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Inhibition of Epidermal Growth Factor Receptor Tyrosine
Kinase Ameliorates Collagen-Induced Arthritis
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Rheumatoid arthritis (RA) is an autoimmune synovitis characterized by the formation of pannus and the destruction of cartilage
and bone in the synovial joints. Although immune cells, which infiltrate the pannus and promote inflammation, play a prominent
role in the pathogenesis of RA, other cell types also contribute. Proliferation of synovial fibroblasts, for example, underlies the
formation of the pannus, while proliferation of endothelial cells results in neovascularization, which supports the growth of the
pannus by supplying it with nutrients and oxygen. The synovial fibroblasts also promote inflammation in the synovium by producing
cytokines and chemokines. Finally, osteoclasts cause the destruction of bone. In this study, we show that erlotinib, an inhibitor of the
tyrosine kinase epidermal growth factor receptor (EGFR), reduces the severity of established collagen-induced arthritis, a mouse
model of RA, and that it does so by targeting synovial fibroblasts, endothelial cells, and osteoclasts. Erlotinib-induced attenuation of
autoimmune arthritis was associated with a reduction in number of osteoclasts and blood vessels, and erlotinib inhibited the for-
mation of murine osteoclasts and the proliferation of human endothelial cells in vitro. Erlotinib also inhibited the proliferation and
cytokine production of human synovial fibroblasts in vitro. Moreover, EGFR was highly expressed and activated in the synovium of
mice with collagen-induced arthritis and patients with RA. Taken together, these findings suggest that EGFR plays a central role in
the pathogenesis of RA and that EGFR inhibition may provide benefits in the treatment of RA. The Journal of Immunology, 2012,

188: 3513-3521.

heumatoid arthritis (RA) is an autoimmune disease
R characterized by synovial inflammation and joint de-

struction. T cells, B cells, macrophages, and dendritic
cells infiltrate the inflamed synovium and drive disease by pro-
ducing cytokines and autoantibodies (1). For this reason, current
biological therapies for RA (such as TNF inhibitors, abatacept,
rituximab, and tocilizumab) directly target these immune cells and
proinflammatory cytokines, dampening the immune response (2).
However, these therapies also increase the risk of infections such
as tuberculosis, indicating that other therapies, especially ones
targeting nonimmune cells, may be beneficial (2). In addition to
the typical immune cells, synovial fibroblasts, endothelial cells,
and osteoclasts have been highlighted for their roles in promoting
RA. Synovial fibroblasts form pannus and produce inflammatory
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mediators and chemokines that promote immune cell infiltration
of the synovium. Proliferation of endothelial cells results in neo-
vascularization, which supports the growth of the pannus by
supplying it with nutrients and oxygen (3), and osteoclasts me-
diate adjacent bone destruction (4).

A recent case study described the prolonged remission of RA
symptoms in an RA patient who was treated for head and neck
cancer with focal radiation and cetuximab, a mAb against epi-
dermal growth factor receptor (EGFR) (5). Moreover, adenoviral
expression of soluble herstatin, an alternative splice variant of
erythroblastic leukemia viral oncogene homolog (ErbB)2 that
naturally inhibits dimerization of ErbB receptors, effectively re-
duced the severity of collagen-induced arthritis (CIA), a mouse
model of RA (6). Similarly, RB200, a ligand trap that inhibits
responses from EGFR, ErbB2, and ErbB3, reduced CIA severity
(7). These findings suggest that inhibiting EGFR may be beneficial
in RA.

EGFR is a widely expressed member of the ErbB family of
tyrosine kinase receptors (8) and is overexpressed in many tumors
(8). Activation of EGFR promotes survival, proliferation, cytokine
production, cell adhesion, blood vessel recruitment, and invasion
depending on the cell type (8). Similar to a tumor, RA synovium is
hyperplastic, invasive, and expresses EGFR. Specifically, EGFR is
expressed on RA fibroblast cell lines and on the vascular endo-
thelial cells and subsynovial fibroblasts of certain RA patients
(9, 10). Moreover, levels of EGFR ligands, such as EGF, amphi-
regulin, or TGF-o, are significantly higher in synovial fluid, se-
rum, or synovium of RA patients than in that of osteoarthritis
patients or noninflammatory controls (9, 11, 12).

In this study, we elucidate the role of EGFR in RA. We show that
levels of EGF ligands are abnormally high in the serum of RA
patients and that EGFR is expressed and activated in RA synovial
tissue. Moreover, we demonstrate that erlotinib hydrochloride
(Tarceva), a small-molecule EGFR inhibitor that is Food and Drug
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Administration approved for the treatment of metastatic non-small
cell lung cancer (13), can attenuate CIA. Findings from our in situ
and in vitro studies suggest that erlotinib ameliorates autoimmune
arthritis by inhibiting the EGFR-dependent proliferation and cy-
tokine production of synovial fibroblasts, proliferation of endo-
thelial cells, and formation of osteoclasts.

Materials and Methods

Serum and joint tissue samples

Serum samples were collected from RA patients who met the 1987
American College of Rheumatology criteria and from healthy individuals
under protocols approved by the Stanford University Institutional Review
Board. Joint tissue was collected from RA patients undergoing knee
arthroplasty and was snap-frozen in OCT freezing media.

Reagents

For animal studies, we used erlotinib tablets (OSI) purchased from the
Stanford Inpatient Pharmacy Service. Erlotinib tablets were formulated as
a fine suspension with 0.5% (w/v) hydroxypropyl methyocellulose (Dow)
and 0.1% (v/v) Tween 80 in distilled water. For in vitro studies, we used 99%
pure, chemically synthesized erlotinib (LC Laboratories) stored as a 100
mM stock solution at —20°C in DMSO. PD153035 (Tocris Bioscience) was
stored as a 10 mM stock solution at —20°C in DMSO. For all studies, we
used recombinant murine EGF, murine platelet-derived growth factor
bb (PDGFbb), human EGF, human vascular endothelial growth factor
(VEGF), murine M-CSF, and murine receptor activator for NF-kB ligand
(RANKL) (PeproTech) reconstituted in water.

Immunohistochemistry

Seven-micrometer sections of synovial tissue from patients with RA were
fixed in 4% (v/v) paraformaldehyde, permeabilized with Triton X-100, and
probed with Abs against total EGFR (clone LA-1; Millipore) or EGFR
phosphorylated at tyrosine 1068 (p-EGFR [Y1068]; Abcam). Hind limbs of
mice with CIA were fixed in formalin and embedded as described in the
histology section. Seven-micrometer sections of mouse paws were rehy-
drated, subjected to Ag retrieval using ficin solution (Invitrogen), and
probed with Abs against total EGFR (Rockland), p-EGFR (Y1068)
(Abcam), von Willebrand factor (Millipore), or tartrate-resistant acid
phosphatase (TRAP) (Abcam). Staining was developed using a Vectastain
Elite ABC kit for mouse and rabbit IgG (Vector Laboratories). To quantify
the number of vessels and osteoclasts in the mouse paw, we took images of
the ankle and the calcaneous/cuboid joint, respectively, and counted the
vessels or cells per square millimeter. Images and quantification were
performed in a blinded manner.

CIA and K/BxN studies

CIA was generated in 6- to 8-wk-old male DBA/1 mice (The Jackson
Laboratory) weighing ~20 g. Mice were used under protocols approved by
the Administrative Panel on Laboratory Animal Care and in accordance
with National Institutes of Health guidelines. For the induction of CIA,
mice were first immunized with a s.c. tail injection of 100 wg bovine CII
(Chondrex) emulsified in 100 pl CFA containing 250 pg/mouse heat-killed
Mycobacterium tuberculosis H37Ra (BD Biosciences). Twenty-one days
after the primary immunization, mice were boosted by s.c. injection at the
base of the tail with 100 pg bovine CII emulsified in 100 pl IFA. Mice
were assessed daily for signs of inflammatory arthritis. As each mouse
reached a total paw score between 2 and 4, it was randomly assigned to
a treatment group. Arthritis severity was assessed using both a visual
scoring system and paw thickness measurements. For the visual scoring
system, each mouse could have a maximal score of 16 because each limb
was given a score of 0—4. Grade 0 indicated no swelling or erythema; grade
1, mild swelling and erythema or digit inflammation; grade 2, moderate
swelling and erythema confined distal to the midpaw; grade 3, more
pronounced swelling and erythema with extension to the ankle; and grade
4, severe swelling, erythema, and joint rigidity of the ankle, foot, and
digits. Paw thickness was determined by measuring the thickness of the
hind paws above the metatarsal region using 0- to 10-mm calipers. As each
mouse reached a total paw score between 2 and 4, it was randomly
assigned to a treatment group. Upon randomization into a treatment group,
mice were given 0.2 ml vehicle, 10 mg/kg erlotinib, or 50 mg/kg erlotinib
twice daily by oral gavage using a 1-ml syringe and a 20-gauge gavage
needle (Fisher Scientific). All mouse groups were treated until inflam-
mation in the vehicle-treated mice peaked and began to decrease, as
assessed by visual score and paw thickness. At that time, feet and ankles
were collected in formalin for histology.

EGFR INHIBITION AMELIORATES AUTOIMMUNE ARTHRITIS

K/BxN serum-transfer arthritis was induced in BALB/c mice by dual
injections of 50 wl KRN serum diluted 1:1 in 1 X PBS on day 0 and day 2.
Mice were treated with either vehicle or 50 mg/kg erlotinib twice daily by
oral gavage. Mice were scored as described above.

Histopathology

Mouse hind limbs were fixed in formalin, decalcified in Cal-Ex II (Fischer
Scientific), and embedded in paraffin. Sections were stained with H&E and
scored by an investigator blinded to the treatment group. Sections were
evaluated for synovitis, pannus formation, and bone and/or cartilage de-
struction using a previously described scoring system: grade O, normal;
grade 1, mild inflammation, mild hyperplasia of the synovial lining layer,
mild cartilage destruction without bone erosion; grades 2—4, increasing
degrees of inflammatory cell infiltrates, synovial lining hyperplasia, and
pannus formation and cartilage and bone destruction (14).

Isolation and stimulation of synovial fibroblasts

Synovial fibroblasts were isolated from remnant pannus obtained from RA
patients during knee arthroplasty, as previously described (14), and cultured
in RPMI 1640 containing 10% FCS, 2 mM L-glutamine, 100 U/ml peni-
cillin, and 100 pg/ml streptomycin sulfate at 37°C, 5% CO,. Cells were
used for experiments between passages five and eight and exhibited
characteristic fibroblast appearance. Moreover, cells were checked at
passage six for purity and did not exhibit staining above background for
CD3, CD14, CD20, and CDI11c (Supplemental Fig. 1). For experiments,
1 X 10? cells/cm® were plated in media containing 5% FBS, RPMI 1640,
and penicillin/streptomycin and allowed to adhere for 24 h. Media were
replenished, cells were pretreated with erlotinib or PD153035 for 30 min,
and EGF or PDGFbb was added to cells for another 48 h. Supernatants
were collected after 48 h for ELISA analysis.

Endothelial cell stimulation

HUVEC (Lonza) were cultured in endothelial growth media-2 (Lonza)
on plates coated with 10 pg/cm? rat tail collagen I (Sigma-Aldrich).
To evaluate HUVEC proliferation, we plated cells at a density of 1 X 10°
cells/cm? in complete media and allowed them to adhere overnight. Cells
were then washed with 1X PBS and incubated with reduced-serum media
containing endothelial basal media-2 (Lonza), 1% FBS, 2 mM L-gluta-
mine, 100 U/ml penicillin, and 100 pg/ml streptomycin sulfate at 37°C,
5% CO, for 24 h. Cells were pretreated with erlotinib for 30 min, and EGF
or VEGF was added for 72 h.

Proliferation assays

BrdU was added during the last 24 h incubation to evaluate synovial fi-
broblast and HUVEC proliferation. BrdU incorporation was assessed as
a marker of proliferation by using a BrdU cell proliferation assay (Cal-
biochem) according to the manufacturer’s instructions.

ELISAs

Levels of EGF, betacellulin (PeproTech), amphiregulin, heparin-binding
epidermal growth factor-like growth factor (HB-EGF), and TGF-a
(R&D Systems) were determined by ELISA in serum samples diluted 1:2
to 1:200 in assay diluent. Levels of VEGF, IL-8, MCP-1 (PeproTech), and
matrix metalloprotease (MMP)-3 (R&D Systems) were determined by
ELISA in supernatants collected from synovial fibroblast cultures 48 h
after stimulation. For IgG ELISAs, plates were coated with 100 pg/ml
bovine collagen II. Mouse serum diluted 25-fold was then added, fol-
lowed by anti-IgG1-HRP or anti-IgG2a-HRP (SouthernBiotech) diluted
10,000 fold. Absorption was read at 450 nm.

Osteoclast assays

Bone marrow cells were isolated from naive, 7-wk-old DBA/1J mice.
Twenty-four hours after being isolated, undifferentiated (nonadherent) cells
were collected and replated at 15 X 10° cells/cm?. Cells were stimulated
with 40 ng/ml M-CSF (PeproTech) in complete a-MEM for 3 d. Differ-
entiation medium containing 40 ng/ml M-CSF and 100 ng/ml RANKL
(PeproTech) was then added for another 3—4 d, and osteoclast formation
was monitored visually. For these studies, culture medium was refreshed
every 2 d. Erlotinib or PD153035 was added to the cultures at the specified
concentrations at the beginning of the differentiation period. For identifi-
cation of TRAP* cells, cells were washed with 1X PBS and stained using
the acid phosphatase leukocyte kit (Sigma-Aldrich). Eight photographs of
each well at X40 and X100 were analyzed in a blinded manner. The
number of osteoclasts per picture and the number of nuclei per osteoclast
were counted. ImageJ was used to calculate the surface area of the
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