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Introduction

Summary

CD80 and CD86 play a critical role in the initiation of T-cell responses.
However, their role in the in vivo effector CD4* T-cell responses has been
less extensively investigated. The current studies have examined the func-
tional relevance of CD80 and CD86 in the effector CD4" T-cell responses
inducing antigen-induced arthritis. Arthritis was induced in C57BL/6 mice
by sensitization to methylated bovine serum albumin (mBSA) on day 0,
booster immunization (day 7) and intra-articular injection of mBSA
(day 21). Control or anti-CD80 and/or anti-CD86 monoclonal antibodies
were administered from day 21 to day 28. Arthritis severity and immune
responses were assessed on day 28. The development of arthritis was sig-
nificantly suppressed by inhibition of CD80 or CD86. Blockade of both
CD80 and CD86 caused a trend towards reduced disease severity com-
pared to control antibody-treated mice. Neutralization of CD80 attenu-
ated accumulation of CD4" T cells in joints and enhanced splenocyte
production and circulating levels of interleukin-4. Inhibition of CD86 or
both CD80 and CD86 reduced T-cell accumulation in joints without
affecting T helper type 1/type 2 (Th1/Th2) differentiation or antibody
levels. Blockade of CD86, and not CD80, significantly suppressed spleno-
cyte interleukin-17 (IL-17) production. These results provide further
in vivo evidence that CD80 and CD86 play important pathogenic roles in
effector T-cell responses. CD80 exacerbates arthritis by downregulating
systemic levels of IL-4 and increasing T-cell accumulation in joints
without affecting IL-17 production. CD86 enhances disease severity by
upregulating IL-17 production and increasing the accumulation of effector
T cells in joints without affecting Th1/Th2 development.

Keywords: antigen-induced arthritis; CD80; CD86; costimulation; effector
T cell; interleukin-17

pathogenesis is still incomplete and the specific antigen(s)
eliciting the autoimmune response is unknown, a large

Rheumatoid arthritis (RA) is a common chronic auto-
immune disease characterized by joint inflammation and
destruction. The inflammatory infiltrates in the rheuma-
toid synovium consist of many cell types including
T cells, B cells, dendritic cells, macrophages and neu-
trophils."™ Although the present understanding of disease

body of evidence suggests that acute and chronic rheuma-
toid inflammation is driven by activated CD4" T cells.
First, RA is associated with particular major histocompat-
ibility complex class II allelles such as human leucocyte
antigen DR4.° Second, activated CD4" T cells are present
in inflammatory infiltrates of rheumatoid synovium,*’

Abbreviations: AIA, antigen-induced arthritis; CFA, complete Freund’s adjuvant; CIA, collagen-induced arthritis; CTLA-4,
cytotoxic T-lymphocyte-associated antigen-4; ELISA, enzyme-linked immunosorbent assay; HPF, high-power field; HRP,
horseradish peroxidase; IEN, interferon; IL, interleukin; mAb, monoclonal antibody; mBSA, methylated bovine serum albumin;
MMP, matrix metalloproteinase; RA, rheumatoid arthritis; Th, T helper; TNF, tumour necrosis factor; Treg, T regulatory.
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third, various T-cell-directed therapies have clearly con-
ferred clinical benefit in RA,*® and, finally, early RA is
characterized by a distinct T-cell-related cytokine pro-
file.'” Activated T cells in rheumatoid joints are predomi-
nantly interferon-y (IFN-y)-secreting T helper type 1
(Thl) effectors'™'? and several treatment modalities cur-
rently employed in RA exert their protective effects in
part by shifting the Th1/Th2 balance towards Th2.'>'*
However, the recent discovery of a new subset of Th cells
characterized by interleukin-17 (IL-17) production
(termed Th17) has produced new interest in the role of
T cells in RA and challenged previous views of Thl-
driven rheumatoid inflammation.'>'® The IL-17 is upreg-
ulated in synovial fluid of patients with RA'” and may
contribute to the pathogenesis of RA by promoting joint
inflammation as well as cartilage and bone destruction.'®
Evidence from animal models including collagen-induced
arthritis (CIA) and adjuvant arthritis has also emerged
suggesting that autoimmune inflammation in RA is
Th17-mediated."”' Furthermore, chronic rheumatoid
inflammation is thought to be regulated not only by inju-
rious effector T cells, but also by CD4" CD25" T regula-
tory (Treg) cells with diminished suppressive activity,
which are present in the synovial fluid of patients with
RA.'®?*? In addition to T cells, activated macrophages
in joints are thought to significantly contribute to joint
injury by producing proinflammatory mediators such as
tumour necrosis factor-o (TNF-o) and IL-1, as well as
matrix metalloproteinases (MMPs). 1%

Antigen-induced arthritis (AIA) is a widely used animal
model of RA with similar histopathological features. It is
induced by sensitization of animals to methylated bovine
serum albumin (mBSA) in complete Freund’s adjuvant
(CFA), followed by an injection of mBSA into the joint
cavity. The development of joint injury in AIA is depen-
dent on CD4" T cells,”>*” while CD8" T cells and B cells
are not involved.””> The development of AIA is affected by
various Th subsets. Earlier data suggested that disease
severity in AIA correlates with the development of Thl
responses.””*® However, these observations have been
challenged by more recent studies using IFN-y-deficient
mice that have shown that IFN-y has a protective role in
AIA**?° In contrast, studies using neutralizing anti-IL-17
monoclonal antibodies (mAb) have shown that joint
inflammation and destruction in AIA are promoted by
IL-17,>*! whereas Th2 cytokines such as IL-4 play a pro-
tective role in AIA.*® Depletion and adoptive transfer
studies have also shown that CD4" CD25" Treg cells play
a suppressive role at the onset of AIA.** In addition to
T cells, activated macrophages are present in AIA joints
where they are thought to contribute to tissue injury.>>°

Optimal activation of mnaive CD4" T cells requires
engagement of the T-cell receptor as well as a non-anti-
gen-specific, costimulatory signal. The best characterized
costimulatory molecules are CD80 and CD86. They are
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expressed by antigen-presenting cells, such as dendritic
cells, macrophages and B cells, but can also be upregulat-
ed on other cell types such as endothelial cells*® by pro-
inflammatory stimuli. The interaction of CD80 or CD86
with the T-cell receptor, CD28, promotes T-cell responses
by decreasing apoptosis and enhancing the expansion of
antigen-specific T cells.”””® CD80 and CD86 have also
been shown to regulate Th1/Th2 differentiation®*' and
are critical for antibody production and isotype switch-
ing.”>* Studies using mice deficient in both CD80 and
CD86 have shown that these molecules also play an
important role in the generation of Thl7 and
CD4" CD25" Treg cells,**** although the role of CD80 or
CD86 in the effector Thl7 responses is not known.
Following T-cell activation, cytotoxic T-lymphocyte-asso-
ciated antigen-4 (CTLA-4), a homologue of CD28, is
upregulated on the surface of activated T cells.”® It binds
CD80 and CD86 with a much higher affinity than CD28,
thus preventing engagement of CD28 and resulting in
suppression of ongoing T-cell responses.’®*

CD80 and CD86 are well known for the critical role
they play during the initiation of adaptive immune
responses and a variety of immune-mediated dis-
eases.””*"*® However, the contribution of these CD28
ligands to the in vivo effector immune responses has not
been given much focus. Activation and function of mem-
ory and effector CD4" T cells has been generally consid-
ered to be CD28-independent. More recently, however, it
has been demonstrated that CD80 and CD86 can play
an important local role during the effector phase of
inflammatory disease models such as crescentic glomeru-
lonephritis and experimental autoimmune encephalo-
myelitis.***”

The CD28/B7 pathway plays an important role in the
initiation of experimental arthritis. CD287~ mice are
resistant to CIA,*® and inhibition of both CD80 and
CD86 during the induction phase of CIA prevents the
development of disease.*”>" However, the role of CD80
and CD86 in the effector phase of RA is less well defined.
Expression of CD80 and, to a larger extent CD86,°>° has
been demonstrated in the joints of patients with RA sug-
gesting that blocking these costimulatory molecules has
therapeutic potential. Indeed, treatment with the CTLA-
4-immunoglobulin fusion protein, which blocks both
CD80 and CD86, has significantly improved the signs and
symptoms of RA in clinical trials®* and CTLA-4-immuno-
globulin treatment of established CIA suppressed the
course of disease.**”> Given the increasing importance of
Th17 effector cells in the pathogenesis of RA and the
potential of CD80 and CD86 to regulate pathogenic effec-
tor T-cell responses and Thl7 development, the current
studies have examined the functional role of CD80 and
CD86 in the effector phase of Thl7-mediated AIA. They
demonstrate that CD80 and CD86 both contribute to
joint injury during the effector phase of AIA, but do so
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by different mechanisms. CD80 is pathogenic in AIA by
attenuating systemic levels of IL-4, as well as enhancing
CD4" T-cell accumulation in joints, without affecting
IL-17 production. In contrast, CD86 contributes to joint
injury by upregulating IL-17 production and increasing
effector T-cell accumulation in joints, without an effect
on Th1/Th2 development. These results, together with the
increasing importance of IL-17 in rheumatoid inflamma-
tion and greater expression of CD86 in the joints of
patients with RA, suggest that CD86 may be a more
appealing target than CD80 for the treatment of RA. Fur-
thermore, the current study provides new in vivo evidence
that CD86, and not CD80, plays an important role in the
production of IL-17 by effector/memory T cells.

Materials and methods

Experimental design

Eight- to ten-week-old male C57BL/6 mice obtained from
Monash University Animal Services (Melbourne, Austra-
lia) were immunized on day 0 with 200 pg mBSA (Sigma
Aldrich, St Louis, MO) emulsified in 0-2 ml CFA and
injected subcutaneously into flank skin. On day 7, the
mice were given 100 ug mBSA in 0-1 ml CFA by intrader-
mal injection at the base of the tail. Arthritis was induced
on day 21 by intra-articular injection of 30 pg mBSA in
10 pl sterile saline into the left knee, the right knee being
injected with sterile saline alone. The mice received intra-
peritoneal injections of 100 pg protein G purified control
control antibodies [both hamster and rat immunoglobu-
lin G (IgG); n = 7] or hamster anti-mouse CD80 (clone
16-10A1; n =6), rat anti-mouse CD86 (clone GLI;
n =7) or both anti-CD80 and anti-CD86 mAb (n = 7).
The 16-10A1 and GL1 hybridomas were provided by Dr
David Tarlinton (Walter and Eliza Hall Institute of Medi-
cal Research, Melbourne, Australia). Treatment was
started on day 21 and repeated every second day until the
end of the experiments. Arthritis severity and immune
responses were analysed on day 28.

Assessment of arthritis severity

Knee joints were dissected and fixed in 10% buffered for-
malin for 7 days. Fixed tissues were decalcified for 3 weeks
in 15% ethylenediaminetetraacetic acid, dehydrated, and
embedded in paraffin. Sagittal sections (5 pm) of the knee
joint were stained with Safranin-O and counterstained
with fast green/iron haematoxylin. Histological sections
were scored semiquantitatively in a blinded fashion for
each of the four parameters of joint injury as follows:
Synovitis, defined as hypercellularity of the synovium, was
scored using a scale of 0-3, where 0 = normal, 1 = mild
synovial infiltrate, 2 = moderate synovial infiltrate, and
3 = extensive hypercellular pannus; Joint space exudate,
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CD80 and CD86 in the effector phase of AIA
defined as leucocytes (known to be mainly neutrophils>®)
in the joint space, was scored using a scale of 0-3, where
0 = no cells in joint space, 1 = a few scattered cells in
joint space, 2 = occasional clusters of cells in joint space,
and 3 = numerous clusters and rafts of cells in joint space;
Cartilage degradation, defined on the basis of the loss of
Safranin-O staining, was scored using a scale of 0-3,
where 0 = no loss of staining and 3 = 100% loss of stain-
ing; and Bone damage, defined as the extent and depth of
subchondral bone invasion by pannus, was scored using a
scale of 0-3, where 0 = no invasion, 1 = mild invasion by
pannus, 2 = moderate invasion by pannus, and 3 = exten-
sive invasion by pannus. A combined arthritis score was
generated from the sum of scores for the above four
parameters (maximum possible score 12).

Accumulation of CD4" T cells and macrophages in the
synovium

CD4" T cells and macrophages were demonstrated in
joints by three-layer immunoperoxidase staining of for-
malin-fixed paraffin-embedded 5 pm-thick joint sections.
Sections were first dewaxed by immersion in Histosol for
10 min, then passed through 100% followed by 70% etha-
nol and washed in water. After blocking with 15% normal
swine serum in 5% BSA/phosphate-buffered saline (PBS),
primary mAb were added and incubated overnight at 4°.
GK1.5 (rat IgG2b anti-mouse CD4; American Type Cul-
ture Collection, Manassas, VA) was used to detect CD4"
T cells, whereas M1/70 (rat IgG2b anti-mouse Mac-1;
American Type Culture Collection) was used for macro-
phages. Isotype-matched control immunoglobulin (rat
IgG2b; Pharmingen, San Diego, CA) served as a negative
control. Sections were washed and endogenous peroxidase
was blocked with 1% hydrogen peroxide in methanol.
After washing, secondary antibody (rabbit anti-rat
immunoglobulin; DAKO, Carpinteria, CA) was applied
for 1 hr at room temperature. Sections were washed and
horseradish peroxidase (HRP)-conjugated swine anti-
rabbit immunoglobulin (DAKO) was added and incu-
bated for 1 hr at room temperature. After washing, slides
were developed with diaminobenzidine (brown), counter-
stained with haematoxylin and coverslips were placed on
them. Five high-power fields (HPFs) were assessed for
each animal to semiquantitatively determine the percent-
age of CD4" T cells and macrophages per HPF, where
percentage refers to the percentage of the HPF area
occupied by positive staining.

Splenocyte production of IFN-v, IL-4 and IL-17, as well
as circulating levels of IL-4

To assess splenocyte cytokine production, spleens were
removed from mice and single cell suspensions were
obtained. Splenocytes (4 x 10° cells/well) were cultured in
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Dulbecco’s modified Eagle’s medium containing 10% fetal
calf serum in the presence of 10 pg/ml mBSA for 72 hr.
Concentrations of IFN-y and IL-4 in splenocyte super-
natants were measured by enzyme-linked immunosorbent
assay (ELISA), as previously described,” while IL-17 was
assessed by a mouse IL-17 DuoSet ELISA kit according to
manufacturer’s instructions (R&D Systems, Minneapolis,
MN). Circulating levels of IL-4 were assessed by ELISA
on serum collected at the end of the experiments, as
previously described,”” with recombinant mouse IL-4
standards and serum samples (1/2 dilution) diluted in 2%
BSA/PBS.

Circulating antibody levels

Serum levels of antigen-specific IgG, as well as of IgG
subclasses, IgG1l and IgG2a, were assessed by ELISA on
serum collected at the end of the experiments. Microtitre
plates (Maxisorp plates, NUNC, Roskilde, Denmark) were
coated with 100 pl/well of 10 pg/ml mBSA in carbonate/
bicarbonate buffer (pH = 9-6) and incubated overnight at
4°. Plates were washed with 0-05% Tween/PBS and
blocked with 2% casein/PBS for 2 hr at room tempera-
ture. Serum samples (total IgG: 1/100 to 1/12500; IgGl:
1/1000; IgG2a: 1/1000 dilution) were added to wells and
incubated overnight at 4°. After washing, total IgG and
IgGl were detected with HRP-conjugated sheep anti-
mouse IgG (1/2000; Amersham, Little Chalfont, UK) and
HRP-conjugated goat anti-mouse I1gG1 (1/4000; Southern
Biotechnology Assoc., Birmingham, AL), respectively.
IgG2a was detected using biotinylated rat anti-mouse
IgG2a mADb (Pharmingen) and streptavidin-HRP (Chemi-
con, Tenecula, CA). Tetramethylbenzidine (Sigma) was
added to plates and the reaction was stopped with 0-5 M

sulphuric acid, after which the absorbance was read at
450 nm using a microplate reader. Sera from normal
C57BL/6 mice provided baseline antibody levels.

Statistical analysis

Results are expressed as the mean = SEM. One-way analy-
sis of varianve (aNova) followed by Dunnett’s multiple
comparison test was used for statistical analysis of para-
metric data. The Kruskal-Wallis test followed by Dunn’s
multiple comparison test was used for statistical analysis
of non-parametric data. All statistical analyses were per-
formed using GrapHPAD PRisM (GraphPad Software Inc.,
San Diego, CA). Differences were considered to be statis-
tically significant if P < 0-05.

Results

The development of arthritis and leucocyte
accumulation in the joints of mice receiving control
antibodies

Mice receiving control antibodies (hamster and rat IgG)
developed severe arthritis 7 days after intra-articular
injection of mBSA. They had inflammation in the joints
as assessed by synovitis and exudation of leucocytes
(known to be mainly neutrophils®®) in the joint space.
The mice also showed signs of severe joint damage as
indicated by cartilage degradation and bone loss (Figs 1
and 2b). Joints injected with saline only did not exhibit
any signs of inflammation or joint damage (Fig. 2a).
Control antibody-treated mice also had significant accu-
mulation of CD4" T cells (Fig. 3a) and macrophages
(Fig. 3b) in the synovium of the diseased joints.
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Figure 2. Representative photomicrographs of
joint injury in control antibody-treated mice
and mice receiving anti-CD80 and/or anti-
CD86 monoclonal antibody during the effector
phase of antigen-induced arthritis. Knee joints
were fixed in formalin, decalcified and embed-
ded in paraffin, after which 5-pum thick sagittal
sections were stained with Safranin-O and
counterstained with fast green/iron haematoxy-
lin. Control antibody-treated mice developed
severe arthritis 7 days after the intra-articular
injection of methylated bovine serum albumin
(b), while no joint inflammation or injury was
observed in joints injected with saline only (a).
Inhibition of CD80 (c), CD86 (d), or CD80
and CD86 (e) reduced arthritis severity com-
pared to control antibody-treated mice (b).
Original magnification: X 400.

The effect of anti-CD80 and/or anti-CD86 mAb
treatment on the development of arthritis

To assess the role of CD80 and CD86 in the efferent
phase of AIA, mice developing arthritis were treated with
anti-CD80 and/or anti-CD86 mAb only during the effec-
tor phase of the arthritogenic immune response. Blockade
of CD80 attenuated the development of arthritis com-
pared to control antibody-treated mice as assessed by the
combined arthritis score (Fig. la), synovitis (Figs 1b and
2¢) and bone damage (Figs le and 2c). Exudation of
leucocytes in the joint space (Figs 1c and 2¢) and cartilage
degradation (Figs 1d and 2c¢) were also diminished in
mice receiving anti-CD80 antibody compared to control
antibody-treated animals; however, these differences did
not reach statistical significance. Similarly, inhibition of
CD86 decreased arthritis severity as indicated by reduced
joint inflammation (synovitis and joint space exudate)
and joint damage (cartilage degradation and bone loss)
(Figs 1 and 2d). Neutralization of both CD80 and CD86
caused a trend towards decreased arthritis severity

© 2008 Blackwell Publishing Ltd, /mmunology, 124, 503-513
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compared to control antibody-treated mice (Figs 1 and
2e). However, the combined blockade resulted in a simi-
lar degree of protection from joint injury compared to
the individual mAb treatments (Fig. 1) and no statistically
significant differences were observed in any of the para-
meteres between any of the treatment groups (anti-CD80
versus anti-CD86, anti-CD80 versus anti-CD80/86, anti-
CDS86 versus anti-CD80/86).

The effect of CD80 and/or CD86 blockade on
leucocyte accumulation in the joints

The development of AIA is dependent on joint-infiltrating
CD4" T cells and macrophages. Accumulation of T cells
and macrophages at various sites of inflammation has been
previously shown to be dependent on CD80 and CD86.
Thus, infiltration of T cells and macrophages in the joints
was assessed. All mAb treatments significantly decreased
the accumulation of CD4" T cells in the synovium com-
pared to control antibody-treated mice (Fig. 3a). However,
inhibition of CD86 alone had a greater effect than the
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Figure 3. Accumulation of CD4" T cells and macrophages in joints
of control antibody-treated mice and in mice receiving anti-CD80
and/or anti-CD86 monoclonal antibodies (mAb) during the effector
phase of antigen-induced arthritis. T cells and macrophages were
demonstrated by immunoperoxidase staining of formalin-fixed paraf-
fin-embedded joint sections. All mAb treatments significantly
reduced T-cell accumulation in the synovium (a), while no statisti-
cally significant change in macrophage infiltration was observed (b).
HPF, high-power field; % refers to the percentage of the HPF area
occupied by positive staining. *P < 0-05 versus control, **P < 0-01
versus control and P < 0-05 versus anti-CD80.

anti-CD80 mAb treatment in reducing CD4" T-cell infil-
tration in joints (Fig. 3a). Furthermore, none of the mAb
treatments resulted in statistically significant changes in
joint macrophage accumulation compared to control anti-
body-treated mice (Fig. 3b).

The effect of anti-CD80 and/or anti-CD86 mAb
treatment on splenocyte cytokine production

CD80 and CD86 have been shown to affect the develop-
ment of Thl, Th2 and Th17 cells, and, in turn, Thl, Th2
and Thl7-associated cytokines including IFN-y, IL-4 and
IL-17, respectively, can impact on disease severity in AIA.
Therefore, levels of those cytokines were measured in
supernatants obtained from ex vivo cultured antigen-resti-
mulated splenocytes. Inhibition of CD80 alone did not
affect IL-17 (Fig. 4a) or IFN-y production (Fig. 4b), but
it significantly increased splenocyte production of IL-4
(Fig. 4c). The enhanced splenocyte production of IL-4
correlated with increased circulating levels of IL-4 in mice
treated with anti-CD80 mAb (Fig. 4d). In contrast, block-
ade of CD86 alone or both CD80 and CD86 did not sig-
nificantly affect splenocyte production of IFN-y (Fig. 4b)
or IL-4 (Fig. 4c). However, neutralization of CD86 alone
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Figure 4. The effect of CD80 and/or CD86 inhibition on splenocyte
cytokine production and serum levels of interleukin-4 (IL-4).
Splenocyte IL-17 (a), interferon-y (IFN-y) (b) and IL-4 (c) produc-
tion was measured by enzyme-linked immunosorbent assay (ELISA)
on supernatants collected from splenocytes cultured in the presence
of antigen (methylated bovine serum albumin) for 72 hr. Circulating
levels of IL-4 (d) were measured by ELISA on serum collected at the
end of experiments. Inhibition of CD80 did not affect splenocyte
IL-17 or IFN-y production, but it enhanced splenocyte production
and serum levels of IL-4. Blockade of CD86 or both CD80 and
CD86 did not affect IFN-y or IL-4 production by cultured spleno-
cytes. However, inhibition of CD86 alone significantly suppressed
splenocyte IL-17 production. *P < 0-05 versus control, **P < 0-01
versus control, ***P < 0-001 versus control.

significantly suppressed IL-17 secretion by antigen-
restimulated splenocytes (41% reduction; Fig. 4a). The
combined CD80/86 blockade caused a trend towards
reduced IL-17 production when compared to control
antibody-treated mice (28% reduction; Fig. 4a).
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Figure 5. Circulating antigen-specific antibody levels in control anti-
body-treated mice and mice receiving anti-CD80 and/or anti-CD86
monoclonal antibody (mAb) during the effector phase of antigen-
induced arthritis. Serum levels of total immunoglobulin G (IgG) (a),
IgGl (b) and IgG2a (c) were measured by enzyme-linked immuno-
sorbent assay on serum collected at the end of experiments. None of
the mAb treatments significantly affected circulating antibody levels.
Baseline represents values from sera of non-immunized mice.

The effect of anti-CD80 and/or anti-CD86 mAb
treatment on humoral immunity

CD80 and CD86 have also been shown to play a critical role
in the development of humoral immune responses to vari-
ous antigens. Thus, antigen-specific antibody levels were
measured in serum collected at the end of experiments.
However, none of the mAb treatments significantly affected
circulating levels of mBSA-specific total IgG (Fig. 5a), or
IgG subclasses, IgG1 (Fig. 5b) and IgG2a (Fig. 5¢).

Discussion
The role of CD80 and CD86 costimulatory molecules in

the in vivo effector T-cell responses has not been exten-
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sively investigated. The current studies have examined the
functional role of CD80 and CD86 in the effector phase
of a widely used, CD4" T-cell-dependent animal model of
RA. To investigate the role of these costimulatory mole-
cules in the effector arthritogenic T-cell responses, admin-
istration of inhibitory anti-CD80 and/or anti-CD86 mAb
commenced at disease onset, on the day of intra-articular
injection of mBSA, after the establishment of the immune
response to the immunizing antigen.

Inhibition of CD80 or CD86 during the effector phase
of AIA markedly attenuated signs of joint inflammation
(synovitis and exudation of leucocytes in the joint space)
and damage (cartilage degradation and bone loss). These
results indicate that the presence of both molecules
during the effector arthritogenic immune responses is
required for the full development of disease. No further
additive reduction in arthritis severity was observed
when both CD80 and CD86 were blocked, suggesting
that inhibition of either costimulatory molecule is ade-
quate to obtain maximal disease amelioration. In addi-
tion, no statistically significant differences were observed
in any of the parameters of joint injury measured
between any of the treatment groups, indicating that all
mADb treatments were similarly effective at diminishing
arthritis severity.

Studies using adoptive transfer,”® CD4 depletion®” and
CD4 deficiency® have demonstrated that AIA is critically
dependent on CD4" T cells, while experiments using
B,-microglobulin™~ and p-chain™~ mice have shown that
this model of RA is independent of CD8" T cells and
B cells,” respectively. Macrophages are also implicated in
the pathogenesis of both RA and experimental arthritis
through the production of injurious proinflammatory
cytokines such as TNF-o, IL-1 and IL-6, tissue-degrading
enzymes such as MMPs and reactive oxygen spe-
cies."***** In the current studies, accumulation of CD4"
T cells in joints was significantly decreased by all mAb
treatments, correlating with reduced disease severity.
These results suggest that one of the mechanisms by
which CD80 and CD86 may contribute to joint injury in
AIA is by locally augmenting CD4" T-cell accumulation
in diseased joints. Inhibition of CD86 had a greater effect
in attenuating T-cell accumulation in joints than anti-
CD80 mAb treatment, indicating that CD86 plays a more
important role in local recruitment of pathogenic effector
T cells than CD80. Blockade of CD80 and/or CD86 did
not result in statistically significant reduction in local
macrophage accumulation, indicating that decreased dis-
ease severity in any of the treatment groups cannot be
attributed to alterations in macrophage recruitment.
However, because CD4" T cells are known to activate
macrophages, the possibility that inadequate macrophage
activation as a result of the lack of T cells in joints is con-
tributing to the observed reduction in injury is not
excluded.
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Previous studies have demonstrated that CD80 and
CD86 can play a role in the effector T-cell responses that
cause tissue injury. For example, inhibition of CD80 and
CD86 during the effector phase of crescentic glomerulo-
nephritis significantly decreased glomerular accumulation
of CD4" T cells and macrophages and attenuated renal
injury.*” Similarly, adoptive transfer of sensitized encepha-
litogenic T cells into CD80/86 '~ mice markedly reduced
clinical signs of experimental autoimmune encephalo-
myelitis which was associated with reduced leucocyte
infiltration into the target tissue.*®

It is currently not known what cell types express CD80
and/or CD86 in AIA joints or how these molecules may
locally enhance T-cell accumulation in the tissue, but sev-
eral possibilities exist. CD80 and CD86 are known to be
expressed by professional antigen-presenting cells, but can
also be induced on other cell types such as endothelial
cells by proinflammatory cytokines.”® Therefore, CD80
and/or CD86 might be expressed by professional antigen-
presenting cells including macrophages, B cells and
dendritic cells that are present in diseased joints® or by
resident non-immune cells such as synovial and endothe-
lial cells. Costimulation provided by CD80 and CD86
might enhance the initial infiltration of T cells into joints
by upregulating local expression of adhesion molecules
such as E-selectin, P-selectin and intercellular adhesion
molecule 1 which are present in AIA joints.*”***° CD80/
86 costimulation may alter the expression of chemokines,
such as monocyte chemoattractant protein-1, interferon-
v-inducible protein-10 and macrophage inflammatory
protein-lo, in the joints and/or chemokine receptors
including CCR5 and CXCR3 on effector T cells that
might be important for these cells to migrate into
diseased tissue and mediate disease.>*"

The severity of joint inflammation and damage in AIA
can be affected by various cytokines including Th1-asso-
ciated IFN-y, Th2-related IL-4 and Thl7-associated
IL-17. For example, inhibition of IL-4 during the initia-
tion of AIA exacerbates disease.”® In addition, earlier
experiments suggested that arthritis severity in AIA cor-
relates with the development of Thl responses and IFN-
v p1roduction.27’28 However, two recent studies using
IFN-y™~ mice have shown that IFN-y plays a protective
role in AIA,*> thus challenging previous concepts of
Thl-mediated AIA. On the other hand, recent studies
using neutralizing anti-IL-17 antibody have demonstrated
that IL-17 plays a critical pathogenic role in the progres-
sion of joint inflammation and damage in AIA.*>*!
Numerous studies have demonstrated that CD80 and
CD86 can alter the Th1/Th2 balance and affect disease
outcome.””*"*® In addition, a recent study using mice
that were deficient in both CD80 and CD86 has shown
that these costimulatory molecules play an important
role in the generation of Th17 cells.'> Therefore, IFN-v,
IL-4 and IL-17 release by antigen-restimulated spleno-
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cytes was measured to determine if reduced disease as
the result of the anti-CD80 and/or anti-CD86 mAbD treat-
ments correlated with changes in cytokine production by
effector/memory T cells. Reduced joint injury in mice
treated with anti-CD80 mAb was associated with
increased splenocyte production and circulating levels of
IL-4. This suggests that another potential mechanism by
which CD80 might exacerbate joint injury during the
effector phase of AIA is by attenuating IL-4 production
by effector T cells. Previous evidence has shown that
CD80 can affect IL-4 production by recently activated
CD4" T cells.” It is possible that increased IL-4 produc-
tion is the result of interference with the interaction
between CD80 and CTLA-4 because CD80 preferentially
binds CTLA-4 and signalling through this receptor has
been shown to downregulate Th2 responses.”®®® Inhibi-
tion of IL-4 has previously exacerbated the development
of AIA*® and local or systemic delivery of IL-4 has
resulted in the suppression of joint inflammation and
destruction,®* demonstrating a protective role of IL-4.
The IL-4 may exert its protective anti-inflammatory
effects in the effector phase of AIA through a number of
mechanisms, including (1) downregulation of macro-
phage activation and function,®® (2) inhibition of IL-1B,
IL-6 and TNF-o production,66 (3) attenuation of MMP
production,”” and (4) suppression of neutrophil influx
into join‘[s.68 Furthermore, in the current study, the
potentially protective effect of IL-4 cannot be attributed
to changes in Thl or Th17 development because IFN-y
and IL-17 production by cultured splenocytes was not
affected in mice receiving anti-CD80 mAbD.

In contrast to anti-CD80 mAb treatment, the inhibition
of CD86 alone or of both CD80 and CD86 did not alter
the production of IFN-y or IL-4 by antigen-challenged
splenocytes, indicating that reduced disease severity in
mice receiving anti-CD86 or anti-CD80/86 mAb was not
the result of changes in Thl or Th2 responses. However,
blockade of CD86 alone or both CD80 and CD86 either
significantly reduced or caused a trend towards decreased
IL-17 production, respectively. This suggests that another
mechanism by which CD86 may contribute to disease
pathogenesis in AIA is by upregulating IL-17 production
by effector T cells. Recent studies have demonstrated a
pathogenic role of IL-17 in the development and progres-
sion of joint inflammation and damage in various models
of RA, including AIA, CIA and adjuvant arthritis. 211
Blockade of IL-17 during reactivation of AIA as well as
neutralization of IL-17 in the absence of IFN-v has previ-
ously prevented the progression of disease.””’! IL-17 may
contribute to joint inflammation as well as cartilage and
bone degradation by stimulating various cell types includ-
ing fibroblasts, macrophages, chondrocytes and osteo-
blasts to release proinflammatory cytokines such as IL-1
and TNF, and destructive mediators such as MMPs, as
well as to upregulate the expression of receptor activator
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of nuclear factor-xB ligand (RANKL) thus promoting
osteoclastogenesis.'®

Studies using mice that were deficient in both CD80
and CD86 have shown that these costimulatory molecules
also play an important role in the homeostasis of
CD4" CD25% Treg cells."*** Depletion and adoptive
transfer studies have demonstrated that Treg cells, in
turn, play a suppressive role in joint inflammation and
damage during the onset of AIA.*> In the current study,
however, it is unlikely that the development and/or func-
tion of Treg cells was attenuated as the result of CD80
and/or CD86 blockade because these molecules were
inhibited only during the effector phase of the immune
response and, more importantly, arthritis severity and
accumulation of effector T cells in joints were actually
decreased, rather than increased, by all mAb treatments.

CD80 and CD86 have also been shown to play a critical
role in the development of humoral immune responses to
various antigens by affecting antibody production and
isotype switching.””** However, in the present study,
none of the mAb treatments affected circulating levels of
mBSA-specific total IgG or IgG subclasses, IgGl and
IgG2a. This is most likely because of the inhibition of
CD80 and/or CD86 late in the immune response, after
the establishment of humoral immunity.

The current studies provide evidence that CD80 and
CD86 play a critical pathogenic role in the effector phase
of AIA. In support of our results, inhibition of CD80 and
CD86 after the onset of CIA has also been demonstrated
to be beneficial.*>>* Furthermore, CTLA-4-immuno-
globulin, which blocks both CD80 and CDS86, is currently
being used in clinical trials and has reduced symptoms of
RA.>* The present investigations provide further insight
into the role of CD80 and CD86 during the effector
arthritogenic T-cell responses that induce joint inflamma-
tion and destruction. While inhibition of either CD80 or
CD86 significantly reduced arthritis severity, our results
demonstrate a critical, previously unrecognized role of
CD86, and not CD80, in upregulating effector T-cell pro-
duction of IL-17, a recently discovered cytokine with
increasing importance in the pathogenesis of RA. They
also show that inhibition of CD86 is more effective than
blockade of CD80 in reducing the accumulation of patho-
genic effector T cells in inflamed joints. These results,
together with the majority of evidence demonstrating
higher expression of CD86 than CDS80 in joints of
patients with RA,”>*’ raise the possibility that CD86 may
be a more appealing therapeutic target than CD80 for the
treatment of human RA and may suggest further specific
approaches to fine-tuning costimulation blockade.

In summary, the current studies provide further evi-
dence that CD80 and CD86 play an important in vivo role
during the effector phase of T-cell-mediated immunity.
They demonstrate that both CD80 and CD86 have impor-
tant pathogenic, but distinct, roles in the effector CD4"*
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T-cell responses that induce joint inflammation and dam-
age in AJA. CD80 contributes to arthritis severity by
decreasing systemic levels of the anti-inflammatory cyto-
kine, IL-4, as well as increasing CD4" T-cell accumulation
in joints, without affecting IL-17 production. In contrast,
CD86 promotes joint inflammation and destruction by
upregulating production of IL-17 and enhancing accumu-
lation of pathogenic effector T cells in joints, without
affecting Thl or Th2 development. Furthermore, these
results provide new in vivo evidence demonstrating that
CD80 and CD86 have distinct roles in the regulation of
Th17 function during the effector phase of the immune
response, with CD86, and not CD80, playing a critical role
in the production of IL-17 by effector/memory T cells.
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