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Low dose methotrexate impaired T cell 2
transmigration through down-regulating
CXCR4 expression in rheumatoid arthritis (RA)

Lei Ding', Daniel H. Park? Bo Gao'?, Lingyuan Wu*, Meizhang Li°, Haitham Abedelhakim® and Ming Zhang”

Abstract

Background CXC chemokine CXCL12 is involved in the pathological development of rheumatoid arthritis (RA)
through abnormal migration of peripheral immune cells in the joint. Although low dose methotrexate (MTX)

is clinically used to treat RA patients, CXCL12 signaling responses to MTX-mediated treatments is still not well
understood.

Methods In this study, we examined the expression of CXCR4 (cognatic receptor for CXCL12) in peripheral T cells
from RA patients and arthritis mice models received from low dose MTX therapies. The effects of low dose MTX on
CXCR4 were further determined via both in vitro CD3* T cells and Cxcr4 conditional knockout (CKO) arthritis mice
models.

Results Our clinical data shows that low dose MTX treatment was clinically associated with down-regulated
expression of chemokine receptor CXCR4 on patient peripheral T cells. In vitro, low dose MTX significantly decreased
cell transmigration through down-regulated CXCR4's expression in CD3* T cells. Consistently, CD3* T cells treated

with low dose MTX demonstrated an increased genomic hypermethylation across the promoter region of Cxcr4 gene.
Furthermore, our preclinical studies showed that low dose MTX-mediated downregulation of CXCR4 significantly
improved the pathological development in mouse arthritis models. Conditional disruption of the Cxcr4 gene in
peripheral immune cells potentially alleviated inflammation of joints and lung tissue in the arthritis mice, though
genetic modification itself overall did not change their clinical scores of arthritis, except for a significant improvement
on day 45 in CXCR4 CKO arthritis mice models during the recovery phase.

Conclusion Our findings suggest that the effect of low dose MTX treatment could serve to eliminate inflammation in
RA patients through impairment of immune cell transmigration mediated by CXCR4.
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Introduction

Rheumatoid arthritis (RA) is a complex autoimmune
disorder characterized by chronic inflammation of joint
synovia and progressive destruction of cartilage and
bone [1]. The pathological development of RA is directly
related to the abnormal infiltration of T and B lympho-
cytes, neutrophils, monocytes, and macrophages into
synovial tissues, joints, and other organs [2, 3]. It has
been widely accepted that infiltrated cells mainly rely on
chemokines and their cognate receptors to functionally
mediate their migration from circulation to the organs
[4-6]. However, targeting chemokine signaling has failed
to show clinical improvements though RA-related ani-
mal models. On the other hand, agents that target che-
mokines (receptors) have yielded some promising results
[7]. Even so, persistent accumulation of lymphocytic cells
within the synovial compartment strongly supports that
either chemokines or chemokine receptors play signifi-
cant roles during the pathological development of RA.

CXC motif chemokine ligand 12 (SDF-1/CXCL12)
and its receptor CXC motif chemokine receptor 4
(CXCR4) comprise an important chemotaxis involv-
ing both immune response and brain development [8].
In RA patients, it was found that CXCL12 enhanced
the accumulation of CXCR4-expressing CD4*, CD8*,
and Th1 cells within their synovium [9-12]. Others sug-
gested that synovial TGF-beta 1 (TGFB1) also played an
important role to induce CXCR4’s protein expression
on CD4* T cells [11]. Besides lymphocytes, Lenoir et al.
(2004) reported that CXCL12 regulated desensitization
of human neutrophil respiratory burst in patient syno-
vial fluid [13]. More importantly, some preclinical studies
already showed that targeting CXCR4 with the specific
inhibitor AMD3100 resulted in efficient decrease of RA-
associated pathogenesis in collagen-induced arthritis
(CIA) mice [14, 15]. In the same manner, Chung et al.
(2010) reported that the incidence of CIA was signifi-
cantly reduced in Cxcra/1°%/Lck-Cre mice compared
with Cxcrd**/Lck-Cre mice [16]. These findings indi-
cate that CXCL12-CXCR4 is an important chemotaxis
responsible for the abnormal migration of peripheral
lymphocytes to the arthritis synovium during the patho-
logical development of RA patients.

As an analog of folic acid, methotrexate (4-amino-
10-methylfolic acid, MTX) was originally designed as
anticancer medication, given as high as 1 gram in a single
dose [17]. High-dose methotrexate antagonized the folate
pathway by inhibiting dihydrofolate reductase (DHFR)
and purine synthesis, thus leading cancer cells to their
apoptotic fate [18]. Low dose MTX (7.5-25 mg weekly)
currently serves as one of the most popular first line
medications to treat RA patients [19]. However, low-dose
MTX may involve more complex molecular mechanisms
than folate antagonism in the treatment of RA patients
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[18, 20-22]. Indeed, it has been reported that MTX
decreased the expression of inflammatory factors such as
tumor necrosis factor alpha (TNF-«), interleukin 1 beta
(IL-1pB), interleukin 6 (IL-6), interleukin 8 (IL-8), C-C
motif chemokine ligand 5 (RANTES/CCL5), chemokine
(CXC motif) ligand 1 (GRO/CXCL1), and adhesion mol-
ecules in RA patients [23-28]. Although the presence of
upregulated plasma CXCL12 has been suggested in RA
patients, the effect of MTX on this chemokine currently
remains controversial [29, 30]. In psoriatic patients,
immunohistochemical studies in the skin biopsies sug-
gested that decreased CXCL12 was associated with high
dose MTX treatment [31]. In RA patients’ synovial tis-
sue, decreased C-C motif chemokine ligand 2 (MCP-1/
CCL2) protein has been suggested to be associated with
the clinical MTX treatment [24]. Barsig et al. (2005) also
reported that MTX was able to significantly suppress
cytokine and chemokine release in inflamed joints in a
dose-dependent fashion in an adjuvant arthritis-associ-
ated rat model [32]. Other studies suggested that MTX
potentially enhanced the receptor interleukin 17 recep-
tor A (IL-17R) expression [33] but decreased interleukin
1 receptor type 1 (IL-1r) expression [27]. Some studies
showed that inflammatory arthritis is usually associated
with global DNA hypomethylation in peripheral blood
mononuclear cells (PBMCs), which could be reverted
with MTX treatment in inflammatory arthritis [34—36].

In the current study, although enhanced CXCR4
expression on peripheral immune cells was observed
in RA patients, we report that CXCR4’s expression was
decreased after different clinical treatments. The effects
of low dose MTX on CXCR4’s expression and functions
were further determined. Our study discloses the mecha-
nism by which MTX depends on to target peripheral
lymphocytes during treatment of RA patients. These
findings thus shed light on potential roles of CXCR4 on
peripheral immune cells that were involved in the patho-
logical development of RA.

Materials and methods

Clinical samples

Forty-eight patients with clinically active RA were diag-
nosed through fulfillment of the 1987 American Col-
lege of Rheumatology criteria [37] and were recruited
from the outpatient clinic of the Rheumatology depart-
ment of First Affiliated Hospital of Kunming Medical
University of Yunnan Province. Written informed con-
sent for the present study’s use of human peripheral
blood was obtained from all forty-eight patients and
thirty-seven healthy donors, and ethical approval was
obtained from both the Ethics Committee of the First
Affiliated Hospital of Kunming Medical University and
the Committee on Human Subject Research and Ethics
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of Yunnan University (Approved number: 20190801). All
experiments were carried out according to the relevant
guidelines.

Cell sorting and cell culture

For the isolation of PBMCs, the heparinized whole blood
samples (4 mL) from each RA patient and healthy donor
were diluted with an equal volume of PBS (Biosharp Life
Sciences, China), layered onto Ficoll-Hypaque (Solarbio
Life Sciences, China) and centrifuged at 2,000 rpm/min,
at 20 °C for 20 min by density gradient centrifugation.
Mononuclear cells were recovered from the interface and
washed twice with PBS. The CD3" T cells were purified
from about 2-10x10® PBMCs, which were passaged over
a 30 um nylon wool column, incubated using immuno-
magnetic microbeads (Miltenyi Biotec, Germany) for
30 min at 4 °C, and finally selected with QuadroMACS™
Separator (Miltenyi Biotec, Germany) via magnetic LS
cell separation columns (Miltenyi Biotec, Germany). All
assays were performed according to the protocols rec-
ommended by the manufacturer. Aliquots of 4—10x10°
PBMCs and purified CD3* T cells were optionally stim-
ulated with anti-CD3 (clone UCHT1, 2.5 pg/ml) and
anti-CD28 (clone CD28.2, 1.25 pg/ml) antibodies (BD
Bioscience, USA) for 48 h in the presence of MTX does
(0.001-1 pg/mL or 0.01 pg/mL) or AMD3100 (1 pg/mL)
in vitro. Jurkat cells were offered by Professor Shenghong
Li from the Insititute of Botany, the Chinese Academy of
Sciences, Kunming, China. The PBMCs, purified CD3* T
cells and Jurkat cells were cultured in flat-bottom plates
(Corning, USA) in RPMI-1640 medium (Gibco, Invitro-
gen Corporation, USA) supplemented with 10% fetal calf
serum (Viva Cell Biosciences, China), 100 U/mL penicil-
lin and 100 pg/mL streptomycin (BasalMedia Technolo-
gies, China) at 37 °C under 5% CO,.

Flow cytometry (FCM)

Expression of chemokine receptor CXCR4 on human
T cells was analyzed using flow cytometry. 100 uL of
human PBMCs (about5x10° cells) were incubated with
mouse anti-human antibodies, including anti-CD184-
PE and anti-CD3-FITC (20 pL, BD Biosciences, USA),
anti- CD4- and CD8-FITC (5 pL, BioLegend, USA), and
their corresponding mouse isotypes as the negative con-
trols. Then, the cells were incubated for 30 min at 4 °C in
the dark. Subsequently, the cells were washed twice with
1 mL FACS buffer (1% BSA in PBS) by centrifugation
(400 g/min, 5 minutes, 4 °C) to remove unbound anti-
bodies. Cells were then resuspended in 500 uL PBS and
sieved through a 40-um pore size mesh to generate sin-
gle-cell suspensions. Finally, labeled cells were measured
on an Accuri C6 Flow Cytometer (Accuri Cytometers,
BD Biosciences, C6, USA) and analyzed by Flow]Jo soft-
ware (Treestar FlowJo v10.8.1, Ashland, USA). Negative
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fluorescence was gated with FITC-conjugated IgG or PE-
conjugated IgG. At least 10,000 events collected within
the lymphocyte gate. The single fluorochrome-stained
cells were used for instrument compensation and the
photomultiplier tube (PMT) setup. Analysis of CD3,
CD4", CD8* T cell subsets were performed on the total
CD3* T cells within the lymphocyte gate.

Quantitative real-time polymerase chain reaction (qRT-
PCR)

Total messenger RNA (mRNA) was extracted using
RNAiso Plus Reagent (Clontech Laboratories, Takara
Bio Group, Japan) according to the manufacturer’s
instructions. Potential genomic DNA contamination
was removed from the samples and complement DNA
(cDNA) was synthesized from 1 pg total RNA per sample
using random primers with PrimeScript™ RT reagent Kit
with gDNA Eraser (Clontech Laboratories, Takara Bio
Group, Japan) according to the recommended protocol.
The qRT-PCR with up to 100 ng cDNA was amplified
using the SYBR® Premix Ex Taq™ (T1li RNaseH Plus, Clon-
tech Laboratories, Takara Bio Group, Japan). The ABI
Prism 7500 Sequence Detection System (Applied Biosys-
tems, ABI 7500, USA) was used to measure the ampli-
fied PCR product. The qRT-PCR thermal cycle included
1 cycle of 95 °C for 10 s, followed by a two-step PCR
program: 40 cycles of 95 °C for 5 s, and 60 °C for 34 s,
followed by a melt curve analysis. Each sample was per-
formed in triplicate (technical replicates) and repeated
at least three times independently. The oligonucleotide
primers used for qRT-PCR analyses were listed in Table
S2. The relative expression of qRT-PCR data was deter-
mined using the 274" method to compare mRNA
expression levels of the target gene with the housekeep-
ing gene (B-actin or 18 S).

CXCR4 methylation-specific PCR analysis based on
nucleotide sequencing

The Jurkat cells, or the 0.01 pg/mL MTX treated CD3* T
cells, genomic DNA was extracted by DNA mini isolation
kits (Qiagen, Germany) according to the manufacturer’s
protocol. Genomic DNA was bisulfite converted with the
Zymo EZ DNA methylation kits (Zymo Research, Irvine,
CA, USA), and the CpG sites of the bisulfite modified
DNA were amplified with bisulfite specific PCR consisted
of an initial denaturation step at 95 °C for 5 min, followed
by 38 cycles of denaturation at 95 °C for 30 s, anneal-
ing at 54 °C for 30 s, extension at 72 °C for 30 s, and
final extension step at 72 °C for 7 min by the EpiArt HS
Taq Master Mix (Vazyme Biotech, Nanjing, China). The
PCR products were verified on 2% agarose gel, followed
with sequencing by Sangon Biotech Co., Ltd. (Shang-
hai, China). For each CpG site, the methylation ratio
was calculated as the number of cytosine reads divided
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by the sum of cytosine and thymine reads [38]. Bisulfite
PCR primer sequences were designed by Methyl Primer
Express Software v1.0 (Applied Biosystems, USA) and
listed in Table S2.

In vitro transmigration

The interaction between CXCR4 and extracellular matrix
(ECM, Sigma-Aldrich, USA) assays were conducted on
sorting cells with 0.01 pg/mL MTX (Sigma-Aldrich,
USA) and CXCR4-specific antagonist 1 pg/mL AMD3100
(Sigma-Aldrich, USA) treatment, using NeuroProbe
48-Well Micro Chemotaxis Chambers (Neuro Probe,
Inc. Ap48, USA). Briefly, the Chemotaxis Chambers were
separated using 5 um pore polycarbonate transwell filter
membranes (Neuro Probe, Inc. USA) and the lower side
was coated with 0.01 mg/mL ECM diluted with RPMI-
1640 culture media. In the lower wells, the 100 ng/mL
human CXCL12 (SDF-la) protein (Miltenyi Biotec,
Germany) was supplemented as the chemoattractant.
And then, 1x10* mock or pre-treated cells suspended
in 50 pL RPMI-1640 culture media were added into each
upper chamber. After 4 hours of incubation at 37 °C and
5% CO,, the membrane was carefully removed. Cells on
the upper membrane surface were gently scraped with
a cotton swab. The membranes were fixed in 4% (w/v)
paraformaldehyde (PFA, Servicebio Technology, China)
for 30 min and washed in PBS before staining with 0.1%
Hoechst 33342 (Sigma-Aldrich, USA) for 5 min at room
temperature, followed by rinsing three times with PBS.
The membranes were mounted on glass slides with Flu-
oro-Gel (Electron Microscopy Sciences, USA) and cells
per unit area in triplicate were determined by counting
four representative microscopic fields under an epifluo-
rescence microscope at a magnification of x10 (Leica,
DMi8, Germany).

Cell viability assay

To examine the toxicity of low-dose MTX on the acti-
vated T cells, PBMCs were seeded into 96-well flat bot-
tom plates and stimulated with anti-CD3 (clone UCHT]1,
2.5 pg/ml) and anti-CD28 (clone CD28.2, 1.25 pg/ml)
antibodies (BD Bioscience, USA) for 0, 24 and 48 h in
PBS or MTX (0.001-1 pg/mL) at the density of 5x10*
cells per well (100 pL) in quadruplicate. The same volume
of PBS was kept consistent with the 0.001-1 pg/mL MTX
group added in the vehicle control group for 0, 24 and
48 h, respectively. The effects of MTX on the survival of
cells was evaluated with CellTiter 96° Aqueous One Solu-
tion Reagent Solution Cell Proliferation Assay kit (Pro-
mega, USA), following the manufacturer instructions.
Briefly, at 2 h before each of the desired time points, each
well was mixed with 20 pL of MTS ((3-(4,5-dimethylthi-
azol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophe-
nyl)-2 H-tetrazolium, solution inner salt, and cells were
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incubated at 37 °C with 5% CO, for 2 h. The absorbances
of the samples were detected at a wavelength of 490 nm
using a micro-plate reader (Molecular Devices, Spectra-
Max 190, USA).

Enzyme-linked immunosorbent assay (ELISA)

The clinical sample blood serums were collected, and
enzyme-linked immunosorbent assay (ELISA) kits for
detecting human cytokines IL-1, IL-2, IL-6, IL-8, TNF-«
(Elsbio Biotec, China) and CXCL12 were obtained (Solar-
bio Life Sciences, China). ELISA experiments were con-
ducted following the manufacturers’ instructions. Plates
were read by a micro-plate reader (Molecular Devices,
SpectraMax 190, USA) at a wavelength of 450 nm.

In vivo MTX and AMD3100 treatment

For in vivo assessment of the effect of MTX on the treat-
ment of RA, we used adjuvant-induced arthritis (AA)
mouse models that were widely used for drug valida-
tion, in particular for T cell-related pathways leading
to arthritis [39]. Briefly, thirty-two 10-week-old female
C57BL/6] mice were purchased from Vital River Labo-
ratories (Beijing, China) to be used as the experimental
model of arthritis. They were kept in healthy conditions
with clean air and given plenty of food and water. To
avoid superimposed side effects of MTX/AMD3100
treatment and adjuvant immunization on the growth
and body weight of arthritis mice, a preventative model
with MTX and AMD3100 treatments began on day 1 and
lasted 15 days. Briefly, the mice were divided into four
groups (eight mice per group). The non-arthritic healthy
control mice and untreated arthritis mice received 150 pl
normal saline (NS) every three days for 15 days (5 times
total) and were then divided into two groups: namely
non-arthritic healthy control mice were fed normally,
untreated arthritis mice were induced by intradermal tail
injection with 150 pl of 4 mg/mL heat-killed Mycobacte-
rium tuberculosis suspended in complete Freund’s adju-
vant (CFA) (dayl6, Sigma Aldrich, USA). The MTX or
AMD3100 treatment of them established arthritis group
was fed with 2.5 mg/kg MTX or 5 mg/kg AMD3100 from
day 1 to day 15 every three days, and arthritis was sub-
sequently induced with the same regimen. Mice were
weighed and scored for clinical signs of arthritis once
every two days from day 17 to day 48 post-immunization.
On day 20, 27, and 38, blood was collected and analyzed
for CXCR4*PBMCs. All animal studies and relevant
procedures were reviewed and approved by the ethics
committee of the institutional animal care and use com-
mittee, Yunnan University (IACUC, YNU) (Approved
number: 20190801).
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Collagen induced arthritis (CIA) mouse model

The type II collagen induced arthritis (CIA) mouse mod-
els, which were extensively used to identify potential
pathogenic mechanisms of autoimmunity, including the
role of individual cell types in disease onset and progres-
sion [40], were induced and the effect of CXCR4 on the
occurrence and development of RA was assessed. Briefly,
10-week-old female C57BL/6] mice were injected intra-
dermally at the base of the tail with 15 mg/kg chicken
type II collagen (CII, Chondrex, USA) dissolved in 10
mM acetic acid and emulsified in an equal volume of
CFA (Sigma Aldrich, USA) containing 4 mg/mL Myco-
bacterium tuberculosis to induce the arthritis mice model
(day 0). Twenty-one days (day 21) after the first primary
immunization, the mice were given a single booster
injection in the same manner. The arthritis index assay,
blood collection, and histological assessment were car-
ried out. The expression of TNFaq, IL-1 and IL-6 in lung
tissue was detected by qRT-PCR and the respective prim-
ers used were listed in Table S2.

CXCR4 conditional knockout

Mx1-Cre~/CXCR4™fox  mice (C57BL/6J) were pur-
chased from the Jackson laboratory (The Jackson labora-
tory, USA). In these mice, two LoxP sites were genetically
inserted in the side of the second exon of the Cxcr4 gene.
LoxP site was genotyped using genotyping PCR prim-
ers MG-Loxp-F and MG-Loxp-R. A 577-bp and 481-bp
DNA band was expected from either flox homozygous
mice or wild type/flox heterozygous mice respectively.
Meanwhile, Mx1-cre*/CXCR4™* mice (C57BL/6]) were
purchased from Nanjing Biomedical Research Institute
of Nanjing University (Nanjing, China). These mice over-
expressed the Cre protein under control of the inducible
Mx1 promoter. Mx1-Cre™ was genotyped using geno-
typing primers MG-Cre-F and MG-Cre-R, and a 408-bp
PCR DNA band was expected as well. The Mx1-Cre™/
CXCR411%  mice and Mx1-Cre*/CXCR4™* mice
were founders to be crossbred to obtain Mx1-Cre*/
CXCR¥/fox mjce. To obtain CXCR4 conditional knock-
out mice, Mx1-Cre*/CXCR411% mice were adminis-
trated 12.5 mg/kg polyinosinic-polycytidylic acid (PI: PC,
Novus Biologicals, USA) by intraperitoneal injection. PI:
PC injections were performed every two days, for a total
of 3 times. Genetic deletion of Cxcr4 allele genes was
verified using genotyping primers MG-CXCR4-F and
MG-CXCR4-R. CXCR4"PBMCs and CXCR4*CD3* T
cells on mouse PBMCs were confirmed by flow cytom-
etry. All the primers used were listed in Table S2. The
CIA mice model of Cxcr4 conditional knockout was
induced as above (Collagen induced arthritis mouse
model) mentioned. In brief, 10-week-old female Mx1-
Cre*/Cxcraf/1oX mice were immunized intradermally at
the base of the tail with 15 mg/kg chicken type II collagen
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(CII, Chondrex, USA) dissolved in 10 mM acetic acid and
emulsified in an equal volume of CFA (Sigma Aldrich,
USA) containing 4 mg/mL Mycobacterium tuberculosis
(day 0) after the PI: PC was injected at day -2, day -4, and
day -6 respectively. On day 21, the mice were given a sin-
gle booster injection with the same manner. The arthri-
tis index assay, blood collection, histological assessment,
and the expression of TNFa, IL-1p and IL-6 in lung tissue
were carried out.

Histological assessments of arthritis

At the end of the mice experimental procedure, the knee
joints and paws were analyzed for histological assessment
after the mice were sacrificed. Animals were perfused
with 4% phosphate-buffered paraformaldehyde (PFA).
Then, animal joints, paws and lungs were removed, dis-
sected, and sliced into 5-pum cross-sections. Sections
were stained by hematoxylin and eosin (H&E) (Beyotime
Life Sciences, China) according to standard procedures.
The severity of arthritic changes, such as articular car-
tilage destruction and bone erosion were histologically
scored as described previously [41]. Briefly, we scored
cartilage destruction from O to 3 and bone erosion from 0
to 5. The positive inflammatory areas of mouse lung sec-
tions were measured on each slide and quantified using
Image] software [42].

Statistical analysis

All reported values were expressed as meantSEM
(Standard Error of Mean), unless otherwise stated. The
arthritis mice and MTX and AMD3100 treated experi-
mental groups included at least five mice. Statistical
analyses were done with SPSS 22.0 computer software
(SPSS Inc, Chicago, USA). The statistical significance
between healthy controls and patient, sham and MTX
treated mice, sham and arthritis mice were analyzed
using unpaired Student t-test. The statistical significance
between two groups of qRT-PCR, in vitro transmigration
and cell viability assay were analyzed with a paired Stu-
dent’s t-tests. In all statistical analyses, the probability (P)
values less than 0.05 were statistically significant.

Results

CXCR4-expressing peripheral cells was increased in RA
patients

From 48 patients (Table 1) with longstanding RA, the
CXCR4-expressing (CXCR4*PBMCs) was analyzed by
flow cytometry. As shown in the Fig. S1D and Table S1,
about 12.35+1.57% of CXCR4*PBMCs were detected in
RA patients. However, only 3.48+0.25% PBMCs in the
heathy control were found to express CXCR4. Similar
observations were obtained when examining CXCR4’s
protein expression on patients’ CD3* T cells. About
7.11£1.15% of CXCR4*CD3™ T cells were detected in



Ding et al. Arthritis Research & Therapy (2024) 26:173

Table 1 Summary of RA patients and healthy controls
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Table 2 Clinical characteristics of different RA groups (n=48).

Healthy RA patients Data are mean + SEM
Age, yrs, 51.35+4.06 52.29+2.05 Clinical RA-Untreat- RA+MTX RA-MTX
Male, n (%) 13(35.14%) 8(16.67%) ed(n=9) (n=15) (n=24)
Female, n (%) 24(64.86%) 40(83.33) Symptom Duration,mo  62.89+32.86 99.53+897 134.92+2749
Current Smoker, n (%) 4(10.81%) 3(6.25%) TJCin 28 joints 15.78+2.29 9.07+0.51 8.25+135
Alcohol Drinker (n, %) 0 2(4.17%) SJCin 28 joints 533+220 500+044  446x099
Weight, Kg, mean + SEM 57.97+129 5481+194 PtGA, cm (0-10 cm 96.67+1.67 5267+141 6271+4.18
BMI", Kg/m? mean +SEM 2129+043 2044067 A
Total, n 37 48 PhGA, cm (0-10 cm 81.11£2.00 3767129 4500417
*Body Mass Index scale)
DAS28/ESR score 6.93+0.34 5.15+0.08 511+033
DAS28/CRP score 6.09+0.32 442+0.09 459+031
RA patients, while only 1.81+£0.13% of CXCR4TCD3* T  SDAIscore 40014709  21.03+089 21.40+249
cells were observed in the heathy control (Fig. SIC and ~ ESR mm/h 5467+1467 3647+135 39.50+585
S1E). Considering the averaged CD3* T cell (Fig. SIBand ~ CRP.mg/L 425141220 16944175 2381+4.99

S1G) and PBMCs cell numbers (Fig. S1A and S1F) from
both groups were almost the same, it was concluded that
CXCR4’s expression was significantly increased in the RA
patients compared with the healthy controls. The results
showed a significant increase in the expression of CXCR4
on PBMCs and CD3" T cells, with an averaged 3.55-
fold change (P<0.001) and 3.93-fold change (P<0.001)
respectively between RA patients and the healthy con-
trol. We also found that the frequency of CXCR4*CD3™
T cells in RA exhibited a significantly positive correlation
with the patients’ clinical scores of DAS28/ESR, SDAI,
TJC in 28 joints, PtGA and PhGA (Fig. S2A, C, D, E, G,
P<0.05 or 0.001), and a moderate positive correlation
with DAS28/CRP (Fig. S2B, P=0.091) and almost no cor-
relations with SJC in 28 joints (Fig. S2E, P=0.423). These
results reveal that CXCR4 on CD3* T cells is an activat-
ing factor associated with RA disease activity.

The serum protein level of inflammation cytokines
from RA patients was further analyzed by ELISA. Inter-
estingly, we found that protein concentrations of cyto-
kines IL-1, IL-2, IL-8, and TNFa were upregulated in
RA compared with the healthy control (Fig. S3A-D). The
protein concentration of IL-6 was increased in RA, but
there was no statistical significance (Fig. S3E). Consistent
with previous results [30], we observed serum chemo-
kine CXCL12 was significantly increased by 68.40+1.54%
(P=0.004) in the RA patients as compared to the healthy
control (Fig. S3F). Our results showed an increased
serum level of inflammatory and pro-inflammatory fac-
tors in RA patients. These observations suggested that
either CXCL12’s serum level or CXCR4’s expression
on CD3* T cells was potentially associated with the
enhanced inflammatory environment found during the
pathological development of RA.

CXCR4-expressing peripheral CD3* T cells was decreased in
RA patients after clinical treatments

To analyze the effects of clinical treatments on RA
patients, the same 48 RA patients were further regrouped

Note RA patient were diagnosed according to the clinical diagnostic standards
that meet the criteria from the 1987 American College of Rheumatology [37],
and the disease activity was assessed using the European League Against
Rheumatism (EULAR,) criteria (See the details in the Supplemental Materials and
methods). Patient group included RA-Untreated (RA patients without clinical
treatments), RA+MTX (RA patients treated with low dose MTX), RA-MTX (RA
patients treated without low dose MTX). Data represented as mean+SEM

into three different subgroups (Table 2): (1) RA-
Untreated (RA patients without clinical treatments,
n=9); (2) RA+MTX (RA patients clinically treated with
MTX, n=15); (3) RA-MTX (RA patients clinically treated
without MTX, n=24). As shown in Fig. 1C and E, about
15.98+3.42% of CXCR4TCD3* T cells were detected
in RA-Untreated patients. Meanwhile, 1.81+0.13% of
CXCR4TCD3* T cells were detected from the healthy
control, consistently demonstrating an 8.8-fold (?<0.001)
increase of CXCR4’s expression on CD3" T cells in RA-
Untreated as compared to the healthy control. Further-
more, we noticed that only 5.67+1.43% of CXCR4TCD3*
T cells were detected from RA-MTX patients and
4.08+£0.21% CXCR4*CD3* T cells in RA+MTX
patients. Compared to RA-Untreated patients, expres-
sion of CXCR4 on CD3* T cells decreased significantly
by a 2.8-fold change (P<0.001) and 3.9-fold change
(P<0.001) in RA-MTX and RA+MTX patients respec-
tively. CXCR4*PBMCs was also observed to be decreased
in RA patients after different treatments (Fig. 1D).
However, both CXCR4*PBMCs and CXCR4*CD3* T
cells was not different between the RA+MTX and RA-
MTX treatment groups (Fig. 1D-E). The total number of
PBMCs between RA-Untreated and RA+MTX patient
groups was not changed, while the total number of
CD3* T cells was increased between RA-Untreated and
RA+MTX patient groups (Fig. 1A-B, F-G). We further
regrouped the RA-MTX group into GC monotherapy,
DMARDs and biology agent, DMARDs and prednisone,
DMARDs and biology agent and prednisone and others
(leflunomide monotherapy, hydroxychloroquine mono-
therapy) groups according to their clinical treatment.
We found that the proportions of CXCR4*PBMCs (Fig.
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Fig. 1 Low dose MTX-treatment was clinically downregulated the frequency of CXCR4™ immune cells in RA patients. (A-C) Representative flow charts
demonstrating CXCR4* and CD3* T cells from both RA patients and healthy control. (A) Gating of human PBMCs. (B) CD3* T cells (stained with anti-human
CD3 antibody, red) and Isotype controls (black). (C) Double staining with both anti-human CXCR4 and anti-human CD3 antibodies. Quantification of
CXCR4"PBMCs (D) and CXCR4*CD3* T cells (E) from A-C. **p < 0.01, ***p <0.001 and error bars indicate SEM. Quantification of PBMCs (F) and CD3* T cells
(G) from A-C. Healthy, (Normal control group, n=37); RA-Untreated (RA patients without clinical treatments, n=9); RA+MTX (RA patients treated with low
dose MTX, n=15); RA-MTX (RA patients treated without low dose MTX, n=24)

S4A), CXCR4TCD3* cells (Fig. S4B) were decreased in
these groups, with an exception for the other group due
to it including only three samples. PBMCs (Fig. S4C)
and CD3™" T cells (Fig. S4D) overall did not significantly
change between RA-Untreated and the various RA-MTX
clinic treatment groups. Patient’s therapeutic outcomes
were further evaluated according to the clinical diag-
nostic index (Fig. S5A-G). We found that patients’ clinic
scores of DAS28/ESR, DAS28/CRP, SDAI, TJC in 28
joints, PtGA, and PhGA showed significantly decrease
after treatment with MTX and non-MTX drugs. Thus,
these findings indicated that downregulation of CXCR4’s
expression in RA patients was associated with clinical
treatments, including MTX.

Low dose MTX downregulates CXCR4’s expression on
lymphocytes

The use of low dose MTX has served as one of the most
efficient drug treatments for RA patients in the clinic.
Decreased CXCR4’s expression in patients following
MTX treatment indicated that low dose MTX could
downregulate the expression of CXCR4. We tested the
effects of 0.001-1 pg/mL MTX on the cell survival of
human PBMCs. As shown in Fig. S6A-D, we found that
0.001 and 0.01 pg/mL MTX concentrations did not
inhibit PBMCs survival in vitro, while the MTX doses
between 0.1 and 1 pg/mL showed toxic effects on human
PBMCs within 48 h. Hence, we chose 0.01 pg/mL MTX
treat cells in the following experiments.

PBMCs and CD3* T cells from healthy subjects
were optionally stimulated with anti-CD3 and anti-
CD28 antibodies for 48 h in the absence or presence of
0.01 pg/mL MTX in vitro. In the non-stimulated cells,
CXCR4"PBMCs and CXCR4*CD3" T cells were sig-
nificantly decreased by 35.82+2.65% (P<0.05) and
40.48+5.65% (P<0.05) respectively after treatment with
0.01 g/mL MTX (Fig. 2A). Treatment with 0.01 pg/mL
MTX in vitro did not result in significant changes of
PBMCs and CD3" T cell numbers between vehicle and
treatment groups (Fig. 2B). The qRT-PCR consistently
showed that 0.01 pg/mL MTX-treatments decreased
CXCR4 mRNA levels in both PBMCs and CD3* T cells
by 70.75£1.30% (P<0.001) and 71.68+3.33% (P<0.01)
(Fig. 2C). We also noticed that CXCR4 mRNA levels
decreased by 54.40%5.66% (P<0.01) in 0.01 pug/mL MTX
treated Jurkat cells (Fig. 2D), and increased DNA methyl-
ation in the -186 to -19 bp region of CXCR4 promoters in
Jurkat cell after 0.01 pg/mL MTX treatment (Fig. 2E) for
48 h. Similarly, in the stimulated cells, CXCR4*PBMCs
and CXCR4TCD3"* T cells were significantly decreased
by 23.32+1.80% (P<0.05) and 28.44+3.47% (P<0.05),
(Fig. 2F), and the PBMCs and CD3" T cells numbers
showed no significant changes respectively after treat-
ment with 0.01 ug/mL MTX (Fig. 2G) for 48 h. We also
detected CXCR4TCD4™ T cells and CXCR4*CD8™ T cells
treated with 0.01 ug/mL MTX under activation states.
The results showed that CXCR4TCD4* T cells (Fig. S7B)
and CXCR4*CD8" T cells (Fig. S7D) were significantly
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Fig. 2 Low dose MTX downregulated CXCR4's expression in normal human peripheral immune cells and mouse. (A-C) PBMCs from normal humans
were non-stimulated with anti-CD3 and anti-CD28 for 48 h in the absence or presence of 0.01 pg/mL low dose MTX in vitro. (A) Quantification of human
CXCR4*PBMCs and CXCR4*CD3* T cells (non-stimulated). (B) Quantification of human PBMCs and CD3* T cells (non-stimulated). (C-D) The qRT-PCR show-
ing CXCR4's mRNA levels in human PBMCs and CD3™ T cells (non-stimulated), Jurkat cells. (E) DNA methylation levels of CXCR4 promoter (-186 to -19 bp)
in Jurkat cells after treatment with 0.01 pg/mL low dose MTX in vitro. (F-I) PBMCs from normal humans were stimulated with anti-CD3 and anti-CD28
for 48 h in the absence or presence of 0.01 ug/mL low dose MTX in vitro. (F-G) Quantification of human CXCR4*/PBMCs and CXCR4*/CD3*, PBMCs and
CD3*T cells (stimulated). (H) CXCR4's mRNA levels in human PBMCs and CD3* T cells (stimulated). () DNA methylation levels of CXCR4 promoter (-186 to
-19 bp) in CD3* T cells (stimulated). Values on graphs represent mean +SEM, *p <0.05, **p<0.01, **p <0.001. (J-L) Representative flow charts showing
CXCR4TCD3* T cells after treatment with 2.5 mg/Kg MTX in vivo (see the details in Fig. S8). (J) Gating of mouse PBMCs. (K) Mouse CD3* T cells (stained
with anti-mouse CD3 antibody, red, and Isotype controls, black). (L) Double staining with both anti-mouse CXCR4 and anti-mouse CD3 antibodies. (M)
Quantification of CXCR47CD3* mouse T cells (left) and CXCR4-expressing mouse PBMCs (right) from J-L. (N) Quantification of mouse PBMCs (left) and
mouse CD3* T cells (right) from J-L. (M-N) Data represented as mean +SEM (n=3 normal mice, **p <0.01, ***p < 0.001)

decreased (P<0.05), and the percentage of CD4* T
cells (Fig. S7A) and CD8* T cells (Fig. S7C) showed no
significant changes, suggesting that the decrease of
CXCR4*CD3* T cells may be partly due to the decrease
of CXCR4*CD4* T cells and CXCR4TCDS8* T cell treat-
ment with 0.01 pg/mL MTX. Furthermore, CXCR4
mRNA levels decreased by 74.00+4.36% (P<0.001) and

62.4615.45% (P<0.01), respectively (Fig. 2H) in PBMCs
and CD3* T cells, and DNA methylation increased in
the -186 to -19 bp region of CXCR4 promoters in the
activated CD3* T cells treated with 0.01 pg/mL MTX.
Taken together, these results suggest that the decrease
in CXCR4 mRNA levels are partly due to increased
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DNA methylation of its promoter after 0.01 ug/mL MTX
treatment.

We further tested the effect of low dose MTX on
CXCR4’s expression on PBMCs in normal mice. To
address this question, healthy C57BL/6] mice were
treated with the low dose of 2.5 mg/Kg MTX via gas-
tric infusion (GI) three times per week, for a total of two
weeks (Fig. S8A). The general animal survival (Fig. S8B)
and animal weights (Fig. S8C) did not show any direct
impact by low dose MTX. However, we observed low
dose MTX significantly decreased the proportion of
CXCR4*PBMCs by 56.39+1.27% (P<0.001) at day 7
and by 50.11+3.82% (P<0.01) at day 14 (Fig. 2M-right).
In the same manner, we found that CXCR4*CD3" T
cells was decreased by 39.07+£7.72% (P<0.01) at day 14
due to the administration of low dose MTX (Fig. 2L and
M-left). Similarly, the numbers of PBMCs (Fig. 2] and
N-left) and CD3" T cells (Fig. 2K and N-right) cells did
not show any significant changes between the vehicle
and low does MTX treated mice. Here, we have provided
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evidence from both in vitro and in vivo studies to sup-
port the direct downregulating the expression of CXCR4
in peripheral immune cells by low dose MTX treatment.

Low dose MTX inhibits the transmigration of lymphocytes
by downregulating CXCR4 expression

Due to CXCR4 widely functionally regulates the cell
transmigration, hence, downregulation of CXCR4 by
MTX suggests that low dose MTX may functionally reg-
ulate the transmigration of peripheral lymphocytes. To
address this question, 100 ng/mL CXCL12 was applied
to induce in vitro transmigration of activated healthy
human PBMCs, followed by treating with 0.001-1 pg/
mL MTX (Fig. 3A). Compared to the PBS control, we
found that 0.01-1 pg/mL MTX decreased PBMCs’ trans-
migration by approximately 35.29+5.20% (P<0.05) to
22.27+3.30% (P<0.05), indicating that 0.01-1 pg/mL
MTX could efficiently inhibit the in vitro transmigration
of human PBMCs. To verify the specificity of CXCL12’s
induction, we further applied a CXCR4-specific inhibitor
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Fig. 3 Low dose MTX impaired CXCL12-induced CD3* T cell transmigration in vitro. (A-B) In vitro CXCL12-induced activated PBMC transmigration was
blocked by MTX (A) and AMD3100 (B). (A-B) Added CXCL12 and Vehicle (100 ng/mL recombinant CXCL12-induced activated PBMCs treated with con-
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AMD3100 to activated PBMCs’ transmigration and
observed dose-dependent inhibition of CXCL12-induced
transmigration by AMD3100 (0.001-1 pg/mL) (Fig. 3B).
These findings suggested that low dose MTX may regu-
late the transmigration of immune cells through down-
regulating the CXCR4’s expression. Given that immune
cells from RA patients expressed higher CXCR4, we
further tested whether patients’ immune cells contained
more transmigration potency. Compared to the healthy
control, we found that CXCL12-induced transmigration
from both PBMCs and CD3* T cells were significantly
increased by 57.40+9.88% (P<0.05) and 37.40%0.94%
(P<0.01) respectively (Fig. 3C). More importantly, we
observed a synergistic inhibitory effect with 0.01 ug/mL
MTX and 1 pg/mL AMD3100 combined treatment on
activated PBMCs and CD3" T cells isolated from healthy
people (Fig. 3D-E) and RA patients (Fig. 3F-G). In sum-
mary, our results supported the inhibitory effect of low
dose MTX-treatment on the transmigration of peripheral
lymphocytes through downregulation of their CXCR4
expression.

MTX-mediated downregulation of CXCR4 to the treatment
of AA mouse

Our studies suggested that downregulation of CXCR4
caused by low dose MTX may contribute to the effective
clinical treatment of RA patients. To address this ques-
tion, an AA mouse model was used to test the treatment
effects from low dose MTX and AMD3100 (Fig. 4A).
Consistent with previous studies [43], the AA mice devel-
oped typical severity scores of arthritic limbs (Fig. 4C).
C57BL/6] wild type mice were preventatively admin-
istrated the doses of either 2.5 mg/Kg MTX or 5 mg/
Kg AMD3100 per time for two weeks total treatment (5
times) (Fig. 4A). At day 15, mice were immunized with
150 pl CFA containing 4 mg/mL heat-killed Mycobacte-
rium tuberculosis. Intradermal injection was conducted
at three sites near the base of the tail according to the
protocol from Brand et al. [40]. AA model mice were
treated with low dose MTX or AMD3100 and 100% sur-
vival was observed at day 48 and the body weight were
not affected between the four group mice (Fig. 4B, D).

At the pathological “peak” stage (day 25 to day 37), we
observed that severity scores of arthritic limbs were sig-
nificantly decreased after treatment with low dose MTX
(Fig. 4C). For example, compared to untreated mice,
clinical scores on day 31 had decreased by a maximum
8.7-fold change (P<0.001) after treatment with low dose
MTX. However, no obvious clinical differences were
observed from the pathological stages of “onset” (day
17-25). The effects of low dose MTX on CXCR4"PBMCs
were further examined at day 20 (“onset” stage), day 27
(“peak” stage), and day 38 (“recovery’, day 38—438, stage).
CXCR4*PBMCs at day 20 was decreased by 33.50+5.88%
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(P<0.05) after treatment with low dose MTX compared
with untreated AA mice (Fig. 4E). Because their total
cells numbers were not changed (Fig. 4F), these obser-
vations suggested early preventatively effects from low
dose MTX during the treatments. Conversely, we found
that enhanced CXCR4’s expression in untreated AA mice
mainly appeared at later timepoints of day 27 compared
with the Sham’s (Sham versus AA Untreated). From the
above observations, our results suggested that low dose
MTX-mediated treatments may possibly rely on the sup-
pression of CXCR4’s function.

Furthermore, we observed that AMD3100 can effi-
ciently treat AA mice (Fig. 4C). Compared with untreated
AA mice, clinical scores at day 31 were decreased by a
maximum 3.84-fold change (P<0.001) after treatment
with AMD3100. The effect of AMD3100 was most sig-
nificantly detected between day 25 to day 37 as well (AA
Untreated versus AA+AMD3100). However, AMD3100
did not directly affect CXCR4’s expression, but resulted
in an abnormal accumulation of peripheral CXCR4-
expressing cells. For instance, compared with untreated
arthritis model mice, we noticed that the number of
CXCR4-expressing cells increased by a 2.31-fold change
(P<0.01) after AMD3100 treatments at day 20 (Fig. 4E,
AA Untreated versus AA+AMD3100). Our findings
suggest that both low dose MTX and CXCR4-specific
inhibitor AMD3100 may share a similar mechanism to
suppress immune cell migration during the treatment of
arthritis mice.

Conditional knockout (CKO) of CXCR4 in peripheral
immune cells in mouse

To explore the potential roles of CXCR4 in the arthri-
tis mice model, we generated CXCR4 CKO (CXCR4'")
mice in which floxed Cxcr4 gene was disrupted through
the inducible Cre in peripheral blood cells. To accom-
plish this goal, Mx1-Cre transgenic mice (Mx1-Cre*/
CXCR4**) and Mx1-Cre /CXCR41/foX mice both have
a C57BL/6] background were founders to be crossbred
to obtain Mx1-Cre*/CXCR41f°% female mice (Fig. 5A).
Between exonl and exon2 of the Cxcr4 gene, genotype
primers were designed to amplify a 481-bp DNA for wild
type (WT) Cxcr4 allele and a 577-bp DNA floxed Cxcr4
allele. In addition, primers to amplify a 408-bp DNA of
Cre were designed to detect exogenous Cre gene. We
detected a 577-bp of floxed Cxcr4 band and a 408-bp of
Cre band in the same mouse, supporting the successful
generation of Mx1-Cre*/CXCR41¥/x mjce (Fig. 5B).
To disrupt the Cxcr4 gene, Mx1-Cre*/CXCR4flo¥/flox
female mice were administrated with 12.5 mg/Kg PI: PC
to induce Cre’s expression through its inducible Mx1
promoter and generated a 569-bp Cxcr4 genome DNA
fragment (Fig. 5B-D). In addition, mice with differ-
ent genotypes of either WT (Mxl-cre”/CXCR4),
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(Mice with immunization after pretreating with 2.5 mg/Kg MTX), AA+AMD3100 (Mice with immunization after pretreating with 5 mg/Kg AMD3100).
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Mx1-Cre* (Mx1-cret/CXCR4'*), or CXCR4fox/flox
(Mx1-Cre™/CXCR41¥19%) were injected by 12.5 mg/Kg
PIL: PC, and PIL: PC did not affect their survival (Fig. 5E).
To verify the effects of PI: PC-induced CXCR4 CKO,
peripheral PBMCs were isolated from the above mice
and qRT-PCR was used to detect the mRNA levels
of CXCR4 from their cells. Compared to WT, Mx1-
Cre*, or CXCR411X mice, expression of CXCR4’s
mRNA in Mx1-Cre*/CXCR41¥1% mice was decreased
by 66.94+7.46% (P<0.05), 33.26%£3.03% (P<0.05),
and 72.32%£1.59% (P<0.05) respectively (Fig. 5F). To
confirm these observations, we further detected the
CXCR4"PBMCs by flow cytometry (Fig. 5G-H). Con-
sistently, our results showed that CXCR4*PBMCs

from Mx1-Cre*/CXCR411% mice was decreased by
61.38£0.96% (P<0.01), 71.19+3.41% (P<0.001), and
68.46+3.95% (P<0.01) when compared respectively with
counterparts from WT, Mx1-Cre*, or CXCR41¥/oX mjce
(Fig. 5H). More importantly, we found that transmigra-
tion of PBMCs from Mx1-Cre*/CXCR411% mice was
decreased by 48.58+3.08% (P<0.001), 33.94+4.60%
(P<0.01), and 36.99%3.97% (P<0.01) when compared
respectively with counterparts from WT, Mx1-Cre*, or
CXCR41¥flx mijce (Fig. 51). Taken together with geno-
typing results, these findings supported a successful
CXCR4 CKO mouse line by which the Cxcr4 gene could
be disrupted in peripheral PBMCs.
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Fig. 5 Conditional deletion of Cxcr4 in mouse’s PBMCs. (A) Breeding and PCR-based genotyping designs for CXCR4 CKO mice. Mx1-Cre™ transgenic mice
(Mx1-Cre*/CXCR4™*) and Mx1-Cre /CXCR4M X mice both have a C57BL/6) background were founders to be crossbred to obtain Mx1 -Cre*/CXCRaflox/flox
mice. (B) Genomic PCR of mice tail biopsies. (C-E) Mx1-Cre*/CXCR4™/" mice were administrated 12.5 mg/Kg PI: PC to induce Cre activity to specifically
delete Cxcr4 gene in PBMCs (See the details in Materials and methods). (C) Experimental design. (D) 12.5 mg/Kg PI: PC injection, and (E) Animal survival (all
females, n=6 mice). (F) The gRT-PCR analysis of Cxcr4s mRNA level in PBMCs from CXCR4 CKO mice. (G-H) Flow cytometry analysis of CXCR4*PBMC from
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Loss of CXCR4 function in PBMCs resulted in decreased

joint and lung inflammation in CIA mice

Above results indicate that the CXCL12-CXCR4 chemo-
taxis may play important roles during the pathological

development of arthritis model mice. To address this

hypothesis, we further explored whether disrupting

CXCR4 in PBMCs could affect the pathogenesis of CIA
mice (Fig. 6A). We noticed that although the WT CIA
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Fig. 6 Conditionally deleting Cxcr4 gene in PBMCs decreased peripheral inflammation. (A) Experimental design of CIA mouse model using Mx1-Cre*
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mice developed a three core arthritic stages (onset, peak
and recovery stages) (Fig. S9A), loss of Cxcr4 gene in
peripheral blood cells did not directly impact this trend.
However, the incidence of arthritis was decreased in Mx1-
Cret/CXCR411% mjce compared to Mx1-Cre* mice
(Fig. 6B). The clinical scores of Mx1-Cre*/CXCR4fo/flox
mice were overall decreased compared with the Mx1-Cre*
mice during the recover stage, and there was significantly
decreased (P<0.05) at day 45 in Mx1-Cre*/CXCR4/o¥/flox

mice compared with Mx1-Cre* mice in CIA model mice
(Fig. 6C). We further observed that cartilage destruc-
tion and bone erosion were significantly decreased (Fig.
S10B-C), and local inflammation within the lungs were
decreased after disrupting Cxcr4 (Fig. S10D-E). To con-
firm this observation, inflammatory cytokines, such as
TNFa, IL-6, and IL-1p from mice lung tissues, were fur-
ther examined using qRT-PCR. In CIA mice, both TNFa’s
and IL-6s levels were increased by 21.81-fold change
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(P<0.001) and 2.72-fold change (P<0.05) when com-
pared with Sham mice (Fig. 6D). We also found that IL-6s
and IL-1B's mRNA levels from Mx1-Cre*/CXCR4fo/flox
CIA mice decreased significantly by a 6.36-fold change
(P<0.05) and a 4.27-fold change (P<0.01) when compared
with Mx1-Cre* CIA mice counterparts (Fig. 6E). Again, we
noticed a decrease in CXCR4*PBMCs and CXCR4*CD3*
T cells after disrupting the Cxcr4 gene (Fig. 6F-H). These
findings supported the potential effect of CXCR4 genetic
disruption in eliminating both peripheral and local tissue
inflammation in arthritis mice, suggesting a key role of
the CXCL12-CXCR4 chemotaxis during the pathological
development of RA diseases.

Discussion
Abnormal accumulation of immune cells within the syno-
vial membrane [44], DNA hypomethylation [45, 46] are the
major reason for the pathological development RA-related
clinic scores. Under the inflammatory microenvironment,
activated lymphocytes, dendritic cells and monocytes
migrating from the peripheral blood cause the swollen
synovial membrane, increased synovial fluid, and degraded
cartilage in the joint. It has been suggested that migration
of immune cells directly relies on multiple important che-
motactic signals. For example, it has been reported that
the expression of CXC chemokine CXCL12 is enhanced
[47-49], both globally and in gene-specific hypomethyl-
ation of CXCL12 [50] in synovial cells in the joints of RA
patients and is correlated with patient’s pathological devel-
opment [51, 52]. Recent studies have also suggested that
both inflammatory cytokines and hypoxia could be the
major factors that upregulated the expression of CXCL12
in patient’s joints [53—55]. Other than the local tissue envi-
ronment, it has been reported that the plasma level of the
CXCL12 protein was increased in RA patients as well [30].
These findings potentially support the hypothesis that
elevated CXCL12 within the synovium may provide the
important chemoattractant for immune cell migration dur-
ing the pathological development of RA diseases.
Meanwhile, CXCL12 and its cognate receptor CXCR4
mediate a key chemotaxis responsible for immune
cell migration [8]. As such, it is possible that CXCR4-
expressing immune cells from both peripheral blood
and synovium may contribute to the pathogenesis of
RA. Recent studies have observed that expression of
CXCR4 is upregulated in dendritic cells and memory
T cells in the synovium from RA patients when com-
pared against healthy controls [9, 56, 57]. In the current
study, we examined the frequency of CXCR4*PBMCs
and CXCR4TCD3™" T cells on RA patients. Compared to
healthy group, RA patients exhibited a higher frequency
of both CXCR4*PBMCs and CXCR4*CD3* T cells.
Enhanced CXCR4* immune cells is potentially correlated
with the inflammatory cytokines in patients’ plasma.
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These observations further supported previous findings
reporting elevated expression of CXCR4 in peripheral
CD4" Th17" T cells in RA patients [56, 58]. Increased
CXCR4* immune cells not only appeared in synovial
fluid within the joint but also in the peripheral blood
in RA patients. These findings indicate that enhanced
CXCR4* immune cells in peripheral blood may represent
some early events that potentially contribute to the path-
ological development of RA diseases.

In the current study, we also found that clinical treat-
ments potentially downregulate the frequency of
CXCR4* immune cells in RA patients. High-dose and
low-dose MTX have been widely used to treat cancer or
autoimmune diseases. However, the potential targets for
this drug are still not well understood. A study indicat-
ing that global DNA hypomethylation can be reversed
with MTX treatment in bulk T cells from patients with
RA [35]. Recent studies suggested that CXCL12 was
increased in blood in rats treated with high dose MTX.
However, a high dose of MTX did change the CXCL12
levels in bone marrow from the same groups of rats [59].
Different from high dose MTX, Hansen et al. (2006)
reported that low dose MTX did not change the blood
levels of CXCL12 in RA patients [30]. These findings
suggest the effect of MTX on CXCL12 truly depends on
drug’s concentrations and tissue types treated.

As for CXCR4, it has been reported that CXCR4’s
expression in rat’s hematopoietic stem cells was
decreased after treatment with high dose MTX [59].
High dose MTX upregulated the expression of CXCR4
in colon cancer cells [60]. Conversely, low dose MTX
downregulated CXCR4’s expression in treated synovium
of rats [61]. In the current study, we observed that the
downregulation of CXCR4*PBMCs and CXCR4*CD3*
T cells was associated with the treatments of low dose
MTX in RA patients. Our in vitro studies showed that
low dose MTX reverted hypomethylation of promoter
CpG sites in Jurkat and CD3* T cell, which lead to the
downregulated mRNA expression of CXCR4. Consis-
tently, low dose MTX inhibited the transmigration that
was induced by CXCL12, a similar observation obtained
from using CXCR4-specific inhibitor AMD3100. Our
studies further showed that both low dose MTX and
AMD3100 can treat RA-related diseases in the arthritis
mouse model. The treatments using low dose MTX may
rely on the functions of CXCR4, particularly in periph-
eral immune cells. However, the potential regulation of
other chemokine receptors by low dose MTX cannot
be fully excluded. These results suggest that low dose
MTX decreased the migration capacity of immune cells
through downregulation of CXCR4 expression due to the
hypermethylation. However, these effects were not lim-
ited to low dose MTX, as other clinical treatments were
also found to downregulate the frequency of CXCR4*
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hypermethylation across the promoter region of Cxcr4 gene, mediating the decrease of cell transmigration in vitro, which significantly improved the
pathological development of RA partly through potentially alleviated inflammation of joints and lung tissue in RA patients

peripheral immune cells in RA patients. The CXCL12-
CXCR4 chemotaxis may represent the universal molecu-
lar pathway involved in both pathological development
and treatment of RA patients. Therefore, the detailed
mechanism underlying low dose MTX-mediated treat-
ments in RA patients still remains relatively unknown
and open for further future investigation.

Chung et al. (2010) reported that the incidence, but not
the severity, of CIA was significantly reduced in T cell-
specific Cxcr4-deficient mice [16]. Since expression of
CXCR4 is not limited to T cells, we further explored the
roles of CXCR4 in peripheral immune cells by generating
mice with Mx1-Cre/CXCR41¥1X genotype. A broader
genetic disruption of Cxcr4d gene in different peripheral
immune cells from Mx1-Cre/CXCR41¥1X mice was
induced by PI: PC. We also noticed a little improvement
in CXCR4 CKO mice compared with Cxcr4 WT mice
during the recovery phase. In addition, we observed that
both peripheral and lungs’ inflammations were signifi-
cantly eliminated in CXCR4 CKO mice. Our loss of func-
tion studies supported the significance of CXCR4’s role
during the pathological development of RA. Even so,
most human trials of anti-chemokine signaling pathways
have failed to show clinical improvements [7], suggesting
CXCL12-CXCR4 is not the only chemotaxis related to
RA’s pathogenesis. Therefore, to fully grasp the detailed

mechanism associated with chemokine signaling under-
lying low dose MTX and other clinic treatments in RA
patients, a more thorough investigation must be con-
ducted in the future.

Conclusions

In summary, this study found that the frequency of
CXCR4"PBMCs and CXCR4*CD3™ T cells were
increased in RA patients. Following, CXCR4’s expression
or the frequency of CXCR4*PBMCs and CXCR4*CD3"*
T cells on peripheral immune cells was significantly
downregulated after treated with low dose MTX treat-
ment in vitro and in vivo. Consistently, the capacity of
immune cell transmigration was inhibited by down-
regulated expression of chemokine receptor CXCR4.
Briefly, in vitro, low dose MTX significantly decreased
cell transmigration through down-regulated CXCR4’s
expression caused by an increased genomic hypermethyl-
ation across the promoter region of Cxcr4 gene in CD3™*
T cells. In vivo, low dose MTX-mediated downregulate
the frequency of CXCR4*PBMCs and CXCR4*CD3* T
cells significantly improved the pathological develop-
ment of mouse arthritis models. Moreover, the condi-
tional disruption of the Cxcr4 gene in peripheral immune
cells potentially alleviated inflammation of joints and
lung tissues in the arthritis mice (Fig. 7). Our results
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taken together suggested that the effect of low dose MTX
treatment could serve to eliminate inflammation in RA
patients through impairment of immune cell transmigra-
tion due to the down-regulated expression of chemokine
receptor CXCRA4.
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