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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 naive 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 FcyR2B™~ mice, indicating that FcjR2B 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 FcyR2B, and then
NF-xB and ERK signaling pathways were manifested to be involved in this regulation.
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CRP Suppresses Th17 Response in EAE

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, FcyR2B,

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-y~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 Thl response by direct receptor
binding to naive T cells, and that Thl response also was
reduced in MOG-immunized EAE model after CRP treatment
(16), whereas we did not detect changes in IL-17 or ROR}t when
CD4" T/naive 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 naive 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

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 Thl,
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 FcyR2B. 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-xB 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 ROR}t (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-yPerCP-
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-y
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). FcyRZB_/_ 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 pg myelin
oligodendrocyte glycoprotein (MOG, MEVGWYRSP
FSRVVHLYRNGK) peptide 35-55 (299% purity, Shanghai
Science Peptide Biological Technology, Shanghai, China) in
complete Freund’s adjuvant containing 4 mg Mpycobacterium
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
0f 200 pg 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 pg/ml MOG peptide 35-55.

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 lyseTM. 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 x
10° cells in 300 ul per well) with plate-bound anti-CD3 (2 pg/ml,
immobilized overnight at 4°C) and fluid phase anti-CD28 (2 ug/
ml), in the presence or absence of CRP (100 pg/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 Thl-polarizing conditions (10 ng/ml mIL-2, 20 ng/ml
mlL-12p70, and 10 mg/ml anti-IL-4 mAb) or Thl7-polarizing
conditions (25 ng/ml IL-6, 5 ng/ml TGF-f3, 20 ng/ml IL-1f3, 10 pg/
ml anti-IL-4 mAb and 10 pug/ml anti-IFN-y 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 um),
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 800xg 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 1x HBSS
and washed for three times by centrifugation for 10 min at 500xg
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 cm? 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 x 10°/ml) in 24-well plates with or without CRP (100 pg/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-y (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"); ROR¢t (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 mM NaCl, 1% NP-40, and 0.5 mM PMSF)
supplemented with protease/phosphatase inhibitor. Proteins
were denatured and electrophoresed in 8% Glycine-Tris/

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 ] 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-y, 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

Frontiers in Immunology | www.frontiersin.org

March 2021 | Volume 12 | Article 589200


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

Shen et al.

CRP Suppresses Th17 Response in EAE

of CD4" T cell subsets at the peak of EAE disease. The results
showed that IL-17 and ROR}t expression were high in EAE
vehicle mice, while they were significantly decreased in CRP-
treated EAE mice (Figure 1A). The IFN-yand 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 Thl cells. As shown in FigurelE, CD4" IL-
17" T cells and CD4" IFN-y" 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).

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
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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 gPCR, 72 h for ELISA and FACS. (A) Th17 relevant cytokine (IL-17) and transcription factor (ROR) were examined by
gPCR and ELISA (n = 8). (B) Th1 relevant cytokine (IFN-7) and transcription factor (T-bet) were measured by gPCR and ELISA (n = 8). (C) Th2 relevant cytokine (IL-4)
and transcription factor (GATA-3) were detected by gPCR and ELISA (n = 8). (D) Th2 relevant cytokine (IL-10) and transcription factor (Foxp3) were tested by gPCR
and ELISA (n = 8). (E) Th17 (CD4" IL-17*) and Th1 (CD4" IFN-y") cells were examined by FACS (n = 3). Data are presented as mean + SEM; p < 0.05 was
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direct effect of CRP on Thl17 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-ywas 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 Thl differentiation conditions to examine the
expression of transcription factors and signal transducer and
activator of transcription (STATs) by western blotting. Here,
TGF-f, IL-18 and IL-6 were used to induce Th17 differentiation,
while IL-12 was used to induce Th1 differentiation, then RORH
and p-STAT-3 were examined in Th17 differentiation, while T-
bet and p-STAT-1 were examined in Th1 differentiation. ROR¢t
and p-STAT-3 were down-regulated with CRP stimulation in the
splenocytes, but not in CD4" T cells (Figures 2C, D). On the

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 Thl 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
DC:s 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
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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-y were measured with CRP treatment in both splenocytes and CD4*
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immune cell infiltration to trigger Th17 response, the immune  were increased from 5 to 25% of total immune cells in EAE mice
cell composition of blood and CNS from healthy mice (control), (Figures 3A, E, F). The percentage of B cells (CD45"B220"
EAE mice and CRP-treated EAE mice were analyzed by flow B cells) was decreased from 55 to 25% in the blood, but they had
cytometry. Our data revealed that compared to control mice,  no obvious difference in the CNS between control and EAE mice
EAE mice maintained a similar percentage of T cells  (Figures 3B, E, F). Unexpectedly, the percentage of blood
(CD45'CD3" T cells) in the blood, whereas in CNS, T cells monocytes was raised from 30 to 80% in EAE mice compared

Blood CNS
A ) -
Control EAE Vehicle EAE CRP Control EAE Vehicle EAE CRP
3] T cells 104 T cells ] T cells 0 T Cells 3] T cells o T cells
o 1838 184 1o 17.2 4.69 1o 24.7 245
w 10°4 10°4 10°4 10°4 1024 1004
Sm' E 104 10" 10'4 10'4 10'4
(&)
1004 10°4 1074 1074 1074 10°4
NI W R W e aE W W I
CD45
B
10° 4 B cells 1044 B cells = 1004 3] B cells 3] B cells N 3] B cells
55.7 245 ; o 5.38 o 442 o 4.85
3 | 3. ’ ‘. 3|
’| 10 10 y 10 1024 102
o, 2
Q1074 1074 1074 y
8 10'4 10'4
Qn'y 10" 10' 4
1004 10°4
‘na . 3 . ag ‘00 T T T T ‘no T ol ol T T T T T T &l T .l
10° 10 10° 10° 10° 10! 10° 10° 10° 10’ 10° 10° cD45 10 10 10° 10° 10° 10' 10° 10° 10° 10 10° 10°
C
54 5 44
10 10 1o Monocytes CD45high CD11b+ CD45high CD11b+ CD45high CD11b+
10°4 302 10°4 76.1 104 78.1
104 104 10t o
Oi0°4 10°4 10°4
2
by 2
[all 1074 10° 4
(@]
L | L L
0 m' 10° 10 |0‘ 10 0 ID‘ 10° I('A3 \D‘ 105 0 m‘ 10°
E 40 80 D 103370 96.3 ©*Jo4s *J0.05
no significance p<0.001 i B 1 -
| — 1004 i A 10° 4 10° 4
. 304 igni . 60 ° SR
g no significance g 1ot 10t ot
3 ° ) ° 3 o © no significance B N )
° 204 e o 40 Lo 10 10
- % % o
: R 2 3 51 i a
8 H o
@ 104 @ 0 = XK o1 0 X
10 20 8 O 0 0 0 0 0
o o ”‘n—' ‘mj :n' 1‘5 0 w0 et F-‘o-“ '|n3 ‘ID‘ 1‘05
T T T T T T CD11c
O} O o® & 2 ®
o A G oot RO ©
et ¥ & 3
<0.001 F o 6 60
= 90 p<0. p<0.001 p=0.365 p<0.001
2 no significance no significance iani ~
= — lg—l no significance < no significance
g 2 ° & 40 g 4 1 o O 404
s E= % = . ° s i > =g 0 : !
K = = 0o -3 ° o
-& =]
E D 5 T F e F R + 5 + T
= %) ° o
830{ oo 3 204 ° 2 2- & 2 204 8 8
5 - ° o )
g ° =
@ °
0 : . ; oL = o . °
© o «*° N T T T T T 1w
ST < «© O < s O & & ©° &
< P o o <! o o 9 K N [
¢ &\1 o€ ¢ N 2 o ?)&qe o€
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
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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.

FcyR2B on moDCs Mediates the
Regulation of CRP on Th17 Response

There are three major CRP receptors expressed on DCs,
including FcyRI, FcyRIL, and FepRIIT (39-41), but the FcyR2B

is the only one that has been reported to mediate CRP function in
EAE (27, 42). We were therefore interested in whether FcyR2B
on moDCs could mediate the CRP function on Thl7. We
constructed the same EAE model using FC)R2B™™ mice as we
performed in WT mice and found that the pathology of
FcyR2B™~ 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
FcyR2B™'~ EAE mice with and without CRP treatment and
found that the levels of IL-17 and ROR} expression were
unaltered between these two groups (Figure 4A), which was
opposed to the results obtained from WT mice (Figure 1A).
However, IFN-y and T-bet expression remained decreased in
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these two groups, which were consistent with WT mice (Figures
4B and 2B). Also, there were no expression difference of I1L-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 FcyR2B™~ mice, but
the CD4" IFN-y" T cells’ percentage was still reduced in
Fc)R2B™~ 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 FcyR2B™'~ mice and incubated with or without CRP to look
at whether FcyR2B 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 FcyR2B™~ mice, while the
IFN-yexpression was diminished in both splenocytes and CD4"
T cells in FcyR2B™'~ mice (Figure 5A). Further, QPCR analysis
yielded similar results (Figure 5B). Moreover, we assessed the
RORW/T-bet and p-STAT-3/p-STAT-1 expressions under Thl
and Th17 polarization conditions in FcyR2B™'~ mice by WB.

These data showed that ROR¢t 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 FcyR2B 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 Fc/R2B

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
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mediated by FcyR2B 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

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
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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 FcyR2B ™~
mice to further assess whether FcyR2B 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 FcyR2B expressed on moDCs.

NF-xB and ERK Signaling Pathways
Involve in Suppressing the Expression of
MHC-Il and CD86 in moDCs by CRP

Many previous studies have substantiated unequivocally that
NE-«B 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-o production (50). To
delineate the signaling pathways underlying the observed effects

of CRP on antigen presentation ability of DCs via FcyR2B,
moDCs were established from WT mice, CRP™'~ mice, and
FcyR2B™'~ mice, then the expressions of NF-B (p65) and ERK
were evaluated by WB. In WT mice, WB and quantitative
analysis showed a significant decrease of NF-xB 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 NE-xB 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 FcyR2B™/~
mice, the NF-xB and phosphorylated ERK did not differ
significantly between LPS and LPS CRP samples (Figure 7C),
presumably because the absence of FcyR2B prevented CRP from
interfering with DCs’ antigen presentation. Overall, our results
indicated that NF-xB and ERK signaling were involved in
FcyR2B-mediated effects of CRP on antigen presentation and
Th17 response.
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FIGURE 7 | NF-xB 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-xB 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-xB and p-ERK in moDCs from FCJRZB’/’ 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 Thl and
Th2 responses directly by binding to naive 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 Thl 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,
FcyR2B had been reported to have a crucial role in EAE
regulation of CRP, so FcyR2B™~ mice were used to verify that
CRP participates in Th17 response regulation by FcyR2B 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-xB 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 Thl 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.

Blood

Bone marrow

monocyteé‘" $

Furthermore, we have more comprehensively explored the
mechanism. WT mice, CRP~~ mice, and FcyR2B~~ mice were
used to demonstrate the importance of CRP on the antigen
presenting ability of moDCs, and finally NF-xB and ERK
signaling and the FcyR2B 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 Thl relevant data
were always harvested together, because both Thl and Thl7
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 Thl 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 Thl 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,
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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 Fc)yR2B, as well as NF-xB and ERK signaling
pathways. Our study adds a new dimension to understand the
multi-faceted effects of CRP in EAE remission, which suggests that
CRP may be a novel drug target for the fundamental prevention and
treatment of MS and other T-cell mediated autoimmune diseases.

DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.

ETHICS STATEMENT

The animal study was reviewed and approved by the
Experimental Animal Center of Xi’an Jiaotong University.

AUTHOR CONTRIBUTIONS

LZ supervised the project. LZ and YZ designed the research. Z-YS
and YZ performed most of the experiments. KW, WL, M-]JG, FW,
and YZ carried out part of the experiments. LZ, Z-YS, and MP
analyzed the data and drafted the manuscript. All authors
contributed to the article and approved the submitted version.

REFERENCES

1. Frohman EM, Racke MK, Raine CS. Multiple sclerosis-the plaque and its
pathogenesis. New Engl ] Med (2006) 354(9):942-55. doi: 10.1056/
NEJMra052130

2. Sospedra M, Martin R. Immunology of multiple sclerosis. Annu Rev Immunol
(2005) 23:683-747. doi: 10.1146/annurev.immunol.23.021704.115707

3. Nylander A, Hafler DA. Multiple sclerosis. ] Clin Invest (2012) 122(4):1180-8.
doi: 10.1172/JCI58649

4. Booss J, Esiri MM, Tourtellotte WW, Mason DY. Immunohistological
analysis of T lymphocyte subsets in the central nervous system in chronic
progressive multiple sclerosis. ] Neurological Sci (1983) 62(1-3):219-32. doi:
10.1016/0022-510X(83)90201-0

5. Axisa PP, Hafler DA. Multiple sclerosis: genetics, biomarkers, treatments. Curr
Opin Neurology (2016) 29(3):345-53. doi: 10.1097/WC0.0000000000000319

6. Marson A, Housley W], Hafler DA. Genetic basis of autoimmunity. J Clin
Invest (2015) 125(6):2234-41. doi: 10.1172/JCI78086

7. Rostami A, Ciric B. Role of Th17 cells in the pathogenesis of CNS
inflammatory demyelination. J Neurological Sci (2013) 333(1-2):76-87.
doi: 10.1016/j.jns.2013.03.002

8. Jager A, Dardalhon V, Sobel RA, Bettelli E, Kuchroo VK. Th1, Th17, and Th9
effector cells induce experimental autoimmune encephalomyelitis with
different pathological phenotypes. J Immunol (2009) 183(11):7169-77.
doi: 10.4049/jimmunol.0901906

FUNDING

This work was supported by the following grants: National
Natural Science Foundation of China (Nos. 82070876,
31700685, 31800852), Scientific Research Fund of Xi’an
Jiaotong University (No. XJJ2018126), China Postdoctoral
Science Foundation (No. 2020M673421), and Project of
Shaanxi Key Research and Development Plan (No. 2020SF-082).

ACKNOWLEDGMENTS

We are thankful for the financial support from Prof. Shang-Rong
Ji and Yi Wu.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fimmu.2021.
589200/full#supplementary-material

Supplementary Figure 1 | CRP alleviates MOG-immunized EAE severity both in
WT mice and FcyR2B-/- mice. (A) The clinical sores of EAE were recorded daily in
WT mice and FcyR2B-/- mice respectively. (B) The body weight was recorded daily
in WT mice and FcyR2B-/- 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 gPCR (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.

9. Pepys MB, Hirschfield GM. C-reactive protein: a critical update. J Clin Invest
(2003) 111(12):1805-12. doi: 10.1172/JCI18921

Verma S, Szmitko PE, Yeh ET. C-reactive protein: structure affects function.
Circulation (2004) 109(16):1914-7. doi: 10.1161/01.CIR.0000127085.32999.64
Bottazzi B, Doni A, Garlanda C, Mantovani A. An integrated view of humoral
innate immunity: pentraxins as a paradigm. Annu Rev Immunol (2010)
28:157-83. doi: 10.1146/annurev-immunol-030409-101305

Du Clos TW. Pentraxins: structure, function, and role in inflammation. ISRN
Inflammation (2013) 2013:379040. doi: 10.1155/2013/379040

Szalai AJ, Nataf S, Hu XZ, Barnum SR. Experimental allergic encephalomyelitis is
inhibited in transgenic mice expressing human C-reactive protein. J Immunol
(2002) 168(11):5792-7. doi: 10.4049/jimmunol.168.11.5792

Gaitonde S, Samols D, Kushner I. C-reactive protein and systemic lupus
erythematosus. Arthritis Rheumatism (2008) 59(12):1814-20. doi: 10.1002/art.24316
Veldhuijzen van Zanten JJ, Ring C, Carroll D, Kitas GD. Increased C reactive
protein in response to acute stress in patients with rheumatoid arthritis. Ann
Rheumatic Diseases (2005) 64(9):1299-304. doi: 10.1136/ard.2004.032151
Zhang L, Liu SH, Wright TT, Shen ZY, Li HY, Zhu W, et al. C-reactive protein
directly suppresses Thl cell differentiation and alleviates experimental
autoimmune encephalomyelitis. J Immunol (2015) 194(11):5243-52.
doi: 10.4049/jimmunol.1402909

Damsker JM, Hansen AM, Caspi RR. Thl and Th17 cells: adversaries and
collaborators. Ann New York Acad Sci (2010) 1183:211-21. doi: 10.1111/
j.1749-6632.2009.05133.x

10.

11.

12.

13.

14.

15.

16.

17.

Frontiers in Immunology | www.frontiersin.org

March 2021 | Volume 12 | Article 589200


https://www.frontiersin.org/articles/10.3389/fimmu.2021.589200/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fimmu.2021.589200/full#supplementary-material
https://doi.org/10.1056/NEJMra052130
https://doi.org/10.1056/NEJMra052130
https://doi.org/10.1146/annurev.immunol.23.021704.115707
https://doi.org/10.1172/JCI58649
https://doi.org/10.1016/0022-510X(83)90201-0
https://doi.org/10.1097/WCO.0000000000000319
https://doi.org/10.1172/JCI78086
https://doi.org/10.1016/j.jns.2013.03.002
https://doi.org/10.4049/jimmunol.0901906
https://doi.org/10.1172/JCI18921
https://doi.org/10.1161/01.CIR.0000127085.32999.64
https://doi.org/10.1146/annurev-immunol-030409-101305
https://doi.org/10.1155/2013/379040
https://doi.org/10.4049/jimmunol.168.11.5792
https://doi.org/10.1002/art.24316
https://doi.org/10.1136/ard.2004.032151
https://doi.org/10.4049/jimmunol.1402909
https://doi.org/10.1111/j.1749-6632.2009.05133.x
https://doi.org/10.1111/j.1749-6632.2009.05133.x
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

Shen et al.

CRP Suppresses Th17 Response in EAE

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Yang YH, Weiner ], Liu Y, Smith AJ, Huss DJ, Winger R, et al. T-bet is
essential for encephalitogenicity of both Th1 and Th17 cells. ] Exp Med (2009)
206(7):1549-64. doi: 10.1084/jem.20082584

Croft SM, Mortensen RF, Gewurz H. Binding of C-reactive protein to antigen-
induced but not mitogen-induced T lymphoblasts. Science. (1976) 193
(4254):685-7. doi: 10.1126/science.1085034

Mortensen RF, Osmand AP, Gewurz H. Effects on C-reactive protein on the
lymphoid system. 1. Binding to thymus-dependent lymphocytes and alteration of
their functions. J Exp Med (1975) 141(4):821-39. doi: 10.1084/jem.141.4.821
Amigorena S, Bonnerot C, Choquet D, Fridman WH, Teillaud JL. Fc gamma
RII expression in resting and activated B lymphocytes. Eur ] Immunol (1989)
19(8):1379-85. doi: 10.1002/€ji.1830190805

Nimmerjahn F, Ravetch JV. Fcgamma receptors as regulators of immune
responses. Nat Rev Immunol (2008) 8(1):34-47. doi: 10.1038/nri2206
Mellman I, Steinman RM. Dendritic cells: specialized and regulated antigen
processing machines. Cell. (2001) 106(3):255-8. doi: 10.1016/s0092-8674(01)00449-4
Van Vre EA, Bult H, Hoymans VY, Van Tendeloo VF, Vrints CJ, Bosmans
JM. Human C-reactive protein activates monocyte-derived dendritic cells and
induces dendritic cell-mediated T-cell activation. Arteriosclerosis Thrombosis
Vasc Biol (2008) 28(3):511-8. doi: 10.1161/ATVBAHA.107.157016

Hilhorst M, Shirai T, Berry G, Goronzy JJ, Weyand CM. T cell-macrophage
interactions and granuloma formation in vasculitis. Front Immunol (2014)
5:432. doi: 10.3389/fimmu.2014.00432

Richter A, Nebe T, Kattermann R, Trede M. [Immune paralysis in acute
pancreatitis-HLA-DR antigen expression on CD14+DR+ monocytes].
Langenbecks Archiv fur Chirurgie (1996) 381(1):38-41. doi: 10.1007/bf00184253
Jimenez RV, Wright TT, Jones NR, Wu J, Gibson AW, Szalai AJ. C-Reactive
Protein Impairs Dendritic Cell Development, Maturation, and Function:
Implications for Peripheral Tolerance. Front Immunol (2018) 9:372.
doi: 10.3389/fimmu.2018.00372

Zhang R, Becnel L, Li M, Chen C, Yao Q. C-reactive protein impairs human
CD14+ monocyte-derived dendritic cell differentiation, maturation and
function. Eur ] Immunol (2006) 36(11):2993-3006. doi: 10.1002/¢ji.200635207
Zhang L, Shen ZY, Wang K, Li W, Shi JM, Osoro EK, et al. C-reactive protein
exacerbates epithelial-mesenchymal transition through Wnt/beta-catenin and ERK
signaling in streptozocin-induced diabetic nephropathy. FASEB ] Off Publ Fed Am
Societies Exp Biol (2019) 33(5):6551-63. doi: 10.1096/1j.201801865RR

Zhang L, Li HY, Li W, Shen ZY, Wang YD, Ji SR, et al. An ELISA Assay for
Quantifying Monomeric C-Reactive Protein in Plasma. Front Immunol (2018)
9:511. doi: 10.3389/Fimmu.2018.00511

Liu B, Gu Y, Pei S, Peng Y, Chen J, Pham LV, et al. Interleukin-1 receptor
associated kinase (IRAK)-M -mediated type 2 microglia polarization
ameliorates the severity of experimental autoimmune encephalomyelitis
(EAE). ] Autoimmunity (2019) 102:77-88. doi: 10.1016/j.jaut.2019.04.020
McQualter JL, Darwiche R, Ewing C, Onuki M, Kay TW, Hamilton JA, et al.
Granulocyte macrophage colony-stimulating factor: a new putative
therapeutic target in multiple sclerosis. ] Exp Med (2001) 194(7):873-82.
doi: 10.1084/jem.194.7.873

Chong WP, Horai R, Mattapallil MJ, Silver PB, Chen ], Zhou R, et al. IL-27p28
inhibits central nervous system autoimmunity by concurrently antagonizing Th1 and
Th17 responses. ] Autoimmunity (2014) 50:12-22. doi: 10.1016/jjaut.2013.08.003
Dardalhon V, Korn T, Kuchroo VK, Anderson AC. Role of Th1 and Th17 cells
in organ-specific autoimmunity. | Autoimmunity (2008) 31(3):252-6.
doi: 10.1016/j.jaut.2008.04.017

Codarri L, Gyulveszi G, Tosevski V, Hesske L, Fontana A, Magnenat L, et al.
RORgammat drives production of the cytokine GM-CSF in helper T cells,
which is essential for the effector phase of autoimmune neuroinflammation.
Nat Immunol (2011) 12(6):5607. doi: 10.1038/ni.2027

Yamasaki R, Lu H, Butovsky O, Ohno N, Rietsch AM, Cialic R, et al.
Differential roles of microglia and monocytes in the inflamed central
nervous system. ] Exp Med (2014) 211(8):1533-49. doi: 10.1084/jem.20132477
Heuertz RM, Tricomi SM, Ezekiel UR, Webster RO. C-reactive protein
inhibits chemotactic peptide-induced p38 mitogen-activated protein kinase
activity and human neutrophil movement. J Biol Chem (1999) 274(25):17968—
74. doi: 10.1074/jbc.274.25.17968

Meng S, Zhang L, Zhao L, Fang YR, Fujimoto T, Hirano S, et al. Effects of
C-reactive protein on CC chemokine receptor 2-mediated chemotaxis of
monocytes. DNA Cell Biol (2012) 31(1):30-5. doi: 10.1089/dna.2010.1178

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

Tacken PJ, de Vries IJ, Torensma R, Figdor CG. Dendritic-cell
immunotherapy: from ex vivo loading to in vivo targeting. Nat Rev
Immunol (2007) 7(10):790-802. doi: 10.1038/nri2173

Amigorena S. Fc gamma receptors and cross-presentation in dendritic cells.
J Exp Med (2002) 195(1):F1-3. doi: 10.1084/jem.20011925

Regnault A, Lankar D, Lacabanne V, Rodriguez A, Thery C, Rescigno M, et al.
Fcgamma receptor-mediated induction of dendritic cell maturation and major
histocompatibility complex class I-restricted antigen presentation after
immune complex internalization. J Exp Med (1999) 189(2):371-80.
doi: 10.1084/jem.189.2.371

Hu XZ, Wright TT, Jones NR, Ramos TN, Skibinski GA, McCrory MA, et al.
Inhibition of Experimental Autoimmune Encephalomyelitis in Human
C-Reactive Protein Transgenic Mice Is FcgammaRIIB Dependent.
Autoimmune Diseases (2010) 2011:484936. doi: 10.4061/2011/484936
Nowatzky J, Manches O, Khan SA, Godefroy E, Bhardwaj N. Modulation of
human Th17 cell responses through complement receptor 3 (CD11b/CD18)
ligation on monocyte-derived dendritic cells. J Autoimmun (2018) 92:57-66.
doi: 10.1016/j.jaut.2018.05.005

Baleeiro RB, Walden P. Immature human DCs efficiently translocate
endocytosed antigens into the cytosol for proteasomal processing. Mol
Immunol (2017) 88:148-54. doi: 10.1016/j.molimm.2017.06.028

Wolk K, Docke WD, von Baehr V, Volk HD, Sabat R. Impaired antigen
presentation by human monocytes during endotoxin tolerance. Blood. (2000)
96(1):218-23. doi: 10.1182/blood.V96.1.218

Creusot R], Postigo-Fernandez J, Teteloshvili N. Altered Function of Antigen-
Presenting Cells in Type 1 Diabetes: A Challenge for Antigen-Specific
Immunotherapy? Diabetes. (2018) 67(8):1481-94. doi: 10.2337/db17-1564
Ferragine CE, Walls CD, Davies S]. Modulation of innate antigen-presenting
cell function by pre-patent schistosome infection. PloS Neglected Trop Diseases
(2013) 7(3):¢2136. doi: 10.1371/journal.pntd.0002136

Yoshimura S, Bondeson J, Foxwell BM, Brennan FM, Feldmann M. Effective
antigen presentation by dendritic cells is NF-kappaB dependent: coordinate
regulation of MHC, co-stimulatory molecules and cytokines. Int Immunol
(2001) 13(5):675-83. doi: 10.1093/intimm/13.5.675

Banchereau J, Briere F, Caux C, Davoust J, Lebecque S, Liu YJ, et al.
Immunobiology of dendritic cells. Annu Rev Immunol (2000) 18:767-811.
doi: 10.1146/annurev.immunol.18.1.767

Rescigno M, Martino M, Sutherland CL, Gold MR, Ricciardi-Castagnoli P.
Dendritic cell survival and maturation are regulated by different signaling
pathways. ] Exp Med (1998) 188(11):2175-80. doi: 10.1084/jem.188.11.2175
Mold C, Clos TW. C-reactive protein inhibits plasmacytoid dendritic cell
interferon responses to autoantibody immune complexes. Arthritis
Rheumatism (2013) 65(7):1891-901. doi: 10.1002/art.37968

Thomas-Rudolph D, Du Clos TW, Snapper CM, Mold C. C-reactive protein enhances
immunity to Streptococcus pneumoniae by targeting uptake to Fc gamma R on
dendritic cells. J Immunol (2007) 178(11):7283-91. doi: 104049/jimmunol.178.11.7283
Serbina NV, Jia T, Hohl TM, Pamer EG. Monocyte-mediated defense against
microbial pathogens. Annu Rev Immunol (2008) 26:421-52. doi: 10.1146/
annurev.immunol.26.021607.090326

Geissmann F, Manz MG, Jung S, Sieweke MH, Merad M, Ley K. Development
of monocytes, macrophages, and dendritic cells. Science (2010) 327
(5966):656-61. doi: 10.1126/science.1178331

Dhaeze T, Tremblay L, Lachance C, Peelen E, Zandee S, Grasmuck C, et al.
CD70 defines a subset of proinflammatory and CNS-pathogenic TH1/TH17
lymphocytes and is overexpressed in multiple sclerosis. Cell Mol Immunol
(2019) 16(7):652-65. doi: 10.1038/s41423-018-0198-5

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2021 Shen, Zheng, Pecsok, Wang, Li, Gong, Wu and Zhang. This is an
open-access article distributed under the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) and the copyright owner(s) are credited and that the
original publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not comply with
these terms.

Frontiers in Immunology | www.frontiersin.org

March 2021 | Volume 12 | Article 589200


https://doi.org/10.1084/jem.20082584
https://doi.org/10.1126/science.1085034
https://doi.org/10.1084/jem.141.4.821
https://doi.org/10.1002/eji.1830190805
https://doi.org/10.1038/nri2206
https://doi.org/10.1016/s0092-8674(01)00449-4
https://doi.org/10.1161/ATVBAHA.107.157016
https://doi.org/10.3389/fimmu.2014.00432
https://doi.org/10.1007/bf00184253
https://doi.org/10.3389/fimmu.2018.00372
https://doi.org/10.1002/eji.200635207
https://doi.org/10.1096/fj.201801865RR
https://doi.org/10.3389/Fimmu.2018.00511
https://doi.org/10.1016/j.jaut.2019.04.020
https://doi.org/10.1084/jem.194.7.873
https://doi.org/10.1016/j.jaut.2013.08.003
https://doi.org/10.1016/j.jaut.2008.04.017
https://doi.org/10.1038/ni.2027
https://doi.org/10.1084/jem.20132477
https://doi.org/10.1074/jbc.274.25.17968
https://doi.org/10.1089/dna.2010.1178
https://doi.org/10.1038/nri2173
https://doi.org/10.1084/jem.20011925
https://doi.org/10.1084/jem.189.2.371
https://doi.org/10.4061/2011/484936
https://doi.org/10.1016/j.jaut.2018.05.005
https://doi.org/10.1016/j.molimm.2017.06.028
https://doi.org/10.1182/blood.V96.1.218
https://doi.org/10.2337/db17-1564
https://doi.org/10.1371/journal.pntd.0002136
https://doi.org/10.1093/intimm/13.5.675
https://doi.org/10.1146/annurev.immunol.18.1.767
https://doi.org/10.1084/jem.188.11.2175
https://doi.org/10.1002/art.37968
https://doi.org/10.4049/jimmunol.178.11.7283
https://doi.org/10.1146/annurev.immunol.26.021607.090326
https://doi.org/10.1146/annurev.immunol.26.021607.090326
https://doi.org/10.1126/science.1178331
https://doi.org/10.1038/s41423-018-0198-5
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

	C-Reactive Protein Suppresses the Th17 Response Indirectly by Attenuating the Antigen Presentation Ability of Monocyte Derived Dendritic Cells in Experimental Autoimmune Encephalomyelitis
	Introduction
	MATERIALS and METHODS
	Reagents
	Animals
	Induction and Evaluation of EAE
	Splenocytes and CD4+ T Cells’ Separation
	Th Cell Differentiation
	Immune Cells’ Isolation From Peripheral Blood and CNS
	moDCs’ Generation, Culture, and Activation
	Real-Time PCR and Western Blot
	Histological Staining and Analyzing
	Flow Cytometry
	Statistical Analysis

	Results
	Th17 Responses Are Inhibited in Wild Type EAE Mice With One-Dose CRP Injection
	CRP Suppresses the Th17 Responses Only in Splenocytes, But Not Isolated CD4+ T Cells
	Monocyte Derived CD11b+ CD11c+ DC Cells Mediate the Interaction of CRP on Th17 Response
	Fc&gamma;R2B on moDCs Mediates the Regulation of CRP on Th17 Response
	CRP Attenuates the Capability of Antigen Presentation of CNS Infiltrated moDCs Through Fc&gamma;R2B
	NF-κB and ERK Signaling Pathways Involve in Suppressing the Expression of MHC-II and CD86 in moDCs by CRP

	Discussion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


