak-to-nil expression in the LN kidney. Meanwhile, the pan-
macrophage marker CD68 (13) showed glomerular expression;
thus, suggesting M1 macrophages were found primarily within
the glomeruli. However, CD68 staining did not coincide with
PG and TI staining for FcRγ (Figure 3). These data demonstrate
that FcRγ expressing cells in the kidney are not macrophages.
Although antibodies against CD206, CD68, and CD11b gave a
weak or no signal in the LN kidney, they did stain Kupffer cells
in healthy human liver robustly, confirming the reliability and
specificity of the antibodies [(14); data not shown].

FcRγ Colocalized With Conventional
Dendritic Cell Marker CD11c and MHCII in
LN Kidney
To determine whether the FcRγ expressing cell was a
dendritic cell (DC), three-color IF microscopy was done
using the conventional DC marker CD11c and MHCII that
is known to be highly expressed in all human DCs (15,
16), in addition to the other myeloid cells. The qualitative
analysis demonstrated that the FcRγ expression (labeled using
anti-FcRγ antibody followed by Alexa-594 dye conjugated
secondary antibody (Invitrogen) that showed red emission
color in confocal microscopy) colocalized with both CD11c
and MHCII. CD11c/MHCII were labeled using CD11c/MHC
II antibody followed by Alexa-488 dye conjugated secondary
antibody (Invitrogen) showed green emission color in confocal
microscopy (Figure 4). Colocalization resulted in a yellow
color reflecting the presence of both fluorescing FcRγ (red)
and CD11c/MHCII (green) to be co-occurring in the same
location/cell in the XY dimension (Figure 4). The staining
pattern of CD11c matched with FcRγ (Figure 4) in PG and
TI region, and neither antibody stained within the glomeruli.
In line with CD11c, MHCII (Figure 4, bottom row) also
stained strongly in PG, colocalizing with FcRγ. But, in
addition to strong PG staining, MHCII also demonstrated
weak staining within the glomerulus, suggesting the presence
of a weak MHCII expressing glomerular cell that may be a
myeloid cell.
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FIGURE 3 | Macrophage markers CD68 and CD11b does not colocalize with FcRγ in the patient’s kidney with LN. Three color confocal IF image that is representative

of the 3 human LN kidneys showing no colocalization of CD68 (green) with FcRγ (red) (top row) in the PG region in the kidney and CD11b (green) with FcRγ (red)

(bottom row). The third column shows merged images of the first 2 columns plus DIC and DAPI staining of nuclei (blue). The fourth column shows the zoomed image

of the third column highlighted using a dotted square.

FcRγ Did Not Colocalize With the
Plasmacytoid Dendritic Cell Marker CD123,
but Colocalized With Monocyte-Derived
Dendritic Cell Marker DC-SIGN
To identify which subset of FcRγ-expressing DC is found in the
PG region during LN flare, the biopsy tissue was stained for
CD123, a specific marker of a plasmacytoid DC (pDC) (16, 17).
CD123+ cells were found in the TI region (Figure 5, top row)
but were absent from the glomeruli and the PG region of LN
kidneys. CD123+ cells were sparse, and CD123 staining in the TI
did not align with FcRγ staining. This suggests that the intrarenal
FcRγ-expressing DC in LN is not a pDC.

Signal regulatory protein alpha (SIRPα) expression
colocalized with FcRγ (Figure 5, middle row), suggesting
that the PG DCs are not myeloid conventional type 1 DC (cDC1)
(16). The remaining possibilities were that the PG DCs are
myeloid conventional type 2 DCs (cDCs2) or monocyte-derived
DCs (moDCs). To distinguish between these DC subsets, the
DC-SIGN expression, a marker specific to moDCs was assessed.
DC-SIGN colocalized with FcRγ in the PG region (Figure 5,
bottom panel) suggesting that the PG DC is a moDC.

FcRγ Colocalized With CD64, CD16, and
CD14 in Periglomerular Region of Kidney
and Confirmed That DCs Found in the LN
Kidney at Flare Are moDCs
To confirm FcRγ expressing DCs are moDCs, they were
further characterized by evaluating the presence of additional

cell surface markers known to be present on the moDC
including CD64, CD16, and CD14. Each of these markers
was found in the LN kidney tissue and colocalized with FcRγ

(Supplementary Figure 1).

FcRγ Colocalized With Previously
Identified Circulating infDC Marker CD163
and CD163 Expression Is Overexpressed at
LN Flare
Subsequently, colocalization analysis of CD163 with FcRγ was
done to determine if the moDC population seen here could be
the recently described circulating infDC (18). Figure 6 confirms
CD163 colocalization (green) with FcRγ (red) in the PG region
(Figure 6A) and the TI (Figure 6B) strongly suggesting that the
moDC subset present in the kidney during LN flare are indeed
infDCs. As infDCs do not express CD5 (18), the kidney tissue was
stained for CD5. Although CD5-expressing cells were present in
the kidney, they were not located in proximity to the PG region
and did not colocalize with FcRγ (Supplementary Figure 2),
suggesting that these infDC lack CD5 expression.

To quantitate the difference in infDC in LN and HC
kidneys, infDC were quantified by measuring the area of
CD163 expression after staining with an anti-CD163 monoclonal
antibody, and the mean fluorescence intensity of CD163. Using
16 glomerular images from 4 LN flare kidneys, and 18 glomerular
images from three HC kidneys, we found a 9- to 21-fold higher
level of infDC in LN kidneys compared to HC (Figure 6C).

Since infDCs have previously been shown to express CD11b
(19, 20), we further analyzed the human LN kidney with rat
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FIGURE 4 | Fc receptor gamma chains colocalize with dendritic cell markers CD11c and MHCII in human LN kidney. Three color IF images that are representative of

the 3 human LN kidneys showing colocalization of CD11c (labeled using anti-CD11c antibody followed by Alexa-488 dye conjugated secondary antibody that shows

green emission color in confocal microscopy (green) (top row) with FcRγ labeled using anti-FcRγ antibody followed by Alexa-594 conjugated secondary antibody that

shows red emission color in confocal microscopy (red). The bottom row shows the colocalization of MHC II labeled using anti-CD11c antibody followed by Alexa-488

dye conjugated secondary antibody that shows green emission color in confocal microscopy (green) with FcRγ labeled using anti- FcRγ antibody followed by

Alexa-594 conjugated secondary antibody that shows red emission color in confocal microscopy (red). The third column shows the colocalization of red and green as

yellow in the first 2 columns along with DIC and DAPI staining of nuclei (blue). The fourth column shows the zoomed image of the third column highlighted using a

dotted square.

anti-human CD11b mAb (clone M1/70) along with anti-CD163
antibody. Consistent with previous findings in this manuscript
(Figure 3), the clone M1/70 gave a weak-to-nil signal in the
infDCs (Supplementary Figure 3).

Inflammatory Dendritic Cells Were Present
in Close Proximity With T Cells at LN Flare
Lupus nephritis kidney sections were costained with the T cell
marker CD3, and antibodies to FcRγ and CD163 to spatially
localize T cells and infDCs. CD3 costaining with infDC markers
were done in two ways using two different clones of anti-CD3
antibodies (mouse mAb UCHT1 and rabbit mAb SP7) and 2
infDC markers. The CD3 mAb UCHT1 and anti-FcRγ staining
showed the presence of CD3+ T cells present adjacent to FcRγ+

infDCs in the PG region of the LN kidney (Figure 7A). Staining
with anti-CD163+ CD3 mAb SP7 (Figure 7B) confirmed that
infDC were present in close proximity to CD3+ T cells in the
human LN kidney. Although the costaining of CD3 with infDC
markers showed mainly discrete green and red staining for both
cell types, in a few places the red and green staining overlapped.

DISCUSSION

In this study, we identified a novel infDC population infiltrating
the kidney at the LN flare. These infDCs infiltrate, localize

to the PG and TI spaces, and their expression was 10-fold
greater in the LN flare kidney compared to the HCs. The
evidence that these are novel is based on their surface markers,
being FcRγ+, MHCII+, CD11c+, CD163+, CD5−, DC-SIGN+,
CD64+, CD14+, CD16+, SIRPα+, CD206−, CD68−, CD123−,
CD3−, and CD11b−. Notably, these infDC were present in close
approximation to T cells in the PG region of the kidney during
LN flare.

The observations from this investigation are supported by
previous studies that detected PG DC infiltration in various
mouse models of experimental glomerulonephritis (21, 22).
However, it is unclear why the infDC settle in the PG space.
The previous literature suggests that the renal DC starts in the
glomerulus and traverse from mesangium through glomerular
tuft and lymphatics to draining lymph nodes in order to
present antigen to T cells in the PG (23). In this case, the
renal DC may start in the glomerulus but by the time LN

becomes clinically evident, these DC have already moved out

of the glomerulus and settled in the PG space. Inhibitory
signals may then be released and block the cytokine/chemokines
required for monocyte differentiation into the infDC, explaining
the absence of infDCs from the LN glomeruli at the time
of biopsy. Alternatively, it is possible that DC chemotactic
factors are released directly from renal tubular cells attracting
infiltrating DC (24). We speculate that both occur in response
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FIGURE 5 | Fc receptor gamma chain does not colocalize with plasmacytoid DC marker CD123, but colocalizes with monocyte-derived DC marker SIRPA and

DC-SIGN in the human LN kidney. Three color confocal IF images that are representative of 3 human LN kidneys showing no colocalization of CD123 (green) with Fc

receptor gamma chain (FcRγ) (red) (top row) in the TI region of the kidney, but colocalize with monocyte-derived DC cell marker SIRPα (green) (middle row) and

DC-SIGN (green) with FcRγ (red) (bottom row) in the PG region. The third column shows merged images of the first 2 columns plus DIC microscopy and DAPI staining

of nuclei (blue). The fourth column shows the zoomed image of the third column highlighted using a dotted square.

to inflammatory stimuli resulting in PG and TI accumulation of
infDC during LN.

This investigation established that the PG DC are not
plasmacytoid or conventional DCs. The expression of monocyte
markers CD14, CD64, and CD16 that were reported earlier,
confirmed that these PG DCs represent a moDC (16, 25, 26).
In the setting of active inflammation or infection, moDCs are
termed infDCs (27). Further characterization of these moDCs
revealed a unique infDC population not previously described in
the human LN. Notably, however, a recent transcriptomic study
of peripheral blood immune cells in patients with SLE identified
an infDC signature that was CD163+, CD14+, and CD5−,
which is similar to the intrarenal infDC population reported
here (18). Recently, an extensive evaluation of immune cells was
performed using single-cell RNA-Seq from kidney biopsies at the
LN flare (28). Several monocyte clusters were identified in this
study with one monocyte cluster expressing a CD163+, CD14+,
CD16+, CD64+, and DC-SIGN+ signature, similar to the infDC
described here. Furthermore, the characterized monocyte lineage
was thought to be an infiltrating monocyte subset as it was

minimally expressed in healthy kidneys. While these IF studies
do not provide a precise measure of the level of lineage marker
expression, and this could make identification of transitional
stages of the monocyte to DC conversion difficult, these findings
do allow for characterization and spatial orientation to inform
further quantitative studies.

This novel infDC population also resembles previously
reported infDC, from lymph nodes of Listeria-infected mice
(CD64+CD11c+MHCII+) (27), and gut mucosa of celiac disease
(29). InfDCs have also previously been described in human
arthritic synovial fluid from patients with rheumatoid arthritis
(20). However, the infDC described in the LN kidney differs from
synovial fluid infDC; in that, they lack the macrophage markers
CD11b and CD206 that are present on synovial fluid infDC. This
suggests that the infDC population described here differs from
the infDC seen in at least some other autoimmune diseases and
may be unique to the kidney during LN flare. Moreover, earlier
studies have identified FcεRI [(19, 30); identified using an anti-
FcεRIα antibody (eBioscience, Inc., San Diego, CA, USA) for
antibody binding site] to be the best marker to distinguish infDC
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FIGURE 6 | Fc receptor gamma chain colocalizes with previously identified circulating inflammatory dendritic cell (infDC) marker CD163 and CD163 expression is

overexpressed in human LN compared to HCs. (A) Three color IF images that are representative of 3 human LN kidneys showing colocalization of CD163 in green

(Continued)
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FIGURE 6 | (first) with FcRγ in red (middle) in the PG region. The second row shows a zoomed portion of images of the top row highlighted in the dotted square. The

third column shows the merging of the first 2 along with DIC and DAPI staining of nuclei (blue). (B) Three color IF images that are representative of the 3 human LN

kidneys showing colocalization of CD163 in green (first) with FcRγ in red (middle) in the tubulointerstitial (TI) region. (C) The bar graph portrays the quantification of

infDCs based on CD163 expression using green color from anti-CD163 staining from 18G images of 3 different HCs and 16 glomeruli images from 4 different LN

samples using ImageJ software. The area alone (graph in left) and area × mean fluorescence intensity (graph in left) of CD163 (green) were measured and plotted with

mean ± SD. The data were analyzed by unpaired t-test (one-tailed) using each measurement, and p-values were indicated in the bar graph.

FIGURE 7 | Inflammatory dendritic cells are present in close proximity with T

cells at LN flare. (A) The top row portrays 3 color IF images that represents

three LN kidneys showing the presence of CD3 (Pan T cell marker in green)

next to FcRγ (infDC marker in red). The bottom row portrays the merged

images of the first 2 columns in the right and merged images of the first 2

columns plus DIC and DAPI staining of nuclei (blue) in the left. (B) The top

(Continued)

FIGURE 7 | row portrays 3 color IF images that represent the three different

LN kidneys showing the presence of CD3 (pan T cell marker in red) adjacent to

CD163 (infDC marker in green) that are highly magnified from the PG region.

The bottom row shows the merged images of the first 2 columns in the right

and merged images of the first 2 columns plus DIC and DAPI staining of nuclei

(blue) in the left.

from macrophages and cDC by flow cytometry. Our studies
suggest that FcRγ, a cytoplasmic gamma subunit through which
multiple FcRs function, including FcεRI, FcγRI, FcγRIIIa, and
FcαRI, as well as other immune receptors like GPVI, OSCAR, and
TREM (8), to be a reliable marker for IF studies on patient biopsy
samples. It is likely that infDC in the LN kidney express FcεRI,
similar to FcγRI and FcγRIIIa (Supplementary Figure 1) since
the presence of FcRγ indirectly suggests the presence of multiple
receptors including FcεRI.

The importance of characterizing the intrarenal cell type
expressing CD163 is enhanced by recent findings from our group,
revealing that urine CD163 levels were significantly higher in
active LN compared to extrarenal SLE or inactive SLE (31). Urine
CD163 correlated with disease severity and histologic activity
index. While the study by Mejia et al (31). suggested CD163
derives fromM2macrophages, we now suggest that urine CD163
also derives from infDC, supporting the idea that urine CD163 is
a biomarker that reflects disease activity in LN.

With regard to the origin of these infDCs, the expression of
monocyte markers suggests that infDCs may be differentiated
from infiltrated monocytes in the kidney during inflammation
caused by various autoimmune stimuli including immune
complexes. On the other hand, the presence of CD163+CD14+

infDCs in the patients with circulation of lupus (18) suggests that
infDC from the peripheral circulation enter the kidney in LN. It
is also possible that both mechanisms account for renal infDCs.

The mechanisms by which infDC interact with T cells during
human LN are currently unknown. Although the costaining
of CD3 along with infDC markers shows mainly discrete
populations of both cell types in close proximity (Figure 7B),
there is also evidence of some overlap suggesting immunological
synapse formation and interactions between these infDCs and T
cells in the LN kidney. However, T cells are poised to migrate
to secondary lymphoid organs; a recent report has shown the
presence of immune aggregates organized as tertiary lymphoid
structures (TLS) in patients with LN and murine LN kidneys that
resemble lymph nodes by gene signatures and cell composition
(32). This is consistent with a previous report that identified
germinal centers with T- and B-cell aggregates in the LN kidney
(33). Considering these findings in the context of identifying
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infDCs in the LN kidney suggests that infDCs in the PG and TI
may be important drivers of a local adaptive immune response
within the LN kidney.

While it is not yet clear whether these T cells are resident T
cells or primed T cells, infDCs are known under various disease
conditions to have the capacity to trigger the development of
major T helper cell subsets, namely Th1, Th2, and Th17 (20, 34,
35). Although, in vitro studies suggest infDCs are involved in
the initiation and maintenance of Th17 response (19), further
studies on the novel LN kidney infDCs are needed because
the inflammatory stimulus and the tissue microenvironment
determine infDC function in situ (36).

CONCLUSION

In conclusion, we identified a novel infDC population that has
not been previously described in the LN kidney. These infDCs
reside in the PG region and adjacent to infiltrating T cells. Our
findings, coupled with recent literature identifying circulating
CD163+ infDC in SLE and urine CD163 as a valuable marker
of disease activity in LN, suggest infDCs and their T cell partners
may be key contributors to driving the local adaptive immune
response during active LN. Further study is necessary to define
the T cell subsets residing next to the infDCs and understand the
mechanisms by which PG infDCs communicate with T cells to
drive local inflammation in LN.
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Antigen-specific therapy for multiple sclerosis may lead to a more effective therapy by
induction of tolerance to a wide range of myelin-derived antigens without hampering the
normal surveillance and effector function of the immune system. Numerous attempts to
restore tolerance toward myelin-derived antigens have been made over the past decades,
both in animal models of multiple sclerosis and in clinical trials for multiple sclerosis
patients. In this review, we will give an overview of the current approaches for antigen-
specific therapy that are in clinical development for multiple sclerosis as well provide an
insight into the challenges for future antigen-specific treatment strategies for
multiple sclerosis.

Keywords: multiple sclerosis, antigen-specific therapy, tolerance induction, myelin, experimental
autoimmune encephalomyelitis
INTRODUCTION

In autoimmune diseases, the immune system is derailed generating immunity against self. In the
particular case of multiple sclerosis (MS), there are strong indications that the loss of tolerance is
directed toward various myelin proteins, including myelin oligodendrocyte glycoprotein (MOG),
myelin basic protein (MBP), and proteolipid protein (PLP) (1). Although the exact cause for this
breach in tolerance is not yet known, it has been suggested that myelin-reactive CD4+ T
lymphocytes, both of the T helper 1 (Th1) and T helper 17 (Th17) type, play a central role in
the pathogenesis of MS (1–4). For instance, this is evidenced by the encephalitogenic capacity of
CD4+ myelin-reactive T cells following passive transfer in experimental autoimmune
encephalomyelitis (EAE) animal models (5, 6). Additionally, the fact that the strongest genetic
risk factor for MS lies within the major histocompatibility complex (MHC) class II gene further
underscores the importance of CD4+ T cells in MS pathogenesis (1, 7). More recently, the
involvement of additional effector cells in the myelin-directed autoimmune reaction has been
proposed, including myelin-reactive CD8+ T cells and B cells (4) (Box 1). Altogether, a complex
autoimmune cascade, rather than a single culprit autoimmune response, appears to be driving MS
pathogenesis, complicating the development of a targeted antigen-specific therapy for MS.

The strong increase in knowledge regarding the pathogenesis of MS has resulted in a significant
expansion of the treatment armamentarium for MS over the last years. This resulted in a wide range
of disease-modifying therapeutics with varying efficacy in reducing inflammation and relapse rate.
org February 2021 | Volume 12 | Article 6246851153154139
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However, these therapies are accompanied by various side effects,
including opportunistic infections, because of the non-disease
antigen-specific mode of action resulting in a more general
immune modulation or immune suppression. Hence, an ideal
therapy approach for MS would aim to restore the dysregulated
myelin-directed immune response without hampering the
normal surveillance and effector function of the immune
system (Box 1).

In this review, we will first give an overview of the current
approaches for antigen-specific therapy that are in clinical
development for MS, summarizing the results of several phase
I, II and III clinical trials. In the second part of this review, we will
provide an insight into the challenges for future antigen-specific
treatment strategies for MS and summarize the possible solutions
for these challenges that are currently being evaluated in a
preclinical setting.
ANTIGEN-SPECIFIC TREATMENT IN MS:
RESULTS FROM CLINICAL TRIALS

Peptides and Altered Peptide Ligands
Peptide-based therapy aims to restore tolerance to specific
peptides or peptide mixes by repeated administration through
various routes. In parallel to hyposensitization therapy for
allergy, this repeated exposure to auto-antigen induces
immunological alterations, including a cytokine shift away
from the autoimmune Th1/Th17 profile and induction of IL-
10-secreting regulatory T cells (Treg) (8–10). Disease-related
Frontiers in Immunology | www.frontiersin.org 2154155140
BOX 1 | The immune pathogenesis of multiple sclerosis.

MS is considered to be a predominantly T cell-mediated autoimmune disease
(118), directed toward various myelin-derived antigens, including myelin basic
protein (MBP), proteolipid protein (PLP), myelin oligodendrocyte glycoprotein
(MOG), and aB-crystallin (1), that are expressed in the CNS. This autoimmunity
is mostly mediated by CD4+ T cells, in particular T helper 1 (Th1) and Th17 cells
(3), and involves further effectuation of an immune cascade involving CD8+ T
cells, B cells, and NK cells. The exact mechanism by which these autoreactive T
cells are initiated, has not been fully elucidated. As reviewed by Hemmer et al.,
two main hypotheses have been suggested for the immune-mediated
development of demyelinating lesions (2). The first hypothesis—the so-called
outside-in hypothesis—is based on peripheral activation of autoreactive CD4+ T
cells recognizing CNS-derived antigens, e.g., due to infection-related molecular
mimicry or bystander activation (119–122). Alternatively, the inside-out
hypothesis states that the initial pathogenic event takes place within the CNS,
namely primary oligodendrocyte damage leading to leakage of CNS antigens to
the periphery and activation of autoreactive T lymphocytes in the peripheral
lymph nodes (123). However, the inside-out hypothesis is controversial, with
both evidence in favor (124) and against (125) primary oligodendrocyte damage
as the initiating trigger for CNS auto-immunity. Hence, the origin of the
autoimmune response in MS remains a matter of debate. Nonetheless,
whether the initial pathogenic event takes place in the CNS or in the
periphery, one of the key elements in the immune pathogenesis of MS is the
escape of autoreactive T cells from tolerance control mechanisms. This allows
activated encephalitogenic CD4+ T cells to migrate across the blood-brain
barrier (BBB), followed by their reactivation with autoantigens in the perivascular
space (126) and their release of inflammatory mediators which activate microglia
(2) (Figure 1). These cells will, in turn, effectuate tissue damage and produce
various chemokines leading to further recruitment of effector and antigen-
presenting cells (APC).

Used abbreviations: APC, antigen-presenting cell; IFN, interferon; IL,
interleukin; GM-CSF, granulocyte-macrophage colony-stimulating factor; APL,
altered peptide ligand; Treg, regulatory T cell.
FIGURE 1 | The immune pathogenesis of multiple sclerosis and the concept of myelin-specific tolerance induction.
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peptides can be selected by different means, including i) elution
from peptide-MHC complexes (representing naturally processed
peptides), ii) selection of immune dominant peptide responses
by use of reactivity screening assays, or iii) prediction with
computer algorithms or databases (11, 12). In addition to the
use of classical peptides, altered peptide ligands (APL) can be
generated by subtle modification of peptide structure, mostly by
amino acid substitutions at the T cell receptor (TCR) binding
site. These modifications impair T cell function following TCR-
ligand interaction, which can further modulate antigen-specific T
cell responses. The therapeutic potential of APL has historically
been underlined by the effectiveness of glatiramer acetate, which
– among other working mechanisms—acts as an APL for
MBP82–100, causing a shift in the MBP response from a Th1 to
Th2 cytokine profile [as reviewed by Schrempf et al. (13)].

Peptide- and APL-based therapy is a straightforward yet
versatile approach and therefore has been the focus of many
clinical trials in MS. An overview of the pivotal clinical trials
focusing on peptide therapy in MS can be found in Table 1,
which we will concisely discuss.
Peptide Therapy
Tolerance induction using peptide therapy was one of the first
attempts for antigen-specific treatment for MS, with the first
results on efficacy being available from phase II clinical trials at
the end of the 90’s. In a phase II clinical trial, 30 relapsing
remitting MS (RR-MS) patients were treated orally with bovine
myelin or with control protein (14, 22). Although only 40% of
patients in the group treated with myelin protein had at least one
major exacerbation as compared to 80% of patients in the control
group (p=0.06) (14), no conclusions regarding efficacy could be
made based on these small numbers of patients (22).

Next, a placebo-controlled phase II clinical trial with
intravenous administration of high doses of MBP82–92 was
initiated by Warren et al. in 2006 (16). In this trial, 32 primary
or secondary progressive MS (SP-MS) patients were treated with
MBP82-92 intravenously every 6 months. No difference was found
between treatment or placebo group in the primary endpoint,
expanded disability status scale (EDSS) progression at 24
months. However, a subgroup analysis of the human leukocyte
antigen (HLA)-DR2+ or DR4+ participants (20 subjects)
revealed a significantly lower proportion of patients with
sustained progression at 24 months in the treatment group (0/
10) compared to the placebo group (6/10, p=0.01). Based on the
finding that patients responded better depending on their HLA
haplotype, a larger phase III clinical trial was initiated in DR2+ or
DR4+ SP-MS patients (17). However, this phase III placebo-
controlled trial in 612 study subjects failed to meet its primary
outcome, i.e., time to progression by ≥1.0 EDSS point, or ≥0.5
point if baseline EDSS was 5.5 or higher (17).

Within the context of the finding of an association between
HLA haplotype and clinical effect of peptide vaccination, two
phase I clinical trials have been performed using fusion products
with HLA molecules. First, in 2000, a phase I dose-escalating
clinical trial with intravenously administered MBP84–102

complexed to HLA-DR2 (AG284) in 33 HLA-DR2+ secondary
Frontiers in Immunology | www.frontiersin.org 3155156141
MS patients was initiated, showing a favorable safety profile but
no effect on clinical and radiological secondary outcome
measures (15). Secondly, in 2012, a phase I dose-escalation
clinical trial in 34 HLA-DR2+ MS-patients demonstrated that
a fusion product of the two outer domains of HLA-DR2 with
MOG35–55 was well tolerated up to a dose of 60 mg intravenously
without increase in MS disease activity (18).

In 2013, Walczak et al. reported the results of their clinical
trial with transdermal myelin peptide treatment (19). In their
placebo-controlled study, 30 patients with active RR-MS were
treated with a skin patch, either containing a mixture of three
myelin-derived peptides (MBP85–99, MOG35–55, and PLP139–155)
or phosphate-buffered saline (PBS). A 66.5% reduction in the
cumulative number of gadolinium (Gd)-enhancing lesions
compared with placebo treatment (p=0.02) was found on 3-
monthly magnetic resonance imaging (MRI) scans during the
first year of treatment.

In 2015, Streeter et al. reported results from a phase I clinical
trial in SP-MS patients (20), which were treated with a mix of 4
MBP-derived “apitopes” or antigen processing-independent
epitopes (MBP30–44, MBP131–145, MBP140–154, and MBP83–99)
called ATX-MS-1467. These apitopes mimic the naturally
processed T cell epitope, binding directly onto MHC class-II
on immature dendritic cells (DC). This was considered to be of
importance since it was previously demonstrated that attempts
to induce tolerance toward a non-naturally processed epitope,
i.e., cryptic epitope, were not able to prevent EAE (23). Six SP-
MS patients were treated with weekly to biweekly intradermal
administrations of ATX-MS-1467, each receiving a dose
escalation from 25 to 800 µg (20). Treatment was well-
tolerated, with no major side effects. The phase Ib study,
aiming to determine the optimal route of administration,
showed a 73% decrease in new or persisting Gd-enhancing T1
lesions from baseline to week 16 (end of the treatment period) in
the intradermal group, returning to baseline levels at week 48
(end of the off-treatment period), whereas no MRI differences
could be detected in the subcutaneously treated group (24).

Immunomonitoring was performed in several of these clinical
trials, demonstrating reduction in the frequency (14) and the
proliferative capacity (25) of myelin-reactive T cells, a peripheral
blood cytokine shift toward anti-inflammatory interleukin (IL)-
10 secretion (25) and induction of myelin-specific transforming
factor b (TGF-b)-secreting regulatory T cells (Treg) (26–28)
following myelin peptide treatment.

In conclusion, clinical trials with peptide-based treatment
have yielded both promising and disappointing results.
Differences in administration route, patient population, and
single-peptide- versus multi-peptide-based treatment may play
a role in these contrasting results. At the moment, research into
peptide-based therapy is continuing in MS. Currently under
investigation is Neurovax®, a vaccine consisting of peptides
derived from the T cell receptor (TCR) of pathogenic T cell
clones of MS patients (29–31). Intramuscular administration of
this vaccine aims to specifically modulate autoreactive T cells
recognizing these peptides. Phase I clinical trials with this peptide
product are currently ongoing in SP-MS and pediatric MS
(NCT02200718, NCT02149706, and NCT02057159).
February 2021 | Volume 12 | Article 624685
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TABLE 1 | Overview of the clinical trials using peptide therapy.

Primary end point Results

Number of severe
exacerbations

Fewer severe exacerbations in treated group (6/15 versus 12/
15, p=0.06)

Safety profile Favorable safety profile but no effect on clinical and radiological
secondary outcome measures

EDSS progression at 24
months

No significant difference in total population In HLA-DR2- of
HLA-DR4-positive subgroup: significant lower proportion of
patients with sustained progression (0/10 versus 6/10, p=0.01)

s

ts

Time to confirmed EDSS
progression

No significant differences

Safety profile Well tolerated up to a dose of 60 mg without increase in MS
disease activity

Cumulative number of
active Gd+ lesions per
patient per scan during
the year of the study

66.5% reduction in the cumulative number of Gd-enhancing
lesions compared with placebo treatment (p=0.02)

Safety profile Safe and well-tolerated

Safety profile Safe and well-tolerated. 73% decrease in new or persisting
Gd-enhancing T1 lesions from baseline to week 16 (end of the
treatment period) in the intradermal group versus no MRI
differences in the subcutaneous group

Number of Gd+ lesions Significant decrease in number and volume of new or
persisting gadolinium-enhancing lesions, both on-treatment
and post-treatment

SS, Expanded Disability Status Scale; Gd, gadolinium; MRI, magnetic resonance imaging.
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Author and year Peptide Trial design Route of
administration
and timing

Patient population

Weiner et al. 1993
(14)

Bovine myelin Placebo-controlled phase II Oral, daily 30 RR-MS patients

Goodkin et al.
2000 (15)

MBP84-102

complexed to HLA-
DR2

Placebo-controlled phase I Intravenous, on day
0, 2, and 4

33 HLA-DR2+ SP-MS

Warren et al. 2006
(16)

MBP82-92 Placebo-controlled phase II Intravenous, every
6 months

32 PP-MS or SP-MS
patients

Freedman et al.
2011 (17)

MBP82-92 Placebo-controlled phase III Intravenous, every
6 months

528 DR2- or DR4-
positive SP-MS patien
110 DR2- and DR4-
negative SP-MS patien

Yadav et al. 2012
(18)

MOG35-55

complexed to HLA-
DR2

Phase I Intravenous, single
injection

34 HLA-DR2+ MS-
patients

Walczak et al.
2013 (19)

MBP85-99, MOG35-

55 and PLP139-155

Placebo-controlled phase I/II Transdermal,
continuous

30 RR-MS patients

Streeter et al.
2015 (20)

ATX-MS-1467
(MBP30-44, MBP131-

145, MBP140-154

and MBP83-99)

Phase I Intradermal, weekly
to biweekly

6 SP-MS patients

Chataway et al.
2018 (21)

ATX-MS-1467 Phase Ib Intradermal versus
subcutaneous,
weekly to biweekly

43 DRB1*15-positive
RR-MS patients

ATX-MS-1467 Phase IIa Intradermal, weekly
to biweekly, with a
shorter titration
period and longer
high-dose
treatment period

37 DRB1*15-positive
RR-MS patients

RR-MS, relapsing-remitting multiple sclerosis; HLA, human leukocyte antigen; SP-MS, secondary-progressive multiple sclerosis; E
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Altered Peptide Ligands
Several authors demonstrated the prevention of EAE development
in rodents by administration of APL for MBP (32–37) or PLP (38–
40) peptides. However, clinical translation appeared to be less
unequivocal. A phase II clinical trial assessing the safety and
efficacy of weekly subcutaneous administration of an APL of
MBP83–99 (CGP77116) was halted prematurely after treatment
of 8 patients because of treatment-related occurrence of MS
exacerbations in 3 patients (41). Treatment with CGP77116
carried the risk of expansion of encephalitogenic MBP83–99-
reactive T cells, as demonstrated by a strong increase in
frequency of MBP83–99- and CGP77116-reactive T cells in
peripheral blood and cerebrospinal fluid (CSF) in two of the
three patients during disease exacerbation. In the same year, a
second clinical trial with a different APL of MBP83–99 (NBI5788)
was suspended after hypersensitivity reactions were observed in
9.1% of treated patients (42), even though NBI5788 was shown to
be safe in a phase I study (43). Hypersensitivity was Th2-driven
and arose in most patients after more than 10 administrations.
Nonetheless, the volume and number of Gd-enhancing lesions 4
months after the first administration was reduced in the group of
patients treated with the lowest dose of 5 mg of NBI5788 (42).
Hence, induction of Th2 responses toward myelin antigens
appeared to be a double-edged sword, with both beneficial and
adverse effects. Similar immediate hypersensitivity reactions have
been reported for glatiramer acetate, making the authors conclude
that APL might be a new class of therapeutics for MS, but with the
need to regulate the strength of the Th2 response (42).
Nevertheless, despite the success of glatiramer acetate, no
clinical trials using APL have been initiated since then, even
though preclinical work on APL in EAE models still continues
(44–46).

Peptide-Loaded Cell Therapies
A phase I dose escalation clinical study was performed by
Lutterotti et al . , using autologous peripheral blood
mononuclear cells (PBMC) coupled to 7 myelin peptides
(MOG1–20, MOG35–55, MBP13–32, MBP83–99, MBP111–129,
MBP146–170, and PLP139–154) in the presence of the chemical
cross-linker 1-ethyl-3-(3-dimethylaminopropyl)-carbodiimide
(EDC) (47). Seven RR-MS and 2 SP-MS patients were treated
with doses ranged from 1x103 to 3x109 antigen-coupled PBMC,
administered in one single intravenous infusion (47). No major
side effects were reported. Moreover, myelin-specific T cell
responses were reduced 3 months after treatment in the four
patients receiving highest doses (≥1x109 myelin-coupled PBMC).
Two mechanisms appear to be driving tolerance induction
through EDC-fixed peptide-loaded carrier cells, which are
themselves deprived of their cellular function following
fixation. Based on EAE data, a first mechanism consists of
induction of apoptosis in myelin-reactive T cells upon antigen
presentation without costimulation by the EDC-fixed carrier
cells (48). In addition, a contribution of secondary cross-
tolerance induction by presentation of peptides by host
antigen-presenting cells (APC) following uptake and
processing of the peptide-loaded carrier cells was demonstrated
Frontiers in Immunology | www.frontiersin.org 5157158143
(48). Given the promising results of this phase I clinical trial, a
phase I/II clinical trial focusing on peptide-loaded red blood
cells, called ETIMSred, was initiated recently (49).

In addition to the use of fixed carrier cells, peptide-loaded cell
therapy strategies can make use of viable APC as carrier cells to add
a direct tolerogenic property to the peptide product. Recently, a
phase Ib clinical trial was completed, demonstrating a favorable side
effect profile of myelin antigen and aquaporine-4 antigen-loaded
tolerance-inducing DC (tolDC) for the treatment of a mixed group
of MS and neuromyelitis optica patients (50). Similarly, 2 phase I
clinical trials using vitamin D3-treated tolerance-inducing DC
(tolDC) loaded with a pool of myelin peptides are ongoing
[NCT02618902 and NCT02903537 (51)]. These trials were
initiated following promising results in a preclinical setting, with
MOG40–55-loaded vitamin D3-treated murine tolDC showing a
beneficial effect on the clinical course of EAE (52, 53).

Myelin-Specific T Cell Vaccination
Deletion of myelin-specific T cells can be aimed for by infusion
of autologous anti-myelin T cells attenuated by irradiation. By
exposure of the immune system to the self-antigens carried by
these attenuated T cells, a T cell response leading to deletion or
downregulation of autoreactive T cells is induced (54–57). This
so-called myelin-specific T cell vaccination was the subject of
several open-label clinical trials, followed by a first double-blind,
placebo-controlled clinical trial in 2012. In this trial, 17 relapsing
progressive MS patients were treated with a mixture of
autologous irradiated T cells reactive to nine different myelin-
derived peptides, compared to 7 placebo-treated patients (57). In
the T cell-treated group, a significant reduction in Expanded
Disability Status Scale (EDSS) score 1 year after treatment could
be demonstrated in comparison to an increased score in the
placebo-treated group, as well as a reduced relapse rate in the T
cell-vaccinated group.

DNA Vaccination
Safety of and immune modulation by BHT-3009, a MBP-encoding
DNA plasmid, was evaluated in a phase I/II clinical trial in 30 RR-
MS and SP-MS patients and was demonstrated to be safe and well
tolerated (58). Antigen-specific immune responses were evaluated
in a subgroup of patients, demonstrating a significant decrease in
myelin-specific proliferation of IFN-g-producing CD4+ T cells at
week 9 and 50 following BHT-3009 administration in all patients
who displayed myelin-reactivity at baseline. Moreover, myelin-
specific antibody titers were reduced in the CSF, pointing toward
downregulation of myelin-specific immune responses both in the
periphery and the central nervous system. Interestingly, tolerance
induction was not only confined toMBP but spread to other myelin
proteins, both in the CSF and in the peripheral blood.

In a larger phase II clinical trial, 289 RR-MS patients were
randomized into three treatment groups comparing placebo, 0.5
mg BHT-3009, and 1.5 mg BHT-3009 (59). Administration was
performed intramuscularly at week 0, 2, and 4, followed by 4-weekly
administrations until week 44. Treatment with 0.5 mg of BHT-3009
led to a significant reduction in volume of enhancing lesions (51%
reduction, p=0.02).
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OVERCOMING CHALLENGES OF
CURRENT ANTIGEN-SPECIFIC
TREATMENT APPROACHES

Although promising results have been achieved with various of the
above-mentioned approaches to induce antigen-specific tolerance in
MS, several challenges remain (Table 2). It is currently generally
accepted that myelin-derived proteins are the main antigens
targeted by autoreactive responses in MS (1). Nonetheless, the
wide variety of MS-associated myelin-derived antigens imposes
difficulties for the selection of target antigens for antigen-specific
therapies. Additionally, there is a high patient-to-patient variability
in myelin reactivity responses (60, 61). Moreover, these responses
are often dynamic in time, characterized by loss of tolerance against
additional endogenous antigens released during an inflammatory or
auto-immune exacerbation. This process is also known as epitope
spreading. These newly released epitopes are secondary and differ
from the dominant epitopes, toward which the initial autoimmune
response was targeted (62). Both intramolecular spreading, i.e.,
development of autoreactivity against new epitopes of the initial
targeted protein, and intermolecular spreading, i.e., spread of
autoreactivity to other myelin-derived proteins, have been
described (63). Additionally, as demonstrated in the clinical trials
focusing on APL, unwanted immune responses following myelin
tolerization strategies—both disease exacerbations by augmentation
of the targeted Th1/Th17 immune response and hypersensitivity
reactions by cytokine shift to a Th2 response—remain a matter of
concern. Finally, various questions remain in the light of further
clinical translation of antigen-specific therapy, including optimal
antigen dose and patient stratification in order to select patients
likely to benefit from a specific antigen-specific treatment approach.
In the following section, we will discuss different approaches to
tackle these challenges.
Lack of Target Antigen Identification,
Multi-Epitope Antigen Target and Epitope
Spreading
Full-Length Protein Administration by Use of Viral
Vectors or Nucleic Acids
Although still requiring knowledge of the target proteins, the use
of viral vectors or nucleic acids encoding full-length myelin
proteins eliminates the need for prior selection of immune-
dominant epitopes, which is in line with the first attempts to
induce tolerance in MS using a MBP-encoding DNA vaccine (58,
Frontiers in Immunology | www.frontiersin.org 6158159144
59). Indeed, following translation of full-length protein encoded
by viral vectors or nucleic acids, processing by APC will ensure
presentation of a wide variety of naturally processed myelin
peptides in a HLA-independent manner.

Viral vector transfection is a versatile method to genetically
modify several cell types, including bone marrow cells or
differentiated effector cells, to constitutively express myelin
proteins. Historically, the use of second-generation viral
vectors, such as self-inactivating lentiviral and retroviral
vectors, has reduced some of the risks related to vector-based
gene therapy such as insertional mutagenesis (64). This has
greatly increased the translational potential of this treatment
approach. In this context, several preclinical studies
demonstrated successful prevention of EAE development
following treatment with bone marrow, B or T cells transfected
with full-length MOG-encoding retroviral (65–70) or lentiviral
(71–73) vectors, as well as with vectors encoding MBP (58, 74–
76) or PLP (77). However, to our knowledge, no clinical trials in
MS patients using viral vectors are yet planned.

In addition to the use of nuclide acid vaccination with DNA
(58, 59), the use of mRNA is gaining interest as well, given its
high clinical safety profile because of the transient expression of
mRNA and its inability for host genome integration (78, 79).
Although direct administration of mRNA has not been
investigated in the EAE model, mRNA transfection of carrier
cells to induce myelin-derived antigen presentation has been
attempted. Indeed, a clinical benefit of treatment with MOG
mRNA-electroporated tolerogenic DC (tolDC), carrying a wide
spectrum of naturally processed MOG-derived epitopes, was
recently demonstrated in MOG35–55 EAE mice (80). This
protective effect was accompanied by a decrease in the MOG35–55-
specific pro-inflammatory response in the peripheral immune
system and was likely driven by suppression of central nervous
system inflammation.

Use of Multi-Epitope Fusion Proteins
Tackling of complex multi-targeted myelin reactivity which is
dynamic over time—as is the case for MS—can hypothetically be
achieved by broad tolerization with a mix of myelin-derived
peptides, as has already been attempted in several of the clinical
trials described above, however with varying success. Ideally,
antigen-specific therapy should tackle all disease-related
autoreactive responses concomittantly in order to downregulate
pathogenic myelin reactivity. In addition to further expanding the
number of peptides in the peptide mix product, the use of artificial
TABLE 2 | Challenges for next-generation antigen-specific treatment approaches for multiple sclerosis (MS).

Challenge Possible solution Treatment approach

Lack of target antigen identification, multi-epitope
antigen target and epitope spreading

Use of multiprotein and multi-epitope tolerizing strategies to induce
tolerance toward a wide variety of full-length proteins

Nucleic acids, viral vectors, fusion
products, peptide mixes

Prevention of unwanted immune responses Targeting of antigen expression to specific cell populations Viral vectors, fusion products
Modification of antigen-specific T cell responses Fusion products, nanoparticles

Determination of optimal antigen dose for tolerance
induction

More insight into low-zone tolerance induction, optimal antigen formulation

Patient stratification More insight into parameters for selection of patients likely to benefit from antigen-specific treatment
approach
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multi-epitope fusion proteins may be a next step forward in the
field of peptide-instigated tolerance induction, since they have
been demonstrated to be superior to myelin peptides mixes in
preventing or downregulating EAE (81). Indeed, a globular
protein product of a synthetic gene encoding different MS-
associated epitopes of MBP, PLP, MOG, myelin-associated
oligodendrocyte basic protein and oligodendrocyte-specific
protein (designated Y-MSPc), displayed stronger capacity to
induce T cell anergy, a cytokine shift, and Treg induction when
compared to a similar peptide mix, resulting in more effective
suppression and even reversal of EAE (81). Although the mode of
action behind this stronger immunomodulatory effect by the
artificial protein product remains elusive, the authors suggest
multiple mechanisms, including lower degradation and
clearance rate, more efficient in vivo uptake of Y-MSPc, different
pathways of MHC-class II presentation (81) and—more recently
demonstrated—induction of a specific subset of tolerogenic
myeloid CD11c+CD11b+Gr1+ DC (82).

Other examples of tolerance induction in EAE using multi-
epitope fusion proteins are readily available. For instance, Elliot et al.
generated a fusion protein (MP4), containing full-length MBP and
the three hydrophilic domains of PLP (83). Treatment of SJL/J mice
with MP4 after EAE induction completely suppressed EAE
development, even when EAE induction was performed using
adoptive transfer of both MBP- and PLP-reactive T cells (83).
Similarly, Zhong et al. demonstrated a strong preventive and
therapeutic effect on EAE of a fusion protein containing
encephalitogenic epitopes of MBP, MOG, and PLP (84).
Interestingly, not only PLP139–151-induced EAE was suppressed
following intraperitoneal or intravenous administration of the
fusion peptide, but also EAE passively induced by T cells reactive
against different myelin peptides, demonstrating the ability of the
fusion protein to tackle multi-targeted myelin reactivity.

Prevention of Unwanted Immune
Responses
Modification of Antigen-Specific T Cell Responses
Direct influence on the T cell response following antigen
recognition can be achieved by interference with the T cell-
APC interaction or by creation of a tolerogenic environment for
antigen presentation, either by fusion of the antigen to tolerizing
factors or by antigen presentation using micro- or nanoparticles.

T cells require three signals for full antigen-specific
stimulation, i.e., i) interaction of the TCR with MHC-bound
antigen on the APC surface, ii) triggering of T-cell bound CD28
by costimulatory molecules CD80 and CD86, and iii) the
presence of polarizing cytokines (85). Fusion of disease-specific
antigens to molecules involved in this T cell-APC interaction
could hypothetically result in tolerance induction by means of
antigen presentation while blocking costimulatory signals. In this
context, Northrup et al. generated fusion products of PLP139–151
with B7 pathway-targeting peptides mimicking CD28 and
CTLA-4. This fusion protein interferes with the interaction with
costimulatory molecules CD80 and CD86 (86). Subcutaneous
administration of the fusion proteins at day 4, 7, and 10 post-
EAE induction reduced EAE severity and suppressed weight loss.
Frontiers in Immunology | www.frontiersin.org 7159160145
A cytokine shift was observed, with reduced splenocyte expression
of pro-inflammatory IL-2 and GM-CSF, albeit dependent on the
particular peptide that was used (86). To the same extent,
bifunctional peptide inhibitors (BPI) have been developed to
modify T cell responses. BPI consist of antigenic peptides
conjugated to adhesion peptides, binding respectively to MHC
and costimulatory or adhesion molecules on APC. Binding of a
BPI hampers translocation and segregation of the MHC/TCR and
costimulatory molecule complexes, preventing the formation of
immunological synapse and subsequent T cell activation (87, 88).
For instance, Kobayashi et al. demonstrated that linking of
PLP139–151 to CD11a237–246, an intercellular adhesion molecule
(ICAM)-1-binding peptide, suppresses PLP-induced EAE severity
and incidence. The linked peptide was more effective when
compared to a mixture of PLP139–151 and CD11a237–246 peptides
(87). To broaden the antigen-specific immune modulation,
thereby tackling epitope spreading, Badawi et al. generated a
bivalent BPI consisting of both MOG38–50 and PLP139–151
bound to an adhesion molecule. In doing so, both MOG38–50-
and PLP139–151-induced EAE was suppressed (88). In the same
animal models, the bivalent BPI was superior to MOG38–50-BPI
and PLP139–151-BPI alone for the induction of tolerance (88).

Fusion of myelin epitopes to cytokines or other active
compounds by covalent binding can be used to skew the
antigen-specific response toward a more tolerogenic profile.
Binding of the fused cytokine to receptors on APC leads to
specific targeting of the neuroantigen to these APC and
enhanced antigen presentation (89). Neuroantigen-fusion
proteins with granulocyte macrophage-colony stimulating
factor (GM-CSF), being a major cytokine involved in
development and differentiation of myeloid APC (90),
displayed a more than 1000-fold increase in antigen targeting
to APC compared to neuroantigen alone (91). Accordingly,
subcutaneous administration of GM-CSF-neuroantigen fusion
proteins has shown to be effective in the prevention and
treatment of MOG35–55- (92, 93), PLP139–151- (92, 93) and
MBP69–87 (89, 91)-induced EAE. Similarly, fusion proteins of
myelin proteins with IFN-b (89, 94), IL-16 (89, 95), IL-13 (89,
95), IL-10 (95), IL-2 (89, 95, 96), IL-4 (89), and IL-1RA (89, 95)
have been tested in Lewis rat or SJL mice EAE models. Of these,
IFN-b and IL-16 gave the highest tolerogenic capacity, however
still less effective than GM-CSF (89). In all settings, cytokine-
neuroantigen fusion proteins were superior in terms of
inhibitory capacity over neuroantigen alone (89, 95), which
underlines the benefit of antigen targeting to APC.

Targeting of Antigen Expression to Specific Cell
Populations
Targeting of myelin expression to specific cells can enhance
tolerance induction and reduce off-target effects by specifically
guiding the myelin presentation to possibly tolerogenic
environments. For instance, following viral transfection, ubiquitous
myelin expression can be prevented by targeting specific cell lineages
by using vectors in which expression is under the transcriptional
control of specific cell-type promotors. Cell lineages of interest
include DC (70–72), as major APC controlling the balance
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TABLE 3 | Preclinical evaluation of viral vector transfection, targeting specific cell types, for tolerance induction in EAE.

Animal model Clinical setting Results and mode of action

MOG35-55-induced
EAE in C57BL/6
mice

Preventive (EAE induction 8
weeks after HSC transfer)

Full protection by deletion of MOG-specific T cells and
generation of Treg

Passive transfer of
2D2 T cells into
C57BL/6 mice

Preventive (transfer 8
weeks before passive EAE
induction)

Full protection by induction of unresponsiveness of preactivated
MOG-specific CD4+ 2D2 T cells to MOG and acquisition of an
anergic or regulatory phenotype by transferred cells

MOG40-55-induced
EAE in C57BL/6
mice

Preventive (transfer 21
days before EAE induction)
or therapeutic (transfer 15–
17 days after EAE
induction)

Protection from EAE development in preventive setting,
amelioration of clinical score in therapeutic setting, with increase
in IL-5 and IL-10 secretion by splenocytes, pointing towards
involvement of Treg

MOG35-55-induced
EAE in C57BL/6
mice

Therapeutic (transfer
approximately at day 15
after EAE induction, at
clinical score of 3)

Reduction of disease symptoms and protection from EAE
rechallenge, with reduction of mRNA expression of IFN-g and IL-
12 in the CNS

MOG35-55-induced
EAE in C57BL/6
mice

Preventive (transfer 2
weeks before EAE
induction) and therapeutic
(at different clinical scores)

Protection from EAE development in preventive setting, reversal
of mild-to-moderate clinical symptoms in therapeutic setting,
reversal of severe clinical symptoms in combination with
rapamycine in therapeutic setting, by induction of MOG-specific
Treg

MOG35-55-induced
EAE in C57BL/6
mice

Preventive (transfer 8–9
weeks before EAE
induction)

Delay in EAE development, but no protection, no mechanistical
analyses were performed

MBP1-9-induced
EAE in FVB mice

Preventive (transfer 2
weeks before EAE
induction)

Protection from EAE development, by induction of MBP-specific
Treg by TGF-b-driven conversion from conventional
CD4+CD25− T cells

embrane protein; Treg, regulatory T cell; SIN, self-inactivating; BM, bone marrow; MHC, major histocompatibility complex; IFN,
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Author and year Protein or peptide
encoded

Administration
approach

Cell type targeted

de Andrade
Pereira et al. 2013
(71)

Full-length mouse
MOG in SIN
lentiviral vector

IV transfer of transduced
HSC into irradiated
C57BL/6 mice

DC by use of DC-STAMP
promotor

de Andrade
Pereira et al. 2015
(72)

Full-length mouse
MOG in SIN
lentiviral vector

Transfer of transduced
BM cells into irradiated
C57BL/6 mice

DC by use of DC-STAMP
promotor

Eixarch et al.
2009 (98)

MOG40-55 into Ii
molecule in
retroviral vector

IV transfer of transduced
BM cells into C57BL/6,
either partially
myeloablated or not
myeloablated

MHC class II targeting by
replacement of the CLIP-
encoding region of the
murine Ii molecule by
MOG40-55

Fransson et al.
2012 (73)

CARaMOG-FoxP3
construct in
lentiviral vector

Intranasal transfer of
transduced T cells into
C57BL/6 mice

CD4+ T cells by direct
transfection, Foxp3 driving
Treg differentiation

Keeler et al. 2017
(97)

Full-length MOG in
adenovirus-
associated vector

IV administration of
vector into C57BL/6
mice

Hepatocytes by use of
hepatocyte-specific
promoter

Ko et al. 2011 (70) Full-length mouse
MOG in SIN
retroviral vector

IV transfer of transduced
BM cells into irradiated
C57BL/6 mice

DC by use of CD11c
promotor

Luth et al. 2008
(74)

MBP splice variant
in type 5 adenoviral
vector

IV administration of
vector into FVB mice

Hepatocytes by use of
type 5 adenoviral vector

IV, intravenous; HSC, hematopoietic stem cell; DC, dendritic cell; DC-STAMP, dendritic cell-specific trans
interferon; IL, interleukin; TGF, transforming growth factor.
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between tolerance and immunity, and hepatocytes (74, 97), being
part of the tolerogenic environment of the liver. Several viral vector-
based cell-targeting treatment approaches have been attempted in the
EAE model, which are described in Table 3.

Additionally, fusion proteins can be used for direct targeting.
Ring et al. generated a fusion protein of MOG35–55 and single-
chain fragment variables (scFv) specific for DEC205, which is a
receptor almost exclusively expressed by DC (99). Injection of
this fusion protein was shown to be beneficial for both EAE
development and progression when mice were treated before
(preventively) or after (therapeutically) disease induction,
respectively (99). MOG35–55 expression was targeted to DC,
which led to significantly reduced levels of TGF-b secretion by
DC and increased numbers of IL-10-producing Treg in the
spleen (99). Similarly, a fusion product of MOG35–55 and anti-
Siglec-H antibodies targeted MOG expression to plasmacytoid
DC (pDC) and delayed or decreased clinical signs of EAE when
administered in a preventive setting or therapeutic setting,
respectively (100).

Micro- and Nanoparticle-Based Systems
Following the success of antigen-coupled cell therapy, micro-
and nanoparticles were developed as a delivery vehicle for
autoantigens, circumventing the need for autologous blood
cells, thereby enhancing clinical translation (101). Micro- and
nanoparticles can be used as antigen-delivering vehicles that
prevent unwanted immune responses using the strategies
mentioned above. Indeed, as reviewed by Kishimoto et al.,
three strategies can be used for tolerance induction using
nanoparticles (102). First of all, nanoparticles can make use of
natural tolerance processes, such as antigen presentation without
costimulation, oral tolerance, or delivery to the tolerogenic liver
environment. For instance, Carambia et al. demonstrated a
clinical improvement in EAE mice following a single dose of
autoantigen-loaded nanoparticles, specifically targeting to liver
sinusoidal endothelial cells, associated with a significant higher
frequency of Treg in the spleen of nanoparticle-treated mice
compared to vehicle-treated mice (103). Secondly, nanoparticles
can be used to specifically target tolerogenic receptors. As an
example, a nanoparticle containing MOG35–55 and a plasmid
containing the murine B and T lymphocyte attenuator (BTLA)
was created by Yuan et al. (104). Following transfection of DC
with this plasmid and subsequent administration of these
transfected DC prior to induction of MOG35–55 EAE, EAE
development could be prevented and was accompanied by an
increased frequency of Treg (104). A final approach is to use
nanoparticles to co-administer autoantigens together with
tolerogenic pharmacological agents, which has been used in the
context of EAE in combination with rapamycine (105, 106) and
dexamethasone (107). In conclusion, micro- and nanoparticles
have been shown to be a versatile treatment modality in
preclinical setting, yet no clinical trials are ongoing currently.

Determination of Optimal Antigen Dose
Auto-antigen dose is often extrapolated from dosing from animal
models or determined by safety studies, in which the maximal
tolerable dose is considered to be the dose of choice. However, the
Frontiers in Immunology | www.frontiersin.org 9161162147
concept of low-zone tolerance, in which low antigen doses are
superior in inducing tolerance compared to high doses, has
already been known for several decades (108–110). Indeed, also
in the context of MS, Garren et al. demonstrated in their phase II
clinical trial with the DNA vaccine BHT-3009 that the 0.5 mg
group was significantly superior in inducing tolerance compared
to the 1.5 mg group, as demonstrated by MRI measures and in
vitro PLP reactivity (59). Similarly, as demonstrated by Kappos et
al. in their phase II clinical trial using an APL derived from
MBP83–99, a significant decrease in the volume and number of Gd-
enhancing lesions could only be detected in the patient group
treated with the lowest dose (42). On the other hand, high-zone
tolerance has been demonstrated for tolerance induction in other
autoimmune diseases, including hemophilia (111), leaving the
efficacy of low-zone versus high-zone tolerance to be determined
for every tolerance-inducing strategy on an individual base. In
conclusion, determination of optimal dosing should be based on
both tolerability and efficacy.

In addition, optimization of the antigen product formulation
to ensure sufficient antigen delivery is warranted for each
particular route of administration, since delivery of an appropriate
dose of the auto-antigen to the site of interest is of crucial importance
for the effective induction of tolerance. For instance, upon oral
administration of peptides, passage of low-dose antigen through
the gut-associated lymphoid tissue (GALT) induces antigen-specific
regulatory T cells (Treg) in the Peyer’s patches (22). However,
suppression of ongoing autoimmune reactions, as needed in a
therapeutic setting, requires large amounts of oral antigen intake,
limiting the clinical applicability of this technique (112, 113).
Therefore, generation of fusion proteins with higher efficacy should
be aimed for, in which the antigen is either directly targeted to the
GALT, e.g., by fusion to cholera toxin subunits (114, 115), or in
which higher presentation efficacy can be achieved by fusion to cell
membrane-associated proteins (24). Similarly, repeated nasal
administration of a fusion protein consisting of cholera toxin
subunit B and PLP139–151 hampered full EAE development (114).
Hence, also for the nasal route of administration, formulation of the
auto-antigen should be optimized.

Patient Stratification
Selection of patients likely to benefit from a particular antigen-
specific therapy would aid in the development of patient-tailored
therapies. Based on subgroup analyses, the HLA-DR haplotype
has been demonstrated to be a parameter of importance in the
immunological and clinical response to the induction of myelin-
specific tolerance. This is not surprising, giving the role of APC-
bound HLA-DR in the antigen presentation to CD4+ T cells. The
importance of the HLA-DR haploptype is especially the case for
antigen-specific tolerance induction strategies using peptides,
given that some myelin peptides are HLA-restricted (116, 117),
meaning that they are preferentially presented by specific HLA-
molecules. However, clinical trials using HLA-DR haplotype as an
inclusion parameter have yielded conflicting results. This is most
likely due to confounding by other parameters, which should be
taken into account for patient selection as well. This includes
among others the presence of pre-treatment reactivity toward the
epitopes contained in the antigen-specific therapy. Although of
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major importance in order to be able to assess antigen-specific
immune modulation following treatment, pre-treatment myelin-
specific reactivity has not been consistently determined in
previously conducted clinical trials, limiting the comparative
evaluation of the treatment effect on an immunological level.
CONCLUSION

Numerous attempts to restore tolerance toward myelin-derived
antigens have been made over the past decades, both in animal
models of MS and in clinical trials for MS patients. Many of these
treatment approaches have shown to be safe and well-tolerated in
phase I/II clinical trials, although results regarding efficacy have
appeared to be less unequivocal. Given the complexity of the myelin
response to be down-regulated, patient selection in terms of HLA
haplotype, myelin reactivity, and previous treatment profile is
warranted. This would allow efficacy analysis in a more
homogeneous patient population and may guide us in the
selection of patients who may potentially benefit from a particular
treatment. Indeed, a one-treatment-fits-all approach is unlikely to be
successful in the field of antigen-specific therapy for MS, underlying
the need for more insight into parameters for patient stratification.
Frontiers in Immunology | www.frontiersin.org 10162163148
Additionally, current preclinical research is providing new
approaches to tackle some of the challenges faced by the
currently used approaches, including epitope spreading and
unwanted immune responses following myelin tolerization
attempts. These new findings should altogether allow to
modify currently used antigen-specific approaches with the
aim to enhance their clinical efficacy.

In conclusion, several decades of research into antigen-
specific therapy for MS has yielded promising results and
findings from currently ongoing preclinical work may add to
the efficacy of this type of treatment. Ultimately, antigen-specific
therapy for MS may lead to a more effective therapy for MS by
induction of tolerance to a wide range of myelin-derived antigens
without hampering the normal surveillance and effector function
of the immune system.
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Dendritic cells (DC) are antigen-presenting cells that can communicate with T cells both
directly and indirectly, regulating our adaptive immune responses against environmental
and self-antigens. Under some microenvironmental conditions DC develop into anti-
inflammatory cells which can induce immunologic tolerance. A substantial body of
literature has confirmed that in such settings regulatory DC (DCreg) induce T cell
tolerance by suppression of effector T cells as well as by induction of regulatory T cells
(Treg). Many in vitro studies have been undertaken with human DCreg which, as a
surrogate marker of antigen-specific tolerogenic potential, only poorly activate allogeneic T
cell responses. Fewer studies have addressed the abilities of, or mechanisms by which
these human DCreg suppress autologous effector T cell responses and induce infectious
tolerance-promoting Treg responses. Moreover, the agents and properties that render
DC as tolerogenic are many and varied, as are the cells’ relative regulatory activities and
mechanisms of action. Herein we review the most current human and, where gaps exist,
murine DCreg literature that addresses the cellular and molecular biology of these cells.
We also address the clinical relevance of human DCreg, highlighting the outcomes of pre-
clinical mouse and non-human primate studies and early phase clinical trials that have
been undertaken, as well as the impact of innate immune receptors and symbiotic
microbial signaling on the immunobiology of DCreg.

Keywords: tolerance, dendritic cell, regulatory T cell, immunologic disease, mechanism
INTRODUCTION

In the early 1970s, dendritic cells (DC) were discovered and identified as proficient antigen-
presenting cells that were capable of potently activating T cells (1–4). By the early 1990s, DC
researchers had begun to uncover the regulatory roles of naturally-occurring DC (5), as well as new
ways to convert immature DC into tolerance-promoting antigen-presenting cells (6, 7). However,
these experiments were limited due to the small numbers of differentiated DC that can be collected
from human or mouse tissues (8, 9), such that it was not until methods were developed to
differentiate DC in vitro that DC research really became a mainstream sub-discipline
in immunology.
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As noted above, DC develop from bone marrow progenitor
cells that complete their differentiation in the periphery.
Classically, they were thought to differentiate into either
“migratory” or “tissue resident” cells, although later studies
exploring their relative gene expression patterns delineated a
more specific classification system based primarily on lineage
(10–13). There are now considered to be five categories of DC:
plasmacytoid DC (pDC); conventional DC (cDC), including
cDC1 and cDC2 (the latter are also called myeloid DC
[mDC]); monocyte-derived DC (mo-DC); and Langerhans
cells (14–17). Each of these has been identified in multiple
mammalian species, including mice, humans, non-human
primates (NHP), and pigs (10, 12, 18). The anatomic
localization, immunologic functions, and expression of surface
markers, secreted mediators and Toll-like receptors [TLR(s)] by
these different groups of murine and human DC has recently
been reviewed (19).

In general, cDC are well suited for extra- and intracellular
pathogen recognition and antigen presentation to naïve CD4+ and
CD8+ T cells, while pDC are more often associated with protective
antiviral and systemic autoimmune responses, a consequence of
being activated primarily by TLRs that recognize intracellular viral
or self-DNA/RNA species (20–24). Langerhans cells are present in
the epidermis and have a role in both tolerance and immune
priming in that compartment. Mo-DCs differentiate from
monocytes recruited during ongoing tissue inflammatory
responses [e.g. (25)] and in turn direct the differentiation of
CD4+ T cells to Th1, Th2, or Th17 cells (26, 27). Recent
research has revealed that these DC categories are much more
fluid than once thought, inasmuch as convergence of
differentiation pathways and transitioning between the different
types of DC is evident (28–30), making categorization of distinct
DC sub-populations an increasingly nebulous concept.

As suggested, in the later 1990s the development of in vitro
conditions for generating DC from bone marrow and/or
peripheral blood progenitors (31, 32) allowed for a surge in
research progress. As sentinel antigen-presenting cells DC are
well situated immediately adjacent to or integrated into our
epithelial cell interfaces with our external environment (e.g.,
lungs and gut). As steady state cells they are avidly phagocytic,
such that they regularly sample their external environment,
ingesting and processing all manner of exogenous and
endogenous agents, including apoptotic cells, and load the
processed antigen peptides onto MHCII molecules for
presentation to T cells. DC that are exposed to inflammatory
signals during antigen acquisition upregulate their expression of
peptide-loaded MHCII, co-stimulatory (e.g., CD40, CD86) and
lymph node-homing chemokine receptors, and their expression
of inflammatory mediators such as IL-12, while down-regulating
their phagocytic activities. They do so while migrating to
draining lymph nodes, where they present their processed
antigen peptides to T cells in an immunostimulatory context,
activating effector T cell (e.g., Th1, Th17) responses (33). If,
however, tissue DC acquire otherwise innocuous antigens (e.g.,
apoptotic cells) in the absence of inflammatory signals, they do
not upregulate their antigen-presenting machinery or
Frontiers in Immunology | www.frontiersin.org 2167168153
inflammatory cytokine secretion. As such they provide only
low levels of MHCII-bound antigen peptides, co-stimulatory
markers and secreted IL-12 signaling to T cells, and thereby
induce T cell anergy (34). On the other hand, the DC from mice
exposed to innocuous respiratory antigens produce low levels of
IL-10 (and less IL-12), while presenting the processed antigens to
T cells, and thereby induce Treg responses (35). In the gut, steady
state epithelial cells secrete retinoic acid and TGFb, such that the
endogenous gut DC express CD103, TGFb, and retinoic acid,
and thereby induce the differentiation of TGFb-secreting
CD25+LAP+Foxp3− Th3-type Treg (36–38). As DC research
became more accessible it was clear that such regulatory DC
(DCreg) could be induced under many different conditions,
many of which gave rise to DCreg of a unique phenotype, with
differing capacities to and mechanisms by which they regulate
immune responses (39). Because of this, harnessing the
tolerogenic potential of DCreg for the treatment of disease
calls for careful consideration of the optimal type of DCreg for
each application.

Naturally-occurring and induced DCreg are able to generate
robust antigen-specific tolerance by suppressing other immune
cells, including Teff, as well as by inducing the differentiation of
CD4+ regulatory T cell (Treg) populations. Tolerogenic DC can
also directly or indirectly (40) induce regulatory responses
among B cells, natural killer cells and CD8+ T cells (41–49),
but we will focus herein on DCreg-CD4+ T cell interactions.
Specifically, we will review more recent DCreg research, focusing
on the studies that have been conducted since our last review of
this topic (50). We will address recent progress with human
DCreg, but we will also discuss non-human studies where they
may shed light on gaps in our knowledge. Furthermore, we will
examine the literature that characterizes such DCreg at the
cellular and molecular levels and will address the tolerogenic
potential and clinical applicability of these cells.

DCreg Suppression of Effector
T Cell Responses
DCreg-T cell conversations are facilitated by cell surface
molecules and secreted mediators that can directly suppress
effector T cell (Teff) responses. We have reported that steady-
state CD8a+ splenic DC from mice can suppress Th2 Teff cell
responses through their expression of the tryptophan-
catabolizing enzyme indoleamine-2,3-dioxygenase (IDO), but
also through expression of IL-10 and TGFb (51). IDO depletes
the local cell environment of tryptophan, an essential amino acid
for T cells, and thereby activates the Generalized Controller Non-
derepressible-2 Kinase (GCN2) (16, 32, 33), a sensor of cellular
amino acid levels, leading to T cell apoptosis (52). In addition,
kynurenine break-down products of tryptophan, including 3-
hydroxyanthranilic and quinolinic acids, can induce a caspase-8-
dependent, but Fas-independent apoptosis of T cells (53).
Nevertheless, Fas/FasL signaling can also play a role in DCreg
suppression of Teff cells. For example, CD8a+ splenic DC (54)
and splenic stroma-educated DCreg (55) induce T cell apoptosis
in a Fas/FasL-dependent fashion. In the latter case, FasL
signaling activates caspases-3 and -8 in T cells to directly
March 2021 | Volume 12 | Article 633436

https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Ness et al. DCreg in T Cell Tolerance
activate apoptosis. However, FasL signaling by DCreg also
augments IFNg secretion by T cells, which in turn induces NO
production by the DC, and that further augments CD4+ T
effector cell apoptosis (55).

Many reports have addressed the induction of T cell anergy
by IL-10-induced human DCreg which, as semi-mature (56) or
immature (57) DC (so-called DC10 or DC-10, respectively),
express an array of inhibitory receptors (e.g., PD-L1, PD-L2,
ILT3, ILT4, HLA-G) (56, 57). It has long been known that HLA-
G-expressing antigen-presenting cells can induce T cell anergy
(58), but it was more recently recognized that the levels at which
HLA-G is expressed by DC-10, at least, correlates with the cell’s
regulatory activities (59). However, not all inhibitory factors
expressed by a DCreg necessarily contribute to the cell’s
regulatory activities. Thus, vitamin D/IFNg-induced human
DCreg express IL-10, HLA-G, PD-L1 and low levels of FasL,
but among these it was only their expression of PD-L1 that was
reported as integral to the cell’s regulatory activities (60). It is also
apparent that inhibitory receptors can play more than one role in
immune tolerance. For example, the PD-L1 expressed by TGFb-
induced DCreg is important both to the induction of T cell
apoptosis and the differentiation of Treg (61), both of which are
essential to successful immunotherapeutic outcomes. Indeed, it
has been suggested that the PD-L1:CD86 expression ratio within
vitamin D/IL-10-induced DCreg will be a useful predictive
marker of the cell’s immunotherapeutic efficacy in the clinic
(62). Another, less-reported DC inhibitory receptor is CD31,
expressed at high levels on GM-CSF-induced mouse bone
marrow DC and on human CD34+ stem cell-differentiated DC
that have been exposed to VitD. Engagement of CD31+ DC with
T cells strongly inhibits their activation (63), at least in part by
inducing rapid T cell disengagement from the DC, effectively
raising their activation threshold [reviewed in ref (64)].

Regulatory DC are also well known for their soluble
mediators that contribute importantly to their tolerogenic
activities. For example, IL-10 is probably the most reported of
the inhibitory signals emanating from DCreg (50, 65). It inhibits
the antigen-presenting functions of DC (66), but also leads to its
own upregulation in these cells. We know that IL-10 expression
is essential to the tolerogenicity of IL-10-induced murine DC10 -
silencing or deletion of its expression in these cells eliminates
their regulatory activities (67, 68). Human and murine DC10
have been reported to suppress Th2 responses in vitro and in vivo
(56, 68–70), perhaps related to IL-10-induced granzyme B
expression in these T cells and thereby apoptosis (71). TGFb
secretion also contributes to immune tolerance. Its expression by
tumor cells can foster the expression of IDO by endogenous
tumor DC and thereby suppress anti-tumor immunity (72), but
numerous populations of DCreg have been shown to also express
TGFb and to similarly suppress Teff cells [reviewed in (50)].
Vitamin D/dexamethasone-induced DCreg secretion of TGFb
suppresses both IFNg production and proliferation of CD4+ T
cells from rheumatoid arthritis patients (73), just as TGFb
produced by steady state CD8a+ DC or all-trans retinoic acid-
induced DCreg (DC-RA) contributes to suppression of allergic
donor Teff cell responses in mouse models (51, 74). TGFb
Frontiers in Immunology | www.frontiersin.org 3168169154
signaling dampens TCR-induced Ca++ influx in T cells,
preventing their activation, but it also silences expression of
the transcription factors T-bet and STAT4, which are critical to
Th1 cell differentiation (72). IL-27 is another cytokine that is
intimately linked to the induction of tolerance—it can reduce IL-
2 expression during Th1 cell differentiation but also, when
coupled with IL-6 signaling, can induce Th1, Th2, and Th17
cells to secrete IL-10 (75). We reported that the DC-RA noted
above also secrete high levels of IL-27, but that neutralizing IL-27
does not affect the activation of Th2 cells from peanut allergic
mice seen in co-cultures of DC-RA and allergen-presenting
immunostimulatory DC. Rather, wild-type (w.t.) DC-RA fully
protect against peanut-induced anaphylaxis in vivo by driving
the differentiation of LAG3+CD49b+Maf+Foxp3− Treg—unlike
w.t. DC-RA, IL-27-/- DC-RA are of no therapeutic benefit (74).
IL-27 has also been reported to induce the differentiation of IL-
10-secreting Tr1 cells through induction of c-Maf, IL-21 and
ICOS in T cells [reviewed in (75)].

DCreg Induce Differentiation of Regulatory
T Cells
There are of course multiple populations of CD4+ Treg.
CD25+Foxp3+ Treg, which are probably the most commonly
reported Treg, include both naturally-occurring thymic
emigrants [natural Treg (nTreg)] as well as cells induced to
differentiate in the periphery (induced Treg) from either naïve
(76) or effector (77) CD4+ T cells. Interestingly, when the activities
of nTreg and DC10-induced Treg of identical TCR specificity were
compared in a preclinical model of asthma, the latter cells carried
markedly (i.e., ≈5-10-fold) greater regulatory activity than the
nTreg (78). There are also inducible IL-10-dependent type-1 Treg
(Tr1 cells) that are CD4+CD25−CD49b+LAG3+Foxp3- (79), IL-10-
independent CD25+CD49b-LAG3+Foxp3− Treg (74), and oral
tolerance-associated, TGFb-dependent CD4+ Th3 cells (80).

While there is a large body of literature from preclinical
models that confirms that DCreg can induce antigen-specific T
cell tolerance in vivo (50, 65, 81–83), the collective literature
addressing the function of human DCreg is less robust. Most
studies with human DCreg have been restricted to showing that
these DC only poorly activate allogeneic T cell responses in vitro
(50). Fewer studies have assessed whether human DCreg
suppress autologous Teff responses and induce Treg
differentiation [e.g., (56)], or critically examined the phenotype
and tolerogenic mechanisms of the induced Treg. This is an
important issue, for expression of Treg markers in itself does not
necessarily mean that the putative Treg are functional. A case in
point is a recent report relating to the use of immature human
DC-10 to induce tolerance among circulating T cells of peanut-
allergic donors. Peanut allergen-presenting DC-10 did indeed
induce the differentiation of T cells that expressed the expected
Tr1 markers, but these cells lacked Tr1 cell activity, as
determined in functional assays (84). Whether this could be
related to the recently reported Th2 adjuvant activities of peanut
proteins (85) has not been assessed as yet. However, we have
shown that allergen-loaded semi-mature DC10 from grass- or
cat-allergic donors both suppress Th2 responses and induce the
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differentiation of fully functional CD25+LAG3+CTLA4+Foxp3+

Treg (56).
As in many areas of health research, we have gained

important insights into the disease processes and therapeutic
approaches from lessons learned in animal models. For example,
just as IL-10-induced human monocyte-derived DC [whether
immature or semi-mature (56, 57)] are tolerogenic in vitro,
murine bone marrow-derived DC10 are potently tolerogenic in
vitro and in mouse models of, for example, asthma (68, 69, 77).
The regulatory activities of murine DC10 are critically dependent
on their expression of IL-10 (67, 68) but also to a lesser extent
their expression of CD80 and CD86 (67), IDO (70) and CD40
(Dawicki et al., under review). Interestingly, they induce cognate
Th2 cells with which they are cultured to proliferate, but in doing
so these Teff cells transdifferentiate into highly effective
CD25+Foxp3+ Treg (77, 78). In contrast, mature retinoic acid-
induced DC (DC-RA) induce no proliferative responses among
Th2 cells, although the T cells differentiate into potent
LAG3+CD49b-Foxp3- Treg (74). Thus, overall it is clear that
numerous signals that DCreg can bring to interactions with naïve
or effector T cells can induce these cells to take on a
regulatory phenotype.

Regulatory T cells are activated in a T cell receptor-dependent
fashion but, once activated, they are able to suppress the
responses of by-stander T cells through a number of non-
specific signals (e.g., secretion of IL-10) (86–91). However,
bystander DC can similarly adopt a regulatory phenotype
following interactions with Treg, and thereby further foster
tolerance through a process known as infectious tolerance (92).
Treg have a number of mechanisms by which they can induce
DCreg, including CTLA-4 induction of IDO (88), LAG3
activation of inhibitory signals (93), or neuropilin-1 signaling
(88). Expression of galectin-1 by Foxp3+ Treg (86) induces DC to
secrete IL-10 and IL-27 (94), through which they can foster Tr1
cell differentiation (95). And Treg can themselves recruit
additional populations of Treg without a need for a DC
intermediary. For example, TGFb released from Th3 cells
triggers development of CD25+Foxp3+ Treg (96), while LAP-
TGFb on activated Foxp3+ Treg can induce naïve T cells to adopt
a similar Foxp3+ Treg phenotype (97).

DCreg Production and Maturation
Currently, the most commonly used approach for generation of
human DCreg includes differentiation of purified CD14+

peripheral blood monocytes into immature DC by culture with
GM-CSF and IL-4 (98–100). Murine DCreg, thought to belong to
the cDC2 category, are similarly differentiated with GM-CSF and
IL-4, but most often from bone marrow progenitors (101). In
principle, induced pluripotent stem cells could be used to
generate very large numbers of DCreg (102–105), but use of
such approaches has been tempered by concerns about the
potential for pre-existing epigenetic programming in the stem
cells and, more on moral grounds, the phenotypic similarities of
stem cells to human foetal cells (106–109). All things considered,
the use of mo-DCs is presently the industry standard for in vitro
generation of human DCreg for clinical and experimental
Frontiers in Immunology | www.frontiersin.org 4169170155
applications. Tolerogenic agents [reviewed in (50)] are added
to the cultures of differentiating cells at varying times, depending
on the type of DCreg in question. Because of the high likelihood
that DCreg being used for immunotherapeutic purposes will be
exposed to marked inflammatory signals after delivery to the
recipient, it is critical that the treatment DCreg not convert into
immunostimulatory cells that might exacerbate, rather than
ameliorate pathology (110). As such, it is routine that DCreg
are assessed for their abilities to withstand such phenotypic
conversion following challenge with inflammatory mediators
(e.g., IL-1b, IL-6, TNF) or TLR agonists [reviewed in (50)].
Maturational markers for DC include increased expression of
HLA-DR, co-stimulatory molecules and inflammatory cytokines
(e.g., IL-12) (33, 111–113). On the other hand, inflammation-
resistant DCreg retain reduced expression levels of these
maturational markers while maintaining their expression of
inhibitory receptors and anti-inflammatory cytokine secretion,
as noted above (44, 45, 73, 74, 94, 95, 114–117).

There are many well-established protocols to generate DCreg,
but it is important to keep in mind that the populations of
regulatory cells that we generate include both DCreg and, almost
inevitably, additional sub-populations of monocyte-derived
progeny that may or may not have their own activities. While
some DCreg reports do include, for example, a final CD11c+ DC
selection step (e.g., MACS- or FACS-sorting) prior to use of the
DCreg generated, the majority of reports do not, suggesting that
any effects observed may not be exclusively attributable to the
DCreg. For example, a recent report of murine DCreg induction
with varying doses of vitamin D (DC-VitD) revealed that there
was a dose-dependent output of CD11c+ cells. The control
immature DC in these experiments were ≈82% CD11c+, while
the DC-VitD comprised up to 92% CD11c+ cells. Thus, while the
“DC-VitD” pool of cells strongly suppressed CD4+ T cell
activation, potential contributions to that activity of the ≥8%
non-DC-VitD were not assessed (63). Depending on the precise
culture conditions, culture of CD14+ human monocytes in GM-
CSF and IL-4 can lead to differentiation of a mixed population of
CD83+ DC, CD14+ macrophage-like cells, and/or myeloid-
derived stem cells [reviewed in (118)]. Moreover, while CD83+

DCreg remain the predominant cell in these cultures, a
proportion of the CD14− cells present subsequently regain
their expression of CD14 and their macrophage-like properties
when exposed to IL-10 and maturational signals. The authors
reported that the presence of even small numbers of these
contaminating CD14+ macrophage-like cells skewed the
apparent regulatory phenotype of the “DCreg population” in a
dose-dependent fashion (118). It has also been reported that
human DC10 generated from plastic-adherent monocytes
comprise two major sub-populations, including CD83hiHLA-
DRhiCCR7+ cells that strongly express CD25, and CD83loHLA-
DRloCCR7lo cells. Both populations can suppress Teff cell
proliferation and induce Treg differentiation, but the
CD83hiHLA-DRhi population is significantly better in both
tasks, at least in part because the regulatory activities in these
DC10 cultures were CD25-dependent (119). Taken together,
these outcomes do not diminish the importance of DCreg, but
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they do raise the question of whether contaminating cells in, for
example, monocyte-derived cultures might also contribute
significantly, but in a negative manner, to the regulatory
outcomes observed. This would be relevant for functional
studies, but it would be critical to have such insights when
undertaking, for example, global transcriptomic studies
of DCreg.

DCreg Control of Tolerance Responses
In order for DCreg to be clinically relevant, the protocols used for
their induction must be optimized, keeping in mind the intended
target disease. This is in part because the types of infectious
tolerance processes launched by the chosen DCreg must fit the
clinical indication. For example, as suggested above, both DC-
VitD/dex and DC10 secrete IL-10 and thereby induce Th2 cells
to differentiate into CD25+Foxp3+ Treg which can fully reverse
the asthma phenotype (68, 69, 77, 120). On the other hand, as
noted above DC-RA production of IL-10, TGFb, and IL-27
suppresses peanut anaphylaxis-inducing Th2 cells through
induction of LAG3+CD49b−Foxp3− Treg (74). The relevance of
this distinction lies in the observation that intestinal
inflammation can suppress Foxp3 expression in a mouse
model of colitis, such that intestinal Foxp3+ Treg therein
convert into pathogenic Th17 cells (121). This begs the
question of whether use of DCreg strategies that induce
Foxp3− Treg, which could be more inflammation-resistant
than the Foxp3+ Treg, would be better suited in this context.
Similar inflammation-associated adverse outcomes have been
reported in other DCreg immunotherapy models (122, 123).
Having said that, it has also been reported that CD40/CD80/
CD86-knock down DCreg also induce the differentiation of
Foxp3+ Treg in a murine colitis model, but that this treatment
is successful in preventing leukocyte infiltration and disease
development (124). This indicates that, while it is critical that
they be taken into consideration, inflammatory conditions that
may be seen by treatment DCreg in vivo do not necessarily lead
t o ad v e r s e ou t c ome s , a nd t h a t b od e s we l l f o r
DCreg immunotherapeutics.

DCreg routinely recruit Treg into infectious tolerance
processes, but induction of Treg is not an essential facet of
DCreg-induced tolerance. For example, it has been reported that
human vitamin D-induced DCreg foster allogeneic T cell
differentiation into classical Treg (125–128), but also that at
least some forms of vitamin D-induced DCreg can instead foster
a Treg-independent type of tolerance. Thus, murine CD11c+ DC
that had been differentiated in GM-CSF and vitamin D, or
human DCreg differentiated from CD34+ stem cell precursors
with vitamin D do not induce Treg responses, but instead impair
CD4+ T cell priming in a CD31-dependent fashion (63).
Silencing of CD31 increases T cell activation in DCreg: T cell
co-cultures, while its overexpression leads to substantially
reduced DC:T cell contact times, with reductions in IL-2
production by the T cells and a consequent loss of T cell
priming (63). Collectively this evidence suggests that we must
be cognizant that even seemingly closely-related populations of
DCreg may utilize quite disparate regulatory mechanisms, and
Frontiers in Immunology | www.frontiersin.org 5170171156
that should be taken into consideration when planning
immunotherapeutic approaches. Although such variance may
be difficult to predict, there are emerging trends in the
published literature.

Tables 1 and 2 outline our more recent advances in the
biology of non-human (murine, NHP) and human DCreg,
respectively. Because we comprehensively reviewed this area
previously (50), these tables provide only an update on
observations regarding novel agents to induce the DCreg, or
the use of previously reported DCreg in new models, rather than
a comprehensive listing of all types of DCreg investigated to date.
Thus, the interested reader can find additional information on
human DCreg found across our organ systems and those
induced in vitro with IL-10 (6, 56, 57, 68–70, 153–161) or
other cytokines (160–165), corticosteroids (156, 166–168),
vitamin D3 (127, 167, 169–172), rapamycin (156, 167, 173,
174), and neuropeptides (175, 176) in the references cited.
Table 1 provides in vivo data from animal models of human
diseases, and includes the agents used to induce and mature
murine and NHP DCreg, the disease model addressed, the
phenotype of the DCreg and the mechanisms by which it
induces tolerance, its clinical effects in that model and whether
it activates secondary regulatory processes (e.g., Treg).

Table 2 provides data from human DCreg generated from
CD14+ monocytes in vitro, and includes the agents used to
induce and mature the cells, the phenotype of the DCreg, the
mechanisms by which they induce their immunologic effects and
whether they activate Treg. While the regulatory activities for
most of these cells were assessed exclusively in vitro, the IL-10-
lentivirus-tranfected human DC10 were also assessed for their
abilities to protect humanized otherwise immunocompromised
mice from graft-versus-host disease (149).

Impact of Microbial Exposures on the Phenotype
of DCreg
There are a number of questions that should be addressed before
DCreg immunotherapy can become mainstream as a clinical
approach. As suggested above, a particularly important one is the
nature of inflammatory conditions the DCreg may face after
delivery to the host and their impact on the cell’s regulatory
activities. We have previously reviewed the array of innate
immune receptors expressed by DC, which include protease-
activated receptors (PARs), TLR, C-type lectin receptors, retinoic
ac id-inducible gene-1 (RIG-1) , and the melanoma
differentiation-associated gene-5 (MDA-5) (50), but they also
express receptors for an array of other inflammatory mediators
(177, 178). As noted previously, there are multiple reports that
the tolerogenic potential of DCreg can be arrested, or even
reversed, under inflammatory conditions, such that the cells
instead activate effector T cells and thereby exacerbate
pathology (122, 123, 179). Despite the fact that many microbial
stimuli have adverse effects on DCreg, there is an accumulating
body of evidence that other microbial signals contribute
importantly to the regulatory activities of these cells. For
example, delivery of the TLR5 agonist flagellin to asthmatic
mice ameliorates their disease phenotype through induction of
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TABLE 1 | Studies examining induced non-human regulatory DC.
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TABLE 1 | Continued

DC Phenotype Mechanism of
Tolerance

Performance Outcomes Secondary Induction of
Tolerance

Reference

↑ IL-10 production – ↓ In vitro T cell proliferation
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↓ GVHD scores
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Tr1 cells
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haride; EAE, experimental autoimmune encephalomyelitis; BMDC, bone marrow-derived DC; Breg, regulatory B cell; NO, nitric oxide; GVHD, graft-versus-
protein 3; VitD3, 1,25-dihydroxyvitamin D3.
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TABLE 2 | Studies examining induced human regulatory DC.
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ii - CD83loCCR7-HLA-DRlo

Lower CD25

Largely CD25-dependant ↓ Allogeneic CD4+

CD83hi HLA-DRhi

cells

IL-10-lentivirus
(TLR agonists or TNF-a, IL1b and
IL-6)

↑ CD14/CD16/CD141/
CD163/HLA-DR
↑ ILT4/HLA-G
↓ CD1a
↑ IL-10 production

– ↓ Allogeneic CD4+

_
NSG mouse mod
↓ Severity of GVH
↑ GVHD survival t

Retinoic acid
(LPS)

↓ CD80/CD86/
HLA-DR
↑ CD141, GARP

CD141 & GARP-dependent ↑ Allogeneic CD4+

Staph peptides
(LPS or staph cell lysate)

↓ CD40/CD80/HLA-DR
↓ IL-10, IL-12, TNF-a

Possibly ↓ NF-kB and p38 pathway
phosphorylation

↓ Antigen uptake
↓ autologous Th1
↓ IFN-g productio
↑ IL-13 productio

VitD3
(IFN-g & LPS)

↓ HLA-DR/CD86/CD80
↑ PD-L1/ILT-3/CD52
↓ IL-10/TNFa/IL-12
production

– ↓ allogeneic T cell
_

NSG mouse mod
↓ Severity of GVH
reconstitution

VitD3 (+/-
manipulation of CD31)
(MBP +/- LPS)

- ↑ CD31 expression ↓ Autologous CD4
↓ CD4+ T cell inte
↓ IL-2/IFN-g/GM-C

VitD3 & IL-10
(LPS, CD40L or TNF/IL-6/IL-1b/
PGE2)

↓ CD80/CD86
↑ PD-L1
↑ IL-10 & IL-12 production

Partially PD-L1-dependant ↓ Allogeneic CD4+

↓ IFN-g/IL-17a/pe
/granzyme B prod

Mat. Agent, maturation agent; VitD3, 1,25-dihydroxyvitamin D3; LPS, lipopolysaccharide; GVHD, graft-versus-host disease; PGE2, prostaglandin
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DCreg and, subsequently, Treg responses (180). Moreover,
exposure of monocyte-derived DC from house dust mite
(HDM)-asthmatic individuals to flagellin also empowers the
DC to take on a regulatory phenotype. These flagellin-induced
DCreg express high levels of IL-10, TGFb and HLA-G, such that
they strongly foster CD25+Foxp3+ Treg responses (180). In a
similar manner, delivery of the dectin-1/TLR2 agonist curdlan
(181), a bacterial cell wall exopolysaccharide, to asthmatic mice
induces differentiation of IL-10-expressing, Maf+Foxp3− Treg
(i.e., Tr1 cells), and thereby reverses the animal’s asthma
phenotype (182). On the other hand, human IL-10-lentivirus-
transfected DCreg display very complex responses to microbial
agonists (149), including polyinosinic:polycytidylic acid (Poly I:
C), LPS, flagellin and CpG (agonists specific for TLR3, TLR4,
TLR5, and TLR9, respectively), as well as Listeria monocytogenes
(149). The authors of this report found that a number of classical
DCreg markers were differentially regulated on exposure to these
agonists. For example, poly I:C challenge increased HLA-G and
decreased ILT4 expression, while LPS exposure down-regulated
HLA-G and up-regulated ILT4. In contrast to IL-10-lentivirus-
transfected murine DCreg, which induce differentiation of
CD25+Foxp3+ Treg (159), the IL-10-lentivirus-transfected
human DCreg instead induced the development of Tr1
responses (149). Interestingly, however, while the numbers of
Tr1 marker-positive cells were differentially affected by the
microbial agonists added to the human DCreg-T cell cultures,
marked differences in the suppressive activities or cytokine
profiles of the Tr1 cells so induced were not observed (149).

The recognition that our microbiome contributes importantly
to our overall health has brought its impact on immune
regulation by DC into focus. We know, for example, that the
diversity of the microbiome in neonates of ≤100 days of age can
predict their likelihood of developing asthma as children (183).
Reduced levels of Lachnospira, Veillonella, Faecalibacterium, and
Rothia genera bacteria in the neonatal gut are associated with an
increased risk of asthma. The neonates so affected display
reduced levels of fecal acetate, but see increased urinary
excretion of a number of secondary bile acids with potential
links to this intestinal dysbiosis (183). We know that microbial
catabolites (e.g., short-chain fatty acids) such as butyrate and
propionate can induce a tolerogenic phenotype in DC,
dampening LPS-induced expression of costimulatory molecules
(e.g., CD83, CD40) and augmenting downstream Tr1 responses
(184). And culture with Lactobacillus paracasei L9 induces
murine bone marrow-derived DC to strongly upregulate IL-10
secretion and to take on a regulatory phenotype, such that they
induce CD4+ effector T cells from b-lactoglobulin-allergic mice
to differentiate into Foxp3+ Treg (185). Similarly, in
experimental germ-free mice b-glucan/galactan polysaccharides
and polysaccharide A secreted by intestinal Bifidobacterium
bifidum strain PRI1 are associated with increased expression of
IL-10, TGFb, IDO, and PD-L2 within the lamina propria
CD103+ DC population (186). Importantly, these DC in turn
induce the development of Treg with TCR specificity not only for
B. bifidum, but also for otherwise unrelated intestinal antigens
(186). And Bifidobacterium infantis colonization has been
Frontiers in Immunology | www.frontiersin.org 9174175160
reported to induce shrimp tropomyosin tolerance in a mouse
model of shrimp allergy, increasing the gut population of
CD103+ DCreg, expression of IL-10 and TGFb, and the
numbers of CD4+CD25+CD127- Treg (187).

Unlike pathogenic enteric bacteria, which actively secrete
pathogenic mediators within the gut, tolerance-promoting gut
symbionts reportedly interact with their hosts via capsular
polysaccharides that decorate outer membrane vesicles (OMV)
shed by the bacteria. Thus, Bacteroides fragilis OMV signal to gut
DC through TLR2, which induces the development of DCreg and
Treg (188), but there can be heterogeneity in the way that gut DC
respond to such signaling. Thus, while Bacteroides
thetaiotaomicron OMVs induce IL-10 expression and a
regulatory phenotype in colonic DC of healthy subjects, such
immune regulation does not occur with DC from individuals
with ulcerative colitis (189). Organisms with beneficial properties
can also be found in the external environment. Indeed, curdlan,
the tolerogenic b-glucan noted above (182), is derived from the
environmental bacterium Alcaligenes faecalis. In a similar
manner, exopolysaccharides from Cyanobacterium aponinum,
an organism represented at high levels in the waters of the Blue
Lagoon of Iceland, induce human DC to express IL-10 and
CD141, leading to Treg induction (190, 191). Bathing in the Blue
Lagoon is renowned for its abilities to alleviate psoriatic
plaques (191).

Regulatory DC for Clinical Trials
There have been scores of preclinical studies in mouse models
documenting that DCreg can induce immunologic tolerance
and reverse the disease phenotype in models of allergy and
asthma, autoimmune diseases and transplant rejection
responses [reviewed in (50)]. As part of moving DCreg closer
to clinical application there have also been a number of DCreg
trials undertaken in NHP models (Table 1). An early study with
maturation-resistant VitD3/IL-10-induced rhesus macaque
DCreg showed that cells given i.v. led to an initial increase
in recipient blood levels of anti-donor and -third party T cell
reactivity, but this subsequently waned to below pre-
treatment levels in animals also treated with the clinical
immunosuppresant CTLA4Ig. There was no induction of anti-
donor IgG or IgM alloantibodies detected and, in animals given
both DCreg and CTLA4Ig, alloreactive IL-10-producing T cells
were detected at ≥28 days post-infusion (143). Culture of such
VitD/IL-10-induced NHP DCreg with purified allogeneic
peripheral blood CD4+CD127lo cells, which were enriched in
Foxp3-expressing cells (i.e., Treg), for up to 2 weeks led to an
expansion of the CD4+CD127lo Treg, and these in turn induced
a dose-dependent suppression of CD4+ Teff cell responses (144).
A subsequent study with kidney-engrafted rhesus macaque
monkeys treated with donor-derived VitD3/IL-10 DCreg
showed that the DCreg significantly prolonged graft survival
(from ≈39 to 113 dy) and reduced donor-reactive memory T
cell:regulatory T cell ratios, with no evidence of circulating
donor-specific alloantibodies (146). In another study, VitD/IL-
10-induced kidney transplant recipient DCreg were pulsed with
donor-derived PBMC membrane vesicles and used to treat
March 2021 | Volume 12 | Article 633436

https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Ness et al. DCreg in T Cell Tolerance
transplanted monkeys that were also administered CTLA4Ig
and rapamycin. Overall, the authors observed ≈2-fold-
prolonged graft rejection times, attenuated systemic IL-17
levels, and modulated CD4+ and CD8+ T cell responses to
donor antigens, although these were not statistically
significant effects (142). The most recent NHP study reported
addressed the impact of VitD/IL-10 DCreg treatment on
CD4+CTLA4hi (i.e., Treg) in CTLA4Ig-treated renal allo-
transplant recipients. They found that in the absence of
DCreg therapy, CTLA4Ig treatment led to reductions in the
numbers of circulating CD4+CTLA4hi Treg, while these
reductions were not observed in DCreg-treated recipients
(145). Overall, these studies highlighted the potential utility of
DCreg immunotherapy in preventing rejection of organ
transplants [reviewed in (192)].

Consistent with the outcomes of these NHP DCreg studies,
there have been a number of successful Phase I or I/II human
DCreg clinical trials completed by pioneers in this area in recent
years (Table 3). There are reportedly additional trials that are
still in recruitment stages or that have not yet published their
results (200), as well as several long-term trials ongoing in organ
transplant recipients [reviewed in ref (192)]. As these have been
largely Phase 1 or I/II trials, their aims were solely to determine
whether the DCreg immunotherapy approach in question is safe
and well-tolerated, and it is clear that that is the case—the vast
majority of subjects have not suffered significant adverse events
(193, 195–199). Although, as might be expected for such trials,
abrogation of disease was not seen under any of these protocols,
reductions in symptoms scores were reported in a small subset of
treatment group subjects in the rheumatoid arthritis (195, 197)
and Crohn’s disease (196) trials. The observed changes in
immunologic parameters in the treatment groups across these
studies were encouraging, given that these were Phase I studies,
though quite modest (Table 3).

Human monocyte-derived DC are, overall, HLA-DR+

CD11c+BDCA3− and express an array of other prototypical DC
markers (28) but there is substantial heterogeneity in the markers
expressed by, and activities associated with any one DC
population. Even seemingly very small differences in the DC
culture conditions, from how the starting CD14+ monocyte
population is isolated and its purity, to the concentrations of
GM-CSF or IL-4 employed, the type of serum or serum-free
supplement used in the cultures, times in culture, etc., can have
very significant effects on the DC generated. This raises the
academic question of whether differentiated tissue DC (e.g.,
blood, tonsillar) might be better candidate cells for DCreg
immunotherapeutics—arguably their use could call for fewer
investigator manipulations of the cells. Nevertheless, global
transcript profiling of monocyte-derived DC, a number of DC
cell lines and purified tissue DC reveals that there is substantial
phenotypic heterogeneity here too. Monocyte-derived cells cluster
in principle component analyses closely with tonsillar DC, but not
other populations, while the blood DC populations tend to loosely
cluster by themselves (201). However, developing a DCreg therapy
using primary populations of DC would bring its own challenges,
not the least of which is the relative scarcity of the cells. Fully
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differentiated blood DC constitute only 0.1%–1.0% of peripheral
blood mononuclear cells (9, 202), such that it would not likely be
feasible to purify sufficient numbers of primary cells from any one
donor for an effective treatment. Thus, at this point in time, use of
well-characterized and standardized monocyte-derived
populations of DCreg would appear to be our best clinical option.

One of the more important factors in optimizing DCreg
immunotherapy is identification of DCreg of a phenotype that
best fits the intended application. There have been a number of
reports that have run head-to-head comparisons of human
DCreg differentiated with an array of mediators, including
comparisons of vitamin D3-, dexamethasone- and rapamycin-
induced cells (167), or of vitamin D3-, IL-10-, dexamethasone-,
TGFb− and rapamycin-induced DCreg (156), and assessments
of DCreg differentiated with protein kinase C inhibitor versus
dexamethasone, vitamin D3, rapamycin, IL-10, TGFb or a
combination of peroxisome proliferator-activated receptor
gamma (PPAR-g) agonist and retinoic acid (203). This has
provided important insights into DC yields & viabilities,
expression of co-stimulatory or inhibitory markers, IL-10
production, resistance to inflammatory stimuli, and abilities to
activate allogeneic T cells or induce Treg (156, 167).
Nevertheless, multiple questions remain even given our
knowledge and advances in DCreg immunotherapy. While it is
easy to appreciate the simplicity of using allogeneic cells for
functional readouts with human DCreg, we question whether
assessing their impact on autologous, disease-related T cells
would more directly address the question of the cell’s
suitability for immunotherapeutic applications (i.e., other than
in the context of allogeneic transplantation). That is, given that
the raison d’etre for DCreg therapy is more often than not
suppression of specific antigen-driven pathology, would
assessing the cell’s abilities to suppress autologous cognate T
cell responses be more relevant (197)? Is assessing expression of
Treg-associated markers (e.g., Foxp3) adequate to conclude that
the putative Treg induced by these DCreg treatments are
functional as regulatory cells? As noted above, at least some
DCreg can induce differentiation of T cells that express Treg
markers as determined by FACS, despite the fact that they are
not functional regulatory cells (84). And, given that different
DCreg use different strategies to induce tolerance (204) and
thereby induce distinct types of Treg (50), should the nature of
the condition being treated (e.g., low versus high levels of target
tissue inflammation) impact the choice of the DCreg to be
employed? As alluded to above, are there indications that we
should target selective induction of Foxp3+ versus Foxp3− Treg
or, for that matter, CD4+ versus CD8+ or other regulatory cells?
Another question is whether in vitro assays of DCreg function
provide sufficiently robust data on the activities of these cells to
validate them as candidates for clinical trials. Could in vivo
modeling in, for example, humanized mice (205) or NHP (142–
146) provide more meaningful insights?

While we often assess a standard set of markers associated
with DCreg, it is clear that functional DCreg are more than cells
that express low levels of CD40 or CD86, or high levels of PD-1
and IL-10. Indeed, numerous transcriptomic analyses have
March 2021 | Volume 12 | Article 633436
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TABLE 3 | Human DCreg clinical trials.

f DC Administration
(Final Dose)

Performance Outcomes Clinical Outcomes Reference

al ↑ B220+CD11c− B cells in both
control and exp groups

No adverse events, no clinical
changes

(193)

eous
ach: low dose, 5 ×
dose, 1.5 × 106)

↓ IFN+ T cells
& autoantibodies
EULAR response, ↓ 33% to
83% (low vs. high dose)

C dose-dep effects
(58% of subj had reduced RA
scores)

(194)
abstract
only

ally
–

)

↑ Treg:Teff cell ratios
↓ Serum IL-15, IL-29, CX3CL1
and CXCL11
↓ T cell IL-6

Reduction of disease symptoms
within 1 month of treatment

(195)

neal
106

0 × 106)

↓ IFNg (FACS)
↑ blood Th17 & Foxp3+ T cells

Reduction of disease severity
within 12 weeks of treatment

(196)
-

ular
106)

– Reduction of disease symptoms
for 2 patients

(197)

s
50
6)

↓ CD8+ & NK cells
↑ PBMC IL-10

– (198)

s
50
6)

↑ PBMC IL-10
↓ In vitro antigen-specific T cell
proliferation

– (198)

s
106/kg)

↓ T-bet+Eomes+CD8+ T cells
↑ Foxp3+ Treg: T-bet+Eomes+

CD8 T cell ratios (pre-
transplant)

No adverse reactions to DCreg
infusion

(199)

t; MPLA, monophosphoryl lipid A; NMOSDs, neuromyelitis optica spectrum disorders; PGE2, prostaglandin E2; Vit A,
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Induction Agent (Mat.
agent)

Status (n) Disease target DC-loading antigen Method

i. CD40/CD80/CD86-
silenced
ii. control DC
(none)

Phase 1; Completed
(n = 10)

Type 1
diabetes

Autologous
-

Intraderm
(4 × 107)

Semi-mature DC with
rheumatoid antigens

Phase 1;
Completed (n = 12)

Rheumatoid
arhtritis

PAD4, RA33,
citrullinated-filaggrin,
vimentin

Subcutan
(5 doses
106; high

NF-kB inhibitor
(N/A)

Phase 1; Completed
(n = 34; 16 control)

Rheumatoid
arthritis

Citrullinated Peptides (4) Intraderm
(7.2 × 10
6.2 × 104

Dex/Vit A
(IL-1b, IL-6, TNF-a, &
PGE2)

Phase 1; Completed
(n = 9)

Crohn’s
Disease

– Intraperito
(2/5/10 ×
or 6/15/3

Dex/VitD3 (MPLA) Phase 1; Completed
(n = 13)

Rheumatoid
arthritis

Autologous synovial fluid Intra-artic
(1/3/10 ×

Dex
(IL-1b, IL-6, TNF-a, &
PGE2)

Phase 1b; Completed
(n = 8)

Multiple
Sclerosis

Myelin Peptides (7) Intraveno
(50/100/1
/300 × 10

Dex
(IL-1b, IL-6, TNF-a, &
PGE2)

Phase 1b; Completed
(n = 4)

NMOSDs Myelin Peptides (7) +
AQP4

Intraveno
(50/100/1
/300 × 10

Dex/IL-10 Phase I
(n = 15)

Liver transplant Donor-autologous Intraveno
(2.5–10 ×

AQP4, aquaporin-4; Dex, dexamethasone; EULAR, European League Against Rheumatism; Mat. agent, maturation age
vitamin A; VitD3, 1,25-dihydroxyvitamin D3.
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identified many hundreds of markers that are differentially
expressed by DCreg (170, 206–210) but only three
immunologically-relevant genes [annexin A1, glucocorticoid-
induced leucine zipper (GILZ) and IDO] have been reported to
display differential increases in expression within the DCreg
across five or more of these reports, while several more
(cathepsins B, C, D & L, ILT3, stabilin 1, and TGFb) saw
increases across three of these reports (211). Nevertheless, it is
interesting that IL-10 expression, as an example, has not been so
identified, particularly given its intimate association with DCreg
across a spectrum of reports [reviewed in (50, 65)]. Are there
other leads we are missing in this search? Examination of the
blood DC from allergic individuals who have undergone
allergen-specific immunotherapy have identified a number of
markers associated with successful tolerance induction (e.g., C1q,
stabilin-1) (210). Indeed, administration of C1q in mouse models
of asthma was subsequently shown to also effectively reduce the
asthma phenotype in these animals (212). Intuitively, it seems
that each population of DCreg likely enjoys contributions from a
large number of regulation-associated inputs (e.g., expression of
inhibitory mediators and receptors, low levels of HLA-DR and
co-stimulation, etc.) that cumulatively define the cell’s regulatory
activities, with different populations of DCreg employing distinct
levels of large numbers of these as unique inputs.
CONCLUSION

Currently, the standard of care for allergies and autoimmune
disorders comprises the use of immunosuppressive drugs, agents
which often have substantial deleterious side-effects and must be
administered for the life of the patient. Regulatory dendritic cell
research is promising in that DCreg-induced immune regulation
appears to be robust and enduring (70), at least as far as we have
Frontiers in Immunology | www.frontiersin.org 12177178163
been able to ascertain in animal models. Murine DCreg
treatments can reverse or eliminate even severe disease in
models of allergies and autoimmune diseases and extend the
life of organ transplants, sometimes indefinitely. They do so by
activating infectious tolerance processes that incorporate
secondary induction of different types of Treg which, in turn,
can recruit additional generations of regulatory cells. Though
animal model outcomes cannot be directly translated to human
conditions, the burgeoning in vitro research and early-stage
clinical trial outcomes with human DCreg bode well for their
use in the clinic. Certainly, our DCreg clinical trials to date
indicate that DCreg immunotherapy is safe and well-tolerated.
Our increasing advances in the cellular and molecular biology of
these cells is likely to have a significant impact on the efficacy of
DCreg in the clinic in the foreseeable future. Unlike our current
pharmacological management of these diseases, immunotherapy
with DCreg would seem to allow for the possibility of long-term
restoration of the physiologic equilibrium associated with
immunologic tolerance.
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Experimental autoimmune encephalomyelitis (EAE) is a classical murine model for Multiple
Sclerosis (MS), a human autoimmune disease characterized by Th1 and Th17 responses.
Numerous studies have reported that C-reactive protein (CRP) mitigates EAE severity, but
studies on the relevant pathologic mechanisms are insufficient. Our previous study found
that CRP suppresses Th1 response directly by receptor binding on naïve T cells; however,
we did not observe the effect on Th17 response at that time; thus it remains unclear
whether CRP could regulate Th17 response. In this study, we verified the downregulation
of Th17 response by a single-dose CRP injection in MOG-immunized EAE mice in vivo
while the direct and indirect effects of CRP on Th17 response were differentiated by
comparing its actions on isolated CD4+ T cells and splenocytes in vitro, respectively.
Moreover, the immune cell composition was examined in the blood and CNS (Central
Nervous System), and a blood (monocytes) to CNS (dendritic cells) infiltration pathway is
established in the course of EAE development. The infiltrated monocyte derived DCs
(moDCs) were proved to be the only candidate antigen presenting cells to execute CRP’s
function. Conversely, the decrease of Th17 responses caused by CRP disappeared in the
above in vivo and in vitro studies with FcgR2B−/− mice, indicating that FcgR2B expressed
on moDCs mediates CRP function. Furthermore, peripheral blood monocytes were
isolated and induced to establish moDCs, which were used to demonstrate that the
antigen presenting ability of moDCs was attenuated by CRP through FcgR2B, and then
NF-kB and ERK signaling pathways were manifested to be involved in this regulation.
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Ultimately, we perfected and enriched the mechanism studies of CRP in EAE remission,
so we are more convinced that CRP plays a key role in protecting against EAE
development, which may be a potential therapeutic target for the treatment of MS
in human.
Keywords: experimental autoimmune encephalomyelitis, C-reactive protein, monocyte derived DC, FcgR2B,
Th17 response
INTRODUCTION

Multiple Sclerosis (MS) is an autoimmune disease in the human brain
and spinal cord, referred to as central nervous system (CNS), that is
characterized by immune cell infiltration, neuroinflammation,
demyelination, and axonal damage (1, 2). Although the exact
etiology of MS is unclear, it is generally considered to involve
environmental, genetic, and immunological factors, and the
immunopathology especially has been established and accepted for
the last four decades (3–6). Experimental autoimmune
encephalomyelitis (EAE) is a widely used murine model of MS,
and a plethora of studies have shown that myelin specific CD4+ T
cells have a crucial role in the induction of EAE (7, 8).

CRP is an evolutionarily conserved pentamer plasma protein,
and its plasma concentration increases dramatically as high as
1,000-fold during tissue injury and infection (9, 10). In the
clinical setting, CRP is generally recognized as a non-specific
inflammatory marker. As an innate immune molecule, CRP
usually recognizes the Fc receptors to activate the classical
pathway of complement and opsonize the phagocytosis of
phagocytes in host defense (11, 12). Nevertheless, accumulating
evidence indicates that CRP also plays an important role in some
autoimmune diseases, such as systemic lupus erythematosus
(SLE), rheumatoid arthritis (RA) and EAE (13–15). Among
these, EAE has been studied most extensively in recent years,
and it is reported that CRP has a protective role in MOG/MBP
immunized EAE with human CRP transgenic (hCRPtg) mice or
single dose human CRP injection (13, 16). However, the anti-
inflammatory mechanism of CRP in EAE is still unclear and
needs to be further investigated. IFN-g-producing helper T cells
(Th1 cells) and IL-17-producing helper T cells (Th17 cells) are
crucial mediators in both EAE and MS (17, 18). We previously
found that CRP suppresses Th1 response by direct receptor
binding to naïve T cells, and that Th1 response also was
reduced in MOG-immunized EAE model after CRP treatment
(16), whereas we did not detect changes in IL-17 or RORgt when
CD4+ T/naïve T cells were incubated directly with CRP at that
time, so we wanted to investigate whether CRP regulates Th17
response in EAE pathogenesis.

The specific interactions between CRP and T cells are poorly
studied, with initial reports saying that CRP could bind with T
cells and thereby mediate the effective function in mid-1970s, but
later this binding was denied by the same group (19, 20).
Although we proved the direct binding of naïve T cells and
pentamer CRP, this binding was not associated with Th17
regulation. Therefore, we moved our attention to antigen
presenting cells (APCs), which usually express CRP’s three
org 2185186171
traditional receptors (21, 22). APCs internalize extracellular
antigens and present MHC-I/II binding antigen fragments to T
cells, generating antigen-specific CD4+ T cells (23). Some
existing studies reported that CRP participates in CD4+ T cell
responses through APCs, including monocytes, dendritic cells
(DCs), and macrophages (24–26). However, we still don’t know
which type of APC mediates the CRP’s function in EAE. Even
though the Szalai group reported recently that CRP impairs DC
maturation and function, thereby affecting CD4+ T cell responses
in EAE development (27), it is still unclear why they focused on
DCs directly and where did these DCs come from during EAE
onset. Moreover, it is only a theoretical possibility that CRP
affects T cell responses by inhibiting APC maturation, as only T
cell proliferation was assessed in previous studies, and the CD4+

effector T cells have never been detected so far (24, 27). In this
paper, we focus on the effects of CRP on Th17 response, and Th1,
Th2, and Treg are assessed for the first time. Furthermore, we
will investigate the moDCs’ antigen presentation ability
regulated by CRP, something which remains controversial (24,
27, 28), as well as the signaling pathways involved in altering the
antigen presenting molecules by CRP.

With this paper, we demonstrated that CRP regulates Th17
response indirectly by influencing the antigen presenting ability
of moDCs though FcgR2B. In addition, the mechanisms by
which CRP inhibits EAE development are further completed
and elaborated. These findings not only provide profound insight
into the contribution of CRP in host defense, but also put
forward new ideas and potential targets for the intervention of
autoimmune diseases.
MATERIALS AND METHODS

Reagents
Human pentamer CRP, purified from ascites (purity>99%), was
purchased from the Binding Site (BP300.X, Birmingham, United
Kingdom). Generally, CRP was treated to further purification
with immobilized p-Aminophenyl Phosphoryl Choline (Cat:
20307, Lot: RH237939,Thermo Fisher Scientific, Waltham,
MA, USA) and a Detoxi-Gel column (20344, Thermo Fisher
Scientific) packed with Polymixin B ligand immobilized on
beaded affinity resin to bind and extract endotoxins from
protein samples, as has been described in our previous studied
(29, 30). Antibodies to p-STAT1 (Cat: 9167s, Lot: 4), STAT1
(Cat: 9172s, Lot: 25), STAT3 (Cat: 4904s, Lot: 7), p-STAT3 (Cat:
9145s, Lot: 34), p-ERK1/2 (4370s, Cat: 2), ERK1/2 (Cat: 4695s,
Lot: 1) and NF-kB p65 (Cat: 8242s, Lot: 1) were purchased from
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Cell Signaling Technology (Danvers, MA, USA). Anti-mouse
CD25 APC (Cat: 17-02510-82, Lot: 4276862), anti-mouse MHC-
II APC(I-A/I-E) (Cat: 17-5321-81, Lot: 1991457), anti-mouse
CD86 APC (Cat: 17-0862-81, Lot: 1984132), anti-CD3 mAb
(Cat: 16-0031-85, Lot: 4349473), anti-CD28 mAb (Cat: 16-0281-
85, Lot: 1974623), antibodies to RORgt (Cat: 14-6981-82, Lot:
1936480), T-bet (Cat: 14-5825-82, Lot: 2012147) and Mouse
IL-17AF ELISA Set (Cat: 88-8711-88, Lot: 4291151) were
obtained from ebioscience (San Diego, CA, USA). Anti-mouse
CD4 FITC (Cat: 553046, Lot: 5027567), anti-mouse IFN-g PerCP-
Cy5.5 (Cat: 560660, Lot: 5244738), anti-mouse IL-17A PE (Cat:
559502, Lot: 8071502), anti-mouse CD11b PE (Cat: 557397, Lot:
9023691), anti-Mouse CD45 APC (Cat: 559864, Lot: 8277680),
anti-Mouse CD11c FITC (Cat: 557400, Lot: 8060996), anti-Mouse
CD45R/B220 FITC (Cat: 553087, Lot: 8152878), Mouse IFN-g
ELISA Set (Cat: 555138, Lot: 7192700), Mouse IL-10 ELISA Set
(Cat: 555252, Lot: 6154834), BD Pharm lyse™ (Cat: 555899, Lot:
8250695), Fixation/Permeabilization Solution Kit with BD
GolgiPlug™ (Cat: 555028, Lot: 5261614) were purchased from
BD Biosciences (San Jose, CA, USA). Anti-mouse PD-L1 APC
(Cat: 124311, Lot: B277024) and anti-mouse OX40L APC (Cat:
108811, Lot: B274358) were purchased from Biolegend (San
Diego, CA, USA).

Animals
Wild-type mice (strain C57BL/6) were from the Experimental
Animal Center of Xi’an Jiaotong University. CRP−/−mice were
generated through Shanghai Model Organisms Co. Ltd
(Shanghai, China). FcgR2B−/− mice were purchased from
Jackson Lab (Bar Harbor, Maine, USA). All mice were housed
in the same vivarium at constant humidity (60 ± 5%) and
temperature (24 ± 1°C) with a 12-h light/dark cycle. All
procedures for the use of animals were approved by the
Animal Ethics Committee of Xi’an Jiaotong University.

Induction and Evaluation of EAE
Experimental autoimmune encephalomyelitis (EAE) was induced
as we described previously (16). Briefly, 10–12 week old female
mice were immunized subcutaneously with 200 µg myelin
oligodendrocyte glycoprotein (MOG, MEVGWYRSP
FSRVVHLYRNGK) peptide 35–55 (≥99% purity, Shanghai
Science Peptide Biological Technology, Shanghai, China) in
complete Freund’s adjuvant containing 4 mg Mycobacterium
tuberculosis strain H37Ra (Cat: 7027, Lot: 180226, Chondrex,
Redmond, WA, USA). On days 0 and 2, immunized mice
received an intraperitoneal injection of 200 ng pertussis toxin
(PTX, Cat: 181, Lot: 181238A1, List Biological Labs, CA, USA). On
day 2, immunized mice received a single intraperitoneal injection
of 200 mg human CRP or control buffer, and then the development
of EAE was monitored daily. Neurological impairment was
quantified daily on an arbitrary clinical scale: 0, asymptomatic;
1, decrease of tail tonicity; 2, limp tail and weakness of hind
limb; 3, limp tail and partial hind limb paralysis; 4, limp tail,
complete hind limb and partial foreleg paralysis; 5, moribund (31,
32). The splenocytes were isolated at the peak of EAE symptoms
and re-stimulated in vitro with 50 mg/ml MOG peptide 35–55.
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Flow cytometry and ELISA determined intracellular cytokines and
secreted cytokines respectively.

Splenocytes and CD4+ T Cells’ Separation
Splenocytes were directly obtained from the spleens after
removing the red cells by BD Pharm lyse™. CD4+ T cells were
purified from the spleens using MACS kits (Cat: 130-049-201,
Miltenyi Biotec, Bergisch Gladbach, Germany). The splenocytes
and CD4+ T cells were cultured in RPMI 1640 medium (Cat:
11875-093, Gibco) containing 10% fetal bovine serum (BISH5400,
BI), 1% penicillin/streptomycin, 50 uM 2-mercaptoethanol and
were maintained in a humidified incubator with 5% CO2 at 37°C
overnight. The cells were treated in 96-well culture plates (2.5 ×
105 cells in 300 ul per well) with plate-bound anti-CD3 (2 mg/ml,
immobilized overnight at 4°C) and fluid phase anti-CD28 (2 mg/
ml), in the presence or absence of CRP (100 mg/ml), and then
collected after 24 h for mRNA detection and 72 h for
protein detection.

Th Cell Differentiation
The splenocytes and CD4+ T cells were obtained and cultured 3
days under Th1-polarizing conditions (10 ng/ml mIL-2, 20 ng/ml
mIL-12p70, and 10 mg/ml anti-IL-4 mAb) or Th17-polarizing
conditions (25 ng/ml IL-6, 5 ng/ml TGF-b, 20 ng/ml IL-1b, 10 mg/
ml anti-IL-4 mAb and 10 mg/ml anti-IFN-g mAb) (33, 34). The
cells were transferred to a 24-well plate for an additional 2 days’
expansion. At the end of the culture, PMA (20 ng/ml), ionomycin
(1 mg/ml), and BD GolgiPlug protein transport inhibitor
containing brefeldin A were added for 4 h incubation. Cells
were then collected for Flow Cytometry analysis.

Immune Cells’ Isolation From Peripheral
Blood and CNS
Mice were anesthetized by tribromoethanol, and the blood was
collected from the eyeballs of mice. Mice were then perfused
through the left ventricle with cold PBS. Brains and spinal cords
were dissected and grounded through a cell strainer (70 mm),
then re-suspended in 3 ml 30% percoll (GE, Cat: 17-0891-01, Lot:
1024671), and layered slowly on top of the 10 ml 70% percoll.
After 30 min centrifugation at 800×g at 18°C (Acceleration,3;
Deceleration,2), the layer of debris from the top of the tube was
gently removed. Mononuclear cells were collected from the 70 to
30% interphase into a clean conical tube with 8 ml of 1× HBSS
and washed for three times by centrifugation for 10 min at 500×g
at 18°C. Finally, the cells were re-suspended in culture medium
for flow cytometry.

moDCs’ Generation, Culture, and
Activation
Mouse moDCs were isolated from peripheral blood
mononuclear cells (PBMCs) of 6–8 weeks old mice. Briefly,
PBMCs were obtained through Ficoll gradient centrifugation,
and after a 2 h adherence in 75 cm2

flasks, the non-adherent cells
were removed and the adherent cells were cultured in RPMI 1640
containing 10% fetal bovine serum, 20 ng/ml GM-CSF (Cat: 415,
Lot: BJ2519024, R&D), 10 ng/ml IL-4 (Cat: 550067, Lot:
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8151542, BD Biosciences). The culture medium was replaced 3/4
on days 2 and 4. On day 6, the cells were harvested and seeded
(1 × 105/ml) in 24-well plates with or without CRP (100 mg/ml),
and LPS (1 ug/ml) was added for moDC maturation on day 8.
The moDCs were then harvested for flow cytometry and western
blot on day 9.

Real-Time PCR and Western Blot
Total RNA was extracted with RNAiso Plus reagent (9190,
Takara, Shiga, Japan), and reverse transcribed using a Prime
Script RT Master Mix Kit (RR036A, Takara). The target genes
were quantified by quantitative real-time PCR using RealStar
Green Power Mixture (A311, Genestar, Beijing, China) in a
StepOne Plus real-time PCR system (Thermo Fisher
Scientific).The primer sequences used were: GAPDH (forward:
5′-GGAGAAACCTGCCAAGTATGA-3′; reverse: 5′-GTGGG
TGCAGCGAACTTTA-3′); IL-17 (forward: 5′-GCTGACCCCT
AAGAAACCCC-3′; reverse: 5′-GTCCACAGAAAAACAAA
CACGA-3′); IFN-g (forward: 5′-CGGCACAGTCATTGAAAG
CCTA-3′; reverse: 5′-CTCTGCAGGATTTTCATGTCACC-3′);
IL-4 (forward: 5′-TTCCAAGGTGCTTCGCATA-3′; reverse: 5′-
TGCAGCTTATCGATGAATCCA-3′); IL-10 (forward: 5′-
GCCTTATCGGAAATGATCCAGT-3′; reverse: 5′-GAAATC
GATGACAGCGCCTC-3′); RORgt (forward: 5′-GGATGAGA
TTGCCCTCTACAC-3′; reverse: 5′-AGGAGGCCTTGTCG
ATGAG-3′); T-bet (forward: 5′-CCATTCCTGTCCTTCAC
CG-3′; reverse: 5′-CTGCCTTCTGCCTTTCCAC-3′); GATA-3
(forward: 5′-CTGGATGGCGGCAAAGC-3′; reverse: 5′-GTGG
GCGGGAAGGTGAA-3′); Foxp3 (forward: 5′-AAGTACCACA
ATATGCGACCC-3′; reverse: 5′-GTAGGCGAACATGCGAG
TAA-3′); MHCII (forward: 5′-TTACCAAGTACGGCAACA
TGACC-3′; reverse: 5′-AGATCTTCCAGTTCACGCCAT-3′);
CD86 (forward: 5′-ACGCAAGCTTATTTCAATGGGA-3′;
reverse: 5′-AAATAGTGCTCGTACAGAACCA-3′); CD80
(forward: 5′-TTGCCGTTACAACTCTCC-3′; reverse: 5′-GTTC
TTATACTCGGGCCACA-3′); CD70 (forward: 5′-CGCCTGA
CATACCTGGTCCAC-3′; reverse: 5′-AGGGCATATCCA
CTGAACTCC-3′); ICOS-L (forward: 5′-ACACAACGGACA
ATAGCCTA-3′ ; reverse: 5′-GGAGAGCCACATTCTC
TACGC-3′); PD-L1 (forward: 5′-GTCAATGCCCCATACCGC
AAA-3′; reverse: 5′-TTCTCTTCCCACTCACGGGTT-3′); PD-
L2 (forward: 5′-GCCTCTACCAGGTCACCAGT-3′; reverse: 5′-
ACTTTGGGTTCCATCCGACT-3′); Ox40L (forward: 5′-ATTG
ACCTTCATTTCCGGGAG-3′; reverse: 5′-AGTATCAGGA
GCATTTACAGT-3′); BTLA (forward: 5′-CCCCTTGAAGTT
GGTCCTC-3′; reverse: 5′-TGTAGAACAGCTATACGACCC-
3′); HVEM (forward: 5′-ATTCCTCATCTGCACGCGAAG-3′;
reverse: 5′-CAGCAAACCCAACCTCGGTGA-3′); SLAM
(forward: 5′-TCCCCTCCAGAGATTAAAGTGC-3′; reverse:
5′-TGTAAGTCACATGGTCCCCTT-3′); 4-1BBL (forward: 5′-
AACAAGTTAGTGGACCGTTCCT-3′; reverse: 5′-GCTCCA
TGCAGATAAGCCCTCA-3′).

Cells were lysed in RIPA lysis buffer (10 mM Tris-HCL at pH
9.6, 1 mM EDTA, 150 mMNaCl, 1% NP-40, and 0.5 mM PMSF)
supplemented with protease/phosphatase inhibitor. Proteins
were denatured and electrophoresed in 8% Glycine-Tris/
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polyacrylamide gels and transferred to PVDF membranes. The
membranes were blocked by TBST containing 5% BSA for 2 h
and incubated in primary antibodies at 4°C overnight, labeled
horseradish peroxidase conjugated antibodies and detected using
a Fusion FX System. The blots were analyzed and quantified by
Image J software.

Histological Staining and Analyzing
After mice were sacrificed, the spinal cords were fixed with 10%
neutral formalin, dehydrated and embedded in paraffin, and then
cut into 5-mm sections. After drying at 42°C overnight, the
spinal sections were dewaxed in xylol, rehydrated, stained with
hematoxylin–eosin (H&E) and luxol fast blue (LFB), according
to the manufacturers’ instructions. Tissue inflammation and
demyelination were assessed by Image J pro software.

Flow Cytometry
Spleen single cell suspension and cultured differentiated T cells
were prepared after PBS washing; anti-mouse CD16/32 mAb
(AF1460, Abcam, MA, USA) was used to block the non-specific
binding. The combination of surface staining and intra-cellular
cytokines staining was used in FACS. For surface makers’ staining,
cells and fluorescent antibodies (for CD3, CD220, CD45, CD4,
CD25) were incubated directly for 30 min at 4°C. Cells were fixed
and permeabilized with a Fixation/Permeabilization Solution Kit
(555028, BD Biosciences) for 20 min at room temperature before
cytokine staining. For intracellular staining, specific fluorescent
antibodies for cytokines (IFN-g, IL-17, IL-4, IL-10) were incubated
with cells for 30 min at 4°C. All FACS antibodies for flow
cytometry were purchased from BD Biosciences and used
according to the manufacturer’s instructions. Analysis was
performed using a Beckman Coulter Cytoflex Flow Cytometer
and FlowJo software.

Statistical Analysis
Data are presented as the means ± SEM. Statistical analysis
among groups was performed using one-way ANOVA with
Tukey post hoc test. All statistical analyses were performed
using Graph Pad Prism 7.0; p <0.05 was considered
statistically significant.
RESULTS

Th17 Responses Are Inhibited in Wild Type
EAE Mice With One-Dose CRP Injection
To investigate whether CRP participates in Th17 response in
EAE, WT C57BL/6 mice were immunized by myelin
oligodendrocyte glycoprotein (MOG) in complete Freund’s
adjuvantand pertussis toxin, with a single-dose injection of
human CRP treatment. Unsurprisingly, the CRP-treated EAE
mice showed a milder state of pathology than the vehicle-treated
EAE mice (TBS-Ca2+), assessed by clinical score, body weight,
HE, and LFB staining (Supplementary Figure 1), which is in
agreement with published data (13, 16). We next collected the
splenocytes to re-stimulate with MOG to evaluate the activation
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of CD4+ T cell subsets at the peak of EAE disease. The results
showed that IL-17 and RORgt expression were high in EAE
vehicle mice, while they were significantly decreased in CRP-
treated EAE mice (Figure 1A). The IFN-g and T-bet expression
were also greatly reduced in CRP-treated EAE mice compared to
their untreated littermates (Figure 1B), which is consistent with
our previous findings (16). Meanwhile, there was no significant
difference in the expression of IL-4 or GATA-3, genes relevant
for Th2 function (Figure 1C); or in the expression of IL-10 or
Foxp3, genes relevant for Treg function (Figure 1D). These data
were further validated at a single cell level by flow cytometry
analysis of Th17 and Th1 cells. As shown in Figure1E, CD4+ IL-
17+ T cells and CD4+ IFN-g+ T cells were lower in CRP-treated
EAE mice than in vehicle-treated EAE mice (CD4+ T cells were
gated first), whereas Th2 and Treg subsets did not exhibit these
changes and were always low in abundance (data not shown).
Frontiers in Immunology | www.frontiersin.org 5188189174
These data indicated that Th17 responses were suppressed in
MOG-induced EAE by CRP injection.

CRP Suppresses the Th17 Responses
Only in Splenocytes, But Not Isolated
CD4+ T Cells
As we discussed in the Introduction, we hypothesized that CRP
could participate in Th17 response indirectly in virtue of antigen
presenting cells to shape T cell responses in EAE. However, it was
too premature to say definitively which kind of APCs mediates
this process. To verify our hypothesis and simulate the direct and
indirect effects of CRP on Th17 response, we employed magnetic
beads isolated CD4+ T cells and erythrocyte-lysed splenocytes,
respectively, from WT mice to incubate with human CRP and
vehicle. It should be emphasized that splenocytes contain not
only all the kinds of APCs but also T cells; yet, since there was no
A B

C D

E

FIGURE 1 | The Th17 responses are suppressed by one-dose CRP injection in WT EAE mice.Splenocytes were isolated form EAE and EAE CRP mice, then re-
stimulated with 50 ug/ml MOG 24 h for qPCR, 72 h for ELISA and FACS. (A) Th17 relevant cytokine (IL-17) and transcription factor (RORgt) were examined by
qPCR and ELISA (n = 8). (B) Th1 relevant cytokine (IFN-g) and transcription factor (T-bet) were measured by qPCR and ELISA (n = 8). (C) Th2 relevant cytokine (IL-4)
and transcription factor (GATA-3) were detected by qPCR and ELISA (n = 8). (D) Th2 relevant cytokine (IL-10) and transcription factor (Foxp3) were tested by qPCR
and ELISA (n = 8). (E) Th17 (CD4+ IL-17+) and Th1 (CD4+ IFN-g+) cells were examined by FACS (n = 3). Data are presented as mean ± SEM; p < 0.05 was
considered statistically significant.
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direct effect of CRP on Th17 cells, the splenocytes served to
model an indirect APC-mediated regulation of CRP on Th17.
We first measured the expression of IL-17 after direct incubation
of CRP with splenocytes and CD4+ T cells. These results showed
that the level of IL-17 in the splenocytes group was obviously
lower in CRP-treated samples than in vehicle samples, while in
CD4+ T cell group, there was no change with CRP treatment.
This finding was consistent in protein and gene levels (Figures
2A, B). At the same time, the expression of IFN-g was weakened
with CRP treatment in both splenocytes and CD4+ T cells
(Figures 2A, B). To determine whether CRP affects the Th17/
Th1 differentiation, we cultured the splenocytes and CD4+ T cells
in Th17 and Th1 differentiation conditions to examine the
expression of transcription factors and signal transducer and
activator of transcription (STATs) by western blotting. Here,
TGF-b, IL-1b and IL-6 were used to induce Th17 differentiation,
while IL-12 was used to induce Th1 differentiation, then RORgt
and p-STAT-3 were examined in Th17 differentiation, while T-
bet and p-STAT-1 were examined in Th1 differentiation. RORgt
and p-STAT-3 were down-regulated with CRP stimulation in the
splenocytes, but not in CD4+ T cells (Figures 2C, D). On the
Frontiers in Immunology | www.frontiersin.org 6189190175
contrary, T-bet and p-STAT-1 expressions were substantially
diminished in CRP-treated splenocytes and CD4+ T cells
compared to vehicle (Figures 2C, D). Collectively, our data
clearly demonstrated that the Th17 response was attenuated
indirectly by CRP treatment in vitro experiments, that is, with
the help of APCs, but Th1 response could be regulated both
directly and indirectly by CRP.

Monocyte Derived CD11b+ CD11c+ DC
Cells Mediate the Interaction of CRP on
Th17 Response
Immune cell infiltration is one of the core events in EAE
development (35, 36). In addition to the encephalitogenic T
cells, antigen presenting cells including B cells, macrophages, and
DCs can infiltrate into the CNS and theoretically participate in T
cell responses. Moreover, published reports have proposed that
CRP influences the expression of chemokines and chemokine
receptors, and thus participates in the migration and movement
of immune cells into the CNS to modulate neuroinflammation
(37, 38). To identify the candidate APCs that mediate the Th17
response by CRP and to see whether CRP affects the degree of
A

C D

B

FIGURE 2 | CRP reduces Th17 responses in splenocytes from WT mice.Splenocytes and CD4+ T cells were isolated from WT mice to distinguish the indirect
and direct regulations of CRP on Th17. (A) The protein expression levels of IL-17 and IFN-g were measured with CRP treatment in both splenocytes and CD4+

T cells by ELISA (n = 6). (B) The mRNA expression levels of IL-17 and IFN-g were measured with CRP treatment in both splenocytes and CD4+ T cells by qPCR
(n = 4). (C) Splenocytes and CD4+ T cells were cultured with CRP in Th17 and Th1 polarization conditions, then RORgt, T-bet, p-STAT-3, and p-STAT-1 were
examined by WB. (D) The quantitative and statistical analysis of the WB results was presented (n = 3). Data are presented as mean ± SEM; p < 0.05 was
considered statistically significant.
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immune cell infiltration to trigger Th17 response, the immune
cell composition of blood and CNS from healthy mice (control),
EAE mice and CRP-treated EAE mice were analyzed by flow
cytometry. Our data revealed that compared to control mice,
EAE mice maintained a similar percentage of T cells
(CD45+CD3+ T cells) in the blood, whereas in CNS, T cells
Frontiers in Immunology | www.frontiersin.org 7190191176
were increased from 5 to 25% of total immune cells in EAE mice
(Figures 3A, E, F). The percentage of B cells (CD45+B220+

B cells) was decreased from 55 to 25% in the blood, but they had
no obvious difference in the CNS between control and EAE mice
(Figures 3B, E, F). Unexpectedly, the percentage of blood
monocytes was raised from 30 to 80% in EAE mice compared
A
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F

D

FIGURE 3 | Analysis of immune cell composition of blood and CNS during the effector phase of EAE in WT mice.Flow cytometry of T cells (A), B cells (B) and monocytes
(C) in the blood and CNS from WT control mice, WT EAE vehicle mice and WT EAE CRP mice (n = 6). (D) The CNS-infiltrating CD45high CD11b+ myeloid cells were proved
to be CD11b+ CD11c+ DCs. (E) The quantitative and statistical analyses of the immune cells in blood were presented (n = 6). (F) The quantitative and statistical analyses of
the immune cells in CNS were presented (n = 6). Data are presented as mean ± SEM; p < 0.05 was considered statistically significant. ns, no significance.
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to control mice, and in CD45+CD11b+ cells its level was elevated
from 3 to 40% in the CNS during EAE (Figures 3C, E, F).
Further analysis showed that the population of CD45high
CD11b+ cells were CD11b+CD11c+ DCs (Figure 3D). In
addition to T cells, the majority of immune cells that
infiltrated into the CNS were CD11b+ CD11c+ DCs in EAE
mice. Notably, CRP treatment did not affect the ratio of T cells, B
cells, and monocytes/macrophages/DCs in EAE mice. Therefore,
it was plausible that moDCs may be the mediators of CRP-
triggered Th17 response and that CRP did not alter the
percentages of these immune cells in the blood and CNS.

FcgR2B on moDCs Mediates the
Regulation of CRP on Th17 Response
There are three major CRP receptors expressed on DCs,
including FcgRI, FcgRII, and FcgRIII (39–41), but the FcgR2B
Frontiers in Immunology | www.frontiersin.org 8191192177
is the only one that has been reported to mediate CRP function in
EAE (27, 42). We were therefore interested in whether FcgR2B
on moDCs could mediate the CRP function on Th17. We
constructed the same EAE model using FcgR2B−/− mice as we
performed in WT mice and found that the pathology of
FcgR2B−/− EAE mice was slightly ameliorated with CRP
injection as evidenced by clinical score, weight, and
histochemistry analysis (Supplementary Figure 1), suggesting
that CRP can regulate EAE not only by suppressing the response
of Th1 cells, but also by an APCs independent mechanism. We
next isolated the splenocytes for MOG re-stimulation from
FcgR2B−/− EAE mice with and without CRP treatment and
found that the levels of IL-17 and RORgt expression were
unaltered between these two groups (Figure 4A), which was
opposed to the results obtained from WT mice (Figure 1A).
However, IFN-g and T-bet expression remained decreased in
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FIGURE 4 | The decrease in Th17 response disappeared in FcgR2B−/− EAE mice with CRP injection.(A) qPCR and ELISA analysis of IL-17 and RORgt
expression in splenocytes and CD4+ T cells from FcgR2B−/− EAE mice and FcgR2B−/− EAE CRP (n = 8). (B) qPCR and ELISA analysis of IFN-g and T-bet
expression in splenocytes and CD4+ T cells from FcgR2B−/− EAE mice and FcgR2B−/− EAE CRP (n = 8). (C) qPCR and ELISA analysis of IL-4 and
GATA-3 expression in splenocytes and CD4+ T cells from FcgR2B−/− EAE mice and FcgR2B−/− EAE CRP (n = 8). (D) qPCR and ELISA analysis of IL-10 and
Foxp3 expression in splenocytes and CD4+ T cells from FcgR2B−/− EAE mice and FcgR2B−/− EAE CRP (n = 8). (E) Flow cytometry analysis of Th17 (CD4+

IL-17+) and Th1 (CD4+ IFN-g+) cells by cell surface and intercellular staining from FcgR2B−/− EAE mice and FcgR2B−/− EAE CRP (n = 3). Data are presented as
mean ± SEM; p < 0.05 was considered statistically significant.
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these two groups, which were consistent with WT mice (Figures
4B and 2B). Also, there were no expression difference of IL-4,
GATA-3, IL-10, and Foxp3 by MOG re-stimulation in the above
two groups (Figures 4C, D). In addition, the decrease of CD4+

IL-17+ T cells in WT mice disappeared in FcgR2B−/− mice, but
the CD4+ IFN-g+ T cells’ percentage was still reduced in
FcgR2B−/− mice as in WT mice (Figure 4E), CD4+ IL-4+ T
cells, and CD4+ CD25+ Foxp3+ T cells had not detected the
signals (data not shown).

Furthermore, splenocytes and CD4+ T cells were isolated
from FcgR2B−/−mice and incubated with or without CRP to look
at whether FcgR2B mediates the CRP function on Th17 in vitro
experiments. The ELISA analysis revealed that the IL-17
expression had no significant changes in splenocytes or CD4+

T cells with CRP stimulation from FcgR2B−/− mice, while the
IFN-g expression was diminished in both splenocytes and CD4+

T cells in FcgR2B−/− mice (Figure 5A). Further, qPCR analysis
yielded similar results (Figure 5B). Moreover, we assessed the
RORgt/T-bet and p-STAT-3/p-STAT-1 expressions under Th1
and Th17 polarization conditions in FcgR2B−/− mice by WB.
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These data showed that RORgt and p-STAT-3 expression were
unaltered with CRP treatment both in splenocytes and CD4+ T
cells under Th17 polarization, whereas under Th1 polarization,
the expressions of T-bet and p-STAT-1 remained down-
regulated by CRP treatment both in splenocytes and CD4+ T
cells (Figure 5C). Statistical and quantitative analysis of WB
were shown in Figure 5D. Collectively, our data clearly
demonstrated that FcgR2B mediated the function of CRP on
Th17 response in vivo and in vitro.

CRP Attenuates the Capability of Antigen
Presentation of CNS Infiltrated moDCs
Through FcgR2B
We have proven that the increased monocytes in the blood
infiltrate the CNS and differentiate into DCs during EAE
development. Meanwhile, because we did not detect any
percentage changes of these infiltrated immune cells caused by
CRP treatment, so we speculated that CRP may reduce the
antigen presentation ability of these monocyte derived DCs
(moDCs) to participate in Th17 response and which could be
A

C D

B

FIGURE 5 | The decrease in Th17 response disappeared in FcgR2B−/− splenocytes.Splenocytes and CD4+ T cells were isolated from FcgR2B−/− mice to distinguish
the indirect and direct regulations of CRP on Th17. (A) The protein expression levels of IL-17 and IFN-g were measured in FcgR2B−/− splenocytes and FcgR2B−/−

CD4+ T cells with or without CRP treatment (n = 6). (B) The mRNA expression levels of IL-17 and IFN-g in FcgR2B−/− splenocytes and FcgR2B−/− CD4+ T cells with
or without CRP treatment (n =4). (C) FcgR2B−/− splenocytes and FcgR2B−/− CD4+ T cells were isolated and incubated with or without CRP in Th17 and Th1
polarization condition, then RORgt, T-bet, p-STAT-3, and p-STAT-1 were detected by WB (n = 3). (D) The quantitative and statistical analysis of the WB results was
presented (n = 3). Data are presented as mean ± SEM; p < 0.05 was considered statistically significant. ns, no significance.
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mediated by FcgR2B expressed on moDCs. To test our
speculation, moDCs were successfully isolated from PBMCs
and established by GM-CSF and IL-4 as reported (43, 44), and
LPS was added as a positive activator for antigen presentation
molecules. Some crucial antigen presentation molecules were
screened and verified in moDCs from WT mice by qPCR,
including MHC-II, CD86, CD80, CD70, COSL-1, PD-L1, PD-
L2, OX40L, BTLA, HEVM, SLAM, and 4-1BBL (Supplementary
Figure 2A), which were reported to be involved in modulating
Frontiers in Immunology | www.frontiersin.org 10193194179
antigen presentation ability (45–47). The qPCR analysis showed
that MHC-II, CD86, PD-L1, and OX40L had a lower expression
in LPS CRP stimulation than LPS stimulation alone (Figure 6A).
However, the difference in PD-L1 and OX40L expression was
lost when we reexamined them by FACS (Supplementary
Figures 2B, C). moDCs were next incubated with LPS from
CRP−/− mice and WT mice, and we found that the expression of
MHC-II and CD86 was increased in CRP−/− mice compared to
moDCs with LPS from WT mice. Even with no LPS, moDCs
A

B

D
E

C

FIGURE 6 | CRP diminishes the antigen presenting ability of moDCs though FcgR2B. (A) The mRNA expression levels of MHC-II, CD86, PDL-1, and OX40L were
measured in LPS and LPS CRP samples from WT moDCs by qPCR (n = 6). (B, D) moDCs were established from WT mice and CRP−/− mice, then incubated with or
without CRP and LPS. The expression of MHC-II and CD86 was analyzed by flow cytometry and the MFI was recorded (n = 4). (C, E) moDCs were established from
FcgR2B−/− mice and cultured with or without CRP and LPS, then the expression of MHC-II and CD86 was analyzed by flow cytometry and the MFI was recorded
(n = 4). Data are presented as mean ± SEM; p < 0.05 was considered statistically significant. ns, no significance.
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from CRP−/− mice had a higher expression of MHC-II and CD86
than from WT mice (Figures 6B, D). Next, we used FcgR2B−/−

mice to further assess whether FcgR2B mediates the attenuation
of antigen presentation ability of moDCs by CRP. The expression
of MHC-II and CD86 had no apparent difference in LPS and
CRP-treated samples compared to LPS alone (Figures 6C, E).
Taken together, these results indicated that CRP attenuated the
antigen presentation ability of CNS infiltratory moDCs by
inhibiting the expression of MHC-II and CD86, and this
process was mediated by FcgR2B expressed on moDCs.

NF-kB and ERK Signaling Pathways
Involve in Suppressing the Expression of
MHC-II and CD86 in moDCs by CRP
Many previous studies have substantiated unequivocally that
NF-kB is a crucial regulator of DCs for antigen presentation and
therefore is involved in DC maturation (23, 48, 49). ERK is a
another signaling molecule that contributes to DCs’ survival and
maturation through increasing the TNF-a production (50). To
delineate the signaling pathways underlying the observed effects
Frontiers in Immunology | www.frontiersin.org 11194195180
of CRP on antigen presentation ability of DCs via FcgR2B,
moDCs were established from WT mice, CRP−/− mice, and
FcgR2B−/− mice, then the expressions of NF-kB (p65) and ERK
were evaluated by WB. In WT mice, WB and quantitative
analysis showed a significant decrease of NF-kB and
phosphorylated ERK in LPS and CRP stimulated samples
when compared to LPS stimulation alone, but there was no
difference in vehicle and CRP samples (Figure 7A). Opposite
results were obtained by using moDCs from WT mice and
CRP−/− mice; a higher NF-kB and phosphorylated ERK
expression in CRP−/− mice than in WT mice (Figure 7B)
indicated that CRP played an important role in maintaining
the moderate activation of antigen presenting cells. In FcgR2B−/−

mice, the NF-kB and phosphorylated ERK did not differ
significantly between LPS and LPS CRP samples (Figure 7C),
presumably because the absence of FcgR2B prevented CRP from
interfering with DCs’ antigen presentation. Overall, our results
indicated that NF-kB and ERK signaling were involved in
FcgR2B-mediated effects of CRP on antigen presentation and
Th17 response.
A B C

FIGURE 7 | NF-kB and ERK signaling is involved in decreasing the antigen presenting ability of moDCs by CRP.(A) Western Blot and quantitative analyses of NF-kB
and p-ERK in moDCs from WT mice with or without LPS and CRP (n = 3). (B) Western Blot and quantitative analyses of NF-kB and p-ERK in moDCs from WT mice
and CRP−/− mice with or without LPS and CRP (n = 3). (C) Western Blot and quantitative analyses of NF-kB and p-ERK in moDCs from FcgR2B−/− mice with or
without LPS and CRP (n = 3). Data are presented as mean ± SEM; p < 0.05 was considered statistically significant.
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DISCUSSION

In a previous study, we reported that CRP modulates Th1 and
Th2 responses directly by binding to naïve T cells, but there was
no effect observed on Th17 response at that time. In this paper,
we focused on whether CRP participates in the Th17 response
and explored the indirect regulation of CRP on Th17 via APCs.
Initially, the MOG-induced EAE model was utilized to prove the
Th17 response was suppressed in vivo with CRP injection, then
we used splenocytes and CD4+ T cells to distinguish the
difference in Th17 and Th1 response in vitro, further
speculating that a potential possible of CRP is to act on Th17
response indirectly through APCs. Secondly, we analyzed the
immune cell composition in the blood and CNS during the peak
of EAE and found that apart from T cells, the moDCs were the
main immune cells infiltrating into the CNS, which provides the
possibility of CRP to participate in Th17 regulation. Thirdly,
FcgR2B had been reported to have a crucial role in EAE
regulation of CRP, so FcgR2B−/− mice were used to verify that
CRP participates in Th17 response regulation by FcgR2B in vivo
and in vitro. Finally, the antigen presenting molecules were
screened in moDCs from WT mice, which could be influenced
by CRP treatment, and NF-kB and ERK signaling was proved to
be involved in this process.

Although many previous studies have reported the regulatory
role of CRP on normal DCs (27, 42, 51, 52), the studies of CRP
on monocyte derived DCs were limited and controversial (24,
28), and their concern with DCs was only because the DCs could
express the CRP receptors, but in our study, we focused on DCs
because we had solid data to demonstrate that moDCs are the
main immune cells infiltrating the CNS to elicit an indirect T cell
response in EAE. Moreover, we concentrated on the regulation of
CRP on Th17 in EAE; this is very different from previous studies.
Our data showed clearly that Th17 and Th1 responses were
impaired when the antigen presenting molecule expressions were
inhibited by CRP; previous studies did not investigate CD4+ T
cell subtypes, but instead only evaluated T cell proliferation.
Frontiers in Immunology | www.frontiersin.org 12195196181
Furthermore, we have more comprehensively explored the
mechanism. WT mice, CRP−/− mice, and FcgR2B−/− mice were
used to demonstrate the importance of CRP on the antigen
presenting ability of moDCs, and finally NF-kB and ERK
signaling and the FcgR2B receptor were confirmed to be
involved in this process.

Most important, we verified that moDCs are the main antigen
presenting cells in EAE, and we described a precise pathway for
inflammatory immune cell infiltration during EAE development,
from bone marrow hematopoietic stem cells to blood monocytes
to CNS DCs. More concretely, when the mice were immunized
with MOG in complete Freund’s adjuvant, the blood monocytes
were increased sharply and implicated as essential players in
defense against microbial pathogens; then they were activated
and differentiated into macrophages and DCs, infiltrating the
CNS. Meanwhile, in CRP-treated mice, CRP was injected
intraperitoneally into mice and absorbed into the blood
through the capillaries, where these immune cells could be
primed by CRP, thereby influencing monocyte differentiation
and maturation. Eventually these immune cells infiltrate the CNS
and trigger specific CD4+ T cell responses. Nevertheless, these
circulating blood monocytes usually descend from self-renewing
hematopoietic stem cells that initiate myeloid differentiation (53,
54) (Figure 8).

During all the data collection, Th17 and Th1 relevant data
were always harvested together, because both Th1 and Th17
subsets are the main mediators of EAE (55), and we wanted to
know all the contributions of CRP on EAE remission. Moreover,
we proposed that the regulation of CRP on Th17 requires the aid
of APCs, while for Th1 modulation, direct and indirect
regulations work together, so there is a difference of CRP on
Th17 and Th1 responses. Furthermore, we should note that the
indirect regulation is not specific to Th17 response, but also
affects Th1 and Th2 responses, depending on the disease state
and the immune microenvironment at that time. In this regard,
all T cell mediated autoimmune diseases like SLE and RA could
theoretically be improved by CRP with the help of APCs. Overall,
FIGURE 8 | Schematic model demonstrating immune cells infiltrating from the bone marrow to the CNS in EAE.
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the indirect APC-mediated pathway presented in this paper
enriches our understanding of how CRP regulates T cells and
leads to EAE remission.

In conclusion, although CRP is an innate molecule, more and
more studies focus on its acquired immune function in recent years.
Our present work expands on the existing research, and we put
forward a new way for CRP participating in the regulation of Th17
response in EAE, an effect which depends on the APCs and is
mediated through FcgR2B, as well as NF-kB and ERK signaling
pathways. Our study adds a new dimension to understand the
multi-faceted effects of CRP in EAE remission, which suggests that
CRPmay be a novel drug target for the fundamental prevention and
treatment of MS and other T-cell mediated autoimmune diseases.
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Supplementary Figure 1 | CRP alleviates MOG-immunized EAE severity both in
WT mice and FcgR2B-/- mice. (A) The clinical sores of EAE were recorded daily in
WT mice and FcgR2B-/- mice respectively. (B) The body weight was recorded daily
in WT mice and FcgR2B-/- mice, which is consistent with EAE severity. (C) The
degree of demyelination of each group was shown in LFB staining. (D) HE staining
displayed the infiltration of immune cells for each groups. Data are presented as
mean ± SEM, p < 0.05 was considered statistically significant.

Supplementary Figure 2 | CRP effects the antigen presenting ability of moDCs
from WT mice. (A) Antigen presenting molecular MHC-II, CD86, CD80, CD70,
COSL-1, PD-L1, PD-L2, OX40L, BTLA, HEVM, SLAM and 4-1BBL were screened
by qPCR (n = 6). (B) Flow cytometry of PD-L1 was no apparent difference between
LPS and LPS CRP treated samples (n = 4). (C) Flow cytometry of OX40l was
unchanged between LPS and LPS CRP treated samples (n = 4). Data are presented
as mean ± SEM, p < 0.05 was considered statistically significant.
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Zúñiga TM, Simpson RJ

and Katsanis E (2021) Regulatory
Dendritic Cells Induced by

Bendamustine Are Associated With
Enhanced Flt3 Expression and

Alloreactive T-Cell Death.
Front. Immunol. 12:699128.

doi: 10.3389/fimmu.2021.699128

ORIGINAL RESEARCH
published: 24 June 2021

doi: 10.3389/fimmu.2021.699128
Regulatory Dendritic Cells Induced
by Bendamustine Are Associated
With Enhanced Flt3 Expression and
Alloreactive T-Cell Death
Megan S. Molina1,2, Emely A. Hoffman1, Jessica Stokes1, Nicole Kummet1,3,
Kyle A. Smith4,5, Forrest Baker1,5, Tiffany M. Zúñiga5, Richard J. Simpson1,2,5,6
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The growth factor Flt3 ligand (Flt3L) is central to dendritic cell (DC) homeostasis and
development, controlling survival and expansion by binding to Flt3 receptor tyrosine
kinase on the surface of DCs. In the context of hematopoietic cell transplantation, Flt3L
has been found to suppress graft-versus-host disease (GvHD), specifically via host DCs.
We previously reported that the pre-transplant conditioning regimen consisting of
bendamustine (BEN) and total body irradiation (TBI) results in significantly reduced
GvHD compared to cyclophosphamide (CY)+TBI. Pre-transplant BEN+TBI conditioning
was also associated with greater Flt3 expression among host DCs and an accumulation of
pre-cDC1s. Here, we demonstrate that exposure to BEN increases Flt3 expression on
both murine bone marrow-derived DCs (BMDCs) and human monocyte-derived DCs
(moDCs). BEN favors development of murine plasmacytoid DCs, pre-cDC1s, and cDC2s.
While humans do not have an identifiable equivalent to murine pre-cDC1s, exposure to
BEN resulted in decreased plasmacytoid DCs and increased cDC2s. BEN exposure and
heightened Flt3 signaling are associated with a distinct regulatory phenotype, with
increased PD-L1 expression and decreased ICOS-L expression. BMDCs exposed to
BEN exhibit diminished pro-inflammatory cytokine response to LPS and induce robust
proliferation of alloreactive T-cells. These proliferative alloreactive T-cells expressed
greater levels of PD-1 and underwent increased programmed cell death as the
concentration of BEN exposure increased. Alloreactive CD4+ T-cell death may be
attributable to pre-cDC1s and provides a potential mechanism by which BEN+TBI
conditioning limits GvHD and yields T-cells tolerant to host antigen.
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INTRODUCTION

Fms-like tyrosine kinase 3 (Flt3) (aka CD135, Flk2, STK1)
is a receptor tyrosine kinase that binds the growth factor
Flt3 Ligand (Flt3L) (1–5). Flt3 is expressed by early
hematopoietic cells and controls their survival and expansion
(3, 4, 6, 7). Flt3 expression is lost as hematopoietic precursors
differentiate, but expression is maintained on dendritic cells
(DCs) through their terminal differentiation (8, 9). Flt3
signaling is crucial to the homeostasis and development of
steady state DCs (3, 10–17). Given the critical role of DCs in
graft-versus-host disease (GvHD) (18, 19) and graft-versus-
leukemia (GvL) (20), Flt3L has been investigated by numerous
groups in the context of hematopoietic stem cell transplantation
(HSCT). Administration of Flt3L to recipients prior to transplant
significantly reduces GvHD, an effect largely attributed to
increased numbers of host CD8a+ type 1 conventional DCs
(cDC1s) capable of inducing clonal deletion of alloantigen-
specific T-cells (21–23).

Previous work from our laboratory using murine bone
marrow transplantat ion (BMT) models found that
bendamustine (BEN) supplemented with total body irradiation
(TBI) conditioning results in significantly reduced GvHD and
improved survival compared to cyclophosphamide (CY)+TBI,
the standard regimen used in cases of acute lymphoblastic
leukemia (ALL) (24–27). BEN is a cytotoxic alkylating agent
with diverse immunomodulatory properties (24–26, 28–33).
Importantly, BEN+TBI conditioning yields donor T-cells
that are tolerant to host, while preserving T-cell-dependent
GvL (26). BEN+TBI also results in a more favorable host DC
composition at the time of transplant, with increased frequencies
of cDC1s, most substantially pre-cDC1s (27). Host DCs from
BEN-treated mice also display greater Flt3 expression compared
to CY-treated DCs (27). It remains unclear if increased Flt3
expression is a direct effect of BEN. Given the clear advantage of
enhanced Flt3 signaling in host DCs in the context of
transplantation, this warranted further investigation. Moreover,
it is not understood whether enhanced Flt3 expression alters DC
development or function in the same manner as administration
of exogenous Flt3L.

Here we investigate the ability of BEN to directly induce
increased Flt3 expression in murine bone marrow (BM)
progenitors and DCs, and examine the effect of BEN exposure
on dendropoiesis in murine and human DCs in vitro. We further
investigate how murine DCs exposed to BEN mature in response
to TLR activation and stimulate alloreactive T-cell responses.
Overall, our results demonstrate that BEN elicits a regulatory
program in DCs, associated with increased Flt3 signaling. This
“regulatory” program is exemplified by increased expression of
inhibitory co-stimulatory molecules (PD-L1), a minimal pro-
inflammatory response to lipopolysaccharide (LPS) stimulation,
and robust activation-induced death of alloreactive CD4+ T-cells.
This work highlights the capacity of Flt3L-driven DCs to regulate
alloreactive CD4+ T-cell responses in a way that is highly
advantageous for GvHD and may preserve GvL by sparing
alloreactive CD8+ T-cells.
Frontiers in Immunology | www.frontiersin.org 2199200185
METHODS

Mice
All strains of mice used (BALB/c and C57BL/6) were age-
matched 6-10-week-old females purchased from The Jackson
Laboratory. Mice were housed in specific pathogen-free
conditions and cared for according to the guidelines of the
University of Arizona’s Institutional Animal Care and
Use Committee.

Drug Preparation and Administration
BEN (SelleckChem) was reconstituted and diluted for in vivo
administration as previously described (24–27). AC220
(SelleckChem) and JSI-124 (Santa Cruz Biotechnology) were
reconstituted in DMSO (Sigma-Aldrich). For in vitro studies,
stock solutions of drugs were diluted in complete media (CM)
consisting of RPMI-1640 with 10% FBS, 1% Sodium Pyruvate,
1% MEM NEAA, and 100 U/mL penicillin-streptomycin to their
final concentrations.

Murine Bone Marrow-Derived DCs
(BMDCs)
Murine bone marrow (BM) cells were collected, red blood cells
were lysed with Pharm Lyse (BD Biosciences), and 3x106 BM
cells were plated per well in 6-well plates at a concentration of
106/mL. BM was cultured at 37°C and 5% CO2 in CM containing
200 ng/mL of rhFlt3L (Miltenyi Biotec) with or without drugs
(bendamustine, AC220, or JSI-124). After 4 hours of culture, all
media were washed out, BM cells were washed with PBS and
again cultured in CM containing 200 ng/mL of rhFlt3L. Culture
media was replenished on day 3 and 5. LPS (Sigma-Aldrich) was
added on day 5 of culture for 18 hours at a final concentration of
1 mg/mL. Individual wells of BMDCs were collected on day 6.

Absolute Counts and Viability
BMDCs were resuspended in PBS and analyzed by MACSQuant
Analyzer 10 (Miltenyi Biotec) to determine absolute counts and
viability by Propidium Iodide staining.

Flow Cytometry
Cells were washed in flow buffer (PBS with 0.5% FBS), incubated
with anti-mouse or anti-human Fc Block (Thermo Fisher
Scientific), and flow cytometry was performed as previously
reported (24–27, 34). Intracellular staining of human moDCs
was performed using TruePhos Perm Buffer (Biolegend). All
antibodies used for flow cytometry are listed in Table 1.
Fluorescence data were collected using an LSRFortessa cell
analyzer (BD Biosciences) and analyzed using FlowJo 2 (Tree
Star). Total DCs were defined as CD11c+. Plasmacytoid DCs
(pDCs) were defined as CD11c+B220+. Conventional DCs
(cDCs) were defined as CD11c+ B220-. Type 1 conventional
DCs (cDC1s) were defined as CD11c+B220-CD8a+ and
CD11c+B220-CD103+. Type 2 conventional DCs (cDC2s) were
defined as CD11c+B220-SIRPa+. Pre-cDC1s were defined as
CD11c+B220-CD24highCD8a-. Pre-cDC2s were defined as
CD11c+B220-SIRPa+CD24mid.
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ELISAs
Cytokines in culture supernatants were measured with ELISA
kits (R&D Systems).

Intracellular Cytokine Staining
FL-BMDCs were LPS-activated on day 6 for 3-4 hours. Protein
transport inhibitors GolgiStop (Thermo Fisher) and GolgiPlug
(Thermo Fisher) were incubated with FL-BMDCs for 4-6 hours.
After Fc block, FL-BMDCs were fixed and stained using Fixation
Buffer (Biolegend) and Intracellular Staining Perm Wash Buffer
(Biolegend). Antibodies used for flow cytometry are listed
in Table 1.

Mixed Leukocyte Reaction (MLR)
Unstimulated FL-BMDCs were counted and enriched for live
cells using EasySep Dead Cell Removal (Annexin V) kit
(STEMCELL Technologies). Allogeneic T-cells were isolated
from the spleens of naïve C57BL/6 mice using the Pan T-cell
Frontiers in Immunology | www.frontiersin.org 3200201186
isolation kit II (Miltenyi Biotec). Purified T-cells were stained
with CellTrace Violet (Invitrogen). Live FL-BMDCs were co-
cultured with allogeneic T-cells at a ratio of 1:10 and incubated at
37°C with 7.5% CO2. T-cells were stimulated with CD3/CD28
DynaBeads (Thermo Fisher Scientific) as a positive control. After
16-24 hours, rIL-2 (PeproTech) was added to each well at a final
concentration of 50 IU/mL. After 3-4 days of co-incubation flow
cytometry was performed, and data were analyzed using Modfit
software (Verity Software House) to determine the proliferation
index (PI) of H2Kb+ T-cells. T-cell death was determined using
Propidium Iodide Ready Flow Reagent (Invitrogen).

Human Monocytic-DCs
Healthy human volunteers were recruited as part of an
institutional review board (IRB)-approved research protocol.
Our protocol for generating human monocytic-DCs (moDC)
was adapted from previously reported protocols (35–37).
Peripheral blood was collected and whole blood was diluted 1:1
TABLE 1 | Antibodies used for flow cytometry.

Antibody Clone(s) Vendor

Anti-mouse B220 Brilliant Violet 510 RA3-6B2 Biolegend
Anti-mouse CCL2 PE 2H5 Biolegend
Anti-mouse CCL5 PE-Cyanine7 2E9 Biolegend
Anti-mouse CD4 APC/Cy7 GK1.5 Biolegend
Anti-mouse CD8a PE-Cyanine7 53-6.7 Thermo Fisher
Anti-mouse CD11c FITC N418 Miltenyi Biotec
Anti-mouse CD11c VioBlue REA754 Miltenyi Biotec
Anti-mouse CD24 Pacific Blue M1/69 Biolegend
Anti-mouse CD24 PE-Dazzle 594 M1/69 Biolegend
Anti-mouse CD69 PE/Cyanine5 H1.2F3 Thermo Fisher
Anti-mouse CD70 PerCP-eFluor710 FR70 Thermo Fisher
Anti-mouse CD80 APC 16-10A1 Biolegend
Anti-mouse CD86 AlexaFluor700 GL-1 Biolegend
Anti-mouse CD103 PE 2E7 Thermo Fisher
Anti-mouse CD135 PE-CF594 A2F10.1 BD Biosciences
Anti-mouse H2Kb PerCP-eFluor710 AF6-88.5.5.3 Thermo Fisher
Anti-mouse ICOS VioGreen REA192 Miltenyi Biotec
Anti-mouse ICOSL PE HK5.3 Biolegend
Anti-mouse IL-6 APC MP5-20F3 Biolegend
Anti-mouse IL-10 APC-Cyanine7 JES5-16E3) Biolegend
Anti-mouse IDO-1 AlexaFluor 647 2E2/IDO1 Biolegend
Anti-mouse PD-1 APC 29F.1A12 Biolegend
Anti-mouse PD-L1 PE/Dazzle594 10F.9G2 Biolegend
Anti-mouse PIR-B APC 10-1-PIR Thermo Fisher
Anti-mouse SIRPa APC-Cyanine7 P84 Biolegend
Anti-mouse TIM-3 PE REA602 Miltenyi Biotec
Anti-mouse TNFa Brilliant Violet 510 MP6-XT22 Biolegend
Anti-human AXL PE-Cyanine7 DS7HAXL Thermo Fisher
Anti-human BDCA1 PE-Vio615 REA694 Miltenyi Biotec
Anti-human BDCA3 APC-Vio770 REA774 Miltenyi Biotec
Anti-human BDCA3 Brilliant Violet 421 M80 Biolegend
Anti-human CD11c AlexaFluor 488 3.9 Biolegend
Anti-human CD14 Brilliant Violet 421 MPHIP9 BD Biosciences
Anti-human Clec9a PE 8F9 Biolegend
Anti-human Lineage (CD3/14/19/20/56) Cocktail APC UCHT1; HCD14; HIB19; 2H7; HCD56 Biolegend
Anti-human STAT3 Phospho(Tyr705) PerCP/Cyanine5.5 13A3-1 Biolegend
Isotype BV510 Rat IgG1,k RTK2071 Biolegend
Isotype APC Rat IgG1 RTK2071 Biolegend
Isotype PE Armenian Hamster IgG HTK888 Biolegend
Isotype PE-Cyanine7 Mouse IgG2b,k MPC-11 Biolegend
Isotype APC-Cyanine7 Rat IgG2b RTK4530 Biolegend
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with PBS, layered on top of Ficoll (GE Healthcare Life Sciences),
and then centrifuged per the manufacturer’s recommendation.
CD14+ monocytes were isolated using CD14+ MicroBeads
(Miltenyi Biotec) with >97% purity (data not shown), counted,
and then re-suspended in RPMI-14 containing 10% FBS, 10%
antibiotic-antimycotic solution (ThermoFisher), 500 U/mL rhIL-
4 (PeproTech), 800 U/mL rhGM-CSF (PeproTech), and 100 ng/
mL rhFlt3L (Miltenyi Biotec). Monocytes were plated into a 6-
well plate with 1-1.5x106 monocytes per well, the indicated
concentration of BEN, and then cultured at 37°C and 5% CO2.
After 4 hours, all BEN-containing media was washed out, cells
were washed with PBS and cultured again in the same media at
37°C and 5% CO2. Media was replenished on day 3 of culture, and
moDCs were collected on day 5 of culture for flow cytometry.

qRT-PCR
Samples were saved in PBS and RNAlater (Invitrogen), mRNAwas
isolated using RNeasy Kit (Qiagen) and then reverse transcribed
into cDNA using iScripts reverse transcription supermix kit (Bio-
Rad). Quantitative rtPCR was performed using Sso Advanced
universal probes supermix (Bio-Rad) on a LightCycler 96
thermocycler (Roche) named Laurel. The appropriate
concentration of cDNA was titrated for each TaqMan probe
(Applied Biosystems), listed in Table 2. The 2-DDCT method was
used to analyze gene expression levels, normalized for GAPDH
expression, as previously described (38, 39).

Statistical Analysis
One-way ANOVA tests and Dunnett’s multiple comparisons
tests were used to determine significance among absolute counts,
percent, and MFI expression. Two-way ANOVA tests and
Šidák’s multiple comparisons tests were used to determine
significance in unstimulated versus LPS-stimulated conditions.
P values <0.05 were considered statistically significant.
RESULTS

Dose-Dependent Increase in Flt3
Expression on Murine Bone Marrow Cells
In Vivo Following BEN Administration
We first sought to determine whether our previous report of
increased Flt3 expression in vivo was a direct effect of BEN. Mice
Frontiers in Immunology | www.frontiersin.org 4201202187
were given various doses of BEN or vehicle and bone marrow
(BM) was collected 48 hours later, reproducing the timing used in
our previously published dosing regimens (25–27). There was an
anticipated decrease in absolute counts as the dose of BEN
increased, but we found no loss of viability of BM cells (data
not shown). We observed that the percent expression of Flt3
increased in a dose-dependent manner on total BM cells
(Figure 1A). We also found a dose-dependent increase in the
percent of CD11c+ DCs within the BM compartment (Figure 1B)
and Flt3 expression on CD11c+ BM cells (Figure 1C).

BEN Exposure Increases Flt3 Expression
on Murine DCs In Vitro
We next sought to eliminate physiological variables by utilizing
in vitro bone marrow-derived DC (BMDC) systems (40–45).
Murine BM cells were cultured with Flt3L (FL-BMDCs) in the
presence of BEN for just 4 hours to more closely mimic clinical
exposure to BEN which has a short half-life of ~40 minutes (46).
After exposure to various concentrations of BEN (0 mM, 3 mM,
10 mM, 30 mM, or 100 mM) in culture for 4 hours, BM cells were
washed in PBS, then cultured again for the remaining 6 days with
Flt3L. As expected, we saw a modest decrease in absolute number
(Figure 1D) and percent viable FL-BMDCs (Figure 1E) as
the concentration of BEN increased. We also observed a
concentration-dependent increase in percent Flt3 expression
among total live CD11c+ FL-BMDCs (Figure 1F). The
absolute number of Flt3+ CD11c+ BMDCs increases as the
concentration of BEN increases (Figure 1G) suggesting that
BEN is not selectively killing Flt3-negative cells.

BEN Exposure Favors Plasmacytoid,
Pre-cDC1, and cDC2 Development
FL-BMDCs generated following 4-hour exposure to BEN were
characterized to determine DC composition. As the
concentration of BEN increased, the percentage of CD11c+ FL-
BMDCs trended upward (Figure 1H) while the percentage of
pDCs significantly increased (Figure 1I) and the percentage of
cDCs slightly decreased (Figure 1J). We observed a
concentration-dependent increase in pre-cDC1s (Figure 1K),
however we do not observe an increase in CD8a+ cDC1s
(Figure 1L) and only a slight trend toward increased CD103+

cDC1s (Figure 1M). We see a trend toward decreased pre-cDC2s
(Figure 1N) and an increase in SIRPa+ cDC2s (Figure 1O).
These results largely match our report on BEN’s effect on DC
composition in vivo (27), indicating that BEN promotes DC
development in favor of pDCs, pre-cDC1s, and cDC2s.

BEN Exposure Alters Co-Stimulatory and
Co-Inhibitory Molecule Expression
FL-BMDCs are reportedly more steady state-like than GM-BMDCs
(42–44). We inquired whether the increased Flt3 expression
observed in BEN-exposed FL-BMDCs equated to enhancement
of Flt3L-driven steady state features. We assessed B7 molecule
expression on FL-BMDCs and found a progressive increase in
expression of CD80 (Figure 2A) and CD86 (Figure 2B) by percent,
but not by MFI (Supplementary Figures 1A, B), as the
TABLE 2 | Primers used for qRT-PCR.

Target Gene Taqman Assay ID Concentration of cDNA used

Mouse Akt1 Mm01331626_m1 5 ng
Mouse Csf2ra Mm00438331_g1 5 ng
Mouse Csf2rb Mm00655745_m1 5 ng
Mouse Csf3r Mm00438334_m1 10 ng
Mouse Flt3 Mm00439016_m1 20 ng
Mouse GAPDH Mm99999915_g1 2 ng
Mouse Spi1 (PU.1) Mm00488140_m1 5 ng
Mouse STAT3 Mm01219775_m1 10 ng
Human Akt1 Hs00178289_m1 2 ng
Human GAPDH Hs02786624_g1 2 ng
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FIGURE 1 | Dose-dependent and concentration-dependent increases in Flt3 expression and skewed DC composition of murine DCs exposed to BEN. (A–C)
BALB/c mice were i.v. injected with various doses of bendamustine or vehicle and bone marrow (BM) was harvested 48 hours later for analysis by flow cytometry.
Data is pooled from 3 independent experiments (n=7-8). (A) Mean percent Flt3 expression on total BM cells is shown with SEM. (B) The mean percentage of
CD11c+ DCs within bone marrow is shown with SEM. (C) Among CD11c+ DCs within bone marrow, mean percent Flt3 expression is shown with SEM.
Representative histogram shown (right) with Fluorescence Minus Once (FMO) control. (D–N) BALB/c FL-BMDCs were generated following brief exposure to BEN
and characterized by flow cytometry. Data is pooled from 3 independent experiments (n=6-7). (D) Mean absolute cell number and (E) percent viable (Propidium
Iodide-) cells are shown with SEM. (F) Mean percent Flt3 expression among CD11c+ FL-BMDCs is shown with SEM (left) and representative histograms (right). (G)
Mean absolute cell number of Flt3+ CD11c+ FL-BMDCs is shown with SEM. (H–N) Mean percent with SEM of murine DC lineages including (H) total CD11c+, (I)
plasmacytoid DCs (CD11c+B220+), (J) conventional DCs (CD11c+B220-), (K) pre-cDC1s (CD11c+B220-CD24highCD8a-), (L) CD8a+ cDC1s (CD11c+B220-CD8a+),
(M) CD103+ cDC1s (CD11c+B220-CD103+), (N) pre-cDC2s (CD11c+B220- CD24midSIRPa+), and (O) SIRPa+ cDC2s (CD11c+B220-SIRPa+). One-way ANOVA and
Dunnett’s multiple comparisons test were used to determine significance among groups. *P < 0.05, **P < 0.01, ****P < 0.0001.
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FIGURE 2 | Concentration-dependent increase in CD80, CD86, and PD-L1 expression and dampened response to LPS by murine DCs exposed to BEN.
(A–F) BALB/c FL-BMDCs were generated following brief exposure to BEN and characterized by flow cytometry. Data is pooled from 3 independent experiments
(n=6-7). Mean percent CD80 (A) and CD86 (B) expression among CD11c+ FL-BMDCs is shown with SEM. Representative histograms of CD80 (C) and CD86
(D) expression on CD11c+ FL-BMDCs exposed to the indicated concentration of BEN. Unstimulated condition shown in solid color and corresponding LPS
stimulated condition overlaid in gray. (E) Mean percent PD-L1 expression (left) and MFI (middle) among unstimulated CD11c+ FL-BMDCs shown with SEM, and
representative histogram (right). (F) Mean percent ICOS-L expression (left) and MFI (middle) among unstimulated CD11c+ FL-BMDCs shown with SEM, and
representative histogram (right). One-way ANOVA and Dunnett’s multiple comparisons test were used to determine significance among groups. *P < 0.05, **P < 0.01,
***P < 0.001, ****P < 0.0001.
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concentration of BEN increases. With 100mM BEN exposure, FL-
BMDCs did not exhibit any increase in CD80 or CD86 expression
upon LPS stimulation, depicted in histograms with LPS-stimulated
DCs overlaid in gray (Figures 2C, D) and quantified in
(Supplementary Figures 1C, D). Extending our analyses to other
co-signaling molecules we demonstrate that the percent expression
of PD-L1 significantly increased with higher concentrations of BEN
(Figure 2E), while the opposite was true with ICOS-L expression
(Figure 2F). We found no significant changes in expression of
CD70, PIR-B, or indoleamine 2,3-dioxygenase (Supplementary
Figures 2A–C). All together, we ascertained that BEN-exposed FL-
BMDCs are less responsive to LPS stimulation and exhibit greater
PD-L1 expression.

BEN Exposure Inhibits Pro-Inflammatory
Cytokine Secretion
We next examined pro-inflammatory cytokine secretion by
BEN-exposed FL-BMDCs by measur ing cy tok ine
concentrations in culture supernatants. Pro-inflammatory
cytokines were negligible in unstimulated FL-BMDC cultures.
Upon LPS stimulation, control FL-BMDCs (0mM) showed a
robust increase in the pro-inflammatory cytokines and
chemokines IL-6, TNFa, CCL5, and CCL2 (Figures 3A–D).
Concentrations of these pro-inflammatory cytokines moderately
decreased as the concentration of BEN exposure increased, with
a steep drop-off at 100mM (Figure 3A–D). However, we did not
observe the same effect with the anti-inflammatory cytokine IL-
10 (Figure 3E). We also found that 100mM BEN exposure
significantly hinders secretion of IL-12p40 in response to LPS
(Figure 3F), though IL-12p70 and IL-23 levels remained very
low in all conditions (Figures 3G, H). Statistical significance
between concentrations of BEN are shown in (Supplementary
Figures 3A–H). Intracellular cytokine staining revealed no
deficit in intracellular levels of IL-6, TNFa, CCL5, or IL-10,
and significantly increased CCL2 (Figures 3I–M) in 100mM
BEN-exposed FL-BMDCs. These results indicate that BEN
exposure diminished secretion of pro-inflammatory cytokines
by FL-BMDCs in response to LPS.

BEN-Exposed FL-BMDCs Induce
Allogeneic CD4+ T-Cell Proliferation
Followed by Cell Death
We next asked whether the changes in co-signaling molecule
expression and pro-inflammatory response of BEN-exposed FL-
BMDCs affects alloreactive T-cell responses. Enriched live FL-
BMDCs were co-cultured with CellTrace-stained allogeneic
T-cells in a mixed leukocyte reaction (MLR). Allogeneic T-cells
stimulated with BEN-exposed FL-BMDCs exhibited significantly
greater allogeneic T-cell proliferation (Figure 4A), quantified by
proliferation index (Figure 4B), on day 3. Most proliferation was
among CD4+ T-cells (60-70%), with CD8+ T-cells comprising
<5% of proliferated T-cells and the remainder being double
negative for CD4 and CD8 (Supplementary Figures 4A–C).
We further interrogated the phenotype of the alloreactive T-cells
by measuring expression of various markers of T-cell activation,
anergy, or exhaustion. 100mM BEN-exposed FL-BMDCs
Frontiers in Immunology | www.frontiersin.org 7204205190
induced greater expression of TIM-3, a marker of T-cell
exhaustion, as well as ICOS and CD69, markers of T-cell
activation (Figures 4C–E). FL-BMDCs previously exposed to
100mM of BEN also induced significantly greater expression of
PD-1 (Figure 4F). PD-1 is a negative regulator of immune
responses and plays a central role in generating peripheral
tolerance by promoting programmed cell death of antigen-
specific T-cells. We next measured alloreactive T-cell death,
which is reportedly induced by Flt3L-expanded DCs (23). As
activated T-cells are known to upregulate phosphatidylserine,
Annexin V was not used to quantify alloreactive T-cell death. On
day 4 of co-culture, we first gated on proliferated, allogeneic
(CellTracelowH2Kb+) T-cells and then quantified T-cell death by
PI-positive staining (Figure 4G). When we calculate T-cell death
as a percentage of all allogeneic T-cells in culture we find that
those stimulated with 100mM BEN-exposed FL-BMDCs
exhibited significantly greater T-cell death, with 50% of all T-
cells dead on day 4 (Figure 4H), most of which were CD4+ T-
cells (Figure 4I). T-cell death induced by 100mM BEN-exposed
FL-BMDCs was significantly greater than death observed
following stimulation with CD3/CD28 beads (Supplementary
Figure 4D), which induced greater T-cell proliferation
(Supplementary Figure 4E), indicating that cell death was not
merely a result of robust T-cell proliferation. In summary, BEN-
exposed FL-BMDCs exhibit an enhanced ability to induce
alloreactive T-cell proliferation and cell death.

Previous reports of programmed cell death of alloreactive T-
cells have attributed the effect to CD8a+ DCs (23), yet our FL-
BMDC system yields fewer than 5% CD8a+ cDC1s (Figure 1L).
We observe robust frequencies of their immediate precursor,
pre-cDC1s (Figure 1K), and asked whether pre-cDC1s were
maturing into CD8a+ cDC1s in co-culture to induce T-cell
death. We demonstrate that by day 3 of co-culture, pre-cDC1s
do not mature into CD8a+ cDC1s and remain the predominant
population of cDCs (Figure 4J). Compared to the FL-BMDC
proportions plated on day 0, quantified in Figures 1H–N, pre-
cDC1s effectively double in percentage, perhaps due to their
enhanced life-span compared to CD8a+ cDC1 (47). This
indicates that CD8a+ cDC1 may not be the only DC subset
capable of inducing deletion of alloreactive T-cells and may
signify a previously unknown capability of pre-cDC1s to mitigate
alloreactive T-cell responses.

Inhibitor of Flt3 Elicits Similar
DC Phenotype
There is a paucity of research on the biological mechanisms of
action of BEN. However, one report found that BEN inhibits
canonical STAT3 signaling (32). STAT3 is one of several known
signaling molecules downstream of Flt3 providing essential
signals for differentiation, survival, and proliferation (13, 48–
51). We hypothesized that, by inhibiting STAT3, BEN interrupts
Flt3-STAT3 signaling causing a compensatory upregulation of
Flt3 surface expression. To test this, we performed parallel
experiments exposing murine BM cells to pharmacological
inhibitors of Flt3 (AC220, Quizartinib) and STAT3 (JSI-124,
Cucurbitacin I) for 4 hours, washing, and then generating
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FIGURE 3 | Hindered secretion of pro-inflammatory cytokines in response to LPS by murine DCs exposed to BEN. (A-H) BALB/c FL-BMDCs were generated
following brief exposure to BEN. With or without 18 hours of LPS stimulation, supernatants were collected for analysis. Data is pooled from 2 independent
experiments (n=6). Some values fall below zero, outside of the detectable limits of the assay and outside the axis limits. Mean concentration of (A) IL-6, (B) TNFa,
(C) CCL2 (MCP-1), (D) CCL5 (RANTES), (E) IL-10, (F) IL-12p40, (G) IL-12p70, and (H) IL-23 in supernatants is shown with SEM. Two-way ANOVA and Šidák’s
multiple comparisons test were used to determine significance among groups. (I–M) Murine BMDCs were generated following brief exposure to BEN. BMDCs were
stimulated with LPS for 3-4 hours and treated with protein transport inhibitors prior to intracellular cytokine staining protocol. Gating was set based on FMO and
isotype controls. Data is pooled from 2 independent experiments (n=6). Mean percent of (I) IL-6+, (J) TNFa+, (K) CCL2+, (L) CCL5+, and (M) IL-10+ FL-BMDCs
shown with SEM. One-way ANOVA and Dunnett’s multiple comparisons test were used to determine significance among groups. *P < 0.05, **P < 0.01, ***P < 0.001,
****P < 0.0001.
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FIGURE 4 | Murine DCs exposed to BEN induce robust proliferation of alloreactive T-cells and expression of PD-1, followed by T-cell death. BALB/c FL-BMDCs
were generated following brief exposure to BEN and co-cultured with C57BL/6 CellTrace-stained allogeneic T-cells at a ratio of 1:10. Data shown is representative of
2 independent experiments (n=4). (A) Representative histograms generated by ModFit software to quantify T-cell proliferation on day 3 as a proliferation index (PI)
(boxed value) in response to stimulation with FL-BMDCs exposed to the indicated concentration of BEN (Gated on H2Kb+ to exclude DCs from analysis). (B) Mean
proliferation index on day 3 of co-culture shown with SEM. (C–E) Mean percent expression of (C) TIM-3, (D) ICOS (CD278), and (E) CD69 on H2Kb+ allogeneic
T-cells on day 3 shown with SEM. (F) Mean percent expression of PD-1 on H2Kb+ allogeneic T-cells on day 3 shown with SEM, and representative histograms
(right). (G) Representative flow cytometry plots indicating the percent of dead (PI+) T-cells within the proliferative fraction (Gated on H2Kb+CellTracelow). (H) Allogeneic
T-cell death on day 4 of the assay shown as mean percent of all allogeneic T-cells in culture with SEM. One-way ANOVA and Dunnett’s multiple comparisons test
were used to determine significance among groups. (I) Representative flow cytometry plots indicating the percentages of CD4+ and CD8+ T-cells among dead
allogeneic T-cells on day 4 (Gated on H2Kb+CellTracelowPI+). (J) Mean percent of CD8a+ cDC1s (circles) and pre-cDC1s (triangles) among H2Kd+CD11c+B220-

FL-BMDCs in co-culture with allogeneic T-cells on day 3 shown with SEM. Two-way ANOVA and Šidák’s multiple comparisons test were used to determine
significance among groups. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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FL-BMDCs. Similar to our observations with BEN exposure,
inhibition of Flt3 prior to FL-BMDC generation results in
increased expression of Flt3 (Figure 5A), with a less prominent
trend resulting from STAT3 inhibition. We observed similar DC
composition following Flt3 inhibition with a significant increase
in pDCs, pre-cDC1s, and SIRPa+ cDC2s, and a decrease in pre-
cDC2s (Figures 5B–I), and a similar trend that was not
statistically significant following STAT3 inhibition. We also
found similarly increased PD-L1 (Figure 5J) and decreased
ICOSL expression (Figure 5K) following Flt3 inhibition, and to
a lesser extent STAT3 inhibition. In support of our hypothesis,
exposure to inhibitors of Flt3 and STAT3 phenocopies the effects
observed following BEN exposure, with the Flt3 inhibitor showing
the most significant response and the STAT3 inhibitor showing
slight trends.

Human moDCs Exposed to BEN Have
Increased Flt3 Expression and
Decreased pSTAT3
Finally, we wanted to determine whether BEN similarly affects
human DCs and if so, if those effects are Flt3-STAT3-mediated.
We isolated CD14+ monocytes from healthy volunteers to
generate moDCs according to established protocols (35–37).
Monocytes were exposed to various concentrations of BEN for
4 hours, washed, and moDCs were generated. moDCs exhibited
a concentration-dependent increase in Flt3 expression
(Figure 6A) shown in representative histograms (Figure 6B).
We also found that these moDCs had significantly decreased
phospho-STAT3 (Figure 6C). Further studies were conducted
to look at DC subsets and found that BEN exposure did not
affect moDC purity (Supplementary Figures 5A, B) and resulted
in a decreased percent of pDCs (Figure 6D), a trend toward
increased cDC1s (Figure 6E), and increased cDC2s (Figure 6F).
We additionally found small increases in the expression of
DNGR1 (Supplementary Figure 5C), another marker for
cDC1s, and AXL (Supplementary Figure 5D), a receptor that
suppresses inflammatory signaling and limits expression of pro-
inflammatory cytokines (52, 53). Consistent with our hypothesis,
moDCs exposed to BEN exhibit increased Flt3 expression,
decreased pSTAT3, and altered DC composition.

Murine and Human DCs Exhibit Decreased
Akt1 Transcripts as the Concentration of
BEN Increases
Molecular work to determine whether Flt3-STAT3 signaling is
altered was largely inconclusive, with inconsistent changes in
transcript levels of Flt3, STAT3, PU.1, Csfr2a, Csf2rb, and Csf3r
(Supplementary Figure 6A). Given the sustained inhibition of
pSTAT3 in moDCs, we investigated alternative signaling
pathways downstream of Flt3 and found that transcript
levels of Akt1 were significantly decreased in murine FL-
BMDCs (Supplementary Figure 6B) and human moDCs
(Supplementary Figure 6C) exposed to BEN. Protein levels of
phosphorylated-Akt1 were largely undetectable in moDC
samples making it difficult to make conclusions about the
signaling events downstream of Flt3.
Frontiers in Immunology | www.frontiersin.org 10207208193
DISCUSSION

Graft-versus-host disease remains a significant obstacle to the
success of HSCT. Administration of Flt3L prior to murine
BMT significantly improves GvHD through effects on host DCs
(22, 23). Our laboratory has demonstrated that replacing
cyclophosphamide with bendamustine, both supplemented with
TBI, as a pre-transplant conditioning regimen significantly
improves GvHD while maintaining GvL in a murine major-
mismatch BMT model (25–27). Extensive investigation of
various immune populations following these conditioning
regimens found that BEN+TBI conditioning yields donor T-cells
that are tolerant to host MHC antigens, yet remain reactive to
third-party MHC antigens, while preserving T-cell-dependent
GvL (26). We have also reported that BEN+TBI results in
robust accumulation of host pre-cDC1s, as well as increased Flt3
expression on host DCs (27). In line with enhanced Flt3 signaling
(49), we have reported increased number and suppressive function
of myeloid-derived suppressor cells (MDSCs) with BEN+TBI
conditioning (25). The biological implications of increased Flt3
expression on DCs are not well understood, and to our knowledge
the role of pre-cDC1s in alloreactivity and GvHD has not been
previously published.

Our results indicate that BEN increases Flt3 expression in a
dose-dependent manner in vivo on murine cells, and a
concentration-dependent manner in vitro in both murine and
human cells. We report that BEN-exposure favors the
development of murine pDCs, pre-cDC1s, and cDC2s, though
further studies would be required to determine whether Flt3
over-expression is responsible for deviations in DC lineage
commitment. Increased pDCs and pre-cDC1s were also found
in our previous studies with in vivo administration of BEN. Of
note, concentrations used in our present in vitro studies
encompass physiological levels reached approximately 2 hours
after administration of BEN. While there is no pre-cDC1
equivalent identified in humans, we similarly observed
increased cDC2s and a trend toward increased cDC1s, though
they differ from murine studies in that we observed a decrease in
pDCs. This divergence may be due to the inherent nature of the
protocol in that monocytes are exposed to BEN, as opposed to
bone marrow cells. We must also note that we did not
distinguish monocytic-DCs (Lineage-CD11c+CD16+) in our
phenotyping studies. Nevertheless, enhanced Flt3 expression
with BEN exposure was consistent between murine and
human DCs.

Importantly, administration of Flt3L to the donor does not
modify GvHD, and administration of Flt3L to the recipient post-
transplant accelerates GvHD lethality (21). Further, in vitro
studies comparing BMDCs generated with Flt3L versus GM-
CSF have consistently observed that Flt3L-driven BMDCs are
much more steady state-like, producing fewer pro-inflammatory
cytokines and inducing less T-cell proliferation (42–44). This
body of work suggests that enhancing Flt3 signaling with
exogenous Flt3L, specifically among host DCs, results in
regulatory DCs that limit alloreactive T-cell responses, are less
pro-inflammatory, and prevent GvHD.We posit that this GvHD-
suppressing phenotype may extend to our findings with BEN,
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FIGURE 5 | Exposing murine DCs to pharmacological inhibitors of Flt3 and STAT3 phenocopies the effect of BEN exposure. (A-K) BALB/c BMDCs were generated
following brief exposure to Flt3 inhibitor (ACC20) or STAT3 inhibitor (JSI-124) and characterized by flow cytometry. Data is pooled from 3 independent experiments
(n=6-7). (A) Mean percent Flt3 expression among CD11c+ BMDCs is shown with SEM, and representative histogram (right). (B-I) Mean percent with SEM of murine
DC lineages including (B) total CD11c+, (C) plasmacytoid DCs, (D) conventional DCs, (E) pre-cDC1s, (F) CD8a+ cDC1s, (G) CD103+ cDC1s, (H) pre-cDC2s,
and (I) SIRPa+ cDC2s. (J) Mean percent PD-L1 expression (left) and MFI (middle) among CD11c+ FL-BMDCs shown with SEM, and representative histograms
(right). (K) Mean percent ICOS-L expression (left) and MFI (middle) among CD11c+ FL-BMDCs shown with SEM, and representative histograms (right). One-way
ANOVA and Dunnett’s multiple comparisons test were used to determine significance among groups. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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whereby Flt3 signaling is enhanced via increased Flt3 receptor
expression on host DCs, rather than with Flt3L administration.

Pre-transplant conditioning regimen components (e.g. total
body irradiation) disrupt epithelial barrier integrity and allow
translocation of microbial products, such as LPS. GvHD is
significantly exacerbated by inflammation caused by recognition
of LPS, whereas LPS antagonism has been found to suppress
GvHD (54, 55). Using LPS stimulation as a surrogate for total
body irradiation experienced in vivo, we demonstrate that BEN
exposure induces FL-BMDCs that are minimally responsive to
LPS. It should be noted that unstimulated FL-BMDCs previously
exposed to 100mM of BEN expressed greater percent CD80 and
CD86 at baseline, however MFIs were comparable, and upon LPS
stimulation exhibited no further increase. FL-BMDCs exposed to
100mM of BEN were found to secrete extremely low levels of pro-
inflammatory cytokines and chemokines linked to GvHD
development (IL-6, TNFa, CCL2, CCL5, and IL-12p40) (56–59).
BEN-exposed BMDCs showed no deficit in IL-10 secretion and no
Frontiers in Immunology | www.frontiersin.org 12209210195
evidence of diminished intracellular levels of these cytokines. This
suggests that the phenotype induced by BEN exposure is
associated with a suppressed pro-inflammatory response to LPS
that may contribute to BEN’s protective effect on GvHD.

The outcome of alloreactivity is ultimately determined by the
orchestra of co-signaling molecules present during allogeneic T-
cell priming (59, 60). We demonstrated a concentration-
dependent increase in PD-L1 expression on FL-BMDCs exposed
to BEN. PD-L1-mediated inhibitory signaling via PD-1 is essential
for the induction and maintenance of peripheral tolerance in
transplantation (61, 62). T-cells stimulated with 100mM BEN-
exposed FL-BMDCs exhibited a striking increase in PD-1
expression and accelerated proliferation, followed by activation-
induced death of half of all allogeneic T-cells in culture. The
induction of programmed cell death of alloreactive T-cells has
been specifically linked to PD-L1 (63) and is critical to induction
and maintenance of peripheral tolerance in transplantation
(64–67). It is also worth noting that our previous study found
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FIGURE 6 | Human DCs exhibit concentration-dependent increase in Flt3 expression following BEN exposure and decreased pSTAT3. Human monocyte-derived
DCs (moDCs) were generated following brief exposure to BEN and characterized by flow cytometry. Data shown is pooled from 9 independent experiments (n=5-9).
(A) Mean Flt3 MFI among human moDCs shown with SEM. (B) Representative histogram of Flt3 expression on BEN-exposed moDCs from a single individual.
(C) Mean pSTAT3 MFI normalized to percent of control (0mM) shown with median. (D) Mean percent of plasmacytoid DCs (Lineage-CD11c+BDCA4+) shown with
SEM. (E) Mean percent of cDC1 (Lineage-CD11c+BDCA4-BDCA3+) shown with SEM. (F) Mean percent cDC2 (Lineage-CD11c+BDCA4-BDCA1+) shown with SEM.
One-way ANOVA and Dunnett’s multiple comparisons test were used to determine significance among groups. *P < 0.05, **P < 0.01, ***P < 0.001.
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that DCs isolated from BEN-treated mice induced less allogeneic
T-cell proliferation compared to CY-treated mice. However, in
these previous studies, proliferation was determined by tritiated-
thymidine uptake, providing a single snapshot of actively
proliferating T-cells. As such, our report of reduced T-cell
proliferation from day 3 to day 4 of co-culture may be a
reflection of increased alloreactive T-cell death induced by BEN-
DCs and is in line with our current findings.

Interestingly, Hill’s group has also reported this phenomenon,
demonstrating that host CD8a+ cDC1s induce the proliferation
and subsequent deletion of allogeneic CD8+ T-cells, and that this
effect is enhanced by Flt3L administration (23). We observe
deletion of CD4+ T-cells rather than CD8+ T-cells, which is in
agreement with Hill’s findings since CD8a+ cDC1s constitute a
very small proportion of DCs in our assay. This suggests that
another Flt3L-driven DC population is capable of inducing
specific deletion of alloreactive CD4+ T-cells while sparing
CD8+ T-cells, which could potentially preserve GvL responses.
We postulate that pre-cDC1s may be responsible for this effect,
which may explain why BEN+TBI results in tolerant donor T-
cells while maintaining T-cell-dependent, mostly reliant on
CD8+ T-cells, GvL (26, 27), though we cannot rule out a
contribution of cDC2s.

We found that a Flt3 inhibitor closely replicates many of our
findings with BEN, while a STAT3 inhibitor induces similar trends
but not significantly so. In agreement with others, we observed
decreased levels of phosphorylated Tyrosine 705-STAT3 in
human moDCs previously exposed to BEN, though we were
surprised that exposure to BEN for just four hours on day 0
resulted in sustained inhibition of STAT3 five days later. Tyrosine
705 is the canonical residue used by Iwamoto’s group to determine
that BEN binds to and inhibits STAT3, however these studies did
not clarify the kinetics of BEN’s inhibition of STAT3, nor did they
explore other possible post-translational modifications (32).
STAT3 is a highly pleiotropic molecule. For instance, STAT3
activation by IL-6 induces phosphorylation of Tyr640, and is
required for the suppression of LPS-induced DC maturation (68,
69). Therefore, while BEN inhibits canonical STAT3 signaling via
phosphorylation of Tyr705, we cannot rule out the possibility that
STAT3 may still be activated via other post-translational
modifications resulting in non-canonical STAT3 activation.

Additionally, Flt3L is sufficient and indispensable for the
commitment of progenitors to the committed DC progenitor
(CDP) stage of DC development, a commitment step that
reportedly requires STAT3 (13). However, others have
reported that various Flt3L-mediated DC lineage commitment
steps alternatively require PI3K, Akt, and mTORC (9, 48).
Activation of Akt1/PI3K/mTOR downstream of Flt3 has been
shown to play an essential role in regulating lifespan, pro-
inflammatory cytokine production, and autophagy in DCs (33,
48, 51, 70–72). In recent years, the regulation of autophagy in
DCs has been shown to affect long-term storage and cross-
presentation of antigen and critically determine GvHD and GvL
effects (33, 73–75). We found a concentration-dependent
decrease in transcript levels of Akt1 in both murine FL-
BMDCs and human moDCs. This may indicate that Akt1
transcripts were translated into protein by day 6 of culture,
Frontiers in Immunology | www.frontiersin.org 13210211196
however we were unable to measure protein levels of Akt1 to test
this. While our current studies do not clearly define the signaling
mechanisms associated with BEN exposure, they suggest
differential modulation of the signaling events downstream of
Flt3. Additionally, the phenotype we observe here closely
resembles that of Flt3L-driven BMDCs, supporting the
overarching hypothesis that BEN elicits these effects in DCs by
positively modulating the Flt3 signaling pathway.

In summary, we demonstrated that bendamustine directly
increases Flt3 expression on murine and human DCs and affects
DC ontogeny. BEN-exposure and enhanced Flt3 expression are
associated with a distinct semi-mature phenotype in murine FL-
BMDCs, with greater CD80 and CD86 expression, but increased
PD-L1 expression and dampened cytokine response to LPS
stimulation. These regulatory FL-BMDCs induced robust
proliferation of alloreactive CD4+ T-cells followed by
programmed cell death. This effect may be attributable to pre-
cDC1s and appears to spare CD8+ T-cells, providing a potential
mechanism by which BEN+TBI conditioning limits GvHD and
yields donor T-cells that are tolerant to host antigen while
maintaining T-cell-dependent GvL (26).
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Dendritic cells (DCs) are professional antigen-presenting cells that act as a bridge between
innate immunity and adaptive immunity. After activation, DCs differentiate into subtypes
with different functions, at which point they upregulate co-stimulatory molecules and
produce various cytokines and chemokines. Activated DCs also process antigens for
presentation to T cells and regulate the differentiation and function of T cells to modulate
the immune state of the body. Non-coding RNAs, RNA transcripts that are unable to
encode proteins, not only participate in the pathological mechanisms of autoimmune-
related diseases but also regulate the function of immune cells in these diseases.
Accumulating evidence suggests that dysregulation of non-coding RNAs contributes to
DC differentiation, functions, and so on, consequently producing effects in various
autoimmune diseases. In this review, we summarize the main non-coding RNAs
(miRNAs, lncRNAs, circRNAs) that regulate DCs in pathological mechanisms and have
tremendous potential to give rise to novel therapeutic targets and strategies for multiple
autoimmune diseases and immune tolerance-related diseases.

Keywords: autoimmune disease, immune tolerance, dendritic cell, non-coding RNA, ce-RNAs
INTRODUCTION

The first study of dendritic cells (DCs) was published in 1973, when Ralph Steinman and Zan Cohn
discovered a small group of cells with unique stellate morphology by microscopic studies of glass-
adhering mouse splenocytes (1). In the mononuclear phagocyte system (MPS), someMPS cells retain
incompletely degraded antigen and present it to T cells, thus activating T cells (2). These so-called
antigen-presenting cells (APCs) initiate a response by activating T cells, which subsequently
stimulate antibody production from B cells, thus bridging innate immunity and adaptive
immunity (3). DCs serve as a bridge between innate immunity and adaptive immunity, and the
discovery of DCs is the result of efforts to understand the cellular initiating factors of the adaptive
immune response (2).
org July 2021 | Volume 12 | Article 6789181214215200
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Recent research shows that DCs can be classified into major
subtypes based on origin and differentiation state. Human DCs
are produced through a lymphoid-specific bone marrow
haematopoiesis pathway. DC subset differentiation is affected
by different specific transcription factors, among which the roles
of IRF8 and IRF4 are particularly important (4–7). Under the
regulation of these cellular transcription factors, DCs can
differentiate into three main subgroups: plasmacytoid DCs
(pDCs), type 1 myeloid/conventional DCs (cDC1s) and type 2
myeloid/conventional DCs (cDC2s) (8). In 2019, Brown et al.
further classified cDC2s into cDC2A(T-bet+) and cDC2B(T-bet-)
by assessing the expression of T-bet, and they are different from
proinflammatory and anti-inflammatory phenotypes in vivo (9).
In addition, increasing evidence has shown that mature DCs can
limit effector T cells and promote the differentiation of regulatory
T (Treg) cells to promote the formation of immune tolerance in
related diseases (10–12).

Researchers have found that genes encode not only functional
products such as proteins but also a variety of unique RNAs (13).
Despite a lack of protein-coding regions, Caenorhabditis elegans
was found to carry some RNAs with conserved functions
required for cell development (14). Owing to advances in
sequencing technologies, researchers have found a large
number of various non-coding RNAs. These non-coding RNAs
can be divided into several subsets, including microRNAs
(miRNAs), circular RNAs (circRNAs), long non-coding
RNAs (lncRNAs), tRNA-derived small RNAs (tsRNAs),
ribosomal RNAs (rRNAs), and PIWI-interacting RNAs
(piRNAs) (14). Some highly conserved RNAs, including
miRNAs (15), circRNAs, and lncRNAs, lacking conservation
between species (16), account for approximately 60% of the
transcriptional output of human cells (17, 18). It is clear that
cellular processes and pathways can be regulated though non-
coding RNAs in developmental and pathological settings.

Noncoding RNAs play various roles in the regulation of
immune cell differentiation and function. Kuiper et al.
Abbreviations: DCs, dendritic cells; pDCs, plasmacytoid dendritic cells; cDCs,
myeloid/conventional dendritic cells; APCs, antigen-presenting cells; MPS,
mononuclear phagocyte system; IRF, interferon regulatory factor; Treg, T
regulatory cells; STAT3, Signal Transducers and Activators of Transcription 3;
GDF15, growth differentiation factor 15; PRRs, pattern-recognition receptors;
ConA, Concanavalin A; BDCA, blood dendritic cell antigen; TNF-a, tumour
necrosis factor alpha; AIH, autoimmune hepatitis; Tol-DCs, Tolerogenic
dendritic cells; MHC, major histocompatibility complex; Mcl-1, myeloid cell
leukaemia-1; Bcl-2, B-cell lymphoma-2; TREM-1, Triggering receptor expressed
on myeloid cells-1; TGF-b, transforming growth factor beta; MSK1, mitogen-and
stress-activated protein kinase 1; NOD2, nucleotide-binding oligomerization
domain 2; IBD, Inflammatory bowel disease; CD, Crohn’s disease; UC,
ulcerative colitis; MDP, muramyl dipeptide; pSS, primary Sjogren’s syndrome;
RA, Rheumatoid arthritis; SLE, Systemic lupus erythematosus; ATP, adenosine
triphosphate; IDO, indoleamine 2,3-dioxygenase; CNS, central nervous system;
EAE, experimental autoimmune encephalomyelitis; MS, multiple sclerosis;
MoDCs, monocyte derived dendritic cells; SSc, Systemic sclerosis; EAM,
experimental autoimmune myocarditis; aGVHD, acute graft-versus-host
disease; allo-HCT, allogeneic haematopoietic cell transplantation; LPS,
Lipopolysaccharide; E2F1, E2F transcription factor 1; ceRNA, competing
endogenous RNAs.
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observed that conditional depletion of Dicer in mouse CD11c+
DCs did not affect the presence of transient resident DCs in
lymph nodes or spleen. However, the lack of miRNAs led to a
selective loss of these cells in the epidermis, and those cells that
did exist lacked the capacity to mature and present antigens (19).
Wang et al. demonstrated that lnc-DCs, exclusively expressed in
human conventional DCs (cDCs), decreased DC differentiation
and reduced the antigen presentation ability of DCs by
increasing the expression of STAT3 (20). Zhang et al. found
that the expression of circular malat-1 (circ_malat-1) was
attenuated by GDF15, leading to repression of the maturation
of DCs (21).

Due to the unique role of DCs in immune diseases,
researchers have paid more attention to the regulation of DCs
by non-coding RNAs in recent years, considering this an
important mechanism for further studying the relevant
mechanisms and pathological processes in immune diseases.
This review summarizes recent developments in non-coding
RNA and DC research related to various autoimmune diseases
and transplantation immunity, especially highlighting the
immunomodulatory role of miRNAs, circRNAs, and lncRNAs
in the processes of immune diseases mediated by DCs (Table 1).
PLASMACYTOID DENDRITIC
CELLS (PDCs)

pDCs are a small subset of DCs that share a similar origin, and
pDCs express a narrow range of pattern-recognition receptors
(PRRs), including Toll-like receptor 7 (TLR7) and TLR9 (45).
Under the stimulation of the above receptors and exogenous or
endogenous nucleic acids, pDCs can secrete a large amount of
type I IFN and other pro-inflammatory cytokines.

The numbers of pDCs in lymphoid tissues and related target
organs, as well as the level of peripheral type I IFN, change in
autoimmune diseases such as systemic lupus erythematosus
(SLE), rheumatoid arthritis (RA) and psoriasis (46–48). In SLE,
differentiation of Exfo B cells into AFCs requires activation of
TRL signalling, which requires the involvement of pDCs (49).
Some researchers, therefore, maintain that depletion or
functional impairment of pDCs may serve as a viable and
potentially specific treatment strategy for lupus (50). In
addition to acting directly on autoimmune diseases, pDCs can
also affect autoimmunity by regulating other immune cells.
Nakamoto et al. demonstrated that bone marrow-derived
pDCs induce IL-35 production through Treg cells during
ConA-induced acute hepatitis, and the level of type I IFN
released by pDCs was also increased. Consequently, the role of
pDCs in autoimmune diseases cannot be ignored.
CONVENTIONAL DENDRITIC
CELLS (CDCs)

According to the dependence of transcription factors on
development, different subtypes of cDC can be divided into
July 2021 | Volume 12 | Article 678918
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cDC1 and cDC2 (51). In the MHC I environment, cDC1s present
antigens to immature CD8+ T cells, while in the MHC II
environment, cDC2s present more antigens to immature CD4+
T cells (52).

As cells that play a significant role in nonspecific and specific
immunity, cDCs are also involved in a variety of autoimmune
diseases. The number of cDCs in the peripheral blood of patients
with autoimmune diseases (SLE or RA) is related to their
localization in the target tissue (53–56). In RA patients, the
number of cDCs was found to be increased in synovial fluid and
decreased in peripheral blood (57). cDCs appear to express a
unique chemokine receptor: CCL6, the CCL20 receptor. CCL20
leads to infiltration of a variety of inflammatory cells, including
immature DCs and Th17 effector lymphocytes, and the
production of inflammatory cytokines, including TNF-a, IL-1,
and IL-17, in inflammatory synovial tissue, which induces
recruitment of local cDCs (58, 59). We demonstrated that the
Frontiers in Immunology | www.frontiersin.org 3216217202
role of abnormal autophagy in the immunogenic maturation of
cDCs in autoimmune hepatitis should not be ignored, and
inhibition of autophagy may be a novel therapeutic strategy for
AIH (60).
TOLEROGENIC DENDRITIC CELLS
(Tol-DCs)

DCs can promote the tolerance of autoreactive T cells and induce
effector T cell differentiation in specific tissue environments, thus
affecting autoimmunity, immune tolerance, or both (61). DCs in
this state are called tolerogenic DCs (Tol-DCs). However,
whether there is a specific sensitized cell origin in the body or
whether the sensitized phenotype of DCs reflects their activation
state is still unclear (62).
TABLE 1 | The targets and regulatory effect of noncoding RNAs on DCs in autoimmune and immune tolerance-related diseases.

Disease Non-coding RNAs Type of
regulation

DCs (subsets or
sources)

Predicted/
identified
targets

Function Refs

SLE miR574 ↑ pDC TLR7 Promote pDC maturation and secretion of IFN-a,
TNF- and IL-6

(22)
miR LET7b miR21
miR-361-5p, ↓ pDC TLR7 Increase IFN-a secretion (23)
miR-128-3p miR-181a-2-3p
miR-155 ↑ pDC TLR7 MHC class II, CD40, CD86 expressions and IFN-a

secretion increased
(24)

miR-29b ↓ pDC TLR9 Mcl-1, Bcl-
2

Promote pDCs apoptosis (25)
miR-29c
miRNA-150 ↓ cDC TREM-1 inflammation decreased in SLE (26)
miR-142-3p ↑ cDC ND Increase secretion of related cytokines, inhibit Treg,

and promote proliferation of CD4+T
(27)

RA miR-34a ↑ DCs (CD1c+) AXL Promote DCs activation of T cells (28)
miR-363 ↓ cDC (CD11C+av+) ND Increase Th17 cells differentiation (29)

pSS miR-29a ↓ pDC ND Increase pDCs survival (30)
mir-29c
miR-708 ↓ cDC (CD1c+) TLR3, TLR7/8 Increase the secretion of IL-12 and TNF-a (31)
miR-130a MSK1

IBD miR-10a ↓ cDC (CD11c+) IL-12/IL-23p40 Low inflammatory environment in the intestines (32)
MS miR-233 ↓ cDC (CD11b+CD11c+) ND Inhibit activation of Th17 by decreasing levels of

IL-1, IL-6, IL-23
(33)

SSc miR-31 ↑ cDC (CD11c+) ND Reduce the number of DC migrations to CNS (34)
miR-618 ↑ pDC IRF8 Reduce the development of pDCs in SSc (35)

Autoimmune
myocarditis

miR-223-3p ↑ Tol-DC NLRP3 Inhibition of DCs maturation (36)

GVHD miR-155 ↑ DCs (BMDC) ND Decrease the migration and inflammatory activation
of DC

(37)

miR-146a ↓ DCs (BMDC, MoDC) JAK-STAT Upgrade histopathological GVHD scores (38)
miR-29a ↑ DCs (BMDC, MoDC) TLR7 (mouse) promote DC maturation, migration and activation of

T cell proliferation
(39)

TLR8 (human)
SLE lnc-DC (ENST00000604411.1,

ENST00000501122.2)
↑ DCs(MoDC) ND Positive correlation with SLEDAI Score (40)

Autoimmune
myocarditis

lncRNA NEAT1 ↓ cDCs (CD80+, CD86+,
MHC II+)

Sponge miR-
3076-3p NLRP3

Increase DC induced Tregs and inhibited T cells
proliferation

(41)

lncRNA MALAT1 ↑ Tol-DCs (DC-sign+) mir155-5p Promote the formation of Tol-DCs (42)
SLE circHLA-C ↑ DCs miR-150 Promote pDCs maturation (43)
Autoimmune
myocarditis

circSnx5 ↑ cDC (CD80+, CD86+,
MHC II+)

miR-544 Reduce inflammation of EAM by regulating SOCS1,
PU.1

(44)

circ_Malat-1 ↓ cDC (CD11c+CD80+,
CD86+, MHC II+)

GDF15 Increase tolerogenic phenotype of DCs (21)
NFkB
July 2021 | Volume 12 | Article 67
Increase the secretion of IL-12 and TNF-a; Increased IL-12 and TNF-A secretion in DCs.
GDF15, Growth differentiation factor 15; NF-kB, nuclear factor kappa-B. ND, not done; ↑, upregulated; ↓, downregulated.
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The role of Tol-DCs in autoimmunity is characterized by low
expression of costimulatory molecules, production of
immunomodulatory cytokines, and inhibition of the proliferation
of T cells (63). In addition, the important interaction between
Tregs and Tol-DCs in the maintenance of peripheral tolerance in
mice and humans cannot be ignored (64). Tol-DCs can promote
the differentiation of Treg cells through various mechanisms, such
as the production of IL-10, IL-27, TGF and other cytokines and the
expression of indoleamine 2,3-dioxygenase (IDO), thereby
changing the levels of extracellular adenosine triphosphate (ATP)
and adenosine (12, 65–68). Furthermore, treatment centred on tol-
DCs administration is yielding promising results as an alternative
to immune modulators (69). Tolerant dendritic cells inhibited
T cell proliferation and delayed the occurrence of GVHD in
mice through lactic acid synthesis (70).
MicroRNAs REGULATE DENDRITIC CELL-
MEDIATED AUTOIMMUNE AND IMMUNE
TOLERANCE-RELATED DISEASES

Some previous studies have shown that miRNAs can act
as regulatory molecules to affect the expression of target
Frontiers in Immunology | www.frontiersin.org 4217218203
genes, thereby altering the immune state of the body
(71). MiRNAs influence the pathogenesis of a variety of
autoimmune and immune tolerance-related diseases by
regulating DCs (Figure 1). In terms of treatment, pri-miRNAs
may even become innovative drugs for the treatment of immune
diseases (72).

Systemic Lupus Erythematosus (SLE)
The cause of SLE is multifactorial, including the environment,
random factors and genetic susceptibility (73). Large amounts of
type I IFN and various cytokines produced by pDCs are typically
found to be statistically related to the aetiopathogenesis of SLE
(74). Salvi et al. purified exosomes from plasma collected from
SLE patients and extracted miRNAs (idiopathic inflammatory
myopathy (IIM) miRNAs: miR574, LET7b, and miR21) that
could induce the production of type I IFNs in human pDCs from
these exosomes. These miRNAs can act as survival factors for
human pDCs, activate the maturation of pDCs, increase the
expression of CD86 and decrease BDCA-2 levels as well as the
production of IFN and pro-inflammatory cytokines (TNF-a,
IL-6) and phosphorylated p65 (a subunit of NF-kB). Moreover,
IIM miRNAs represent potential endogenous ligands of human
TLR7, which is the specific endosomal single-stranded RNA
(ssRNA) receptor expressed by pDCs (22). Hoogen et al.
FIGURE 1 | Typical microRNA-mediated pathways in DCs. 1) Activation of TLR7 by the TLR7 agonist R837 resulted in increased miR155 expression, which in turn
promoted pDC maturation (elevated MHC class II/CD86 expression) and increased IFN-a secretion. 2) Under the stimulation of extraneous inflammatory factors,
TLR7/8/3 was activated, which increased the expression of miR-708/miR-130a, leading to the inhibition of MSK1 and promoting the secretion of IL-12/TNF-a in
cDCs. 3) The increased expression of miR-223-3p was followed by inhibition of NLRP3 inflammocytes, thereby promoting the DC tolerance phenotype (decreased
EXPRESSION of MHC Class II/CD86/CD80), leading to increased secretion of IL-10/TGF-b and promoting Treg proliferation. 4) Activation of TLR7 by exosome-
derived microRNAs through cell membranes can promote pDC maturation and increase IFN-a secretion.
July 2021 | Volume 12 | Article 678918

https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Liu et al. Regulation of ncRNAs on DCs in ADs and Immunotolerance
analysed 131miRNAs in pDCs in SLE and related diseases (SLE +
antiphospholipid syndrome and primary antiphospholipid
syndrome) and found that 73 of them showed reduced
expression. Of the 73 miRNAs, miR-361-5p, miR-128-3p and
miR-181a-2-3p were expressed at lower levels in patients with a
high IFN signature than in patients with a low IFN signature and
healthy controls (23). By employing pDCs from murine models
of lupus, Tam et al. discovered that the upregulation of miR-155
was the strongest, and the upregulation of miR-155 was
significantly higher in active pDCs from the symptomatic
group than in those from the control group. In agreement with
this, TLR7-mediated miR-155 overexpression has been shown to
lead to elevated CD40 expression (24). This finding is consistent
with another study showing that MHC class II, CD40, and CD86
expression is decreased by miR-155 knockdown in Kupffer cells
(75). pDCs activated by the TLR pathway are resistant to
glucocorticoid-induced apoptosis, which makes glucocorticoids
ineffective in the treatment of type I IFN-related autoimmune
diseases. In another study, miR-29b and miR-29c promoted pDC
apoptosis by directly targeting Mcl-1 and Bcl-2, which elevated
the therapeutic effect of glucocorticoids in SLE (25). TLR and
IFN receptors are innate immune receptors, and dysregulation of
TLR and IFN signalling can lead to innate immune system
disorders; these pathways have been shown to be important in
lupus pathogenesis (76). As we have previously described,
dysregulated miRNAs influence the progression of SLE by
regulating pDCs activated by TLRs and/or IFN, as well as by
inducing the secretion of inflammatory cytokines.

Not only pDCs but also active cDCs play important roles in
the development of SLE. Triggering receptor expressed on
myeloid cells-1 (TREM-1) might play a part in the
pathogenesis of autoimmune disorders such as lupus through
TLR-induced inflammatory responses (77). By selecting and
analysing splenocytes from MRL/lpr mice, Gao et al. found
that the expression of miR-150 could downregulate the levels
of TREM-1, suggesting that TREM-1 may be a therapeutic target
for the prevention of inflammatory cDC effects in SLE (26). In
addition, miR-142-3p promoted monocyte-derived DCs
(moDCs) to secrete CCL2, CCL5, CXCL8, IL-6, TNF-a and
other SLE-related cytokines. Moreover, overexpression of miR-
142-3p in moDCs inh ib i t ed the pro l i f e r a t ion o f
CD4+CD25+Foxp3+ Treg cells and recruited more CD4+ T
cells, which impacted moDC-CD4+ T cell interactions (27).
Regarding Tol-DCs, although a recent publication detailing
that adoptive transfer of drug-induced Tol-DC1s and Tol-
DC3s reported beneficial therapeutic effects in MRL-Faslpr

lupus-prone mice (78), to date, there have been no relevant
studies on the role of miRNAs in regulating DC tolerance in SLE.

Rheumatoid Arthritis (RA)
RA is a chronic and inflammatory synovitis systemic autoimmune
disease and is the most frequent autoimmune polyarthritis,
with a lifetime prevalence of 3.6% in women and 1.7% in men
(79, 80). Activation of DCs is involved in the pathogenesis of RA.
Synovial fluid can contain both conventional CD1c+ and
inflammatory CD1c+ cells, and these cells not only prime
naive T cells (81) but also stimulate TLR7/8 ligands; in
Frontiers in Immunology | www.frontiersin.org 5218219204
response, cytokines such as TNF are produced, thereby
promoting synovial inflammation (82). Changes in the
expression level of miRNAs can affect the abundance of DC
surface receptors and thus regulate the maturation of DCs
to change the inflammatory state in RA. A study found that
CD1c+ DCs continuously expressed high levels of miR-34a,
which inhibited the expression of cellular AXL, a tyrosine
kinase receptor, thus contributing to the development of
experimental arthritis. This expression of miR-34a may shift
DCs towards a mature state, and mature DCs can support
autoreactive T cells. Furthermore, in animal studies, compared
with wild-type (WT) mice, miR-34a−/− mice had a significantly
lower incidence and severity of arthritis (28), which means that
miR-34a inhibitors could be a potential treatment for RA. In
addition, miRNAs can also affect helper T cell differentiation by
regulating DCs, thus affecting the development of RA. Another
study found that CD11C+av+ DCs induced Th17 cell
differentiation. A possible mechanism has been proposed:
decreased miR-363 expression in DCs from RA patients was
shown to upregulate the expression of integrin av, which induced
the activation of TGF-b and promoted the differentiation of Th17
cells (29); Th17 cells can exacerbate RA and are directly involved
in cartilage and bone destruction (83).

Sjögren’s Syndrome
Primary Sjogren’s syndrome (pSS) is an autoimmune disease
characterized by inflammatory cells infiltrating multiple exocrine
glands, such as salivary glands and lacrimal glands, and leads to a
series of pathological manifestations, such as sicca
keratoconjunctivitis and xerostomia (84). The number of pDCs
in the peripheral blood of pSS patients is decreased (85), but in
the target organ and salivary glands, the quantity of IFN-a-
producing cells is increased (86, 87). Importantly, pDCs can also
be activated by endogenous nucleic acids (88). Therefore, pDCs
are considered to be the main contributor to the production of
type I IFN in pSS and a key mediator of immunopathology. In
addition, in pSS, multiple studies have shown that miRNAs are
abnormally expressed in multiple tissues and cells of the human
body, including purified immune cells, peripheral blood
mononuclear cells (PBMCs) and salivary gland tissues (89, 90).
In recent years, researchers have also noted the regulatory effects
of miRNAs on DCs in pSS. Hillen et al. focused on 20 miRNAs
that were differentially expressed between pDCs from patients
with pSS and normal controls by an OpenArray quantitative
PCR-based technique. In this study, abnormal regulation of the
miRNome affected the type I IFN secretion and death of pDC
from patients with pSS, and downregulation of pro-apoptotic
factors such as miR-29a and miR-29c strengthened the survival
of pDCs (30). Not only pDCs but also cDCs are involved in the
pathological processes of pSS. cDC2s, which characteristically
express CD1c, are the predominant cDCs in human blood,
tissues, and lymphatic organs (8). Importantly, CD4+ T cells,
the main target cells of cDC2s, play a crucial role in pSS
immunopathology (91, 92). Ana P. Lopes et al. found that
miR-708 and miR-130a expression in pSS cDC2s was
downregulated after activation of some TLRs (TLR3 and
TLR7/8), and this altered expression was involved in the
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pathogenesis of pSS. In addition, the secretion of inflammatory
cytokines was increased. These results suggest that decreased
expression of miR-130a and miR-708 can reflect cDC2 activation
(31). Furthermore, miR-130a regulates the expression of MSK1,
a targeted signalling protein overexpressed in cDC2s in pSS and
an upstream mediator of NF-kB that regulates the secretion of
some pro-inflammatory cytokines by cDC2s (31, 93).

Inflammatory Bowel Disease (IBD)
A large number of microorganisms accumulate in the intestinal
mucosa shortly after birth (94). Studies have shown that in the
process of innate immune activation, specific miRNAs are
upregulated, thereby affecting the innate response to microbial
and viral infections (95). Mature DCs become highly specialized
APCs when they encounter microbial products and
inflammatory stimulation. Previous research has shown that
lamina propria DCs may be associated with specific immune
functions in the lamina propria and Peyer plaques (96).
Therefore, miRNA-based regulation of DCs in intestinal
immunity has gradually become a research focus. In one study,
owing to the effects of enteric microorganisms, the expression of
the miR-10a precursor was inhibited, which caused decreased
expression of IL-12/IL-23p40 in DCs. In line with this finding, a
miR-10a inhibitor promoted the expression of IL-12/IL-23p40.
The gene encoding IL-12/IL-23p40, IL-12B, has been closely
related to susceptibility to Crohn’s disease (CD) and somewhat
related to susceptibility to ulcerative colitis (UC) (97–99).
Another study determined whether abnormal expression of
miR-10a in human DCs could inhibit the expression of NOD2,
which is a prototypical member of the IL-12/IL-23P40 and nod-
like receptor family. Furthermore, NOD2 can be activated by
muramyl dipeptide (MDP) from bacteria (32, 100). Researchers
have long believed that the NOD2 polymorphism is related to
susceptibility to CD (101). Therefore, the regulation of DCs by
miR-10a may also be one of the pathological mechanisms
underlying IBD.

Multiple Sclerosis
Multiple sclerosis is an autoimmune disease characterized by
inflammatory demyelination of white matter in the central
nervous system (CNS). The most commonly involved areas are
the alba around the ventricle, optic nerve, spinal cord, brainstem
and cerebellum. Through analyses of experimental autoimmune
encephalomyelitis (EAE) and multiple sclerosis (MS) mouse
models, researchers have found that MoDCs, which are
Ly6chiCD11b+CD11c+, are important CNS-infiltrating cells
(102, 103). Another publication reported that miR-223, which
is among the upregulated miRNAs in MS patients (104), plays an
important role in inflammation in the CNS by controlling the
level of MoDC-secreted Th17-polarizing cytokines (including
IL-1b, IL-6 and IL-23) to regulate the induction of the Th17
response (33). Hoye et al. focused on the elevated expression of
miR-31 in DCs that migrate through the blood-brain barrier in
vitro. These results suggest that miR‐31 may have potential
regulatory effects on DC migration in the CNS during EAE
(34). In addition, a recent publication found that miPEP155 can
regulate the antigen-presenting capacity of dendritic cells in an
Frontiers in Immunology | www.frontiersin.org 6219220205
inflammatory environment and has a good therapeutic effect on
two autoimmune diseases in mouse models of psoriasis and
multiple sclerosis (72).

Systemic Sclerosis (SSc)
Systemic sclerosis (SSc) is an autoimmune disease characterized
by fibrosis, vascular lesions, and immune dysfunction. pDCs
infiltrate the skin of SSc patients and become chronically
activated, leading to the secretion of IFN-a and CXCL4, which
is characteristic of the disease (105). One publication noted that
overexpression of miR-618 reduced the development of pDCs in
vitro and enhanced the ability of cells to secrete IFN-a,
suggesting that miR-618 may be an important epigenetic target
for regulating immune system homeostasis in diseases
characterized by a type I IFN signature (35).

Autoimmune Myocarditis
As the main cause of sudden death and dilated cardiomyopathy
in children and young adults, autoimmune myocarditis features
aseptic inflammation of cardiac tissues, and miRNAs play a
regulatory role in its induction by inducing the generation of
Tol-DCs. A large number of animal models have proven that
Tol-DCs can inhibit the occurrence and/or progression of
autoimmune diseases through adoptive transfer of BMDCs
into mouse models (106–108). A recent study found that the
inflammation of heart tissue and poor heart function in
experimental autoimmune myocarditis (EAM) mice were
reversed after transfusion of miR-223-3p-overexpressing DCs,
indicating that miR-223-3p is involved in inducing Tol-DCs and
regulating tolerance in autoimmune myocarditis (36).

Acute Graft-Versus-Host Disease (aGVHD)
Among immune tolerance-related diseases, acute graft-versus-
host disease (aGVHD) is a major immune complication that
occurs after allogeneic haematopoietic cell transplantation (allo-
HCT) due to a series of cytokine storms initiated by the recipient
(109). MiRNAs are small non-coding RNAs, and their role in
regulating inflammation and innate and adaptive immune
responses cannot be ignored. The expression of multiple target
mRNAs can be regulated by the same miRNA (110). In recent
years, some publications have focused on the crucial role of
miRNA dysregulation in DCs in the GVHD pathomechanism.
One study noted that miR-155 expression was increased in
activated DCs, and the severity of GVHD in miR-155−/−

transplant recipients was decreased when DC migration and
the level of inflammasome activation were attenuated (37).
Stickel et al. revealed that miR-146a can negatively regulate the
JAK-STAT signalling pathway in DCs, suggesting that miR-146a
variants can significantly increase the risk of acute severe GVHD
in human allo-HCT recipients (38). Another study identified a
partial role of miR-29a in stimulating DCs through TLR7 and
TLR8 (in mice and humans, respectively) to release pro-
inflammatory cytokines TNF and IL-6, which are critical
drivers of acute GVHD pathogenesis, and to increase T cell
proliferation (39). These studies provide a new research
paradigm for identifying more effective prevention and
treatment strategies for acute GVHD.
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LncRNAs REGULATE DENDRITIC CELL-
MEDIATED AUTOIMMUNE AND IMMUNE
TOLERANCE-RELATED DISEASES

LncRNAs, with lengths over 200 nt, are a group of non-coding
RNAs with structures similar to mRNAs but lack any significant
open reading frames (111, 112). In addition, they play crucial
roles in various biological processes, such as immune cell
differentiation, apoptosis and immune responses (20, 113).
Many lncRNAs can be induced by TLRs. For example,
stimulation of TLR4 induces the expression of lincRNA-Cox2
in CD11C+ BMDCs (15). In the following sections, we
summarize previous studies of lncRNAs affecting DCs in
autoimmune diseases and transplantation immunity.

Systemic Lupus Erythematosus (SLE)
LncRNAs may be involved in the molecular regulatory mechanisms
in lupus (114). Li et al. focused on the expression of lnc-DC in SLE
patients, which was significantly lower than that in healthy controls.
In contrast, the lnc-DC level was higher in the lupus nephritis group
than in the healthy control group. To identify the correlation
between differentially expressed lncRNAs in MoDCs of SLE
patients and the SLEDAI score, Wang et al. used lncRNA
microarrays and qPCR and found that the expression levels of
ENST00000604411.1 and ENST00000501122.2 were able to
estimate the activity of SLE. Specifically, the expression of these
two markers was positively correlated with the SLEDAI score (40).
These results suggest that lnc-DC could be a new biomarker for SLE.

Immune Tolerance
In transplantation immunity, abnormal lncRNA expression levels
can affect the transformation of DCs into Tol-DCs. Yu et al.
confirmed that the expression of the lncRNA NEAT1 was
increased in mature DCs induced by LPS. As a ceRNA, NEAT1
regulated NLRP3 expression by affecting the activity of miR-3076-
3P, and the expression of lncRNA NEAT1 could be regulated
although E2F1 activity mediated by miR Let-7i (Figure 2). Thus,
transfusion of NEAT1-knockdown DCs into mouse models with
EAM and heart transplantation reduced inflammatory cell
infiltration, inhibited T cell proliferation, and increased the
number of Treg cells (41). Another publication noted that the
functional lncRNA MALAT1 is involved in Tol-DC induction and
regulation of immune tolerance in heart transplantation and EAM.
MALAT1 regulates the formation of Tol-DCs and immune
tolerance by functioning as a miR155 sponge in the cytoplasm to
promote DC-SIGN and IL10 production (42).
CIRCULAR RNAs REGULATE
DENDRITIC CELL-MEDIATED
AUTOIMMUNE AND IMMUNE
TOLERANCE-RELATED DISEASES

Circular RNAs are widely found in human and mouse genomes,
so they are likely to be a common feature of eukaryotic gene
Frontiers in Immunology | www.frontiersin.org 7220221206
expression and regulation, although they were previously
ignored (115). In addition, they have been subsequently found
in the genes of other animals, including flies and worms, by
microarray analysis (116, 117). There is mounting evidence that
circRNAs play an essential role in complex human pathologies.
circRNAs have been used in some studies as new noninvasive
biomarkers for certain autoimmune diseases (118). DCs are
regarded as an important class of APCs in autoimmunity. DCs
have been found to be involved in various autoimmune diseases
and immune tolerance-related diseases; therefore, an in-depth
study of the regulatory mechanisms by which circRNAs affect
DCs will not only improve our understanding of the molecular
mechanisms of these diseases but also make it possible to identify
future treatments for them.

Systemic Lupus Erythematosus (SLE)
Recent studies have suggested that circRNAs may play a
regulatory role in SLE by serving as miRNA sponges (119, 120)
and can be used as potential biomarkers for SLE (120). Another
study confirmed that the circRNA hsa_circ_0045272 negatively
regulates apoptosis and interleukin-2 secretion in SLE. There are
other relevant studies on the regulation of DCs. For example,
circHLA-C was shown to play a potentially important role in the
pathogenesis of lupus nephritis by sponging miR-150. In
addition, through GO analysis, it was found that upregulated
circRNAs are involved in regulating the differentiation of DCs
and other biological functions (43).

Immune Tolerance
A large number of studies have shown that circRNAs play an
important role in the immune system (121), and some circRNAs
have been found to be abnormally expressed in DCs with
different functions (21). The role of circRNAs in inducing Tol-
DCs cannot be ignored. A recent publication found that circSnx5
could bind with miR-544 as a molecular sponge by analysing
circSnX5-associated competing endogenous RNA (ceRNA)
networks to weaken the inflammatory phenotype of DCs and
enhance their tolerance in a heart transplantation mouse model
(44) (Figure 2). In addition, some upstream regulatory factors
may affect the expression of circRNAs to regulate the function of
DCs. Another study studied growth differentiation factor 15
(GDF15)-induced Tol-DCs by inhibiting the circ_Malat-1 and
NFkB signalling pathways (21). This study indirectly confirmed
that the circRNA Malat-1 has a regulatory effect on DCs in
immune tolerance.
THE THERAPEUTIC POTENTIAL
OF NONCODING RNAs IN
AUTOIMMUNE DISEASES

Changing the expression level of non-coding RNAs can further
affect the process of autoimmune diseases through the regulation
of DC function. As described above, the inflammatory response in
SLE can be reduced by reducing the expression of miR-142-3p and
miR-150 (27, 77). In addition, miR-29b and miR-29c can also
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enhance the effect of glucocorticoids on SLE by promoting pDC
apoptosis (25). In addition, miR-142-3p, miR-363 and miR-29a
change the proliferation level of Treg and T cells through
regulation of DCs and then affect the level of inflammation in
related autoimmune diseases (29, 39, 77). For the other two types
of non-coding RNA (circRNA, lncRNA), representatively,
CircSnx5 and lncNEAT1 can bind miRNA via a ceRNA
network and change the inflammatory phenotypes of DCs in
Frontiers in Immunology | www.frontiersin.org 8221222207
related autoimmune diseases (41, 44). In general, knockdown or
overexpression of non-coding RNAs may be a novel potential
therapeutic strategy for related autoimmune and tolerance-related
diseases. In the development process of different autoimmune and
tolerance-related diseases, it is of great potential to further
understand the abnormal expression of non-coding RNAs and
the regulation of these diseases through DCs, which can bring new
therapeutic targets or strategies for these complex ones.
FIGURE 2 | CircRNAs and lncRNAs regulate the function of DCs through the ceRNA network. 1) The combination of hnRNP C with circSnx5 promotes the
expression of circSnx5 in DCs, and circSnx5 sponging with miR-544 reduces the inhibitory effect of miR-544 on Socs1, thus reducing the expression of CD80/86
and the secretion of IL-10 and increasing the number of Tregs. In addition, circSnx5 combined with PU.1 can directly reduce the expression of MHCII; 2) miRNA let-
7i can regulate the expression of lncNEAT1 by binding E2F1, and lncNEAT1 is able to regulate NLRP3 inflammasome by inhibiting Mir-3076-3P, then increasing
expression of MHCII/CD80/86, promoting secretion of IL-17/12 as well as reducing the number of Tregs and increasing the activation of T cells.
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CONCLUSION AND FUTURE
PERSPECTIVES

Dendritic cells (DCs), typical APCs in the human body, play an
important role in connecting innate immunity and adaptive
immunity and affect the pathological mechanism of various
immune diseases. Our understanding of non-coding RNAs has
changed, and now, instead of being considered “junk”
transcription products, they are recognized as functional
regulators that mediate various cellular processes. This review
highlights the regulatory effects and potential therapeutic targets
targeted by DCs of abnormally expressed non-coding RNAs
(miRNAs, lncRNAs, circRNAs) in autoimmune diseases and
immune tolerance diseases. Although non-coding RNAs have
been proven to be potential diagnostic and prognostic
biomarkers, the specificity and sensitivity of most existing
noncoding RNA biomarkers are still insufficient for clinical
application. Further large-scale prospective clinical trials will
validate and promote the clinical application of noncoding
RNA biomarker candidates. Furthermore, the number and
profundity of studies on the effects of lncRNAs and circRNAs
Frontiers in Immunology | www.frontiersin.org 9222223208
on DCs in these diseases remain scarce. Despite these defects,
further research on the regulatory mechanisms of non-coding
RNA in target cells in specific diseases may provide a more solid
foundation for diagnostic and therapeutic research in
autoimmune diseases and immune tolerance diseases.
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