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Axl, and Mertk differentially contribute
to antibody-induced arthritis
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Abstract

Tyro3, Axl, and Mertk (abbreviated TAMs) comprise a family of homologous type 1 receptor tyrosine kinases (RTKs)
that have been implicated as inhibitory receptors that dampen inflammation, but their roles in the pathogenesis

of rheumatoid arthritis remains understudied. Here, to investigate TAMs in an inflammatory arthritis model, antibody-
induced arthritis in single TAM-deficient mice (Tyro3- KO, AxI-KO, Mertk-KO) was induced by K/BxN serum injection.
Subsequently, joint inflammation and cytokine levels, as well as the expression of Fcy Rs and complement recep-
tors were assessed in WT and TAM-deficient mice. Compared with littermate control mice, AxI”/~ and Mertk”~ mice
developed more severe antibody-induced arthritis, while in contrast, Tyro3™~ mice showed diminished joint inflam-
mation. Concomitantly, the levels of cytokines in joints of AxI™~ and Mertk™’~ mice were also significantly increased,
while cytokines in the Tyro3™~ joint tissues were decreased. At the molecular and cellular level, TAMs showed distinct
expression patterns, whereby monocytes expressed Axl and Mertk, but no Tyro3, while neutrophils expressed Axl
and Tyro3 but little Mertk. Moreover, expression of Fcy receptors and C5aR showed different patterns with TAMs
expression, whereby FcyRIV was higher in monocytes of AxI™~ and Mertk™~ mice compared to wild-type mice,
while Tyro3™~ neutrophils showed lower expression levels of FcyRI, FcyRIll and FeyRIV. Finally, expression of C5aR

was increased in Mertk’~ monocytes, and was decreased in Tyro3™~ neutrophils. These data indicate that Ax|, Mertk
and Tyro3 have distinct functions in antibody-induced arthritis, due in part to the differential regulation of cytokines
production, as well as expression of FcyRs and C5aR.
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Introduction

Rheumatoid arthritis (RA) is a common autoimmune
disease that is characterized by progressive systemic
inflammation and chronic joint damage [1]. Pathophysi-
ologically, autoantibodies are detected in a majority of
patients with RA, including rheumatoid factor, anti-
citrullinated protein antibody (Ab), antibodies to Ig-
binding protein, type II collagen, glucose-6-phosphate
isomerase (GPI), a-enolase, and other antigens [2-4].
Autoantibody-positive patients with RA are character-
ized by a more severe disease course, higher cytokine
levels, increased bone damage, and a lower potential for
drug-free remission [2, 4]. Studies in murine models have
demonstrated that autoantibodies against GPI, type II
collagen, and fibrinogen induce arthritis [5-7], suggest-
ing that autoantibodies possess arthritogenic potential.
Immune complexes formed by autoantibodies with their
antigens may cause common effector mechanisms that
contribute to disease development and progression [8].
Presently, the mechanisms underlying how the autoanti-
bodies become arthritogenic remains poorly understood.
Detailed characterization of the early innate immune
response induced by autoantibodies should provide fun-
damental insights into the pathogenesis of RA and the
onset of clinical symptoms.

Tyro3, Axl, and Mertk are three homologous type I
receptor tyrosine kinase (RTK) that comprise the TAM
family members [9]. TAMs have similar domains and
organization, with the extracellular domain containing
two immunoglobulin-like and two fibronectin type III
repeats in tandem, followed by a unilateral transmem-
brane domain and a cytoplasmic protein tyrosine kinase
[10-12]. TAMs are mainly expressed on leukocytes such
as macrophages, monocytes, and neutrophils, and are
functionally complex, with important roles in hemosta-
sis and inflammation as well as in proliferation, survival,
cell adhesion and migration [13—17], inhibition of granu-
locytes adhesion to the endothelium [18], and stabiliza-
tion of blood clots [19]. Importantly, and with particular
relevance in the context of RA, TAMs can also finely
regulate the inflammatory cascade [20] and mediate the
engulfment of apoptotic corpses [21], contributing to
prevent the development of autoimmune reactions and
inflammatory cascades. Consistent with this idea, Water-
burg et al. found that Axl and Mer have a protective role
during joint inflammation [22, 23]. Similarly, the agonists
of TAMs alleviate collagen-induced rheumatoid arthritis
[24]. However, another study showed that Tyro3 supports
arthritis [25]. Although these observations suggest differ-
ential involvement of TAMs in arthritis, the underlying
mechanism remains enigma. In this study, we performed
a comparison study of the phenotypes of single TAM
gene deficient mice in the K/BxN serum transfer-induced
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arthritis (K/BxN-STIA) model and inveistigated the
potential mechanism by which Tyro3, Axl, and Mertk
have distinct or overlapping functions in RA.

In this study, our results demonstrate that Tyro3, Axl,
and Mertk have distinct functions in the pathogenesis
of antibody-induced arthritis, Axl and Mertk are pro-
tective towards arthritic pathogenesis, while Tyro3 aug-
ments disease development. The distinct roles of TAM
are associated with differential modulation of cytokines
production in joint tissue, and different expression of Fc
receptors (FcRs) and C5aR receptor (C5aR) on mono-
cytes versus neutrophils. These findings not only uncover
the distinct function of TAM in modulation of immune
response, but also provide new insights into the patho-
genesis of antibody-induced arthritis and identify poten-
tial therapeutic targets for the treatment of RA.

Results

Axl or Mertk deficiency increases the severity

of antibody-induced arthritis, but the deficiency of Tyro3
inhibits this process

To better understand the function of TAM receptors
in the pathogenesis of autoantibody-induced arthri-
tis, we examined the phenotype of knockout mice lack-
ing Tyro3, Axl or Mertk in the K/BxN-STIA model. As
shown in Fig. 1(A-E), the WT control mice developed
joint swelling and redness after receiving K/BxN serum
injection, the mice lacking Axl or Mertk exhibited more
severe joint swelling over the disease course. In contrast,
Tyro3-deficient mice developed less joint swelling com-
pared with their WT littermate control mice (Fig. 1, A-E).
The histological changes in joint inflammation of these
knockout mice were evaluated by staining with hema-
toxylin and eosin, as well as Safranin O. The joints from
WT mice that received K/BxN serum displayed inflamed
and hyperplastic synovium with bone destruction, mon-
onuclear cell infiltration, and pannus formation (Fig. 2,
A-C). AxlI”/~ and Mertk™'~ mice had more severe syno-
vial inflammation, bone and cartilage destruction than
their littermate control mice, but the Tyro3~'~ mice had
significantly less joint inflammation than their littermates
(Fig. 2, D-F). Taken together, aforementioned results
suggest that TAMs have distinct functions in the patho-
genesis of antibody-induced arthritis; Axl and Mertk are
protective against antibody-induced synovial inflamma-
tion, while Tyro3 is permissive for K/BxN-mediated syn-
ovial pathology.

The deficiency of Axl, Mertk and Tyro3 differentially alter
the levels of cytokines in joint tissues of arthritic mice
Because levels of cytokines in joint tissue are consistent
with severity of arthritis and clinical scores, we assessed
cytokines levels of joint tissues on day 12 after injection
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Fig. 1 Mice deficient of Axl or Mertk have a significant increase in antibody-induced arthritis, but Tyro3 deificent mice have an opposite phenotype.
AXI™~ mice, Mertk™~ mice or Tyro3™~ mice and their littermate WT controls received intraperitoneal injection of 150 pL of K/BxN serum twice on d
0and d 2. Joint diameter (A) and clinical scores (B) was evaluated every day, and the changes from that measured on d 0 were recorded. The hind
paws of AxI™~ mice (C), Mertk™~ mice (D), Tyro3™~ mice (E) and their littermate WT controls were photographed on day 0 and day 8 after K/BxN
serum injection. Data are means+ SEM, n=8. Joint diameters were abalyzed using Unpaired t test with Welch's correction (A). Clinical scores were
anaylzyed by Mann Whitney U test (B). ¥, P<0.05; **, P<0.01

of K/BxN serum. As shown in Fig. 3A, the protein levels mice without K/BxN serum injection. However, AxI~/~
of cytokines TNF-a, IL-1p, IL-6, IL-17A, IP-10, IL-10 in  mice had significantly higher levels of TNF-a, IL-1f, IL-6
joint homogenates of wild-type mice that received K/BxN  and IL-17A than their littermate control mice (Fig. 3A).
serum transfer were significantly higher than the control ~ Expression of these cytokines at the mRNA levels in the
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Fig. 2 Deficiency of Axl or Mertk enhances antibody-induced arthritis, but Tyro3 deficiency has an inhibitory effect. Arthritis in the knockout mice
lacking Tyro3, Axl or Mertk and their littermate control was induced by K/BxN serum injection. On day 12 the mice were euthanized, and the hind
ankle joints were removed. Joints were fixed in 4% paraformaldehyde and decalcified. Paraffin-embedded sections were stained with hematoxylin
and eosin (H&E) and Safranin O and photographed under a microscope. Representative histologic images of the staining with H&E staining

and Safranin O staining are shown(A-C). Histological score for bone erosion, cartilage erosion and synovitis between Tyro3-, Axl-, or Mertk-knockout
mice and their littermate controls was calculated and compared (D-E), n=6. Mann Whitney U test. *, p<0.05; **, p <0.01. Ca, calcaneus; S, synovium;
Ta, talus; Ti, tibia; M, bone marrow; C, cartilage
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Fig. 3 Deficiency of Axl increases cytokine expression in joint tissue of mice bearing arthritis. The knockout mice lacking Axl and their littermate
control received K/BxN serum injection. On day 12 the mice were euthanized, followed by removal of the ankle joints. A Cytokine levels in joint
homogenates were measured as described in the Methods. B RNA was purified from joint tissue and cytokine mRNA levels were measured

by quantitative RT-PCR. The results were normalized against mRNA of 3-actin and relative levels of quantification were calculated. Data are
means +SEM, n=6. For comparison of the effect of gene deficiency, two way ANOVA with the Tukey's post hoc correction analyses was used. *,
p<0.05;** p<001
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ankle joint tissue were measured by quantitative RT-
PCR. The mRNA levels of TNF-a, IL-1f, IL-6 and IL-17A
expression in AxI~/~ joint tissues of arthritic mice are
consistent with their protein levels (Fig. 3B). Expression
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of cytokines IL-17A, IP-10 and IL-12p70 in the joint tis-
sues of Mertk™~ mice were significant increased at the
protein level, compared with those of wild-type mice
(Fig. 4, A). However, unlike Ax1™'~ mice, Mertk™~ mice
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Fig. 4 Mertk deficiency increases cytokine expression in joint tissue of mice bearing arthritis. The knockout mice lacking Mertk and their littermate
control received K/BxN serum injection. On day 12 the mice were euthanized, followed by removal of the ankle joints. A Cytokine levels in joint
homogenates were measured as described in the Methods. (B) RNA was purified from joint tissue and cytokine mRNA levels were measured

by quantitative RT-PCR. The results were normalized against mRNA of 3-actin and relative levels of quantification were calculated. Data are
means+ SEM, n=6. For comparison of the effect of gene deficiency, two way ANOVA with the Tukey's post hoc correction analyses was used. ¥,

p<0.05;** p<001
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had comparable levels of TNFa, IL-Ip and IL6 with wild-
type mice. The increased mRNA expression of IL-17A,
IP-10, IL-12p35, and IL-12p40 in the joint tissues of
Mertk™'~ mice were consistent with their protein levels
(Fig. 4, A and B). In contrast to the mice lacking Axl or
Mertk, Tyro3~'~ mice that received K/BxN serum had
a significant reduction in IL-1f, IL-6, IP-10, and G-CSF
in joints at mRNA expression (Fig. 5). Taken together,
the differential cytokine expression levels in mice lack-
ing Axl, Mertk and Tyro3 are consistent with their phe-
notypes in arthritis, suggesting that TAMs differentially
regulate antibody-induced inflammatory responses that
contribute to the development of arthritis.

The deficiency of Axl and Mertk selectively upregulates

the expression of FcyRIV in monocytes and the deficiency
of Tyro3 down-regulates the expression of FcyRI, FcyRlll,
and FcyRIV in neutrophils

Previous studies have shown that monocytes and neu-
trophils contribute to the pathogenesis of arthritis.
FcyRs, including FcyRI, FcyRIII and FcyRIV are anti-
body receptors on monocytes and neutrophils. FcyRIII
and FcyRIV have been shown to promote the onset
of arthritis in K/BxN-STIA model. We thus tested
whether the contribution of TAM receptors to anti-
body-induced arthritis is related with the alternation
of FcyRs expression on monocytes and neutrophils. As
shown by RT-PCR, the Ax] mRNA was expressed in
both monocytes and neutrophils, but Mertk was only
expressed in monocytes and Tyro3 was only expressed
in neutrophils (Fig. 6, A and B). Both AxI deficient and
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Mertk deficient monocytes had significantly higher
expression of FcyRIV than wild-type monocytes
(Fig. 6 C). The expression of four FcyRs in Axl deficient
neutrophils remained normal (Fig. 6 D), the Tyro3 defi-
ciency significantly decreased the expression of FcyRI,
FcyRIIL, and FcyRIV in neutrophils (Fig. 6 D). These
results suggest that differential roles of TAMs in the
pathogenesis of antibody-induced arthritis may result
from the differential modulation of FcyRs expression in
monocytes or neutrophils.

Axl, Mertk and Tyro3 differentially regulate the C5aR
expression in leukocytes

In the K/BxN-STIA model, the arthritogenic Igs act
through both Fc receptors and the complement C5a-
C5aR, the alternative pathway of complement activa-
tion is critical for antibody-induced arthritis [26]. We
tested whether TAMs modulate the expression of C5aR
in monotypes and neutrophils. As shown by quantitative
RT-PCR and flow cytometry, Mertk deficiency increased
C5aR expression in monocytes, without affecting C3aR
expression (Fig. 7 A and B), Axl deficiency did not affect
both C5aR and C3aR expression in monocytes (Fig. 7, A
and B). Tyro3 deficiency attenuated C5aR in neutrophils
(Fig. 7C). All of TAM receptors did not affect the circu-
lating levels of C3a and Cb5a in plasma of mice (Fig. 8, A
and B). Collectively, these data suggest that TAMs, by
controlling the expression of C5aR levels, might regulate
development of antibody-induced arthritis via a comple-
ment mediated pathway.
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Fig.5 Tyro3 deficiency decreases cytokine expression in joint tissue of mice bearing arthritis. The knockout mice lacking Tyro3 and their littermate
control received K/BxN serum injection. On day 12 the mice were euthanized, followed by removal of the ankle joints. RNA was purified from joint
tissue and cytokine mRNA levels were measured by quantitative RT-PCR. The results were normalized against mRNA of B-actin and relative levels
of quantification were calculated. Data are means + SEM, n=6. For comparison of the effect of gene deficiency, two way ANOVA with the Tukey's

post hoc correction analyses was used. *, p <0.05; **, p<0.01
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B. Neutrophils (RT-PCR)
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Fig. 6 Axland Mertk suppress FcyRIV expression in monocytes and Tyro3 enhances the expression of FcyRI, FeyRIll and FcyRIV in neutrophils.
Expression of Axl, Mertk and Tyro3 at mRNA levels in monocytes and neutrophils were measured by RT-PCR (A, B). Expression of FcyRS
on monocytes and neutrophils from Tyro3™~, AxI™~ or Mertk™"~ mice and their control mice were measured by qPCR (C, D). n=6. Data are

means+ SEM. Student’s t test. ¥, p<0.05; **, p<0.01; ***, p<0.001

Discussion

While TAM receptors have been implicated in various
immune functions that include the regulation of effero-
cytosis, the suppression of inflammation, and pro-res-
olution, their role in regulation of innate immune cells
affecting the development and severity of arthritis is not
well understood. Here, in an effort to study TAMs func-
tion in the pathogenesis of antibody-induced arthritis,
we investigated the phenotypes of the genetic knockouts
of TAMs in K/BxN-STIA model. More specifically, we
demonstrated that Axl or Mertk knockout enhances the
severity of arthritis, while selective deficiency of Tyro3 in

contrast attenuates arthritis. As such, these studies sup-
port the idea that pathophysiologically, Axl and Mertk
suppress the pathogenesis of antibody-induced arthritis,
while Tyro3 has a supportive role. These observations
demonstrate that TAMs differentially participate in the
pathogenesis of antibody-induced arthritis, and contex-
tually, may influence the future consideration of selective
TAMs agonists and therapeutics.

Historically, the capacities for TAMs to act as homeo-
static receptors and dampen inflammatory responses
in tissues was first demonstrated by the phenotype of
Mertk kinase-dead (Mertk-KD) mice, characterized by
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Fig. 7 Mertk deficiency increases expression of C5aR in monocytes, Tyro3 deficiency inhibits expression of C5aR in neutrophils. Monocytes from Axl
or Mertk deficient mice and control mice were isolated, the expression of C3aR and C5aR was measured by gPCR (A, B). Neutrophils from Tyro3
deficient mice and control mice were isolated, the expression of C5aR was measured by gPCR (C). Data are means+SEM, n=6. Student’s t test. **,

p<0.01

an excessive production of TNFa upon LPS stimula-
tion and death by endotoxic shock caused by sub-lethal
doses of LPS [27]. Subsequently, work by Lemke and col-
leagues showed that mutant mice lacking all three TAMs
(known as TAM ™'~ mice) developed multiorgan symp-
toms typical of autoimmune inflammatory diseases [28,
29]. Phenotypically, TAM ™/~ mice also became progres-
sively blind and sterile and showed gradual enlargement
of secondary lymphoid organs caused by an uncontrolled
proliferation of B/T lymphocytes [29]; Immunologi-
cally, TAM~'~ mice displayed a range of serological and
histological manifestations including immunoglobulin

deposits in glomeruli, circulating autoantibodies, vas-
culitic skin lesions, alopecia, and swollen joints [28, 29].
Such observations supported an additive role for TAMs
and that the TAM family members might have similar
roles in regulation of inflammatory response. Here, we
provide new evidence that TAMs can differentially regu-
late immune outcomes using KK/BxN mice that spontane-
ously developed severe polyarthritis by age of 4—5 weeks.
As such, a deficiency of Axl or Mertk up-regulated the
expression of FcyRIV in monocytes, without affect-
ing the expression of FcyRs in neutrophils. In contrast,
a deficiency of Tyro3 significantly down-regulated the
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Fig. 8 The deficiency of Axl, Mertk, or Tyro3 does not affect the levels of C3 and C5 in plasma. The levels of C3 (A) and C5 (B) in plasma
from Tyro3™~, AXI™/~ or Mertk™~ and control mice were measured by ELISA. Data are means+ SEM, n=6. Student’s t test

expression of FcyRI, FcyRIII and FcyRIV in neutrophils.
Furthermore, Mertk inhibited the expression of C5aR
in monocytes, and Tyro3 potentiates C5aR expression
in neutrophils. Indeed, previous studies using K/BxN-
STIA model have shown that FcyRs have important func-
tions, whereby FcyRI, FcyRIIIL, and FcyRIV can promote
the onset of arthritis, while FcyRIIB inhibits the onset
of arthritis [30—34]. Clinical studies have also suggested
that FcyRs are associated with the pathogenesis of rheu-
matoid arthritis [35, 36]. Our current studies suggest
that the immune function of TAMs is dependent on
the expression of FcyRs on the surface of monocytes or
neutrophil membrane, by which Axl and Mertk inhibit
the inflammatory reaction and attenuate the severity of
arthritis, and Tyro3 promotes inflammation and increase
the severity of arthritis. We hypothesize that observed
distinct functions of the TAM receptors in antibody-
induced arthritis may result, at least in part, from the
differential regulation of FcyRs expression and cytokines
productions in monocytes versus neutrophils.

In addition to immune cells, cytokines also contribute
an important role in the pathogenesis of arthritis. Pre-
vious studies have shown that cytokines, such as IL-1p,
IL-6, TNF-a, IL-17A and IP-10 in ankle joints are sig-
nificantly increased during the development of arthritis
[37, 38], TNF-a and IL-1p may cause synovitis and bone
and cartilage damage, then aggravating the incidence of
arthritis [39]; IL-17A triggers changes in the synovium
that lead to synovitis and maintain local inflammation.
IL-6 and IL-17A can promote articular cartilage and bone
damage [40-43]; the concentration of IP-10 and IL-12 is
closely related to the pathogenesis of rheumatoid arthritis

[44, 45]. Our present results indicate that Axl and Mertk
inhibit articular cartilage and bone damage by down-reg-
ulation selective cytokines in joint tissues while Tyro3 has
an opposing function to affect the onset of rheumatoid
arthritis. While these post-receptor events are likely to be
mechanistically complex and multi-factorial, the fact that
Protein S (Prosl) appears to be a preferential ligand for
Tyro3 could also imply differential regulation of immune
arthritis by Gas6 and Prosl. Outside the scope of this
current study, further studies comparing effects of Gas6
and Prosl will be meritorious to better understand the
dichotomy of TAMs function observed in this study as
well as how TAMs ligands differentially regulate cytokine
production from distinct leukocytes.

Finally, with respect to cell subtypes, monocytes and
neutrophils also play a key role in the pathogenesis of
arthritis. For example, antibody depletion studies and
removal of monocytes or neutrophils from mice can
inhibit the onset of arthritis [46, 47]. Furthermore, neu-
trophils change the permeability of blood vessels by
producing inflammatory cytokines and degranulation
reactions, facilitating autoantibodies and immune cells
top enter the joint cavity, which can further secrete
cytokines, matrix metalloproteinases, serine proteases,
aggregate proteins and expedite joint damage. Although
TAM receptors are able to regulate the innate immune
response, it is unclear how Axl, Mertk, and Tyro3 regu-
late innate immune cells affecting the severity of arthritis.
Based on the current data and knowledge, the functional
difference among TAMs was perhaps due to the distinct
patterns of TAMs expression in monocytes and neutro-
phils, Fc receptors expression, and C5aR expression. All
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of these proteins are key players in the pathogenesis of
arthritis [26]. Our future work will focus on the dissec-
tion of the connections between the TAM receptors and
the expression of cytokines in both monoctyes and neu-
trophils. Previous studies on the role of TAM in inher-
ited photoreceptor degenerations using the knockout
mice suggest the association of the of Mertk and Tyro-3
function in retinal pigment epithelium with C57BL/6
(B6) allele and 129 allele [48], and the loss of Mertk might
affects the expression of Tyro-3 [49], whether the func-
tion of each TAM receptor is associated the modifier
allele and the altered the expression of the paralog in leu-
kocytes await further investigation.

In conclusion, this study demonstrates the distinct
immunological roles of the TAM receptors in the patho-
genesis of antibody-induced arthritis. This new finding
not only advances our understanding of the pathogenesis
of rheumatoid arthritis, but may ultimately helps reveal
new therapeutic target for the treatment of rheumatoid
arthritis.

Materials and methods

Knockout mice and generation of K/BxN serum

The knockout mice of Mertk, Axl or Tyro3 were char-
acterized in our previous study [50]. Mertk-KO mice
and their control Mertk-WT mice were in SV129 back-
ground. Tyro3-KO mice with their control Tyro3-WT
mice, and Axl-KO mice with their control AxI-WT mice
have been backcrossed in C57BL/6 background for more
than ten generations. For each type of KOs, the heterozy-
gous mice were intercrossed to generate homozygous
null offspring and the littermate controls, which were
used in the experiments. Mice were fed standard rodent
chow and water ad libitum, and were maintained under
climate-controlled conditions in a pathogen-free facil-
ity in a 12-h light/dark cycle. The animal protocol was
approved by the Institutional Animal Care and Use Com-
mittee (IACUC) of Soochow University and the health
status of the animals was monitored in accordance with
the guidelines of the IACUC. K/BxN T cell receptor
transgenic mice are a model of inflammatory arthritis,
similar to rheumatoid arthritis. Disease in these animals
is focused specifically on the joints but stems from pro-
duction of antibody recognizing a ubiquitously expressed
antigen, glucose-6-phosphate isomerase (GPI). The male
NOD/ShiLt] mice that carried major histocompatibility
class II molecule Ag7 (The Jackson Laboratory, Bar Har-
bor, ME, USA) were crossed with the female KRN T-cell
receptor—transgenic mice to generate K/BxN mice. As we
previously described, after the K/BxN mice developed
severe polyarthritis spontaneously by age of 4-5 week,
their serum (KBxN serum) was prepared [51].
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Induction of K/BxN-STIA model

Transfer of K/BxN serum into disease-free mice induced
a similar arthritis receipt mice because of the delivery
of autoantibodies recognizing GPI in K/BxN serum.
Tyro3, Axl and Mertk-knockout mice and their litter-
mate control WT mice, at 8-week-old with body weight
between 20 and 24 g, received intraperitoneal injec-
tions of 150 pL of K/BxN serum on day 0 and 2. As we
previously described, ankle joint diameter was meas-
ured everay day using calipers [52], and the limbs of the
mice were clinically scored indicating the severity of the
joints of the mice. In brief, clinical score (total=12) for
4 paws was used for the measurement of disease severity
and was scoredas follows:0=normal, 1=swollenwrist/
ankle, 2=swelling extending to forepaw/hind paw, and
3 =swelling extending to digits.

Histological analysis

At the end of each experiment, the mice were euthanized
by CO, narcosis. Hind limb joints were removed and
fixed in the buffered formalin. After the samples were
decalcified in formic acid (Fisher Scientific), they were
embedded in paraffin. After removal of the paraffin, the
sections were stained with hematoxylin and eosin (H&E)
and Safranin O. The sections were photographed by a
confocal laser-scanning microscope (Leica TCS SP5).
The images were processed using Adobe Photoshop 9.0
software. As previously described, the severity of arthri-
tis was examined by grading the cellular infiltration and
joint destruction as follows: 0, normal; 1, minimal; 2,
mild; 3, moderate; 4, marked; 5, severe [53].

Measurement of cytokines in joint tissues

The ankle joint were collected and homogenized in 300
uL PBS containing protease inhibitor (Complete Protease
Inhibitor Cocktail, Roche). The samples were centrifuged
at 14,000 rpm for 30 min to remove insoluble precipi-
tates, and the supernatant was collected. The cytokines
levels were measured using the MILLIPLEX Kit (Milli-
pore). Briefly, the samples were incubated with the beads
that were coated with specific capture antibody overnight
at 4 °C. Incubation of biotinylated detection antibodies
and Streptavidin-PE conjugate with the samples and the
subsequent measurement were performed according to
the manufacturer’s instruction. To verify the data, analy-
sis of cytokine gene expression was also performed with
quantitative RT-PCR.

Isolation of monocytes and neutrophils from mice

As previously described we purified monocytes and
neutrophils from control disease-free and arthritis mice
[54]. In brief, mouse monocytes are defined as CD11b"&"
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(CD90/B220/CD49b/NK1.1/Ly6G/Ter-119) °*. To purify
monocytes, peripheral blood was collected by cardiac
puncture using 3.8% sodium citrate as anticoagulant.
Whole blood was incubated with a mixture of PE—con-
jugated antibodies against B220, CD49b, NK1.1, Ly-6G,
CD90 and Ter-119, followed by lineage depletion using
anti-PE magnetic beads (Miltenyi). To analyze immu-
nophenotype, the antibodies used include anti-CD49bPE,
anti CD49b-FITC, anti-CD90-PE, anti-CD90-FITC,
anti-B220-PE, anti B220-FITC, anti-NKI1.1-PE, anti-
NKI1.1-FITC, anti-CD11b-APC (BD Biosciences); anti-
CD11b-PE (ED8) (Abcam), anti-CD11b-APC-Cy7 M1/70
(BD Biosciences), anti-Ly-6G-PE, anti-Ly-6G-FITC,
anti-Ly-6C-FITC, anti-F4/80-biotin, anti-F4/80-FITC,
C1:A3-1 (BioLegend); anti-CD11c-biotin, anti-CD11c-
FITC, anti-CD11c-APC, HL3 (BD Biosciences).

To putify neutrophils, bone marrow was harvested
from femurs and tibias of mice and collected in RPMI
1640 supplemented with 10% FBS and 2 mM EDTA.
Cells were filtered through 30-pm filter to remove cell
clumps, and the cell suspension was centrifuged at 400 g
for 10 min and resuspended in PBS containing 0.5% FBS
and 2 mM EDTA. Neutrophils were separated by nega-
tive selection using the MACS magnetic bead separation
system (Miltenyi Biotec) according to the manufacturer’s
instructions. Briefly, the resuspended cells were incu-
bated with a cocktail of biotin-conjugated monoclonal
antibodies against antigens that are not expressed on
neutrophils for 10 min at 4° C. Cells were then loaded
onto MS columns connected to MACS Separator. The
eluted neutrophils were identified by determining CD11b
and Ly6G positive using flow cytometry.

Measurement of mRNA expression by reverse-transcription
polymerase chain reaction (RT-PCR) and quantitative real
time RT-PCR (qPCR)

Total RNA was isolate from joint tissue or cells using
Qiagen RNeasy minikits, and was used as template in a
one-step RT-PCR reaction (SuperScript One-Step RT-
PCR with Platinum® Tag, Invitrogen). RT for cDNA syn-
thesis was performed in incubation at 50 °C for 30 min,
followed by PCR cycling as follows: initial denaturation
at 94 °C for 2 min followed by 30 cycles of 94 °C for 15 s,
annealing at 55 °C for 30 s, and extension at 72 °C for
1 min. The concentration of the primers was 0.2 pmol/L.
The PCR products were visualized in 4% agarose gel
electrophoresis. As we previously described [54], quan-
titative real-time PCR was performed by the Maxima
SYBR Green/ROX quantitative PCR Master Mix kit (Fer-
mentas) with an ABI 7500 system (Applied Biosystems)
according to the manufacturer’s instructions. Target gene
expression was normalized over the level of B-actin, and
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the results were analyzed by using ABI 7500 SDS Version
2.4 software. The primer sequences were listed in Table 1.

Measurement of C3 and C5 levels in plasma

The levels of C3 and C5 in mouse plasma was measured
using ELISA (R&D system) according to the manufactur-
er’s protocol.

Statistical analysis

In vitro and in vivo data are expressed as the mean + SEM
of at least three independent experiments, unless other-
wise indicated. Data were analyzed using the statistical
software GraphPad Prism 8. For parametric compari-
son, two-way ANOVA (analysis of variance) for mul-
tiple groups and the two-tailed Students t-test for 2
groups were used. Non-parametric comparison was per-
formed by Mann Whitney U test. P values of <0.05 were
considered statistically significant.

Conclusions

This study demonstrates the distinct immunological roles
of the TAM receptors in the pathogenesis of antibody-
induced arthritis. This new finding not only advances
our understanding of the pathogenesis of rheumatoid
arthritis, but may ultimately helps reveal new therapeu-
tic target for the treatment of rheumatoid arthritis. Our
future work will focus on the dissection of the connec-
tions between the TAM receptors and the expression of
cytokines.
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