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The roles of the c-Jun N-terminal kinases (JNKs) in
inflammatory arthritis have been investigated; how-
ever, the roles of each isotype (ie, JNK1 and JNK2) in
rheumatoid arthritis and conclusions about whether inhi-
bition of one or both is necessary for amelioration of
disease are unclear. By using JNK1- or JNK2-deficient mice
in the collagen-induced arthritis and the KRN T-cell recep-
tor transgenic mouse on C57BL/6 nonobese diabetic (K/
BxN) serum transfer arthritis models, we demonstrate that
JNK1 deficiency results in protection from arthritis, as
judged by clinical score and histological evaluation in both
models of inflammatory arthritis. In contrast, abrogation
of JNK2 exacerbates disease. In collagen-induced arthritis,
the distinct roles of the JNK isotypes can, at least in part, be
explained by altered regulation of CD86 expression in
JNK1- or JNK2-deficient macrophages in response to mi-
crobial products, thereby affecting T-cell-mediated immu-
nity. The protection from K/BxN serum—induced arthritis
in Juk1 ™'~ mice can also be explained by inept macro-
phage function because adoptive transfer of wild-type
macrophages to Juk1 ™'~ mice restored disease suscepti-
bility. Thus, our results provide a possible explanation for
the modest therapeutic effects of broad JNK inhibitors and
suggest that future therapies should selectively target the
JNK1 isoform. (Am J Pathol 2011, 179:1884-1893; DOI:
10.1016/j.ajpath.2011.06.019)
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Rheumatoid arthritis (RA) is a chronic autoimmune dis-
ease that affects multiple joints. RA is characterized by
infiltration of immune cells, inflammation, pannus forma-
tion, and joint destruction. It is generally accepted that
pro-inflammatory cytokines play an important role in the
pathogenesis of RA." However, despite intense investi-
gation, the cause of RA remains unknown.

The mitogen-activated protein kinases known as the
c-Jun N-terminal kinases (JNKs) participate in RA,?
and their role has been investigated in several in vivo
studies.®® The inhibition of JNK by using SP600125,
which prevents both JNK1 and JNK2 activity, in a rat
model of adjuvant arthritis resulted in a modest de-
crease in paw swelling and inflammation but showed a
significant inhibition of radiographical damage.® The
influence of JNK2 was investigated in passive colla-
gen-induced arthritis  (CIA) using JNK2-deficient
mice.? In this study, the severity of arthritis was slightly
increased in the JNK2-deficient animals, whereas the
degree of synovial inflammation was comparable to
that in wild-type (wt) mice. The influence of JNK1 was
investigated in yet another model of autoimmune in-
flammation, tumor necrosis factor (TNF)-a—mediated
inflammatory joint disease.® Results from this study
suggested that JNK1 is not required for TNF-a—medi-
ated arthritis. However, none of these studies has com-
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pared JNK1- with JNK2-deficient animals in the same
model of inflammatory arthritis. Thus, the conclusion
from these studies about whether selective inhibition of
one isoform or nonselective inhibition of JNK1 and
JNK2 is required for major blockade of inflammatory
arthritis calls for speculation. Recently, however, Guma
and coworkers®’ have suggested that JNK1, but not
JNK2, is critical for the induction of antibody-induced
arthritis (AIA) and serum-induced arthritis; they spec-
ulate that this is due to diminished macrophage migra-
tion in the AIA model and mast cell degranulation and
cytokine production in the serum-induced arthritis
model.

In the present study, we chose two well-defined
mouse models of inflammatory arthritis, CIA and the
KRN T-cell receptor transgenic mouse on C57BL/6 X
nonobese diabetic (K/BxN) serum transfer model, to
directly compare the importance of JNK1 with JNK2
during the autoimmune initiation phase and the T-cell-
independent effector phase of experimental arthritis,
respectively.

CIA is an autoimmune disease of the joints requiring
both T- and B-cell immunity to type Il collagen and
macrophages for disease manifestation.® Although T
cells play a prominent role in classic CIA, the primary
mechanism for the immunopathogenesis seems to be
autoantibodies to type Il collagen that subsequently
bind to the joint cartilage and activate the complement
system.® This model was originally described for ge-
netically susceptible strains bearing the major histo-
compatibility complex (MHC) haplotypes H-29 or H-2",
respectively (ie, DBA/1, B10.Q and B10.RIlIl). Recently,
an altered protocol for the development of CIA in H-2°—
bearing C57BL/6 mice was described.'® This disease
resembles classic CIA both clinically and histologically
and requires CD4* T and B cells for development.
Interestingly, CIA in B6 mice is milder but more
chronic, with a more pronounced and persistent T-cell
response, compared with classic CIA in DBA/1 mice.""
The K/BxN model of serum-induced arthritis is inde-
pendent of both B and T cells, external antigen, and
adjuvant for disease development.'? Thus, this serum
transfer system allows us to focus on the inflammatory
effector phase of disease, without the complicating
influences of the autoimmune initiation phase. By using
these models, we provide evidence showing that JNK1
is required for the initiation and effector phases of
inflammatory arthritis, whereas deficiency in JNK2 ex-
acerbates the clinical signs of the inflammatory re-
sponse.

Materials and Methods
Mice

All mice were bred and maintained in the animal facility of
the Panum Institute, University of Copenhagen, Copen-
hagen, Denmark. Jnk71~'~ and Jnk2~'~ mice were previ-
ously described''* and were backcrossed to C57BL/6
mice for at least eight generations. KRN T-cell receptor
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transgenic mice have also been described.'™ These
studies have been reviewed and approved by the local
ethical committee.

CIA Model

The initiation of CIA in C57BL/6 mice has been previously
described. ' Briefly, Complete Freund’s Adjuvant (CFA)
was prepared in our laboratory by dissolving 100 mg of
heat-killed tuberculosis (H37Ra; Difco Laboratories, De-
troit, MI) in 20 mL IFA (incomplete Freund’s adjuvant)
(Sigma, St Louis, MO). A 2 mg/mL chick type Il collagen
preparation (Sigma) was dissolved in 10 mmol/L acetic
acid by gentle agitation overnight at 4°C and then emul-
sified with an equal volume of CFA. Mice were injected
intradermally into the base of the tail with a total volume of
100-uL emulsion containing 100 ng collagen type I (ClI)
and 250 pg of Mycobacterium tuberculosis. Booster im-
munizations were given 21 days later. To quantify the
intensity of CIA, each animal was assessed for redness
and swelling of limbs and assigned a clinical score three
times per week. The score was composed of the sum of
involvement of each limb. The scale for each limb was as
follows: 0, no clinical symptoms; 1, slight swelling; 2,
extensive swelling; and 3, joint distortion and/or rigidity.
The maximum score per mouse was 12.

Histological Assessment of CIA

When sacrificed, the limbs of the mice were removed,
fixed in 10% formalin, and decalcified in EDTA. Paraffin-
embedded sections were stained with Mayer's H&E.®
The severity of arthritis was blindly evaluated using three
parameters: infiltration of monomorphonuclear and poly-
morphonuclear cells, hyperplasia of the synovium, and
bone destruction. Each parameter was scored on a scale
from O to 3, as follows: 0, absent; 1, weak; 2, moderate;
and 3, severe.

Serum-Induced Arthritis

Serum samples were collected from K/BxN mice, aged 1
to 3 months, and pooled. wt, Jnk1~/~, and Jnk2~/~ male
mice were injected i.p. with 200 plL of serum on days O
and 2.7 The development of arthritis was assessed by
caliper (Mitotoyo, Tokyo, Japan), with ankle thickening
defined as the difference in the ankle thickness from the
day 0 measure. A clinical index was evaluated for each
paw, according to the following criteria: 0, normal; 0.5,
mild swelling of the paws or a few digits affected; and 1.0,
clear inflammation in the ankle or joint. The score of the
mice was evaluated blindly.

Generation of BMMs

The bone marrow macrophages (BMMs) obtained from
wt Jnk1~/~ and Jnk2~'~ mice were cultured for 6 days in
Dulbecco’s modified Eagle’s medium (Sigma), supple-
mented with 25% (v/v) fetal bovine serum and 25% (v/v)
L929 cell-conditioned media. The cells were synchro-
nized by culture with 10% fetal bovine serum for 24 hours.
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Adoptive Transfer of BMMs

The BMMs were isolated from wt donor mice and differ-
entiated as previously described. On days -1, 2, and 4,
1 X 10° macrophages were injected into the tail vein of
Jnk1~/~ recipient mice. wt, Jnk7~/~, and Jnk1~/~ BMM
recipient male mice were injected i.p. with 200 uL of
serum on days 0 and 2.

Enzyme-Linked Immunosorbent Assay for
ClI-Specific Antibodies

Serum was isolated from individual animals and stored at
—80°C. The concentration of total anti-Cll-specific IgG
was determined according to the manufacturer’s instruc-
tions (MD Biosciences GmbH, Zlrich, Switzerland). For
Cll-specific IgG1 and IgG2a determinations, 2 ug/mL of
Cll was diluted in Tris-NaCl (pH 7.4) and used for over-
night coating of enzyme-linked immunosorbent assay
plates (Nunc, Roskilde, Denmark). Serum samples were
diluted 1:10,000 and incubated for 1 hour at room tem-
perature. After washing, the plates were incubated for 1
hour at room temperature with horseradish peroxidase-
conjugated IgG1 (Bethyl Laboratories, Inc., Montgomery,
TX), diluted 1:50,000, or horseradish peroxidase—conju-
gated goat anti-mouse IgG2a (Bethyl Laboratories, Inc.),
diluted 1:30,000. The reaction was developed with TMB
for 1 hour and discontinued with H,SO,. The absorbance
was measured at 450 nm in an enzyme-linked immu-
nosorbent assay reader.

Quantitative PCR

Total RNA was isolated from macrophages as previously
described.'® Quantitative RT-PCR analysis was per-
formed using the SYBR Green PCR Master Mix kit, ac-
cording to the manufacturer's recommendations (Strat-
agene, AH Diagnostics, Aarhus, Denmark) using the
following primers: TNF-a, 5'-GCACAGAAAGCATGAC-
CCG-3" (forward) and 5-GCCCCCCATCTTTTGGG-3'
(reverse) (annealing temperature, 58°C); IL-1B, 5'-
CAACCAACAAGTGATATTCTCCATG-3' (forward) and 5'-
GATCCACACTCTCCAGCTGCA-3' (reverse) (annealing tem-
perature, 61°C); and IL-10, 5’-GGTTGCCAAGCCTTA-
TCGGA-3' (forward) and 5'-ACCTGCTCCACTGCCTT-
GCT-3' (reverse) (annealing temperature, 60°C). All prim-
ers were from DNA Technology (Risskov, Denmark). The
PCR was initiated with 95°C for 10 minutes, and the PCR
cycling conditions were as follows: 95°C for 30 seconds,
the previously mentioned specific annealing temperature
for 1 minute, and 72°C for 30 seconds for 40 cycles. The
quantitative PCR values were normalized using a specific
cDNA standard curve obtained using known amounts of
cDNA. TNF-q, IL-1B, and IL-10 were then normalized to
glyceraldehyde-3-phophate dehydrogenase.

Flow Cytometry

Cells were stained with fluorochrome-conjugated primary
antibodies (Abs) for 30 minutes at 4°C in PBS containing
0.5% bovine serum albumin, washed twice, acquired on

an FACSCalibur flow cytometer (BD Biosciences, Broen-
dby, Denmark) and analyzed with FlowJo Software (Tree
Star, OR), or acquired on a BD LSR Il flow cytometer (BD
Biosciences) and analyzed with BD FACSDiva software.
Abs against F4/80, CD86, and I-EX were obtained from
Pharmingen (Leiden, The Netherlands), whereas Abs
against CD4 and 7-aminoactinomycin D (7-AAD) were
obtained from BD Biosciences.

Western Blot Analysis

Whole cell lysate was resolved by SDS-PAGE and electro-
blotted onto nitrocellulose membranes. The membranes
were incubated with primary antibodies in 5% nonfat milk
overnight at 4°C and secondary antibodies for 1 hour at
room temperature. The electrochemiluminescence detec-
tion method was used for all Western blot experiments.

DTH Model

wt, Jnk1~/~, and Jnk2~'~ mice were sensitized on day 0,
as described for CIA. On day 17, delayed-type hyper-
sensitivity (DTH) responses were induced intradermally in
the right ear by injection of 10 ug Cll in 2.5 mmol/L acetic acid.
Vehicle, 20 ul, was injected in the left ear as a control. Ear
thickness was measured using a micrometer before and 18,
24, and 48 hours after challenge with antigen.

Cutaneous Contact Hypersensitivity Model

On days 0 and 1, shaved dorsal skins of mice were
painted with 0.5% 2,4-dinitrofluorobenzene (DNFB) in
25-ulL acetone. On day 5, the right ear was challenged
with 0.25% DNFB and the left ear was painted with vehi-
cle (acetone). Ear thickness to the first cartilage ridge
was measured 24 hours later. To account for acute hap-
ten-induced irritation, background swelling was mea-
sured in parallel with that of nonsensitized mice. Specific
ear swelling was calculated as follows: (treated ear thick-
ness — control ear thickness) — background swelling.

T-Cell Proliferation Assay

The RAW 264.7 murine macrophage cell line from Amer-
ican Type Culture Collection (Manassas, VA) was cul-
tured in Dulbecco’s modified Eagle’s medium (Sigma) for
24 hours before treatment with 25 umol/L SP600125 JNK
inhibitor (Sigma) (concentration determined in preceding
trials) or dimethylsulfoxide (control) for 2 hours before
stimulation with lipopolysaccharide (LPS; 1 wg/mL) for 24
hours. After LPS stimulation, the cells were treated for 30
minutes at 37°C with mitomycin C (Sigma), washed 5
times in ice-cold PBS, and cultured in a 96-well plate with
30,000 cells/well in RPMI 1640 medium supplemented
with 10% fetal bovine serum, 1% GlutaMax (Invitrogen,
Hellerup, Denmark), and 1% penicillin-streptomycin.
Primary T cells were isolated from the spleen of 6- to
8-week-old C57BL/6JBom mice using negative selec-
tion (EasySep Mouse T Cell Enrichment Kit; StemCell
Technologies, Grenoble, France), according to the



>

owt e Jnki” adnk2”- B

Mean arthritic score
o = M o & ;o>

T T T T T
30 40 50 60 70 30 40 50 60 70
Days after immunization Days after immunization

Figure 1. /nk1™/~ mice are resistant to CIA, whereas /nk2 '~ mice are
highly susceptible. A: Clinical arthritis scores. B: Cumulative incidence of
arthritis in wt, /nk1~’~, and Jnk2™/~ mice with CIA. The severity of arthritis
was evaluated using a scoring system, as described in Materials and Methods.
Results are presented as the mean = SD. *P < 0.05 (1 = 20 for Jnkl /",
n = 10 for /nk2~/~, and n = 15 for wt).

manufacturer’s protocol. The T cells were then labeled
with 1 wmol/L carboxyfluorescein diacetate succinimyl
ester (Molecular Probes; Invitrogen) for 10 minutes at
37°C, resuspended in 10X ice-cold PBS/10% fetal bo-
vine serum, and incubated on ice for 5 minutes. Next,
100,000 T cells/well were co-cultured with mitomycin
C-treated RAW 264.7 cells, supplemented with 0.3
ng/mL anti-mouse CD3e Abs (eBioscience, San Diego,
CA) and 10 ng/mL murine recombinant IL-2 (R&D Sys-
tems, Minneapolis, MN). Assessment of proliferation
was judged after 96 hours using flow cytometry.

Statistics

Quantitative data are expressed as the mean * SEM if
nothing else is stated in the figure legend. Significance
analysis was performed using the Student’s t-test or the
U-test. All results were compared with wt mice with the
exception of the BMM reconstitution experiment in which
Jnk1~'~ mice reconstituted with wt BMMs were com-
pared with Jnk1 ™/~ mice.

Results
Jnk1~"~ Mice Are Resistant to CIA

To examine the role of JNK1 and JNK2 in a model of
chronic autoinflammatory arthritis, C57BL/6 mice defi-
cient for either JNK1 or JNK2 were compared with wt
mice for incidence and severity of CIA, induced by intra-
dermal injection of Cll in CFA, followed by a boost injec-
tion 21 days later. Of wt mice, 67% (n = 15) developed
arthritis, with a clinical score of 3.3 = 1.2 at termination of
the experiment (day 70 after immunization). JNK1-deficient
mice (n = 20) were almost completely protected from CIA,
although 15% (3/20) of the JNK1-deficient mice developed
weak arthritis, with a score of 0.3 = 0.5. In contrast, JNK2-
deficient mice were highly susceptible to CIA, and all of
these mice (n = 10) developed severe arthritis, showing a
clinical score of 5.4 + 1.3 at day 70 (Figure 1).
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Histological Analysis Confirms the Lack of
Inflammation in Joints from JNK1-Deficient Mice

To confirm the clinical analysis, H&E-stained sections of
joints from wt, JNK1- deficient, and JNK2-deficient mice
underwent histological examination. Joints from wt and
Jnk2~/~ mice showed severe inflammation and tissue
destruction, with extensive hyperplasia of the synovium
(Figure 2, A and B). However, although the arthritic score
observed in Jnk2~/~ mice was significantly higher com-
pared with wt mice during the last 20 days of the disease
course, no difference in histological analysis, including
bone destruction, hyperplasia of the synovium, or infiltration
of inflammatory cells, was detected between the groups.
In contrast, joints from Jnk71~/~ mice appeared normal
and no (or minimal) tissue destruction and infiltration of
inflammatory cells was observed (Figure 2, A and B).

Altered Humoral Immunity in Response to Cll in
JNKT- and JNK2-Deficient Mice

CIA is dependent on both humoral and cellular immu-
nity.'® To establish a possible explanation for the diver-
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Figure 2. Histological analysis confirms the lack of inflammation in joints
from Jnk1™’~ mice with CIA. A: Representative H&E-stained sections from
hind paws of wt, Juk1™/~, and Jnk2™’~ mice obtained at day 70 after
immunization. There was absent or minimal inflammation in the Jnki1™’~
section. B: The severity of arthritis was histologically evaluated using the
following parameters: bone destruction, hyperplasia of the synovium, and
infiltration of monomorphonuclear and polymorphonuclear cells. Each
parameter was scored as described in Materials and Methods. *P < 0.05
(n = 10).
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Figure 3. Altered humoral immunity in re-
sponse to CII in jnk1™’~ and Jnk2 /™ mice with
CIA indicates a substantial Th1 response in the
JNK2-deficient mice. A: Total Cll-specific 1gG
serum levels in wt, /uk1 /", and Jnk2 /" mice
on day 30 after immunization. IgG1l (B) and
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IgG2a (C) levels in wt, Jnki1™’ " and Jnk2~~
mice were measured on day 30 after immuniza-
tion. *P < 0.05 (n = 10).
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gent roles of JNK1 and JNK2 observed during the pro-
gression of CIA, we compared the expression levels of
Cll-specific IgG between wt, Jnk7~/~, and Jnk2~/~ mice
during the disease course. As expected, Jnk7 /'~ mice
showed dramatically reduced levels of total IgG com-
pared with wt mice at days 30 and 70 after the first
immunization (Figure 3A and data not shown, respec-
tively). Surprisingly, the total IgG response in Jnk2 ™/~
mice was also significantly reduced, although not to the
same extent as observed in serum from Jnk7~/~ mice,
compared with that in wt mice at both time points studied.

To assess the IgG subclass composition of the Ab
response, we measured the levels of the Cll-specific
IgG1 and IgG2a isotypes in serum on day 30 after the first
immunization. wt mice generated substantial Cll-specific
IgG1 and IgG2a titers, and the ratio of 1IgG2a/lgG1 was
1.7 (Figure 3B). In contrast, the titers of IgG1 and IgG2a
in serum from Jnk1~/~ mice were marginal compared
with wt serum with an 1gG2a/IgG1 ratio of 5.0. Interest-
ingly, although Jnk2~/~ mice showed significantly re-
duced IgG1 titers compared with wt mice, the levels of
Cll-specific IgG2a were significantly increased, revealing
an 1gG2a/lgG1 ratio of 11.1 (Figure 3B), strongly sug-
gesting a predominant type 1 helper T cell (Th1) immune
response.

Altered Cellular Immunity in JNK-Deficient Mice

To investigate the importance of JNK1 and JNK2 for the
generation of T-cell-mediated immunity, we induced DTH
responses by immunizing the mice intradermally with ClI
in CFA, followed by intradermal challenge in the ear using
CII without the adjuvant 12 days later. At 24 hours after
challenge, wt and Jnk2/~ mice showed a strong re-
sponse, with 50% and 75% ear swelling, respectively. In
contrast, Jnk1~’~ mice were almost unresponsive (<10%
ear swelling) (Figure 4A). Next, we wanted to investigate
whether the lack of response in Jnk7~/~ mice was directly
related to a deficient T-cell response or if this might be
due to an inability of myeloid cells (ie, macrophages
and/or dendritic cells) to respond to microbial products
present in CFA. We addressed this by challenging wt,
Jnk1~/~, and Jnk2~/~ mice in an alternative model of
DTH that is independent of CFA. Thus, we assessed
cutaneous contact hypersensitivity in animals using
DNFB, which generates a specific cutaneous T-cell-me-
diated allergic response on repeated allergen contact.?®
Similar to what we observed using Cll, Jnk2~/~ mice
showed a strong response to DNFB 24 hours after chal-
lenge. However, although the response in JNK2-deficient

wt Jnk17 unkz~

mice was significantly increased compared with wt mice,
there was no difference in ear swelling between wt and
Jnk1~/~ mice (Figure 4B). Thus, although there is an
alteration in cellular immunity in Jnk7~/~ mice when CFA
is used for immunization, this is not the case in the ab-
sence of the adjuvant, suggesting that JNK1-deficient
antigen-presenting cells might have an inadequate ca-
pability to respond to certain microbial agents.

In addition, because IL-17 produced by inflammatory
Th17 may be involved in the pathogenesis of RA and in
CIA2" we wanted to explore the ability of JNK1- and
JNK2-deficient T cells to differentiate into IL-17—produc-
ing effector cells. Thus, we purified naive CD4*CD62L"
T cells from wt, Jnk7~/~, and Jnk2~/~ mice and differen-
tiated them in the presence of wt activated protein C,
anti-CDS3, transforming growth factor-g, and IL-6. Five
days after stimulation, the T cells were restimulated with
phorbol 12-myristate 13-acetate (PMA) and ionomycin
and subjected to intracellular fluroscence-activated cell
sorting (FACS) staining for the expression of IL-17. Al-
though wt T cells produced significant amounts of IL-17
when restimulated, the amount of 1L-17 produced from
JNK1- and JNK2-deficient T cells was even higher (see
Supplemental Figure S1 at http.//ajp.amjpathol.org).

Failure of Jnk1~'~ Macrophages to
Up-Regulate Costimulatory Molecules

To investigate whether antigen presenting cells (APC)
from Jnk1~/~ mice had a distorted capability to provide
efficient stimulation for cellular immunity to occur, we
generated BMMs from wt, Jnk1~/~, and Jnk2~/~ mice
and stimulated them with the bacterial cell wall protein

A DTHCII B DTH DNFB
75
100 .

8 2 50
. =
c 60
$ 1t : | T
@ 40 R 25
=

Y
o

o 1 :

wt Jnk1~ Jnk27- wt Jnk 1/ Jnk2?-

Figure 4. Altered cellular immunity in JNK-deficient mice. A: DTH response
in wt, /nk1™’~, and Jnk2 '~ mice 24 hours after challenge with CII. B: The
results at 24 hours after challenge with DNFB, suggesting a deficiency in the
ability of Jnk1™/~ antigen-presenting cells in responding to certain microbial
products. Antigen-induced ear swelling is presented as the percentage in-
crease in ear thickness of the stimulated ear compared with the control ear.
*P < 0.05, *P < 0.01 (n =7 for CIl and n = 6 for DNFB).
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LPS. Similar numbers of BMMs were generated from wt,
Jnk1~/~, and Jnk2~'~ bone marrow, and no difference in
the expression level (mean fluorescence intensity) of F4/
80, MHC 1I, or CD80 was detected between the groups
(Figure 5A). Moreover, JNK has phosphorylated the PU.1
transcription factor, which is critical for differentiation of
macrophages and is required for the expression of the
macrophage colony-stimulating factor receptor (CSF-
1R).22 However, we observed no difference in the ex-
pression levels of PU.1 or the CSF-1R in wt and Jnk? /'~
BMMs (Figure 5D). We also did not detect differences in
the expression levels of CSF-1R or the ability of JNK1-
deficient BMMs to phosphorylate PU.1 in response to
LPS (Figure 5D). LPS stimulation has previously induced
a rapid down-regulation of the CSF-1R in macro-
phages.?® Accordingly, LPS treatment of BMMs for 45
minutes induced a marked down-regulation of the CSF-
1R, and no difference was detected between wt and
JNK1-deficient BMMs. Collectively, these data suggest
that JNK1 or JNK2 is sufficient for macrophage differen-
tiation and maturation.

When wt BMM was stimulated with LPS for 24 hours,
the expression levels (mean fluorescence intensity) of

MHC Il and CD86 increased by 212% and 237%, respec-
tively (Figure 5B). In Jnk2~/~ BMMs, these numbers were
even more pronounced (290% and 362%, respectively).
In contrast, although Jnk7~/~ BMMs were able to up-
regulate MHC Il to similar levels as wt mice (258%), a
comparably modest increase in CD86 expression (99%)
was observed (Figure 5B). We also analyzed the expres-
sion of CD86 after stimulation of wt and JNK1-deficient
BMMs with mycobacterium. Similar to what we observed
using LPS, although not as pronounced, mycobacterium
induced a significant up-regulation of CD86 in wt BMMs
(117%), whereas the increase in expression was modest
in JNK1-deficient macrophages (43%) (data not shown).
These results suggest that JNK1-deficient macrophages
have an inferior costimulatory capacity compared with wt
and Jnk2 /= macrophages and might be of particular
importance because CD86 has been the prominent co-
stimulatory molecule required for efficient activation of
naive CD4™ T cells in vivo.?* To validate these results, we
cultured a murine macrophage cell line (ie, RAW 264.7
cells) and pretreated the cells with the specific JNK in-
hibitor SP600125 for 1 hour before stimulation for 24
hours with 1 ug/mL LPS. Hereafter, the cells were stained
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with CD86 Abs and run on a flow cytometer. A dose-
dependent down-regulation of CD86 was shown (see
Supplemental Figure S2 at http.//ajp.amjpathol.org). Next,
we made a co-culture of RAW cells and primary T cells to
determine whether SP600125-treated RAW cells were
able to activate primary naive CD4™ T cells. The results
are shown in Figure 5E. As judged by the percentage of
dividing cells, the SP600125-pretreated RAW cells failed
to induce significant activation of CD4* T cells compared
with control-treated RAW cells (30.5% versus 76.8% di-
viding cells). Furthermore, although the CD4™ cells acti-
vated by control-treated RAW cells went through at least
three cell divisions, only a few of the CD4™ cells cultured
with SP600125-treated RAW cells completed one cell
cycle; most of them never divided.

Next, we evaluated the ability of BMMs from wt,
Jnk1~/~, and Jnk2~/~ mice to produce cytokines in re-
sponse to LPS. Although the lack of JNK1 did not seem to
affect the production of any of the cytokines investigated
(ie, TNF-q, IL-1, IL-10, and IL-6; Figure 5C and data not
shown), lack of JNK2 resulted in a significant increase in
TNF-a production. Thus, although JNK1 deficiency ap-
pears to have a negative effect on the costimulatory ca-
pacity in macrophages, lack of JNK2 provides more ef-
ficient costimulation and increases the production of the
pro-inflammatory cytokine TNF-« in response to LPS.

Divergent Roles of INKT and JNK2 in the
Development of Serum-Induced Arthritis

To determine the role of the JNK signaling pathway in the
effector phase of arthritis, we used the serum transfer
model of inflammatory arthritis (K/BxN). This model is
independent of both B and T cells and does not require
adjuvants for the development of arthritis.'® After serum
transfer, wt and Jnk2~/~ mice displayed marked physical
inflammation, as judged by clinical score and ankle swell-
ing. The development of inflammatory arthritis in JNK2-
deficient animals was significantly more rapid and se-
vere compared with the wt control (P < 0.001 at days
5 through 9, as judged by & ankle thickness, and P <
0.05 at days 3 through 8, as judged by clinical score;
Figure 6A).

In contrast, Jnk7~/~ mice developed weak arthritis
compared with wt animals (P < 0.05 at days 10 through
22, as judged by & ankle thickness, and P < 0.005 at
days 10 through 20, as judged by clinical score). Al-
though we could not detect a deficiency in the develop-
ment and maturation of BMMs from Jnk?~/~ mice, their
inability to up-regulate CD86 in response to LPS sug-
gests that JNK1-deficient macrophages are dysfunc-
tional, at least in some aspects.

To further investigate whether the modest inflammatory
response observed in JNK1-deficient mice could be due
to inefficient macrophage function, we adoptively trans-
ferred wt BMMs to Jnk7~/~ mice before the administra-
tion of K/BxN serum. This approach resulted in a signifi-
cant increase in clinical score (P < 0.05 at days 5, 9, and
11; Figure 6B). An increase in ankle thickness was also
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Figure 6. Divergent roles of JNK1 and JNK2 in the development of serum-
induced arthritis. Clinical arthritis in wt, /nk?™’~, and Jnk2™/~ mice after
injection of K/BxN serum i.p., as described in Materials and Methods. A: The
mice were assessed for arthritis development by clinical index score and
ankle thickness. B: wt BMMs were grown in culture, as described in Materials
and Methods, and i.v. injected via tail vein into /nk1™’~ mice 1 day before
and 1 and 3 days after serum transfer. The values represent the mean * SEM.
*P < 0.05 compared with A (wt mice) or B (mice not receiving BMMs under
parallel conditions).

observed, although this was only significant at day 5 after
serum transfer (Figure 6B).

Discussion

In this study, we have shown distinct roles for JNK1 and
JNK2 in two separate mouse models of RA. Although
JNK1 is critically required and able to substitute for lack
of JNK2 in the initiation and effector phase of inflamma-
tory arthritis and even exacerbate clinical signs of arthri-
tis, JNK2 does not possess these abilities. An important
function for JNK during inflammatory arthritis appears to
be control of innate immunity through macrophage acti-
vation and cytokine production.

The role of the JNK kinases, in inflammatory arthritis
using JNK2-deficient mice and JNK-specific inhibitors
(ie, SP600125, recognizing both JNK1 and JNK2), has
been previously addressed.®* Blocking JNK1 and JNK2
using SP600125 in a rat model of adjuvant-mediated
arthritis had a notable effect on inhibition of radiographi-
cal damage through inhibition of matrix-destroying met-
alloproteinases. This was confirmed in JNK1- and JNK2-
deficient mouse synovial cell lines, although JNK2
seemed to be the relatively more important isotype for
matrix-destroying metalloproteinase production. In con-
trast, chemical inhibition of both JNK1 and JNK2 in this
model had a modest effect on the inflammatory response,
as judged by paw swelling.® In an additional study,*
using JNK2 knockout mice and a mouse model for pas-
sive CIA, the same group showed enhanced clinical ar-
thritis in JNK2-deficient mice compared with the wt con-
trol, although synovial inflammation did not differ and
cartilage and bone destruction levels were slightly better
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in JNK2-deficient mice compared with wt mice. In con-
trast, in a study® of TNF-a—mediated joint disease, knock-
out of Jnk1 did not change the disease course, as judged
by clinical and histological features. Recently, Guma and
coworkers®’ showed reduced disease severity in
Jnk1~/~ mice in two separate models of AIA when com-
paring mice deficient in JNK1 and JNK2 with wt animals.

We show that JNK1-deficient mice are almost com-
pletely protected from CIA, whereas JNK2-deficient mice
developed more severe clinical signs of arthritis, with a
higher incidence compared with wt mice. This is opposite
of the results reported for the Jnk7~/~ hTNFtg mouse;
however, the TNF-a overexpression model does not in-
volve the autoimmune disease phase and this may ex-
plain the differing results in the models.® Thus, it seems
likely that, although inhibition of both JNK1 and JNK2 is
required for inhibition of matrix-destroying metalloprotei-
nases from synovial cells during the effector phase of
arthritis, the two isotypes have different roles in other
aspects of the inflammatory response: JNK1 and JNK2
isoforms may compete for substrates and, although JNK1
is able to compensate for lack of JNK2 by up-regulating
its activity, JNK2 is not able to do the same, producing
apparent opposing phenotypes of the JNK1- and JNK2-
deficient mice.®® The study® of JNK1-deficient hTNFtg
mice is in favor of this theory, in which the number of cells
expressing phosphorylated JNK was significantly re-
duced in Jnk1~/~ hTNFtg mice compared with Jnk7*/*
hTNFtg mice. However, a difference in phosphorylation of
cJun within the synovial membrane could not be de-
tected. Likewise, JNK2 was equally expressed in the
synovial tissue, indicating that JNK2 was able to phos-
phorylate cdun in vivo. Indeed, in vitro studies of Jaeschke
et al®® did show that JNK2 is able to phosphorylate cJun;
however, its function is redundant compared with JNK1.
Thus, lack of JNK1 may result in attenuation of inflamma-
tory disease because of a reduced ability of JNK2 to
efficiently phosphorylate its substrates compared with
JNK1. Alternatively, JNK1 and JNK2 may have opposing
effects under certain conditions.

JNK has previously been involved in T-cell activation
and differentiation.’®'#2¢ Although JNK2 was required
for sufficient interferon-y production to induce Th1 differ-
entiation,’*2® inhibition of JNK1 results in preferential
differentiation to Th2 cells, through enhanced production
of Th2 cytokines, leading to an inability to heal skin le-
sions on Leshmania infection.?”

In CIA, mycobacterium adjuvant (ie, CFA) induces a
strong immune response, leading to a cytokine environ-
ment favoring antigen-specific Th1 differentiation.?® This
suggested that JNK1 deficiency, through enhanced Th2
cytokine production, might offer protection against CIA.
In our studies, JNK1-deficient mice were protected from
CIA. However, the minimal Cll-specific 1gG levels sug-
gested that no functional T-cell response is generated in
Jnk1~'~ mice. Surprisingly, the total Cll-specific IgG lev-
els in Jnk2~'~ mice were also lower compared with wt
mice, although not to the same extent as in Jnk7~/~ mice.
More important, the 1gG2a/lgG1 ratio in serum from
Jnk2~'~ mice was sevenfold higher compared with what
we observed in wt mice and the level of IgG2a alone was
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significantly higher than in wt mice (Figure 3B). In the
Jnk1~/~ mice, the IgG2a/lgG1 ratio in serum was three-
fold higher than in wt mice, but the level of IgG2a alone
was significantly reduced compared with Jnk2~/~ and wt
mice. This indicates a relative dominance of Th1 cyto-
kines compared with wt mice in both Jnk7~/~ and
Jnk2~'~ mice, which is opposite to what other stud-
ies'®' have shown. However, because mycobacterium
in CFA has induced a Th1 response, ' it seems possible
that, under the existing experimental conditions, the T
cells were able to differentiate into Th1 cells in the
Jnk2~'~ and Jnk1~'~ mice, although this was less pro-
nounced for Jnk1~/~ mice, in agreement with the sub-
stantial Th2 response seen in other studies.'® Further-
more, because the severity of CIA is positively correlated
with the IgG autoantibody response to Cll in general®®
and the predominance of autoreactive IgG2a Abs in par-
ticular,®° this could, at least partly, explain the resistance
to CIA in Jnk1~/~ mice and the enhanced severity of
arthritis observed in Jnk2™/~ mice compared with wt
mice. Furthermore, we show that Jnk7~/~ mice are able
to generate a functional T-cell-mediated immune re-
sponse against DNFB in a model of cutaneous contact
hypersensitivity that is independent of an adjuvant (ie,
CFA) and that JNK1-deficient T cells are able to differen-
tiate into IL-17—producing effector cells. These data are in
agreement with observations of comparable T-cell prolif-
eration in Jnk1~'~ and Jnk2~/~ mice in the AIA model’
and collectively suggest that the protective effect of INK1
inhibition is dependent on an inability of Jnk1 /" antigen-
presenting cells to respond to certain microbial agents,
rather than insufficiency of cell-mediated immunity in
Jnk1~/~ mice. A recent study®' has proposed that JNK1
activity is induced in myeloid cells in response to micro-
bial pathogens and shows that Jnk7~/~ mice are almost
completely protected from the induction of experimental
autoimmune encephalomyelitis. In addition, the migration
of macrophages was impaired in the AIA model.” Mac-
rophages are required for CIA and have been the primary
antigen-presenting cells in the immune response toward
type Il collagen.®2-34

Both JNK1 and JNK2 are constitutively expressed in
macrophages, and a recent study,®® using chemical in-
hibition of all JNK isoforms, has suggested that JNK
signaling is required for differentiation of the monocyte/
macrophage lineage, expression of the CSF-1R, and
phosphorylation of the PU.1 transcription factor, which is
important for development of the monocyte/macrophage
lineage.?#3%37 We show that JNK1 (or JNK2) is sufficient
for differentiation of the monocyte/macrophage lineage,
expression of the CSF-1R, and phosphorylation of the
PU.1 transcription factor. However, JNK1-deficient mac-
rophages challenged with microbial pathogens (eg, LPS
or mycobacterium) demonstrate dramatically reduced
CD86 expression compared with wt macrophages. In line
with this result, the murine macrophage cell line RAW
264.7 showed dose-dependent down-regulation of CD86
and could not stimulate primary murine naive CD4" T
cells to divide when treated with a JNK inhibitor. In con-
trast, JNK2-deficient macrophages demonstrated a sig-
nificant increase in CD86 expression compared with wt.
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Thus, JNK1 is important for adjuvant induced up-regula-
tion of B7 costimulation on macrophages, whereas the
role for JNK2 is inferior or possibly converse. One previ-
ous study?® has addressed the relative importance of the
JNK isoforms for expression of B7 on macrophages in
response to LPS. However, in this study, inhibition of
JNK1 or JNK2 by the respective small-interfering RNA
had a similar, but weak, inhibitory effect on expression of
CD80, which possibly can be explained by lack of com-
plete inhibition.

LPS acts primarily on toll-like receptor 4 on macro-
phages to activate JNK,*°~*" and JNK has, in addition to
regulation of costimulation, been involved in LPS-medi-
ated expression of chemokines and cytokines (ie, TNF-«
and IL-1) in macrophages.*®*® In our study, JNK1-defi-
cient and wt BMMs produced similar levels of the pro-
inflammatory cytokines, TNF-a and IL-1, in response to
LPS, whereas JNK2-deficient BMMs produced markedly
elevated levels of TNF-a and lower levels of IL-10 com-
pared with wt BMMs. These results correlate with a pre-
vious study demonstrating similar levels of IL-1 and IL-10
in wt and JNK1-deficient BMMs after LPS stimulation®"
and similar levels of IL-18 after TNF-« stimulation.” We
propose that, in an adjuvant and T-cell-dependent
model of inflammation, JNK1 is a potent activator of in-
nate immunity by triggering up-regulation of costimula-
tion required for initiation of an adaptive T-cell response.
In contrast, JNK2 activity alone most likely cannot induce
satisfactory expression of costimulatory molecules and
production of pro-inflammatory cytokines to induce arthri-
tis in this model.

Han et al* show enhanced clinical arthritis in JNK2-
deficient mice compared with the wt control using a T-
cell-independent mouse model for passive CIA. Interest-
ingly, LPS was used in that study to exacerbate the
inflammatory response.* Our results, showing enhanced
TNF-a production from JNK2-deficient macrophages in
response to LPS, can partly explain the outcome in that
study.

To compare the role of JNK1 with JNK2 in an arthritis
model that is independent of the autoimmune induction
phase, we chose the K/BxN model of serum-induced
arthritis. This model is T-cell independent***5 but depen-
dent on immune complexes, complement,** neutrophils,
mast cells,*®*” macrophages,*® and the production of
pro-inflammatory cytokines (ie, IL-18 and TNF-«) for pro-
gression.*® Surprisingly, although this model is indepen-
dent of an adjuvant, such as mycobacterium or LPS, we
observed a significant protection in JNK1-deficient mice,
whereas an exacerbated response was detected in
JNK2-deficient mice. Although the precise mechanistic
explanation for the divergent roles of JNK1 and JNK2
during serum-induced arthritis remains to be investi-
gated, the protective role of JNK1 deficiency is macro-
phage dependent, because adoptive transfer of wt
BMMs to the JNK1-deficient mice restored their suscep-
tibility to serum-induced arthritis. This supplements the
results shown by Guma and coworkers,® who also saw a
protection in Jnk1~/~ mice, in this case suspected to
depend on diminished mast cell degranulation and cyto-
kine production, collectively suggesting a dual effect on

innate immunity during the inflammatory response in the
model.

In conclusion, our results demonstrate divergent abil-
ities for the JNK kinases in two distinct models of arthritis
and suggest that the least common denominator deter-
mining the outcome of JNK1 and JNK2 deficiency during
the autoimmune initiation phase, and during the effector
phase of inflammatory arthritis, is related to macrophage
function. Finally, the previously suggested approach of
achieving major blockade of JNK signaling in inflamma-
tory arthritis through blockade of both JNK1 and JNK2%°
should be revised, because isoform-specific inhibition of
JNK1 likely will be a more efficient way of inhibiting the
inflammatory response.
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