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Neutrophils and monocytes are abundantly represented in the synovial fluid and tissue in rheumatoid
arthritis patients. We therefore explored the effects of small molecule chemokine receptor antagonists
to block migration of these cells in anti-collagen antibody-induced arthritis. Targeting neutrophil migra-
tion with the CXCR2/CXCR1 antagonist SCH563705 led to a dose-dependent decrease in clinical disease

Keywords: scores and paw thickness measurements and clearly reduced inflammation and bone and cartilage deg-
g)c(lngz radation based on histopathology and paw cytokine analyses. In contrast, targeting monocyte migration
Arthritis with the CCR2 antagonist MK0812 had no effect on arthritis disease severity. The pharmacodynamic

activities of both SCH563705 and MKO0812 were verified by assessing their effects on the peripheral blood
monocyte and neutrophil populations. SCH563705 selectively reduced the peripheral blood neutrophil
frequency, and caused an elevation in the CXCR2 ligand CXCL1. MK0812 selectively reduced the periph-
eral blood monocyte frequency, and caused an elevation in the CCR2 ligand CCL2. The much greater
impact of CXCR2/CXCR1 antagonism relative to CCR2 antagonism in this model of arthritis highlights
the therapeutic potential for targeting CXCR2/CXCR1 in human arthritides.
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Introduction

Targeting chemokine receptor-mediated cell migration has
been an area of active research to treat autoimmune disorders
including rheumatoid arthritis (RA), psoriasis, multiple sclerosis,
and inflammatory bowel disease [1,2]. Neutrophils and monocytes
are two major cell populations recruited to the joint in RA. Neutro-
phils are among the most abundant cells found in RA synovial fluid
and, as a source of pro-inflammatory mediators and tissue-degrad-
ing enzymes, likely contribute to the disease pathology [3]. CXCR1
and CXCR2 are co-expressed on human neutrophils and are the
principal mediators of neutrophil migration to sites of inflamma-
tion. RA synovial fluid contains elevated levels of a number of

Abbreviations: ABIA, anti-collagen antibody-induced arthritis; AUC, area under
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CXCR1 and CXCR2 ligands, including IL-8 (CXCL8), ENA-78 (CXCL5)
and Groo (CXCL1), which contribute to the synovial infiltration by
neutrophils [4,5]. To date, the potential impact of targeting neutro-
phils to treat RA has not been thoroughly explored in a clinical
setting.

Neutrophils play a clear role in rodent models of arthritis. Neu-
trophil depletion using monoclonal antibodies reduced the severity
of anti-collagen antibody-induced arthritis (ABIA), a model of the
effector phases of the disease in which cells of the innate immune
system orchestrate joint inflammation leading to cartilage and
bone erosion [6,7]. Blockade of neutrophil recruitment using
DF2162, a small molecule allosteric antagonist of CXCR1/CXCR2 re-
duced disease severity in methylated BSA-induced arthritis in mice
and adjuvant arthritis in rats [8-10]. Whether CXCR1/CXCR2 are
likewise critical for neutrophil recruitment in the ABIA model re-
mains untested. Here, we evaluated the effects of a recently de-
scribed CXCR1/CXCR2 antagonist SCH563705 [11] in the ABIA
model and assessed the pharmacodynamic impact of CXCR1/
CXCR2 antagonism on the circulating neutrophil compartment.

Monocytes, the precursors of macrophages, are another critical
component of the inflammatory milieu of the RA synovium. These
cells represent a major source of cytokines, including TNFo, IL-1B,
and IL-6, that have proven to be clinically efficacious biological tar-
gets [12]. One strategy to prevent the infiltration of monocytes into
the RA joint is through blockade of CCR2-dependent migration [2].
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Elevated levels of CCL2, the principal ligand for this receptor, have
been detected in RA synovial fluid [4,5]. However, small molecule
and biologic antagonists of CCR2 and CCL2 have been evaluated
in RA clinical trials, with no convincing evidence of efficacy
[2,13,14]. Evidence of a role for CCR2 in animal models of arthritis
has been mixed. CCR2-deficient mice displayed exacerbated sever-
ity in both the ABIA model and in T and B lymphocyte-dependent
collagen-induced arthritis (CIA) [15]. In contrast, the CCR2 blocking
antibody MC-21 had variable effects in the CIA model depending
on when it was administered [16]. Here, we evaluated the effect
of a potent and selective small molecule CCR2 antagonist
MKO0812 in the lymphocyte-indeopendent ABIA model, where its
impact would be linked to prevention of monocyte migration to
the joint. We likewise used MKO0812 to evaluate the pharmacody-
namic impact of CCR2 antagonism on the circulating monocyte
population.

Materials and methods

Animals. Female BALB/c mice were obtained from The Jackson
Laboratory (Bar Harbor, ME, USA) and used between 8 and
10 weeks of age. All animal studies were conducted with prior ap-
proval by the Institutional Animal Care and Use Committee at the
Schering-Plough Research Institute (Kenilworth, NJ).

Induction of anti-collagen antibody-induced arthritis. ABIA was in-
duced in BALB/c mice (n = 8 mice per treatment group) as follows.
On day 0, mice were injected intraperitoneally with 4 mg Arthri-
toMAB Arthritis-inducing Antibody Cocktail (MD Biosciences, St.
Paul, MN). On day 3, mice were boosted intraperitoneally with
50 g of lipopolysaccharide from Escherichia coli 055:B5 (MD Bio-
sciences) in 200 ul sterile PBS. In all studies, SCH563705 was
administered in a vehicle consisting of 0.4% METHOCEL E15 pre-
mium hydroxypropyl methylcellulose (MC) (Dow Chemical Co.,
Midland, MI). Clinical scores were determined daily as follows.
Each paw was assigned a score of 0-4 based on the following cri-
teria: asymptomatic, O; slight redness, 1; one or more swollen dig-
its in addition to redness, 2; swelling of entire paw, 3; ankylosing
of joints and residing of swelling, 4. The sum of the four paw scores
for each mouse (0-16) were plotted against time to calculate the
area under the curve (AUC) of disease activity. Paw thickness
measurements were made daily using a micrometer caliper over
the metatarsals of the paw. The percent change in paw thickness
relative to baseline (day 0) measurements was then calculated.

Cytokine and chemokine analysis in paw tissues. Excised mouse
paws were frozen in liquid nitrogen and pulverized using the Bio-
Pulverizer (BioSpec Products Inc., Bartlesville, OK). Paws were
placed in 2 ml of protease inhibitor buffer made with COMPLETE
Protease Inhibitor Cocktail Tablets (Roche Applied Sciences, India-
napolis, IN) and homogenized using a PowerGen 125 Tissue
Homogenizer (Fisher Scientific) and PowerGen Generator (Fisher
Scientific). Samples were vortexed and centrifuged at 10,000g for
4 min at 4 °C in the Sorvall Legend Micro21R Centrifuge (Thermo
Electron Corp). Supernatants were collected and stored at —80 °C.
Cytokine and chemokine levels in the extracts were measured
using a mouse Pro-Inflammatory 7-Plex Tissue Culture Kit (Meso
Scale Diagnostics, LLC, Gaithersburg, MD). Total protein content
was determined using a Coomassie Protein Assay (Thermo Scien-
tific, Rockford, IL, USA). Serum amyloid A (SAA) levels in the plasma
were measured by ELISA (Life Diagnostics, Inc., West Chester, PA).

Histology. Histopathology studies were conducted on hind paw
sections stained with H&E or Safranin O and scored by a patholo-
gist in a blinded fashion (Premier Laboratory, LLC, Longmont, CA,
USA).

Chemokine-induced effects on blood cell populations in vivo.
SCH563705 or MK0812 were administered in a 0.4% MC solution

by oral gavage (p.o.). Two hours later, the frequency of
CD11b*Ly6G Ly6C" monocytes and CD11b*Ly6G*Ly6C" neutro-
phils was determined by flow cytometry. Briefly, blood was col-
lected from euthanized mice into EDTA-coated tubes and
aliquoted into 96-well V-bottom plates. To block nonspecific bind-
ing, normal rat serum was added to a final concentration of 20%
and incubated for 10 min at room temperature. Blood was then
incubated with PerCP-Cy5.5-anti-CD11b, PE-antiLy6G, and FITC-
anti-Ly6C antibodies (BD Biosciences, Franklin Lakes, NJ) for
20 min at RT. The cells were pelleted by centrifugation and eryth-
rocytes were lysed using FACS Lysing Solution (BD Biosciences)
according to the manufacturer’s instructions. Cells were washed
and analyzed on a FACS Calibur® instrument (BD Biosciences).

Statistical analyse. Data are expressed as mean + SEM and statis-
tics were calculated using ANOVA (Prism 4 GraphPad Software).
Area under the curve (AUC) of the ABIA disease scores were calcu-
lated using Graphpad Prism 4 software.

Results

SCH563705 is a potent small molecule antagonist previously
described to inhibit chemokine binding to human CXCR2
(ICsp=1.3nM) and CXCR1 (ICso = 7.3 nM), (Exemplified as com-
pound 16) [11]. We determined that SCH563705 is also a potent
inhibitor of mouse CXCR2 (ICso=5.2 nM, data not shown), and
was therefore a suitable tool to evaluate the effect of CXCR2 antag-
onism in mouse disease models.

We first assessed the activity of SCH563705 in an ABIA model of
arthritis. To initiate disease activity, a cocktail of anti-collagen anti-
bodies was administered to BALB/c mice on day O followed by an
LPS boost on day 3. Clinical scores and paw thickness were as-
sessed daily as described in Materials and methods. SCH563705
dissolved in the vehicle 0.4% hydroxypropyl methyl cellulose
(MC), or vehicle alone was dosed twice daily (b.i.d.) by oral gavage
(p.o.) from days O to 7 of the model. SCH563705 dose-dependently
inhibited disease activity, plotted as the area under the curve
(AUC) of the disease scores over time, by up to 98% relative to
the MC group (Fig. 1A). Likewise, paw swelling was completely
inhibited at all doses tested relative to the MC group (Fig. 1B).
The difference in disease activity that was evident by clinical
assessment of paw swelling and redness (see Fig. 1C, top row, for
representative photomicrographs) was also reflected in reduced
inflammation, pannus formation, bone, and cartilage erosion deter-
mined by histological analysis of paw sections (Fig. 1C, middle row,
Table 1). Likewise, proteoglycan content at the cartilage surface, as
revealed by Safranin O staining, was also protected in animals
dosed with SCH563705 (Fig. 1C, bottom row).

To assess whether the activity of this compound impacted pro-
inflammatory mediator production, we prepared total protein ex-
tracts from paw tissues and measured TNFao, IL-1B, IL-6, and CXCL1
levels. Higher levels of IL-1B, IL-6, and CXCL1 were detected in paw
extracts from arthritic relative to naive animals (Fig. 2A-C). Levels
of these mediators were significantly reduced in the SCH563705-
treated group to levels comparable to what was present in paw ex-
tracts from naive animals. Finally, the acute phase protein serum
amyloid A (SAA) was also reduced in the plasma of animals treated
with SCH563705 relative to MC (Fig. 2D), reflecting a reduced sys-
temic inflammatory response.

Previous reports have implicated neutrophils as a primary tar-
get for CXCR1 and CXCR2-mediated migration in the context of
arthritis. We therefore assessed the impact of SCH563705 on the
circulating neutrophil compartment in the dose range used for
the studies described above. Naive BALB/c mice were dosed with
SCH563705 at 50 mg/kg, and blood neutrophil and monocytes
were quantified by flow cytometry using the cell surface markers
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Fig. 1. CXCR2/CXCR1 antagonism reduces ABIA severity. ABIA was induced in BALB/c mice and monitored daily for clinical scores and paw thickness. Disease score AUC (A)
and the percent change in paw thickness (B) between days 0 and 7 were plotted. Animals were dosed with vehicle (0.4% MC) or SCH563705 at the indicated doses p.o., b.i.d.
from days O to 7 of the study. On day 7, hind paws were collected and processed for histology (C). Representative gross paw appearance (top row), H&E (middle row) and
Safranin O (bottom row) photomicrographs are presented. The data presented are the mean + SEM and are representative of two independent experiments.

Ly6G, a neutrophil-specific marker, and Ly6C, which is expressed
on neutrophils and at high levels on the Ly6G™~ monocyte popula-
tion. All animals dosed with SCH563705 had a clear reduction in
blood Ly6G*Ly6C" neutrophil frequency and unchanged levels of
Ly6G~Ly6C" monocytes (Fig. 3A, right panels) relative to animals
that were dosed with MC alone (Fig. 3A, left panels). We further as-
sessed the impact of SCH563705 over a dose range covering the
doses tested in the arthritis studies and observed a significant,
dose-dependent effect of the compound on circulating neutrophils,
with no effect on blood monocytes (Fig. 3B). A principal effect of
this compound in vivo is therefore related to its impact on neutro-

phil migration. Chemokine receptor inhibition with small molecule
antagonists has been observed to lead to an accumulation of the
cognate chemokine ligands in the plasma [17]. We therefore exam-
ined the effect of SCH563705 on plasma levels of one of the major
CXCR2 ligands, CXCL1. SCH563705 treatment caused a dose-
dependent elevation in plasma levels of CXCL1 (Fig. 3B). This effect
was specific to CXCR2 ligand, since no effect on the CCR2 ligand
CCL2 was observed (Fig. 3B).

CCR2-mediated migration of monocytes has been postulated to
play an important role in arthritis and other inflammatory dis-
eases. We therefore extended our analyses of the ABIA model using
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Table 1

ABIA histopathology scores. H&E and Safranin O-stained tissue sections were
prepared from the hind paws of five animals from each of the following groups:
Naive; arthritic/MC, arthritic/SCH563705 50 mg/kg from the ABIA study depicted in
Fig. 1. Inflammation, pannus, cartilage, and bone erosion scores were assigned by a
blinded pathologist. Data are mean + SEM. The score for each parameter was scored
on a scale from 0 (normal) to 5 (severe).

Group Inflammation  Pannus Cartilage  Bone Total
Naive 0+0 0+0 00 00 0+0
MC 25+0.5 23+0.6 22+0.6 23+07 9223
SCH563705  0.5+0.2 02+02 02+02 02+02 1.0+0.6

a potent and selective CCR2 antagonist, MK0812. We first assessed
the pharmacodynamic effects of MK0812 in naive BALB/c mice.
Administration of MK0812 at 30 mg/kg, p.o. reduced the frequency
of Ly6G Ly6C™ monocytes in the peripheral blood, while no im-
pact on circulating Ly6G*Ly6C" neutrophil frequency was observed
(Fig. 3A, middle panels). In addition, MKO812 treatment caused a
dose-dependent reduction in circulating Ly6C" monocytes and a
corresponding elevation in the CCR2 ligand CCL2 (Fig. 3C). These
effects were selective, since no effect was observed on Ly6G*Ly6C*
neutrophil frequency or on plasma levels of CXCL1 (Fig. 3C).

Given that MK0812 proved to be a suitable pharmacological
tool for in vivo studies in mice, we tested the effect of this com-
pound in the ABIA model in comparison to SCH563705. While
SCH563705 again had a dramatic impact on arthritis disease score
severity and paw swelling, MKO0812 had no discernable effect
(Fig. 4A and B) on either parameter. In fact, there was a trend to-
ward increased disease severity in MK0812-treated animals rela-
tive to the MC group.

One criticism of the ABIA model is that an LPS challenge is used
to drive joint inflammation and the physiologic relevance of this
trigger is questionable in the context of human arthritis. It has
been reported that the LPS injection can be substituted with local
footpad injections of recombinant TNFo [18]. As a potentially clo-
ser mimic to the effector phase of human disease, we therefore
assessed whether SCH563705 and MKO0812 would impact this
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TNFa-driven ABIA. As before, SCH563705 dramatically inhibited
disease progression, while MK0812 had no effect on this model.
The mean plasma drug concentrations at 12 h post the final dose
(representing the minimum drug concentration reached through-
out the 7-day study) were 40 nM for SCH563705 (8 x the ICsq value
against CXCR2) and 327 nM for MK0812 (17x the ICsy value
against CCR2). Therefore, the lack of efficacy of MK0812 in these
models was not due to inadequate CCR2 receptor coverage.

Discussion

A central mechanism that underlies inflammation is the process
by which monocytes, neutrophils, lymphocytes, and other cells are
recruited from the circulating blood to the site of inflammation.
The biochemical basis for this process is a complex system of con-
trolled expression of a family of more than 40 chemokines that at-
tract cells expressing different patterns of more than 20 chemokine
receptors. Thus, on the one hand, the induced expression of chemo-
kines at a site of inflammation results in the formation of a gradi-
ent that facilitates the recruitment of cells bearing the appropriate
receptors. On the other hand, the distinct expression pattern and
combination of chemokine receptors expressed on individual cell
types determines which cells are capable of responding to a given
chemokine gradient. In this way, the pattern of chemokines ex-
pressed in a particular setting dictates at a molecular level which
cell types will be recruited.

A central challenge over the past few decades has been to deci-
pher which of these many chemokine:receptor pairs are central to
inflammation in the context of complex diseases such as arthritis.
Here we have used selective small molecule antagonists to CCR2
and CXCR2/CXCR1 to define the roles of these receptors in a mouse
model of inflammatory arthritis. Such antagonists provide a means
to precisely disrupt chemokine:receptor interactions during an
inflammatory disease in vivo to define which molecular interac-
tions are drivers of the disease process. Our data support a role
for neutrophils and CXCR2-dependent cell migration in a rodent
model of arthritis. SCH563705 reduced all clinical signs of disease
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Fig. 2. CXCR2/CXCR1 antagonism reduces inflammatory mediator production. Paw tissue collected from an ABIA study as depicted in Fig. 1 were homogenized and cytokine
levels in the extract were determined. IL-1p (A) IL-6 (B), and CXCL1 (C) levels were three cytokines determined to be consistently elevated in arthritic (MC) paw extracts. (D)
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Fig. 3. Pharmacodynamic effects of CXCR2/CXCR1 and CCR2 antagonism. (A) BALB/c mice were administered MC (vehicle), MK0812 or SCH563705 at 30 mg/kg p.o. Two
hours later, peripheral blood Ly6GLy6C" monocyte (lower right boxed field) and Ly6G*Ly6C* neutrophil (upper boxed field) frequencies were determined. Representative
histograms from two mice from each group are depicted. (B, C). BALB/c mice were administered vehicle (MC) or the indicated dose of SCH563705 (B) or MK0812 (C) p.o. Two
hours later, peripheral blood Ly6G~CD11b*Ly6C" monocyte and Ly6G*Ly6C* neutrophil frequencies were determined by flow cytometry. Plasma CCL2 and CXCL1 levels were
determined by ELISA. The data presented are the mean + SEM and are representative of three independent experiments.
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days 0 to 7 of the study. The data presented are the mean + SEM and are representative of three independent experiments.

and markedly reduced the levels of key pro-inflammatory cyto-
kines in the paw tissue. These findings suggest that an early event
in the induction of joint inflammation is the recruitment of neutro-
phils through CXCR2. Given the dual inhibition of human CXCR1/
CXCR2 by this compound, it is likely that it has some degree of po-
tency against mouse CXCR1. Thus, the effects we observed with
SCH563705 may reflect a combination of effects on CXCR1/
CXCR2-dependent neutrophil migration. Although neutrophils are
among the most abundant cells present in RA synovial fluid, little
is known about their contribution to the chronic disease state.
The clinical failure of a neutralizing antibody against CXCL8 damp-
ened enthusiasm about targeting CXCR1/CXCR2 [5]. However, mul-
tiple chemokines that are upregulated in RA, including CXCL8,
CXCL5, and CXCL1, can mediate CXCR1/CXCR2-dependent migra-
tion. Thus, therapeutic targeting of the receptors rather than indi-
vidual chemokines may overcome potential redundancies in
function and be a fruitful approach.

CCR2-dependent migration of monocytes has long been consid-
ered a promising intervention point for RA. Recent clinical failures
with antibodies against CCL2 or CCR2 as well as with the small
molecule CCR2 antagonist MK0812 have diminished interest in
this target [19]. Data from rodent arthritis models generated with
CCR2~/~ mice and with anti-CCR2 antibodies in fact are aligned
with these human clinical data in that worsening of rodent arthri-
tis severity was observed [15,16]. Here, we extend these findings in
the ABIA model, where we demonstrate that despite robust phar-
macological coverage of CCR2 receptors with MK0812, no reduc-
tion in disease severity was observed. One explanation for the
lack of activity in both mouse ABIA and human RA is that redun-
dant chemokine receptors function on monocytes (i.e. CCR1 and
CCR2), which may preclude clinical efficacy when only one recep-
tor is blocked. Dual antagonism of CCR1 and CCR2 may be a prom-
ising approach to overcome this hurdle. Another explanation that
has been put forward for the lack of efficacy of MK0812 is that
its activity against CCR5 may alter regulatory T cell function [20].
This latter mechanism is unlikely to be involved in the ABIA model

given that there is a minimal role for lymphocytes in this disease
model.

In addition to the role that induced chemokine expression plays
in the recruitment of cells to inflammatory sites, the constitutive
production of a subset of chemokines is an important biochemical
mechanism to recruit newly-formed cells from the bone marrow to
the peripheral circulation. Constitutive production of the CCR2 li-
gand CCL2 maintains homeostatic levels of Ly6C™ monocytes in
the blood and constitutive production of the CXCR2 ligand CXCL1
recruits neutrophils from the bone marrow to the circulation. We
demonstrated that the CCR2 antagonist MK0812 disrupts the con-
stitutive Ly6C™" monocyte recruitment and leads to a correspond-
ing elevation in circulating levels of CCL2. These data indicate
that the homeostatic levels of CCL2 in the plasma are tightly con-
trolled and are regulated by binding to CCR2, such that in the pres-
ence of a CCR2 antagonist, CCL2 levels accumulate. These finding
are in accord with previous studies that showed that circulating
Ly6C" monocytes are found at reduced levels in CCR2 knockout
mice relative to wild-type controls [21]. Likewise, the CXCR2/
CXCR1 antagonist SCH563705 caused a dose-dependent reduction
in the circulating blood neutrophil population. This reduction was
accompanied by an increase in circulating levels of CXCL1, reveal-
ing a role for CXCR2 in regulating the plasma levels of its ligands.
These pharmacodynamic changes highlight the selective impact
of the antagonists used in these studies on the neutrophil and
monocyte populations relative to one another. Further, these data
reveal a general molecular mechanism by which blood levels of
constitutively-produced chemokines is controlled.

Numerous rodent models of arthritis have been employed to
evaluate new therapeutics for RA. Each has its own advantages
and shortcomings based on the underlying mechanisms and cell
type dependencies and the degree to which those mechanisms
overlap with RA. Herein, we used an ABIA model that recapitulates
the effector phase of RA driven by innate immune cell types such as
neutrophils and monocytes, and the pro-inflammatory cytokines
that they produce. We examined two variations of this ABIA model,
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one with an LPS systemic injection and a second that employed lo-
cal TNFa injections to drive the disease pathology. CXCR2/CXCR1
antagonism had a substantial impact on both forms of this ABIA
model, whereas CCR2 antagonism had no effect on either model.
Whether a similar impact of CXCR2/CXCR1 antagonism on human
arthritides remains to be seen, but appears to warrant
investigation.

Conclusions

The ABIA mouse model of the effector phase of arthritis was
employed to evaluate chemokine receptor-targeted therapeutics.
We find that CXCR2/CXCR1 antagonism potently suppressed dis-
ease activity and was accompanied by pharmacodynamic changes
in circulating neutrophils. In contrast, CCR2 antagonism caused
clear pharmacodynamic changes to the circulating monocyte pool,
yet had no impact on ABIA disease severity. These data support fur-
ther exploration of CXCR2/CXCR1 as a target for RA and reveal
molecular interactions involved in monocyte and neutrophil
migration under both inflammatory and homeostatic conditions.
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