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Reduced arthritis in MIF deficient mice is associated with reduced T
cell activation: down-regulation of ERK MAP kinase phosphorylation
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Macrophage migration inhibitory factor (MIF) is a broad-
spectrum pro-inflammatory cytokine implicated in many
inflammatory diseases, including rheumatoid arthritis (RA)
(reviewed in [1]). Increased expression of MIF in RA corre-
lates with disease activity [1,2] and there is increasing evi-
dence that polymorphisms in the MIF gene are associated
with inflammatory arthritis [3,4]. Functions of MIF relevant
to RA include activation of cell proliferation, regulation of
macrophage and fibroblast inflammatory mediators includ-
ing cytosolic phospholipase A2, cyclooxygenase-2, inter-
leukin (IL)-1, tumour necrosis factor (TNF), IL-8 and IL-6,

and inhibition of apoptosis [5-10].

T cells are prominent in RA synovium and small but
physiological levels of T cell products have been detected at
the site of injury [11]. Many animal models that are clearly T
cell dependent are routinely used in the investigation of RA
pathogenesis [12,13]. MIF is expressed in resting and acti-
vated T cells [14,15] and MIF mRNA and protein are abun-
dantly expressed in mouse delayed type hypersensitivity
(DTH) lesions [15]. Treatment with rMIF can exacerbate
DTH reactions [15] while anti-MIF antibody treatment is
inhibitory [16]. Studies using MIF antagonism [14-16] and
MIF deficient mice [17] have shown a requirement for MIF
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Summary

Macrophage migration inhibitory factor (MIF) is a pleiotropic pro-
inflammatory cytokine with many cellular targets in rheumatoid arthritis
(RA). MIF has been reported to activate cells via mitogen-activated protein
kinase and serine/threonine kinase (AKT or protein kinase B)-dependent
signal transduction pathways. Its contribution to T cell activation and signal-
ling in RA is not known. Using MIF —/— mice and a T cell-mediated model of
RA, antigen-induced arthritis, we investigated the role of MIF in T cell acti-
vation and signalling. Arthritis severity was significantly reduced in MIF —/—
mice compared with wildtype mice. This reduction was associated with
decreased T cell activation parameters including footpad delayed type
hypersensitivity, antigen-induced splenocyte proliferation and cytokine
production. Splenocyte proliferation required extracellular signal-regulated
kinase (ERK)1/2 phosphorylation, and decreased T cell activation in MIF —/—
mice was associated with decreased phosphorylation of ERK1/2 but not AKT.
Collectively, these data suggest that MIF promotes antigen-specific immune
responses via regulation of ERK phosphorylation in T cells.
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in aspects of T cell activation including, proliferation, cytok-
ine and chemokine production.

Recently, the cellular source of an important T cell-
derived proinflammatory cytokine, IL-17 has been identified
in the mouse and termed T helper 17 (Th17) [18]. RA is the
best studied clinical condition regarding IL-17 (reviewed in
[19]. In addition to interferon (IFN)-y, IL-17 has been
detected in RA and both are proposed to mediate immune
responses, fibroblast activation and bone destruction [11].
MIF has also been shown to be required in the homing of T
cells to inflammatory sites [20-22] acting as a noncognate
ligand of CXC chemokine receptors and inducing T cell
transmigration via CXCR4 [22].

Delayed type hypersensitivity reactions are contributed to
both by T cell and macrophage functions and while T cell-
derived MIF is not detected in DTH lesions [15], T cells can
release MIF upon mitogenic or antigenic stimulation [14].
Macrophages have been shown to be responsible for much of
MIF produced in vivo and several studies have reported the
signalling pathways utilized by macrophage MIF in exerting
its various activities [23-26]. In contrast, the signalling
mechanism of T cell derived-MIF
understudied.

is comparatably
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The role of MIF in disease models mediated by T
cell-initiated adaptive immune responses, including ex-
perimental autoimmune encephalomyelitis [27], and glom-
erulonephritis [28], suggest a potentially pivotal role of MIF
in the activation and regulation of T cell function in RA. To
test this hypothesis we investigated the contribution of MIF
to T cell activation and signalling in a T cell-mediated model
of RA, antigen-induced arthritis (AIA). As MIF has been
reported to activate cells via extracellular signal-regulated
kinase (ERK) mitogen-activated protein (MAP) kinase
[5,10] and serine/threonine kinase (AKT or protein kinase
B)-dependent signal transduction pathways [29,30], we also
investigated antigen-induced T cell utilization of these
pathways. We report that MIF promotes antigen-specific
immune responses and the activation of ERK MAP kinase in
T cells.

Materials and methods

Animals

Migration inhibitory factor deficient mice were generated as
previously described [31]. MIF—/— and wildtype (WT) lit-
termates (B6/129) [31] were used. Mice were bred and
housed under specific pathogen-free conditions in the
animal facility of Monash Medical Centre until used for
experiments, during which they were maintained in conven-
tional housing. All animal experiments were performed in
accordance with the regulations of Monash University
Animal Ethics Committee.

Induction and assessment of arthritis

Antigen-induced arthritis was induced and assessed in mice
(10-14 weeks of age) as described previously [12]. Briefly,
mice were immunized on day 0 with 200 pug of methylated
bovine serum albumin [mBSA; Sigma Chemical Co., Castle
Hill, Australia) emulsified in 0-2 ml of Freund’s complete
adjuvant (CFA; Sigma) injected subcutaneously in the flank
skin. At day 7, mice were given 100 g mBSA in 0-1 ml CFA
by intradermal injection at the base of the tail. Arthritis was
induced by intra-articular injection of 30 ug mBSA in 10 ul
sterile saline into one knee. The contralateral knee received
10 pl of saline to serve as control.

At day 28 after first immunization, knee joint thickness of
both mBSA and saline-injected knees was measured across
the patella using micro callipers (Mitutoyo, Kawasaki-shi,
Japan) and results expressed in mm. Joints were then fixed
in formalin, decalcified in 15% EDTA-Tris buffer (BDH
Chemicals, Sydney, Australia), and 6 um-thick sagittal knee
sections stained and counter stained with safranin-O and
fast green/iron haematoxylin (ICN Biomedicals, Ohio, USA)
respectively. Histological sections were scored 0-3 for four
parameters [12]: synovitis was defined as hypercellularity of
the synovium including pannus formation, joint space
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exudate was identified as leucocytes, discretely or in aggre-
gates, in the joint space, cartilage degradation was defined as
loss of safranin-O staining of articular cartilage (0 = full
stained cartilage, 3 = totally unstained cartilage), and bone
damage was graded on the extent and depth of subchondral
bone damage.

Induction and assessment of cutaneous DTH

Mice were challenged on day 27 following first immuniza-
tion by a single intradermal injection of 50 jlg mBSA/20 ul
saline in the right footpad, with 20 pl saline injected in the
left footpad serving as control [12]. Mice were killed 24 h
later and footpad swelling quantified using micro callipers.
DTH measurements were performed by an observer blinded
to mouse genotype. Results were expressed as the difference
in footpad swelling between mBSA and saline-injected foot-
pads, and expressed as change in footpad thickness (mm).

T cell proliferation and cytokine production

T cell proliferation was assessed by measuring the cellular
DNA incorporation of [*H]-thymidine as previously
described [12]. Briefly, spleens were removed aseptically at
day 28 after the first immunization. Single-cell suspensions
were prepared by gently teasing tissue apart using a needle
and syringe. Erythrocytes were lysed by incubation in
Boyle’s solution (0-17 M Tris/0-16 M ammonium chloride)
for 1 min at 37°C. Cell suspensions were washed in RPMI
(JRH Biosciences, Victoria Australia) containing 5% fetal calf
serum (FCS; JRH) and a single cell suspension prepared
in RPMI/5%FCS/0-05% 2-mercaptoethanol (2ME; Sigma).
Cells (1 x 10°/200 pl) were cultured in triplicate in the pres-
ence or absence of mBSA (10, 100 pg/ml) for 48 h (37°C, 5%
CO,). For ERK1/2 inhibition experiments cells were pre-
treated with 50 uM PD98059 [32] or DMSO control 30 min
prior to addition of mBSA. Cells were pulsed with [*H]-
thymidine (GE Healthcare, New South Wales, Australia) in
the final 18 h then harvested. Incorporation of thymidine
into DNA was measured with a Wallac 1409 liquid scintilla-
tion counter (Pharmacia, Turku, Finland). Results were
expressed as counts per minute (cpm) and proliferation
index (mBSA-treated cpm/baseline cpm).

Cytokine production was measured by enzyme-linked
immunosorbent assay (ELISA) of supernatant from spleno-
cytes cultured as described [12]. Briefly, splenocytes (2 x 10%/
500 pl) were cultured in duplicate for 48 h (RPMI/5%FCS/
0:05% 2ME, 37°C, 5% CQO,) in the presence or absence of
mBSA (10 pg/ml). Antibodies used were rat antimouse
IFN-y (R46A2; Pharmingen, San Diego, CA) and biotiny-
lated XMG1-2 (Pharmingen) for IFN-y. The sensitivity of the
assays was 12 pg/ml.

Cell lysate preparation and Western blot analysis

Non-enriched splenocytes (10 x 10°) were cultured for 6 h
(RPM1/5% FCS/0-05% 2ME, 37°C, 5% CO,) in the presence
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or absence of mBSA (10 pg/ml). For phosphorylated ERK
(P-ERK) detection, cells were lysed in lysis buffer containing
20 mM HEPES pH 77, 2:-5mM MgCl, 0-1 mM EDTA,
20 mM B-glycerophosphate, 100 mM NaCl, Triton X-100,
1M DL-dithiothreitol, 0-1 nM sodium orthovanadate,
20 pg/ml leupeptin, 100 pg/ml phenylmethylsulphonyl fluo-
ride, and 20 pug/ml aprotinin (all reagents from Sigma)
as previously described [10]. For phosphorylated-AKT
(P-AKT) detection, cells were washed with cold phosphate
buffered saline (PBS) then lysed with 2x sodium dodecyte
sulphate sample buffer. The protein samples were boiled for
10 min then stored at —20°C.

Immunoblotting was performed using antibodies directed
against P-ERK and P-AKT (Ser473) and B-actin according to
the manufacturer’s protocol (Cell Signalling Laboratories,
Beverly, MA). Briefly, equal amounts of cellular proteins
were fractionated on 10% SDS-polyacrylamide electro-
phoresis gels and transferred to Hybond-C extra nitrocellu-
lose membranes (Millipore, Bedford, MA). Blots were
blocked with blocking buffer then incubated sequentially
with appropriate primary and fluorescence-conjugated
secondary antibodies. Blots were scanned using Odyssey
(Li-Cor Biotechnology, Lincoln, NE). Densitometry ratios
were normalized to B-actin content and results expressed as
relative density.

Flow cytometric analysis

The following antibodies were used for two colour label-
ling for flow cytometry: anti-CD4-FITC, anti-CD4-PE,
anti-CD54-PE, anti-CD25-FITC, anti-CD69-PE  and
antiphospho-ERK1/2-Alexa Fluor 488 (BD Pharmingen, San
Diego, CA). For detection of CD4 positive lymphocytes
expressing CD54, CD25 and CD69, splenocytes were cul-
tured in the presence and absence of mBSA (10 pg/ml) for
48 h (RPMI/5% FCS/0-05% 2ME, 37°C, 5% CO,) then
washed and incubated with relevant monoclonal antibodies
for 30 min at 4°C.

For detection of P-ERK, splenocytes were cultured in the
presence or absence of mBSA (10 ug/ml) for 15 min (RPMI/
0-05% 2ME without serum, 37°C, 5% CQO,) then washed in
2% BSA/PBS (wash buffer). Cells were fixed in 65 pl of 10%
formaldehyde (Polysciences Inc, Warrington, PA) for 10 min
at room temperature (RT) followed by addition of 1-0 ml
Triton X-100 (Sigma) diluted in PBS to obtain a 0-1% final
concentration. After 30 min incubation at RT cells were
washed in cold wash buffer then incubated in 1 ml 50%
methanol in PBS for 15 min at 4°C. Cells were washed then
incubated simultaneously with antiphospho-ERK1/2-Alexa
Fluor 488 and anti-CD4-PE. Cells were analysed on a MoFlo
flow cytometer (Dako-Cytomation, Fort Collins, CO).

Antibody response

Serum levels of antimBSA immunoglobulin G (IgG) were
determined by ELISA as previously described [12]. Briefly,
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polyvinyl microtiter plates were coated with mBSA (100 pg/
ml) for 24 h at 4°C. The plates were blocked with 2% casein
(Sigma) in PBS with 0-05% Tween-20 (PBS-T, Science
Supply Australia, Seven Hill, NSW, Australia) at RT for 1 h.
After washing, 100 pl of diluted (1/100) serum samples were
incubated for 24 h at 4°C. Plates were then washed, and
sequentially incubated with biotinylated rabbit antimouse-
IgG (1:2000, DAKO) or biotinylated rabbit anti-isotype-
specific (IgGl, IgG2a; DAKO) antibodies for 2h then
streptavidin-horseradish peroxidase conjugate (1:2000) for
30 min at RT. The enzyme reaction was detected using the
TMB peroxidase-substrate (Sigma) with hydrogen peroxide
(Sigma) and optical density at 450 nm determined.

Statistical analysis

Data were analysed using the Mann—Whitney test for com-
parisons of group means of histological scores, or Student’s
t-test for comparisons of continuous variables. Results are
expressed as the mean = standard error of the mean. For
each test, values of P <0-05 were regarded as statistically
significant.

Results

Decreased arthritis severity in MIF —/— mice

Methylated BSA (mBSA)-challenged WT mice knee joints
exhibited significantly increased thickness in comparison
with contralateral saline-injected knees (P < 0-001) (Fig. 1a).
In contrast, mBSA injection did not result in increased knee
thickness in MIF —/— littermates, and MIF —/— littermates
had significantly lower knee joint thickness in comparison
with WT (P < 0-0001) (Fig. la).

Histological examination of synovial sections of WT
mice showed significant synovitis and exudate in the syn-
ovial space, as well as marked cartilage degradation (Fig. 1b
and c). In contrast, MIF —/— joint sections had little or no
synovitis (P < 0-001), joint exudate (P <0-01) or cartilage
degradation (P < 0-05 ¢f WT) (Fig. 1d and e). Bone damage
was minimal in both groups; significant bone damage is
not usually seen at this timepoint of AIA [12] (Fig. 1f).
Saline-injected knee joint histology was comparable in both
groups and revealed no evidence of arthritis (data not
shown).

Impaired T cell activation in MIF —/— mice

Indices of T cell activation showed significant reductions in
MIF —/— mice. In comparison with WT littermates, footpad
DTH was significantly decreased in MIF —/— mice
(P <0-0001) (Fig. 2a). As DTH reactions are contributed to
both by T cell-dependent adaptive immune responses, we
sought to investigate antigen-specific T cell function. Basal
splenocyte proliferation was significantly lower in MIF —/—
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Fig. 1. Arthritis induction in migration
inhibitory factor (MIF) —/— and wildtype (WT)
mice. Mice received intra-articular injections of
methylated bovine serum albumin (mBSA)

(30 pg; test knee) or saline (control knee) on
day 21 after first immunization. On day 28,
arthritis severity was measured by thickness of
mBSA- and saline-injected knee joints (a) WT,
but not MIF —/— mice, exhibited significantly
increased joint thickness in response to mBSA
(***P < 0-001). MIF —/— mice joint thickness
after mBSA injection was significantly lower
than WT (+ P < 0-0001). Histological scores (f)
of Safranin-O-stained joint sections on a scale (]
of 0-3 for each individual feature, synovitis,

2.0

joint space exudate, cartilage degradation and
bone damage (as described in Materials and
Methods). WT mice (b and ¢) exhibited more
severe arthritis in comparison with MIF —/—

1.5

1.0

mice (d and e) as evidenced by significantly
higher scores for all but one histopathological
feature (f) (*P < 0-05, **P < 0-01, ***P < 0-001
for MIF —/— versus WT mice). S = synovium,

0-5

Histological score

JS = joint space, E = exudate, C = articular 0-0
cartilage. Magnification x200. n.s., not
significant.

cells (P < 0-01) compared with WT (Fig. 2b). Antigen stimu-
lation was associated with increased WT splenocyte prolif-
eration, and this was significantly higher than MIF —/—
splenocyte proliferation (Fig. 2b). Correcting for the lower
basal proliferation in MIF —/— splenocytes by calculating
mBSA-induced proliferation as a proliferation index, dem-
onstrated that both WT and MIF —/— splenocytes exhibit

© 2008 The Author(s)

35

3-0

MIF, arthritis and T cell ERK MAP kinase

T mWT
O MIF=

n.s

uWT

O MIF7-
Synovitis  Exudate  Cartilage Bone
damage  damage

comparable responses to antigen at 10 pg/ml mBSA dose.
However, MIF —/— splenocyte proliferation index was signifi-
cantly lower at 100 pg/ml mBSA (P < 0-05) (Fig. 2¢). Basal
and antigen-induced IFN-y production was significantly
lower in MIF —/— cells (P < 0-05) (Fig. 2d).

The expression of T cell surface molecules on CD4+ cells
was assessed by flow cytometry. Firstly, there was no differ-
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Fig. 2. T cell activation in migration inhibitory factor (MIF) —/— and
wildtype (WT) mice. Cutaneous delayed type typersensitivity was
induced in sensitized mice by intradermal challenge with methylated
bovine serum albumin (mBSA) in the footpad and footpad swelling
measured 24 h later. Results are expressed as the difference between
mBSA and saline-injected footpad thickness measured using micro
callipers (a). Splenocyte proliferation was measured by
[*H]-thymidine incorporation after 48 h in the presence or absence of
mBSA (10, 100 ug/ml). Results are expressed as cpm (b) and
proliferation index (see methods) (c). In a separate experiment, IFN-y
(d) from splenocyte culture supernatants was measured by
enzyme-linked immunosorbent assay. MIF —/— mice had significantly
decreased evidence of T cell activation in all parameters measured. All
results are expressed as mean * standard error of the mean of at least
7 mice in each group (*P < 0-05, **P < 0-01, ***P < 0-001). cpm,

counts per minute; IFN, interferon.

o
-

ence in the basal number of CD4+ cells in the spleen between
WT and MIF —/— mice (data not shown). Basal CD54
(Fig. 3a), CD25 (Fig. 3b), and CD69 (Fig. 3c) expressions
were similar in MIF —/—and WT splenocytes. Treatment with
mBSA did not increase (Fig. 3a—c) expression of surface
molecules CD54, CD25 and CD69 on either WT or MIF —/—
CD4+ cells.

Reduced antibody response to mBSA in MIF —/— mice

Sera were collected from mice at day 28 after first immuni-
zation and mBSA-specific serum antibody levels measured
by ELISA. MIF —/— mice exhibited significantly reduced
antigen-specific total IgG (Fig. 4a), IgG1 (Fig. 4b) and IgG2a
(Fig. 4c) compared with WT (Fig. 4) (all P < 0-0001).

Utilization of signalling pathways in antigen-stimulated
T cells

Two signalling pathways activated during T cell activation are
known to be influenced by MIF. Basal ERK activation was
comparable in lysates from MIF —/—and WT littermate sple-
nocytes. Antigen stimulation increased ERK phosphorylation
in WT cells but this was not observed in MIF —/— cells
(Fig. 5a). Flow cytometric analysis of phospho-ERK expres-
sion by CD4* splenocytes demonstrate significantly increased
phospho ERK in WT cells stimulated with antigen (P < 0-01).
This effect was absent in MIF —/— cells (Fig. 5b). The depen-
dence of T cell proliferation on the ERK pathway was studied
by use of the ERK1/2 inhibitor PD98059 in a *H-thymidine
proliferation assay. Inhibition of ERK1/2 resulted in signifi-
cantly decreased antigen-stimulated proliferation (Fig. 5¢)
compared with DMSO-treated antigen-stimulated control.
Measurement of AKT-phosphorylation showed comparable
basal and antigen-stimulated AKT phosphorylation in WT
and MIF —/— cells. No increase in AKT-phosphorylation was
induced by antigen treatment of WT or MIF —/— cells.
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Fig. 3. Flow cytometric analysis of T cell surface antigens. Splenocytes
were labelled with antibodies to CD54, CD25 and CD69. Results
represent percent positive for indicated surface antigens gated on
CD4-positive lymphocyte population. Representative histograms show
percent positive stain of untreated (clear) and methylated bovine
serum albumin (mBSA) (grey)-treated cells. Migration inhibitory
factor (MIF) —/— and wildtype (WT) CD4-positive cells had
comparable basal expression of CD54 (a) CD25 (b) and CD69 (c). In
both groups, treatment with mBSA did not affect all three surface
molecules on CD4-positive cells.

Discussion

We show here that arthritis severity, cutaneous DTH
responses, and splenocyte IFN-y production and prolifera-
tion were significantly reduced in the absence of MIF. These
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observations are in keeping with the reported modulation of
T cell function by anti-MIF antibody in vitro [14,33] and as
a result of MIF deficiency [17]. Although not required for
disease induction in AIA, antigen-specific antibodies are
present in diseased animals and are regulated by the Thl
immune response [34]. Levels of antigen-specific total IgG,
IgG1 and IgG2a were reduced in MIF —/— mice, suggesting
an effective reduction of the immune response in the absence
of MIE These observations are in keeping with a previous
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Fig. 4. Methylated bovin serum albumin-specific serum antibody
titres. Serum levels of total antigen-specific immunoglobulin G (IgG),
IgG1 and IgG2a were determined by enzyme-linked immunosorbent
assay and results expressed as absorbance at 450 nm. Migration
inhibitory factor (MIF) —/— serum levels of total IgG (a), and isotype
IgG1 (b) and IgG2a (c) were all significantly lower compared with
wildtype (WT) levels (*P < 0-0001).
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(a) - Fig. 5. Analysis of phosphorylated-extracellular signal-regulated
P.ERK [ — - e kinase (P-ERK) and serine/threonine kinase (AKT). Splenocytes were
o R -— — cultured for 6 h with and without methylated bovine serum albumin
- (mBSA). Phospho-ERK and phospho-AKT were measured by Western
p-actin P W ————— —— blotting and the membranes reprobed for B-actin as loading control.

Blots are representative of three independent experiments. Migration
MIF~ WT MIF~~ WT o o .
inhibitory factor (MIF) —/— cells had decreased P-ERK compared with
NO Rx mBSA wildtype (WT) mice following mBSA stimulation (a). To identify the
lymphocyte population expressing P-ERK, splenocytes were

EWT simultaneously labelled with CD4-phycoerythrin and

0.03 | o MIF7- P-ERK-fluorescein isothiocyanate for flow cytometric analysis. Results
are expressed as percent positive for P-ERK in gated population and
0-02 + are data from a representative of nine experiments (b). Stimulation
with mBSA resulted in significantly increased P-ERK in WT CD4+.
001} MIF —/— cells did not exhibit an increase in P-ERK in response to
mBSA. Inhibition of ERK1/2 by 30 min pretreatment with PD98059
inhibited antigen-stimulated cell proliferation (c) (*P < 0-05). DMSO
control pretreatment had no inhibitory effect. Western blotting for

P-ERK: B-actin
relative density

(b)

P-AKT shows comparable basal and antigen-stimulated P-AKT in
both WT and MIF —/— cells (d). Antigen-stimulation did not increase
P-AKT in either group (d).

<

CD4* P-ERK*

study showing reduction of antigen-specific T cell prolifera-
NoRx mBSA tion and antibody production by MIF antagonism [14].

Activation by MIF of intracellular signal pathways includ-

6000 ing those utilizing ERK MAP kinase and PI3 kinase has been

reported in various cell types [5,10,23,24,26,29]. ERK MAP

kinase and PI3 kinase pathways mediate T cell activation

particularly in response to IL-2 stimulation [35], but the

signalling pathways influenced by MIF in the regulation of T

cell activation have not been previously established. In the

Ij ﬂ current study, basal ERK phosphorylation was similar in WT

and MIF —/— splenocytes. In response to antigen stimulation

T

4000

cpm

2000

DMSO PD mBSA mBSA

‘DMSO  +PD however, WT splenocytes exhibited increased ERK phospho-

rylation, but this was not observed in MIF —/— splenocytes.

(d) This was confirmed by flow cytometric analysis of antigen-

: . stimulated T cells, which demonstrated increased ERK

phosphorylation in WT but not MIF —/— CD4" T cells.

Impairment of antigen-induced ERK phosphorylation is a

B-actin 'H ‘—_-' f__" ...—_t potential mechanism for the observed down-regulation of
MIF-- WT MIF-- WT T cell activation in MIF —/— mice.

The importance of the PI3 kinase pathway to joint inflam-
mation has been reported [36] and the PI3 kinase/AKT
pathway has shown to be responsive to MIF in other systems
0-006 - mWT [25,29]. In the current study, however, P-AKT, a downstream
o MIF7- effector kinase in the PI3 kinase pathway, was not induced

after antigen stimulation, and was not different in WT com-

0.002 L pared with MIF —/— mice. Utilization of signalling pathways

is not uniform in all cell types, and the current findings do

No Rx MBSA not suggest MIF effects on the PI3 kinase pathway are central
to its effect on T cell activation.

The mechanism of action of MIF modulation of the Th1l
immune response is not completely defined. MIF has been
shown to modulate expression of key molecules, including
MHC class 1I, ICAM-1, B7-1, B7-2, CD40 and CDA40L,

P-AKT: B-actin
relative density
o
o
o
S
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in adaptive immune responses in the mouse [21]. Besides
interaction with antigen-presenting cells (APCs), successful
immune responsiveness requiring T cell activation also
requires integrin activation [37,38]. In the current study
however, there was no difference observed in both basal and
antigen stimulated CD54 (ICAM-1) and CD25 expression of
CD4+ T cell from WT and MIF —/— mice suggesting a lack of
effect of MIF on these molecules, at least in this setting.
CD69 is an early activation marker present on T cells and
appears unlikely to be relevant to MIF-mediated T cell acti-
vation as comparable expression of CD69 were observed in
MIF —/— and WT mice.

An additional role for MIF in T cell homing to inflam-
matory sites has been reported [20-22]. A recent study by
Bernhagen and others went further to suggest MIF as a
noncognate ligand of CXC chemokine receptors, in that MIF
was shown to induce T cell transmigration in a chemotactic
process that was transduced through CXCR4 [22].

Elevated MIF levels have been reported in RA serum, syn-
ovial fluid and synovial tissues, with the latter correlating
with disease activity [2,7]. Cellular sources of MIF in RA
include macrophages, fibroblast-like synoviocytes (FLS),
endothelial cells and to a lesser extent T cells [7]. T cells have
a central role in the orchestration of the immune pathways
that initiate inflammation and joint destruction in RA [39].
Despite this, little is known about the effects of MIF on T cell
function in RA.

T cells are prominent in cellular infiltrates of RA syn-
ovium [40]. Small but physiologically relevant amounts of T
cell cytokines such as IFN-y and IL-17 are expressed in RA
and are proposed to mediate immune responses, fibroblast
activation and bone destruction [11]. IL-17 is an important
T cell-derived cytokine (reviewed in [19]). Its cellular source
in the mouse has only recently been identified and termed
Th17 [18]. IL-17 interacts synergistically with TNF and to a
lesser extent, IL-1 and this may be a possible mechanism by
which T cell can directly influence inflammatory responses
[11]. To date there is no known study on MIF and Th17
interaction. A recent study in experimental diabetes show
MIF —/— mice were less susceptible to disease induction and
this was associated with lower lymphocyte proliferation,
adhesion and production of IL-23 in the spleen [41]. As
IL-23 can enhance IL-17 production [42,43] it is possible
that MIF can regulate IL-17 via its effects on IL-23.

Animal models of RA including collagen-induced arthri-
tis, adjuvant arthritis and AIA are all initiated by an adaptive
immune response in which T cells play a central role
[12,13,44]. For example, IL-12 is pivotal in the differentia-
tion of naive T cells into IFN-y-producing Th1 cells [45] and
in AIA [12]. A cofactor role for MIF in the promotion of T
cell priming has been suggested [14], but studies on the
intracellular signalling mechanism of MIF in T cells MIF are
absent. In a study by Kitaichi and others, anti-MIF treatment
was found to decrease antigen-specific responses of IFN-y-
and IL-4-producing T cells, related to blockade of signalling

© 2008 The Author(s)

MIF, arthritis and T cell ERK MAP kinase

via T cell receptor and not via IL-2 receptor [33]. We have
reported impaired MAP kinase activation in response to IL-1
and TNF in MIF-deficient fibroblasts [46]. In the current
study, we demonstrate that diminished arthritis severity and
T cell activation in MIF —/— mice is associated with impaired
antigen-induced ERK MAP kinase phosphorylation. This
suggests the ERK pathway is utilized by MIF in exerting its
positive effects on T cell activation.
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