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Hydroxychloroquine (HCQ) is one of the most commonly prescribed immune-suppressants in treating rheuma-
toid arthritis (RA). Our previous research showed that HCQ suppressed RA development by inhibiting T follicular
helper (Tfh) cells directly. Dendritic cells (DCs) serve as the link between innate and acquired immunity.
Whether HCQ suppressed Tfh cell through DCs was not clear. In current study, we found that HCQ efficiently
inhibited CD86, chemokine (C-X-C motif) receptor 4 (CXCR4) expression and interferon-a (IFN-o) secretion of
healthy donor derived purified DCs stimulated by RA patient serum. To mimic RA, collagen-induced arthritis
(CIA) mouse model was used and treated with HCQ daily for fifty-four days prior to sacrifice. We found HCQ
inhibited DC maturation and migration to lymph nodes (LNs), manifested as down-regulated expression of CD40,
CD80, CD86, MHCII (I-A%) on LN DCs. In addition, HCQ reduced the level of chemokine receptor 7 (CCR7) and L-
selectin on peripheral blood DCs and diminished percentage of LN DCs. Of note, HCQ only inhibited CpG ODN
1826-induced IL-12 secretion by bone marrow DCs (BMDCs) stimulated by various toll like receptor (TLR) ag-
onists. Mechanistically, HCQ down-regulated the expression of TLR9 not only in healthy donor PBMC-derived
DCs stimulated by RA patient serum, but also in LN DCs of CIA mice and CpG-activated BMDCs. Furthermore,
arthritis scores in TLRO™~ mice were much lower than that in wild type mice with impaired maturity and
migration capability of DCs. Collectively, activation of DCs contributes to the pathogenesis of RA and HCQ shows
protective effects on RA by inhibition of DC activation via blocking TLR9.

1. Introduction phenotypic and functional “maturation”, characterized by up-regulation

of CD40, CD80, CD86, MHC class II molecule as well as inflammatory

Dendritic cells (DCs) are powerful antigen-presenting cells and play a
vital function in inducing and regulating of immune responses [1-3].
The central functions of DCs are their specialized capacities to sense and
respond to the changes of the micro-environment; to acquire and process
antigens and undergo a cellular differentiation program called as

molecules; and then to traffic to T cell zones of lymphoid organs to
activate immune cells and initiate adaptive immunity [4-6]. Therefore,
DCs are a significant intermediary between innate and acquired im-
munity and thought to be crucial for triggering many types of autoim-
mune diseases, including psoriasis [7], rheumatoid arthritis (RA) [8]
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and systemic lupus erythematosus (SLE) [9].

Hydroxychloroquine (HCQ), an antimalarial drug, has been shown to
have therapeutic effects in COVID-19 (corona virus disease, 2019) not
only because of the antiviral effect [10], but the immune-modulatory
function in diminishing the amount of pro-inflammatory factors [11,
12]. In fact, HCQ is one of the most commonly prescribed
immune-suppressants in treating rheumatic diseases [13]. Numerous
studies have demonstrated that HCQ has therapeutic effects on RA [14,
15] and several potential therapeutic mechanisms have been identified,
including inhibition of autophagy [16,17], suppression of cell death
[17], and down-regulation of platelet function [18]. In addition, our
previous research showed that HCQ suppressed RA development by
inhibition of T follicular helper (Tfh) cells ex vivo and in vivo [19]. DCs
function as antigen-presenting cells and serve as the link between innate
immunity and acquired immunity. In our previous research, HCQ was
found to down-regulate Tfh cells directly, but whether HCQ suppressed
Tfh cell through DCs was not clear. Growing evidences show that DCs
play a key role in the occurrence and persistence of RA [9], and our
previous experimental results demonstrated that modulation of DC
functions may be an effective measure in treating RA [20-22]. Thus we
explored whether one of the mechanisms responsible for the effects of
HCQ in RA is related to the modulation of DC functions.

2. Materials and methods
2.1. Participants & purification of PBMC-derived DCs

Twenty-nine patients with newly diagnosed RA according to the
1987 revised criteria of the American College of Rheumatology were
recruited. Twenty healthy volunteers of similar ages served as healthy
controls. Further details of RA patients were shown in Table 1. It was
supported by the Ethics Committee of Clinical Research, the Third
Affiliated Hospital, Southern Medical University (No.201501002) and
informed consent was obtained from all subjects. In order to compare
the percentages of plasmacytoid DCs (pDCs) and myeloid DCs (mDCs) in
peripheral blood between RA patients and healthy donors, PBMCs were
isolated, labeled with appropriate antibodies and then tested by flow
cytometry. In order to detect the effect of serum from RA patients on DCs
and the therapeutic effect of HCQ, DCs purified from peripheral blood of
one healthy volunteer (donated 200 mL of peripheral blood due to the
very low proportion of DCs in the blood) were treated with serum from
RA patients (DAS28-ESR>5.1, n = 6) with or without HCQ,
respectively.

Table 1
Characteristics of RA patients studied.
RA (n = 29)
Age, years 54.4 (27-77)
Female, n (%) 26 (89.7 %)
RA activity, n (DAS28-ESR) 5(2.6-3.2)
18 (3.2-5.1)
6 (>5.1)
ESR (mm/h) 49.1 (7-145)
WBC (*10°/L) 6.57 (2.8-11.47)
Hb (g/L) 104.3 (40-136)
Plt (/pL) 285.7 (133—498)
1gG (g/L) 16.35 (6.72—42.66)
IgM (g/L) 1.44 (0.62—4.98)
IgA (g/L) 3.48 (0.45—4.92)
C3 (g/L) 1.24 (0.7-1.75)
C4 (g/L) 0.27 (0.09-0.45)
Clq (g/L) 205.5 (103—283)

R-IgG (U/mL)
R-IgM (U/mL)
CCP (U/mL)

66.2 (13.5-200.1)
57.6 (9.4-211.6)
67.8 (7.1-215.3)

2.6—3.2, Low disease activity; 3.2—5.1, Moderate disease activity; >5.1,
High disease activity.
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2.2. Mice & cells

Male DBA/1 J (I-A%) mice aged 6-8 weeks were applied to induce
collagen-induced arthritis (CIA) mouse model and HCQ was adminis-
tered per day for fifty-four days prior to sacrifice. The mice were divided
into three groups randomly (healthy control group, CIA group and CIA +
HCQ group, n = 6). Male C57BL/6 (I—Ab) wild type (WT) (n = 10) and
TLR9-knockout (TLR9™/7) (n = 10) mice aged 8-10 weeks were also
used for the mouse experiments. Bone marrow derived dendritic cells
(BMDCs) used in vitro experiments were derived from bone marrow of
C57BL/6 (I-Ab) wild type (WT) mice that were 6-8 weeks as described
previously [23] and the specific methods can be found in supplementary
material. The experiments on mice were carried out abide by the ethical
standards of Sun Yat-sen University, Guangdong, China (No.
L102012016060Z). There was no blinding about the mouse
experiments.

2.3. Reagents & antibodies

All flow antibodies were purchased from BD Biosciences and Bio-
Legend of USA. And all ELISA kits were purchased from NEO Biosciences
of China. EasySep™ Human Pan-DC Pre-Enrichment Kit for DC purifi-
cation was purchased from STEMCELL of Canada and the purity of the
DC up to 86.6 % in the research (Fig. S1). Immunization Grade Bovine
Type II Collagen, immunization Grade Chick Type II Collage, Complete
and incomplete Freund’s adjuvants were purchased from Chondrex,
USA. CpG ODN 1826 (tlrl-1826) and recombinant murine GM-CSF (AF-
315-03) were purchased from InvivoGen and PeproTech of USA.

2.4. Induction of collagen-induced arthritis and treatment with HCQ

In order to mimic RA, the model of mouse collagen-induced arthritis
(CIA) was used, as described elsewhere [24,25]. The incidence and
clinical scores were daily assessed via a scoring system described else-
where [26]. In the group treated with HCQ, mice were administrated by
gavage with a dose of 80 mg/kg per day from day O to day 54 and then
mice were sacrificed. In CIA model and health control group, mice
received saline instead. See supplementary material for specific methods
to induce CIA and scoring system.

2.5. Phenotype and chemokine receptor analyses

For analyzing the DC sub-populations in peripheral blood from pa-
tients with RA and healthy donors, DC phenotypes, chemokine receptors
and TLR9 expressions in vivo and in vitro were detected by flow cytom-
etry as described previously [27]. To detect the intracellular expression
of TLR9, DCs were first fixed and cell membrane was punched, then
labeled with antibodies and tested by flow cytometry.

2.6. Cytokine and chemokine analyses

To detect the cytokines and chemokines in vivo and in vitro, we
collected the supernatants of healthy volunteer PBMC-derived DCs
stimulated by RA patient serum and the supernatants of mouse BMDCs
stimulated by CpG with or without HCQ, then the amount of TNF-a, IL-
1B, IFN-a and CCL21 in samples from different experiments were
detected with ELISA Kkits.

2.7. Chemotaxis assay

Migration of BMDCs was assessed using a 24-well BD falcon cell
culture insert system. Firstly, BMDCs were purified using mouse CD11c*
kit. CCL21 (200 ng/mL) was placed in the bottom chamber and 100 pl
cell suspension (2 x 10° cells) placed in the top well. After incubation for
3 h, the BMDCs migrating to the lower chamber were obtained and
assayed by flow cytometry.
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2.8. Statistical analysis

The data analysis was conducted by SPSS 21.0 and the figures were
made by Graphpad Prism software 5.5. Nonparametric Mann-Whitney U
test was applied to evaluate the arthritis score. One-way analysis of
variance (ANOVA) was conducted to compare the difference of inter-
group and LSD test was applied to compare the difference between
groups. The P < 0.05 was thought to be significantly different. All data
were expressed as mean + SEM. Experiments in vitro were performed in
triplicate for twice or three times independently.

3. Results

3.1. The percentages of pDCs and mDCs were increased in the peripheral
blood of patients with RA

To analyze the distribution of human mDCs and pDCs in RA patients
(Fig. S2), 29 newly diagnosed RA patients (89.7 % female, mean age
54.4 years) and 20 healthy controls (85 % female, mean age 51.6 years)
were enrolled. PBMCs were obtained from the peripheral blood of RA
patients and healthy volunteers. The frequency of pDCs (CD3-CD19-
CD14-CD11c-CD1230i8h) and mDGCs (CD3-CD19-CD14-
CD11c*CD123°%) were tested by flow cytometry. The results showed
that both pDCs and mDCs were increased in PBMCs from RA patients
compared to healthy donors (P < 0.001) (Fig. 1A).

3.2. HCQ efficiently inhibited DC phenotypic and functional maturation
stimulated by serum from RA patients

The peripheral blood from one healthy donor was collected and
PBMCs were isolated, then DCs were purified by EasyStep™ Human
Pan-DC Pre-Enrichment Kit. Purified healthy donor PBMC derived-DCs
were stimulated with the serum from healthy donors (HD) (n = 6) or
RA patients (DAS28-ESR > 5.1, n = 6) with or without HCQ treatment
(25 pM) for 24 h. The cells were harvested and stained with the
following antibodies: chemokine receptor 7 (CCR7), CCR5, chemokine
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(C-X-C motif) receptor 4 (CXCR4), CD83, and CD86. The results showed
that the expression of CCR7, CXCR4, CD83 and CD86 were up-regulated
on DCs stimulated by RA patient serum, as compared to that stimulated
by HD serum. In contrast, CXCRS5 expression was markedly decreased on
DCs stimulated by RA patient serum. However, the up-regulation of
CXCR4 and CD86 on DCs stimulated by RA patient serum was signifi-
cantly inhibited by HCQ treatment (Fig. 1B, C). We also detected the
cytokine production in the supernatants of purified DCs stimulated with
RA patient serum with or without HCQ, and we found that HCQ
inhibited the secretion of IFN-a, but not TNF-a and IL-1p (Fig. 1D).

3.3. HCQ treatment decreased LNs DCs in CIA model

In our research, it was found that in CIA model, HCQ treatment
showed reduced arthritis scores, relieved cartilage erosion and bone
destruction (Fig. S3A-C), which was consistent with our previous find-
ings [19]. Here, we determined whether HCQ affected the DC percent-
age in local LNs. We found that the percentage of DCs was extremely
enhanced in LNs in CIA group, while this enhancement was dramatically
inhibited after treating with HCQ (Fig. 2A). Furthermore, we analyzed
the different subsets of DCs in LNs and found that the percentage of both
pDGCs (CD11c¢™ PDCA™ B220" DCs) and mDGCs (CD11c" CD11b" B220-
DCs) were dramatically decreased after HCQ treatment (Fig. 2A).

3.4. HCQ treatment reduced the level of CCR7 and L-selectin on DCs in
the peripheral blood and down-regulated the serum level of CCL21 in CIA
mice

The above data for DC distribution may be explained by the inhibi-
tory impact of HCQ on DC migration to LNs. It is well known that
migration of DCs from peripheral blood to LNs is associated with che-
mokine and chemokine receptors. Thus, we determined the level of
chemokine receptors on DCs of peripheral blood in different groups. We
found that HCQ treatment markedly decreased the expression of CCR7
and L-selectin, but not CCR5 and CXCR4 on peripheral blood DCs
(Fig. 2B). Meanwhile, the level of chemokine CCL21 in serum was
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Fig. 2. HCQ suppressed the development of CIA by
restraining DC migration and maturation in vivo. (A) In LNs,
the percentage of DCs including pDCs and mDCs increased in
CIA group when compared to healthy control, and both of
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3.5. HCQ treatment suppressed the phenotypic activation of LN DCs in

CIA mice

We collected LN cells and stained with cell membrane markers for DC
maturation. We found that HCQ suppressed the level of CD40, CD80,
CD86, and MHC II (I-A9) on those DCs (Fig. 2C).

3.6. HCQ inhibited CpG-activated BMDC maturation and migration

To elucidate the mechanisms by which HCQ inhibits DC functions.

BMDCs derived from bone marrow of C57BL/6 (I-Ab) wild type (WT)
mice were applied in vitro experiment. BMDCs were activated by various
TLR agonists including Pam3CSK4 (TLR1/2), Poly (I: C) (TLR3), LPS
(TLR4), Flagellin (TLR5), CL097 (TLR7/8) and CpG ODN 1826 (TLR9).
IL-12 is mainly produced by activated inflammatory cells and DCs were
found to be the first one to synthesize IL-12. However, we found CpG-
induced IL-12 alone was inhibited by HCQ (Fig. 3A). These data indi-
cated that TLR9 might be a potential target of HCQ for RA treatment.
Next, BMDC functions including maturation and migration were
analyzed after stimulated with CpG (50 ng/mL) in the presence of HCQ
(25 pM) or not for 24 h.

For phenotypic maturation, as shown in Fig. 3B, HCQ markedly
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suppressed the level of CD40, CD80, CD86, and MHC II (I-Ab) on BMDCs.
To clarify the impact of HCQ on CpG-activated BMDC migration,
chemotaxis experiment of purified BMDCs was carried out. The results
showed that HCQ inhibited both immature DCs (iDCs) and CpG-
stimulated mature DCs (maDCs) trafficking from the upper chamber to
the lower chamber under the chemotactic attraction of CCL21 (Fig. 3C).
We also noticed that HCQ inhibited the secretion of CCL21 in CpG-
stimulated BMDCs (Fig. 3D). Additionally, chemokine receptors CCR7,
CXCR4 and L-selectin were significantly increased in CpG stimulated
BMDCs, while CCR5 was decreased. Of note, HCQ dramatically lowered
the expression of CCR7, CXCR4 and L-selectin, and moderately
enhanced CCR5 on CpG stimulated BMDCs (Fig. 3E).

3.7. HCQ inhibited DC function via TLR9

To better understand the role of TLR9 on DCs, the expression of TLR9
was detected in purified DCs from one healthy donor that was stimulated
by serums from RA patients (DAS28-ESR > 5.1, n = 6) or healthy donors
(n = 6) in the presence of HCQ or not. The data showed that TLR9
expression was elevated in RA patient serum-stimulated DCs compared
to HD serum-stimulated DCs and this effect was inhibited by HCQ
(Fig. 4A). Next, the level of TLR9 in LN DCs of the CIA mice was
measured, and the results showed that it was increased in CIA group
than that in healthy control group. Again, HCQ prevented the up-
regulation of TLR9 as anticipated (Fig. 4B). Furthermore, we found
higher TLR9 expression in CpG-activated BMDCs and HCQ dramatically
inhibited the change (Fig. 4C).

3.8. Amelioration of collagen-induced arthritis in TLR9™/~ mice

To investigate whether TLR9 is involved in the modulation of DC in

A
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RA, wild-type (WT) and TLR9 knockout (TLR9 /") mice were used to
induce CIA model. Although there was no significant difference of the
incidence of collagen-induced arthritis between TLR9™~ mice and WT
mice (Fig. 5A), TLR9 /™~ mice showed lower arthritis score (Fig. 5B) and
alleviated synovial destruction and inflammatory cell infiltration
(Fig. S4) than WT mice. Further we investigate the DC population in
local LNs of TLR9~/~ and WT mice and found that DCs were significantly
diminished in LNs of TLR9 ™/~ mice compared to WT mice (Fig. 5C). The
co-stimulatory molecule CD86 was also decreased on LN DCs of TLR9 ™/~
mice (Fig. 5C). Moreover, the expressions of CCR7 and CXCR4 on pe-
ripheral blood DCs were markedly decreased in TLR9~/~ mice (Fig. 5D).
These results suggested that knock out of TLR9 had a protective effect on
arthritis by inhibiting DC maturation and migration.

4. Discussion

Chloroquine (CQ) and hydrochloroquine (HCQ) have been used to
treat autoimmune diseases for over 70 years. Accumulating evidences
have shown the effectiveness of HCQ in the treatment of RA, while ev-
idence regarding its mechanisms is limited. Dendritic cells (DCs) func-
tion as vital antigen-presenting cells, which play a crucial part in the
occurrence and persistence of RA. Therefore, we determined to inves-
tigate whether HCQ had the potential to inhibit the immune response of
RA by affecting the phenotypes or behaviors of DCs, and to further
elucidate the related mechanisms.

In our research, DCs were found to be activated in RA patients and
CIA mice, and HCQ inhibited the functions of DCs and prevented the
arising and developing of RA. The mechanism might be associated to
blocking the effect of TLR9, as confirmed by following findings: (1) HCQ
suppressed the up-regulation of TLR9 and the migration and maturation
of RA serum-stimulated DCs by inhibiting the expression of CXCR4,

Fig. 5. The severity of CIA was attenuated in TLR9
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CD86 and the secretion of IFN-« in vitro; (2) HCQ decreased the level of
TLR9 in LN DCs and inhibited DC maturation and migration in CIA mice,
manifested by the down-regulation of the percentage of DCs (including
pDCs and mDCs) and declined expression of CD40, CD80, CD86 and
MHC II in LNs of CIA model; (3) HCQ specifically inhibited the TLR9
agonist CpG ODN 1826, but not other TLR agonists, induced IL-12
secretion in BMDCs; (4) compared to WT mice, the arthritis score was
lower and the percentage and maturation of DCs in LNs were diminished
in TLR9™/~ mice.

TLR signaling in DCs are vital for orchestrating immune responses
[28,29]. The ligation of TLRs selectively activates many kinds of
signaling pathways, and results in the maturation of DCs [30,31]. TLR9
is localized in lysosomes and functions to recognize nucleic acids,
especially DNA molecules containing unmethylated CpG-containing
motifs. Early findings demonstrated that TLR9 was required for DCs to
detect microbial nucleic acids during infection [32]. Later, TLR9 was
found as a vital molecule for DCs to recognize and process nucleic acids
molecules, which plays a pivotal function in the development of auto-
immune diseases such as SLE [33] and psoriasis [34]. In this study, we
found the expression of CXCR4, CCR7, CD83, 86 and IFN-a were
up-regulated in RA serum-stimulated DCs and this effect was inhibited
by HCQ, indicating that some substances in RA serum induced DC
activation were blocked by HCQ. As TLR9 is a cytosolic DNA sensor, we
hypothesized cell-free DNA in serum of RA patients, which is largely
attributed to the excessive DNA released by numerous dead cells or
incomplete clearance of apoptotic cells [35,36], enters into the cyto-
plasm when binding to antimicrobial peptide LL37, auto-antibodies or
HMGBI1 and triggers TLR9 and then induces activation of DCs in patient
[371.

The results of DC percentage in peripheral blood of RA patients
remain controversial. We observed an increase in the percentage of pDCs
and mDCs in RA patients, consistent with previous reports [38,39].
However, other study showed decreased of DCs in peripheral blood of
RA [40]. It was reported that pre-DCs are expanded in the bone marrow
of RA patients, the increase of pre-DCs in the bone marrow shall lead to
the increase of DCs in the peripheral blood, which supports our results
[41].

The limitations of this study include: (1) whether CpG 1826 ODN
could induce activation of BMDCs derived from TLR9~/~ mice were not
determined and we speculate the activation might be partially inhibited
because there are other DNA receptors such as cGAS and AIM2 [42]; (2)
the exact mechanism(s) of HCQ inhibition on TLR9 is not clear. One
result suggested that structural modification of DNA by HCQ prevented
DNA binding to TLR9 [43] and more evidence is warranted; (3) for in
vivo study, it would be better to use mice whose TLR9 knockout was
specifically in DCs but not systematically.

In summary, HCQ prevents the development of RA by suppressing
DC activation via blocking TLR9, which provides a novel theoretical
implications for HCQ in the treatment of RA. Recently, COVID-19 is
found with cytokine release syndrome in the late stage, one possible
reason is that a large amounts of DNA was released in the process of cell
death induced by corona virus, which activates the immune system
through TLR9, AIM2 or cGAS and produces a storm of inflammatory
factors. HCQ has been shown to have therapeutic effects in some pa-
tients, but its mechanism is not clear. We supposed that the reasons are
as follows: (1) the immune regulation function of HCQ in suppressing
the secretion of pro-inflammatory factors [11,12], which can be
explained by our results that HCQ diminished the levels of
pro-inflammatory factors including IFN-o, TNF-a, IL-1p and IL-12 by
blocking TLR9; (2) however, as mentioned above, HCQ could only
blocking TLRY, so it just partially reduces the production of inflamma-
tory cytokines. If HCQ could combine with cGAS inhibitor aspirin or
AIM2 blocker, the treatment effect may be better; (3) although HCQ has
been reported to have antiviral effect, most studies were done in vitro
[10,44], the antiviral activity has not been proven in any virus in any
model in vivo; (4) our research found that the effect of HCQ on the
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arthritis incidence and score of CIA was not very strong and knockout
TLRY only reduced the arthritis score but not the incidence in vivo.
Therefore, we speculate that HCQ may not be used to prevent
SARS-CoV-2 infection and asymptomatic when virus is replicating, may
only be effective for patients with mild symptoms, but not for severe
cases with inflammatory cytokine storm and multiple organ damage.
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