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Cyclophilins in rheumatoid arthritis—stepping into

an undiscovered country?
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Recent years have seen enormous progress in under-

standing the pathogenesis of rheumatoid arthritis (RA), an

autoimmunological disorder that primarily affects the joints

and leads to their progressive destruction. Advances in

molecular biology techniques such as the use of gene

transfer and gene silencing technology, the utilization of

novel animal models of destructive arthritis–particularly in

conjunction with newly established transgenic and knock-

out mice–and the observation of very early stages of human

disease have provided exciting novel insights into key

mechanisms that ultimately lead to the development of

established RA in humans and that contribute to joint

destruction. It has become increasingly clear that the

mechanisms of rheumatoid joint destruction are linked

closely to changes that occur predominantly at sites of

interaction between the rheumatoid synovium and articular

cartilage and bone [1]. Numerous data have shown that cells

of the inflamed synovium constitute a highly interdependent

network, in which the interaction of stromal cells–specif-

ically synovial fibroblasts–with infiltrating inflammatory

cells such as lymphocytes and macrophages creates a unique

environment that results in the development of chronic

destructive synovitis [2].

Thickening of the RA synovium is largely due to a

hyperplasia of the most superficial lining layer that in the

course of disease grows from 2–4 layers of cells to more

than 10 layers. About two-thirds of the cells in the lining

layer express macrophage markers such as CD11b, CD14,

CD33, and CD68 as well as major histocompatibility

complex (MHC) class II molecules and can thus be
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identified as macrophages [3,4]. These macrophages con-

stitute a major source of inflammatory factors in the RA

synovium, and it is now evident that macrophage-derived

cytokines such as TNF-a contribute prominently to the

activation of synovial cells in RA. Thus, mice transgenic for

human TNF-a (hTNFtg), a major inflammatory cytokine in

RA, constitutively develop a chronic inflammatory poly-

arthritis that is highly destructive [5]. Although treatment of

arthritic hTNFtg mice with monoclonal antibodies against

hTNF prevents development of disease, there is only a

narrow window of time in which anti-TNF-a treatment can

inhibit the onset of arthritis entirely, suggesting that chronic

exposure of cells to inflammatory mediators may induce a

stable activation and alterations in tissue homeostasis that

can become independent of the specific trigger. Further-

more, most recent data suggest that activation pathways of

synovial cells differ between the various animal models of

arthritis and that each of these models reflects only part of

human pathology [6]. This notion is supported by clinical

data using inhibitors of individual cytokines such as anti-

TNF-a agents. Although there has been a breakthrough in

the treatment of RA using these novel biologics, response is

still limited with respect to both the number of patients

going into remission and the degree to which remission can

be achieved in individual patients.

As a consequence, there are continuous efforts to identify

new molecular targets for anti-inflammatory and anti-

resorptive intervention as well as to better understand the

mechanisms of known mediators of inflammation and joint

destruction. In this context, interest has focused, not only on

well-established molecules, such as inflammatory cytokines,

chemokines, and transcription factors, but also on molecules

that are involved in more basic biologic processes such as
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expression, folding, and degradation of proteins. The

investigation of cyclophilins constitutes a prominent exam-

ple of such approaches.

Cyclophilins constitute a family of evolutionarily con-

served proteins that are expressed ubiquitously in eukaryotic

cells [7]. They are found mainly in the cytoplasm and have

peptidyl-prolyl isomerase activity catalyzing the cis – trans

interconversion of peptide bonds N-terminal to proline [8].

The entire spectrum of their functions has not been clarified,

but it appears that cyclophilins are involved mainly in the

folding of nascent proteins [9]. Cyclophilin A is the prototype

of this family and is expressed most widely in mammals.

There are at least 15 different cyclophilin genes in the mouse

genome, which differ from cyclophilin A mainly by terminal

extensions that appear responsible for subcellular localization

and protein–protein interactions. Initial interest in cyclo-

philin A in immunity has come mainly from the fact that

cyclophilin A can bind the immunosuppressive agent cyclo-

sporine A with very high affinity [10,11]. Most recent data

have supported the functional involvement of cyclophilin A

in mediating the effects of cyclosporine A by demonstrating

that Ppia�/� (the gene encoding cyclophilin A) mice are

resistant to cyclosporine A-mediated immunosuppression

and that cyclophilin A is the primary mediator of the

immunosuppressive effects of cyclosporine A [12]. However,

a growing body of evidence suggests that cyclophilin A is

involved also in the pathogenesis of immune-mediated

disorders [13–16]. Although Ppia�/� mice show only a

slight loss in viability and adult Ppia�/� animals have no

obvious decrease in their life spans, they spontaneously

develop an allergic condition that is similar to that of IL-4

overexpressing animals and is linked most likely to elevated

levels of IL-4 [17]. In addition, CD4+ cells of Ppia�/� mice

produce significantly higher amounts of IL-2, and Th2 cells

of these animals are hypersensitive to T cell receptor (TCR)

stimulation. These data suggest that cyclophilin A is involved

in the regulation of Th1–Th2 balance and that overexpres-
Fig. 1. Potential effects of elevated cyclophilin A in
sion of cyclophilin A is linked to autoimmune diseases. In

line with this concept, cyclophilin A has been identified as an

inflammatory mediator in different conditions. It has been

shown to be produced by macrophages following LPS

stimulation and more recently linked to artherosclerosis and

endothelial dysfunction [14,15].

Of interest, RA has been the first condition in which a

secreted form of cyclophilin A has been demonstrated in

extracellular fluids. As shown by Billich and colleagues,

cyclophilin A was increased in the synovial fluids of RA

patients compared to OA patients and correlated with the total

cell counts [13]. However, the precise origin of cyclophilin A

in RA, as well as the functional consequences of increased

cyclophilin A expression, has remained largely undefined

(Fig. 1).

In this issue of Clinical Immunology, Won-Ha Lee and

colleagues extend the findings on cyclophilin A in RA by

identifying the source of cyclophilin A in the rheumatoid

synovium and by demonstrating pro-inflammatory functions

of cyclophilin A in macrophage-like cells [18]. As

demonstrated in their study, macrophages of the synovial

lining layer constitute the major source of cyclophilin A in

the RA synovium. In addition, they show that stimulation of

monocytes with cyclophilin A results in increased produc-

tion of inflammatory cytokines, specifically TNF-a, inter-

leukin (IL)-1h, IL-8, and monocyte chemoattractant protein

(MCP)-1. Won-Ha Lee and his colleagues suggest further

that cyclophilin A is involved in the expression of gelatinase

B (matrix metalloproteinase 9, MMP-9) by monocytes and

that these stimulatory effects of cyclophilin A on MMP-9

production are mediated through the nuclear factor kappa B

(NFnB) transcription factor. These data are of interest

because they tighten the links between cyclophilins and

key pathological mechanisms of RA and in the light of what

is known about cyclophilins have a number of possible

implications. At the same time, the major caveat is given by

the authors themselves when they state in the title of their
the rheumatoid synovium (for details see text).
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work that ‘‘Cyclophilin A may contribute to the inflamma-

tory process in rheumatoid arthritis. . . .’’ Certainly, their

data will encourage further research on the functional

relevance of increased cyclophilin A in RA. Such research

should take advantage of the availability of the Ppia�/�

mice and investigate if these animals–along with their

allergic phenotype–exhibit altered susceptibility to models

of chronic destructive arthritis. Furthermore, such research

will have to clarify whether Ppia�/� macrophages have a

deceased ability of autocrine and paracrine stimulation, as

well as (due to potentially reduced levels of MMP-9) altered

homing into inflamed synovial tissue. Given the aforemen-

tioned data on changes in TCR signaling in the Ppia�/�

mice, it will also be of interest to see whether cyclophilin A

affects the composition of the T cell compartment in the

chronically inflamed synovium and/or modulates the reac-

tivity of arthritis-derived versus normal T cells.

Collectively, these data provide further evidence of the

complexity of synovial inflammation and point to novel, as

yet undiscovered pathways in the interactions of different

cells in the RA synovial membrane.
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Abstract

Cyclophilin A (CypA) levels increase in the sera and synovial fluids of rheumatoid arthritis (RA) patients, but the cell types expressing

CypA and the function of CypA in the pathogenesis of RA are not known yet. Immunohistochemistry analyses revealed high level CypA

staining in the macrophages in the lining layers of human RA and osteoarthritis synovium. Low level CypA staining was also detected in

endothelial cells, lymphocytes, and smooth muscle cells in RA synovium. Further investigation of the CypA function using monocyte/

macrophage cell lines revealed that CypA induced expression of cytokine/chemokines such as TNF-a, IL-8, MCP-1, and IL-1h and matrix

metalloproteinase (MMP)-9 through a pathway that is dependent on NFnB activation. Furthermore, MMP-9 staining pattern overlapped with

that of CypA in both RA and OA synovium. Our data suggest that CypA may stimulate macrophages to degrade joint cartilage via MMP-9

expression and promote inflammation via pro-inflammatory cytokine secretion.

D 2005 Elsevier Inc. All rights reserved.
Keywords: Cyclophilin A; Matrix metalloproteinase (MMP)-9; Rheumatoid arthritis
Introduction

Rheumatoid arthritis (RA) is an autoimmune disease

characterized by the synovial inflammation that leads to the

destruction of the cartilage and bone. Synovial inflammation

involves lining layer thickening and infiltration of inflam-

matory cells into the sublining area [1,2]. In normal joints,

macrophages are resident cells and cover the synovial lining

layer. The number of macrophages in the joint greatly

increases in both the lining and sublining areas of RA

synovium [3] and the degree of increase well correlates with

the severity of cartilage destruction [4–6]. Furthermore,

selective depletion of the macrophages from the synovial

lining before the induction of experimental arthritis resulted
1521-6616/$ - see front matter D 2005 Elsevier Inc. All rights reserved.
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in prevention of both joint inflammation and cartilage

destruction [7–9]. Cartilage destruction is mediated by the

extracellular matrix (ECM) degrading enzymes including

serine proteases, MMPs, and the cathepsins [1]. MMP-9

levels have been shown to be elevated in the sera and

synovial fluids of RA patients [10,11].

Cyclophilin A (CypA) is a soluble ubiquitously dis-

tributed intracellular protein belonging to the immunophilin

family [12]. Additional experiments, however, have impli-

cated CypA in inflammation since it is secreted from

smooth muscle cells and macrophages in response to

oxidative stress and lipopolysaccharide (LPS) [13–15].

Platelets also secrete CypA upon activation [16]. Further-

more, CypA has been detected to be elevated in the serum of

sepsis patients and the synovial fluids of RA patients

[17,18]. In inflammatory diseases such as atherosclerosis,

CypA works as a proinflammatory cytokine and activates
6 (2005) 217 – 224
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endothelial cells to produce inflammatory mediators and

undergo apoptosis [14,19]. Recently, CypA was reported to

be related to the growth and differentiation of other cells,

such as human embryonic nerve cells [20].

Although the pro-inflammatory activities of CypA are

well known, the role of CypA in the pathogenesis of RA is

not specifically known. We analyzed synovial tissues from

human RA patients to reveal the cell types expressing

CypA. We also tested the possible role of CypA during the

development of RA using human and murine monocytic cell

lines.
Materials and methods

Monoclonal antibodies, cell lines, and reagents

Monoclonal antibodies (mAbs) to CD68 (KP1), CD3

(F7.2.38), and a-actin (1A4) and rabbit polyclonal antibody

to von Willebrand factor (vWF) (N1505) were purchased

from DAKO (Glostrup, Denmark); mouse polyclonal anti-

body to CypA from BIOMOL International (USA); rabbit

polyclonal antibody to InB and mAb to phospho-InB
(Ser32/36) (5A5) from Cell Signaling (USA); mAb to

MMP-3 (SL-1 IID4) and rabbit polyclonal antibody to

MMP-9 from Chemicon (USA). Human monocytic leuke-

mia cell line THP-1 [21] and mouse monocytic cell line

RAW264.7 were obtained from the American Type Culture

Collection (Rockville, MD, USA). Recombinant human

CypA was purchased from BIOMOL International (USA).

Histological analysis

For the immunohistochemical analysis, synovial tissue

samples were collected from RA patients who were under-

going joint replacement therapy and processed to make

paraffin blocks. RAwas diagnosed according to the criteria of

the American College of Rheumatology. The study was

approved by an institutional review committee and the

subjects gave informed consent. Standard 5-Am sections

were stained using an LSAB kit (DAKO, Copenhagen,

Denmark) according to the manual provided by the manu-

facturer. The sections were then counterstained with Hema-

toxylin which stains the nucleus in blue color. For the double

staining of CD68 and CypA, the specimens were sequentially

treated with anti-CypA mAb; biotin-linked secondary anti-

body; streptavidin-alkaline phosphatase; fuchsin for the

visualization of CypA (red color); and the slides were

mounted in Faramount aqueous mounting medium (DAKO)

to take pictures. The sections were then incubated in distilled

water to wash away the mounting solution and sequentially

treated with anti-CD68 mAb. The anti-CD68 mAb was pre-

conjugated with biotin using an Animal Research Kit

(DAKO, Copenhagen, Denmark) according to the manufac-

turer’s manual. The sections were then treated with strepta-

vidin–horseradish peroxidase followed by diaminobenzidine
(DAB) for the visualization of CD68 (brown color). Finally,

the sections were counterstained with hematoxylin (blue

color) for the visualization of nuclei. Finally, the slides were

mounted in 1:1 mixture of Xylene and Malinol (Muto Pure

Chemicals, Tokyo, Japan). During this final step, the previous

red color staining was partially bleached.

Immunofluorescence assay

THP-1 cells were activated with either 1 Ag/ml LPS or 0.1

AM CypA for up to 3 h in RPMI medium with 0.1% fetal

bovine serum. For the detection of NF-nB, THP-1 cells (2 �
105) were washed in PBS and resuspended in 10 Al of 4%
formaldehyde in distilled water and put onto the slide glass.

The fixed cells were dried for 1 h at RTand washed with PBS

for 5 min. Cells were then permeabilized with 1% Triton in

PBS for 10 min at RT, washed with 0.02% Tween-20 in PBS

for 20 min, and 0.02% Tween-20/1% BSA in PBS for 5 min.

Cells were then treated with anti-p50 polyclonal antibody

(SC-1191, Santa Cruz, USA) (1:100 dilution in PBS

containing 3% BSA) for 45 min at 37-C, washed with

0.02% Tween-20/1% BSA in PBS for 5 min, treated with

Alexa Fluor 488-labeled rabbit anti-goat antibody (A-11078,

Molecular Probes) (1:100 dilution) for 45 min at 37-C, and
washed with 0.02% Tween-20 in PBS for 5 min, and PBS for

5 min. Cells were then dried in 37-C oven for 45 min and the

slides were mounted in 1:1 mixture of Xylene and Malinol.

Western blot analysis, ELISA, and gelatin zymogram

For the detection of InB or phosphorylated InB, THP-1
cells (1 � 107/well in 6 well plate containing 1 ml RPMI

medium with 0.1% fetal bovine serum) were either mock-

treated or stimulated with 100 ng/ml LPS or 0.1 AM CypA.

Cell lysates were prepared at 15, 30, 60, and 120 min after

activation in 150 Al of triple-detergent lysis buffer and used

for Western blot analysis as described previously [22]. For

the detection of MMP-9 and cytokines, THP-1 cells (1 �
105/well in 96 well plate containing 100 Al RPMI medium

with 0.1% fetal bovine serum) were either mock-treated or

stimulated with 1 Ag/ml LPS or 0.1–1 AM CypA. Culture

supernatants were collected 24 h after activation. Cytokine

levels in the culture supernatant were measured using

sandwich ELISA (R and D Systems). The detection limits

were <10 pg/ml for all the cytokines. The MMP-9 activity in

the culture supernatant was determined by substrate gel

electrophoresis [23].
Results and discussion

CypA expression is concentrated in areas enriched in

macrophages and endothelial cells in RA synovium

Synovial tissues were obtained from RA and osteo-

arthritis (OA) patients and CypA, CD68 (a macrophage
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marker), and von Willebrand factor (vWF) (an endothelial

cell marker) expression patterns were analyzed using

immunohistochemistry (Fig. 1). In RA synovium, CypA

staining was detected in the macrophages in the lining layer

and the microvessel endothelial cells in the sublining area

(compare panels A with B and C). CypA expression was

also detected in the macrophages in the sublining area in

certain cases (data not shown). In OA synovium, the number

of macrophages and endothelial cells decreased greatly

(compare panels B and C with D and F, respectively).

Although CypA expression was detected in most of the

macrophages, endothelial cells expressed relatively less

CypA (Figs. 1D, E, and F). We analyzed 8 different RA

synovial tissues and 7 different OA synovial tissues with

essentially the same results.

We focused on the CypA expressing cells in the lining

layer, since these cells are in the invasive front of synovium

and thus could be responsible for the cartilage destruction.

To demonstrate that the cells expressing CypA in the lining

layers of RA and OA synovium are the macrophages, we

performed double immunohistochemistry. As shown in Fig.

2, the CypA staining pattern overlapped with CD68 staining

pattern in the lining layers indicating that macrophages do

express CypA in the RA and OA synovium. We also

analyzed consecutive sections of other RA and OA tissues

with antibodies for CypA and CD68 and confirmed that

macrophages do express CypA in the synovial tissues (data

not shown).

We further compared staining patterns for CD3 (a

lymphocytes marker), a-actin (a smooth muscle cell marker),

CypA, CD68, and vWF in consecutive sections from 4

different RA and 3 different OA synovium and summarized

the results in Table 1. CypA expression was detected in more

than 70% of the macrophages in both RA and OA synovium.

Since the absolute number of macrophages in RA synovium

was much bigger than that in OA synovium, the absolute

amount CypA in a RA synovial tissue is expected to be much

greater than in an OA synovial tissue. In case of the

endothelial cells, more than 50% of RA synovial endothelial

cells expressed CypA while less than 30% of OA synovial

endothelial cells expressed CypA. Expression of CypA in the

smooth muscle cells (SMCs) was detected in 3 out of 4 cases

of RA synovium and tended to be higher in RA than in OA

tissues. Lymphocytes were not present in OA tissues while

more than 50% of the RA lymphocytes expressed CypA.

These results indicate that the CypA expression levels

increase in regions with heavy inflammation even though it

is known to be expressed in virtually all cell types.

It has been demonstrated that CypA is expressed and

secreted by activated macrophages [13] and endothelial cells

[19]. Since high levels of pro-inflammatory cytokines and

inflammatory mediators have been found to be present in

RA synovium, these mediators could activate macrophages

and endothelial cells to express CypA. It is interesting that

both RA and OA macrophages express high levels of CypA

while OA endothelial cells express less CypA than RA
endothelial cells. It has been known that the pathogenesis of

RA involves auto-reactive T-cell generation and inflamma-

tion. As a result, heavy infiltration of inflammatory cells

with formation of new microvessels is observed in RA

synoium. In this condition, both macrophages and endothe-

lial cells are expected to be activated and express CypA. In

contrast, OA develops through cartilage erosion with

relatively low level inflammation [24]. OA synovium

contains little or no infiltration of inflammatory cells in

the sublining area, which thus negate the necessity for new

microvessel formation. This low level inflammation appears

to induce the activation of the lining layer macrophages

which then express CypA while endothelial cells are less

activated and express less amount of CypA.

CypA induces cytokine and MMP-9 expression in monocytic

cell lines via NF-jB activation

Since CypA expression was observed in macrophage-

rich areas, we investigated whether CypA is involved in the

pathogenesis of RA through macrophage activation. The

presence of CypA in the lining layer suggests that CypA

may contribute to the cartilage destruction through induction

of matrix degrading enzymes in the invasive front of the

synovium. When the mouse monocytic RAW264.7 cells

were treated with 0.1–1 AM CypA and tested for the

secretion of gelatinolytic enzymes, MMP-9 induction was

detected in a dose dependent manner (Fig. 3A). Likewise,

CypA treatment induced MMP-9 expression in the human

monocytic cell line, THP-1 (Fig. 3B). Western blot analysis

also confirmed induction of MMP-9 but not MMP-3, which

is known to be expressed in activated synovial fibroblasts

(data not shown) [25,26]. Kim et al. [19] reported that CypA

induced conversion of pro-MMP-2 into active form in

endothelial cells. We also observed low level conversion of

pro-MMP-2 into active form in both mouse and human

monocytic cells when these cells were treated with the

highest dose of CypA (data not shown). To demonstrate that

the MMP-9 induction was not caused by any contaminating

endotoxins, we stimulated the cells with CypA in the

presence of the endotoxin blocker, polymyxin B. MMP-9

expression induced by CypAwas not affected by polymyxin

B, which effectively blocked LPS induced MMP-9 expres-

sion (Fig. 3C).

In resting cells, NF-nB/InB complexes are present in the

cytoplasm. Activation of cells under appropriate condition

leads to phosphorylation and subsequent degradation of InB.
The free NF-nB then translocates into the nucleus to activate

genes with NF-nB binding sites. Since activation of NF-nB is

required for the expression of MMP-9, we tested whether

CypA induces activation and nuclear translocation of NF-nB.
Immunofluoresence analyses (Fig. 4A) revealed that CypA

induced nuclear translocation of NF-nB in 2 h after treatment

and these nuclear NF-nB translocated back to cytoplasm by

3 h. Likewise, CypA induced InB phosphorylation and

degradation and InB within 2 h (Figs. 4B and C).



Fig. 1. Immunohistochemical analyses of synovial tissues from arthritis patients revealed CypA expression in macrophages and endothelial cells. Synovial

tissues from RA (A–C) and OA patients (D–F) were stained with antibodies specific to CypA (A and D), CD68 (B and E), or vWF (C and F). The arrows

indicate the lining layer and the arrow heads indicate the microvessel. Magnifications are 40� for the left, 100� for the middle, and 200� for the right panel.

Squares in the pictures indicate the region magnified in higher magnifications.
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Fig. 3. CypA treatment induces MMP-9 secretion in monocyte/macrophage

cell lines. RAW264.7 cells (A) and THP-1 (B) cells were activated with

0.01–1 AM CypA for 24 h and the culture supernatants were used for the

detection of MMP-9 through gelatin zymogram. As a positive control, the

cells were treated with 1 Ag/ml LPS. (C) THP-1 cells were stimulated with

either 0.1 AM CypA or 0.1 Ag/ml LPS in the presence of 10 Ag/ml

polymyxin B. Culture supernatants were collected in 24 h for the

measurement of MMP-9 levels.

Fig. 2. Double immunohistochemical analyses demonstrate that macro-

phages express CypA in RA and OA synovium. Synovial tissues from RA

(A and B) and OA patients (C and D) were first stained with anti-CypA

monoclonal antibody (red color) (A and C) and the same sections were then

re-stained with anti-CD68 monoclonal antibody (brown color) (B and D).

Magnifications are 40� for the left and 200� for the right panel. Squares in

the pictures indicate the region magnified in higher magnifications.

H. Kim et al. / Clinical Immunology 116 (2005) 217–224 221
To demonstrate that CypA induced MMP-9 expression

requires NF-nB activation, THP-1 cells were pretreated with

the known NF-nB inhibitors, such as N-tosyl-l-phenyl-

alanylchloromethyl ketone (TPCK) [27], ethyl pyruvate

[28], and sulfasalazine [29] before CypA treatment. All
Table 1

Expression pattern of CypA in different cell types in RA and OA synovial

tissues

Tissue Macrophages Endo. cells SMCs Lymphocytes

RA #1 +++a ++ + ++

RA #2 +++ +++ ++ n.a.b

RA #3 +++ ++ � ++

RA #4 +++ +++ ++ ++

OA #1 +++ + + n.a.

OA #2 +++ + + n.a.

OA #3 +++ + + n.a.

a �, no expression; +, < 30%; ++, 30–70%; +++, > 70% of each cell type

expresses CypA.
b Not available due to absence of lymphocytes in the tissue section.
these inhibitors blocked CypA induced MMP-9 expression

in a dose dependent manner (Fig. 5).

We also tested whether CypA contribute to the inflam-

matory process by inducing pro-inflammatory cytokines.

CypA treatment induced tumor necrosis factor (TNF)-a,

interleukin (IL)-8, macrophage chemoattractant protein

(MCP)-1, and IL-1h expression in a dose dependent manner

(Fig. 6) in the THP-1 cells. When the RAW264.7 cells were

used, CypA also induced TNF-a expression which reached

the highest level when 0.1 AM CypA was used (data not

shown). These pro-inflammatory cytokines are already

known to be expressed in elevated levels in the RA

synovium and enhance multiple inflammatory reactions in

autocrine and paracrine manner [2,30,31]. These data

further strengthen the role of CypA as one of the

inflammatory mediators involved in the pathogenesis of RA.

CypA staining pattern overlaps with that of MMP-9

Our data indicate that CypA induces the matrix degrading

enzyme, MMP-9. To find out whether the presence of CypA

correlates with the expression of MMP-9, we analyzed

staining patterns of these molecules in serial sections of both

RA and OA synovial tissues. As shown in Fig. 7, CypA

staining patterns in the lining layers overlapped with MMP-9

staining patterns in both RA and OA synovium. As a negative

control, we stained the tissue sections for MMP-3, which is

known to be elevated in RA patients’ sera [31] and synovial

fluid [32] and has shown to be expressed in activated synovial



Fig. 4. CypA induces degradation of InB and nuclear translocation of NF-nB in THP-1 cells. (A) THP-1 cells were stimulated with 0.1 AM CypA for 1, 2, and

3 h and subcellular locations of NF-nB were detected using immunofluorescence analysis as described in the Materials and methods section. As a negative

control, cells incubated for 2 h without activation were used. As a positive control, cells stimulated with 1 Ag/ml LPS for 2 h were used. Picture magnifications

are 400�. (B and C) THP-1 cells were activated with 0.1 AM CypA and the levels of InB (B) and phosphorylated InB (C) were measured using Western blot

analysis at indicated time points. Cell lysates obtained from THP-1 cells activated with 1 Ag/ml LPS for 2 h were used as positive controls.
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fibroblasts in vitro [25,26]. MMP-3 staining was neither

detected nor correlated with the CypA/MMP-9 staining

patterns in both RA and OA synovium.

Our data demonstrate that various cells including macro-

phages and endothelial cells are the source of CypA in RA

synovial tissues. Further analyses using monocytic cell lines

and immunohistochemical data have demonstrated that

CypA induces pro-inflammatory cytokines and MMP-9
Fig. 5. CypA induced MMP-9 expression requires NF-nB activation.

THP-1 cells were pretreated with indicated concentrations of NF-nB
inhibitors and treated with either 1 Ag/ml LPS or 0.1 AM CypA. TPCK

(A), ethyl pyruvate (B), and Sulfasalazine (C) were used as NF-nB inhibitors

at indicated concentrations. Culture supernatants were collected 24 h after

activation and MMP-9 levels were measured using gelatin zymogram.
expression in macrophages. MMP-9 expressed in the

invasive front of RA synovium will then contribute to the

joint cartilage destruction. Furthermore, pro-inflammatory
Fig. 6. CypA induces pro-inflammatory cytokine expression. THP-1 cells

were stimulated with 0.1 and 1 AM CypA for 24 h and the culture

supernatants were collected. As a positive control, cells stimulated with

1 Ag/ml LPS. Concentrations of TNF-a (A), MCP-1 (B), IL-8 (C), and IL-

1h (D) in the culture supernatants were measured via sandwich ELISA. C,

no treatment; L, LPS treatment.



Fig. 7. CypA staining pattern correlates with that of MMP-9 in synovial tissues. Serial sections of RA (A–C) or OA (D–F) synovial tissues were stained for

CypA (A and D), MMP-3 (B and E), and MMP-9 (C and F). Magnifications are 40� for the left, 100� for the middle, and 200� for the right panel. Squares in

the pictures indicate the region magnified in higher magnifications.
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cytokines will enhance the activation of inflammatory cells

via autocrine and paracrine manner.

Although we investigated the effect of CypA only in

macrophages, CypA may affect other cell types as well. Pro-

inflammatory activities of CypA on the endothelial cells

have been studied in inflammatory vascular diseases

including atherosclerosis. CypA expression has been

observed in murine atherosclerotic plaques and cultured

endothelial cells responded to CypA treatment via apoptosis
and production of inflammatory markers including adhesion

molecules, E-selectin, and VCAM-1. CypA also induced

conversion of pro-MMP-2 into active forms [14,19]. CypA

in RA synovium may have similar effects on endothelial

cells. Recent analysis using cultured human aortic smooth

muscle cells demonstrated the mitogenic effect of CypA

[33]. Currently, the role of CypA in the functioning of

lymphocytes with regard to inflammation is not known, and

is the subject of further study.



H. Kim et al. / Clinical Immunology 116 (2005) 217–224224
Acknowledgments

This work was supported by grants (R01-2003-000-

10887-0 and R12-2003-002-04002-0) from the Basic

Research Program of the Korea Science and Engineering

Foundation.
References

[1] G. Cunnane, K.M. Hummel, U. Muller-Ladner, R.E. Gay, S. Gay,

Mechanism of joint destruction in rheumatoid arthritis, Arch.

Immunol. Ther. Exp. (Warsz.) 46 (1998) 1–7.

[2] M.J. Vervoordeldonk, P.P. Tak, Cytokines in rheumatoid arthritis,

Curr. Rheumatol. Rep. 4 (2002) 208–217.

[3] R.W. Kinne, R. Brauer, B. Stuhlmuller, E. Palombo-Kinne, G.R.

Burmester, Macrophages in rheumatoid arthritis, Arthritis Res. 2

(2000) 189–202.

[4] G. Yanni, A. Whelan, C. Feighery, B. Bresnihan, Synovial tissue

macrophages and joint erosion in rheumatoid arthritis, Ann. Rheum.

Dis. 53 (1994) 39–44.

[5] D. Mulherin, O. Fitzgerald, B. Bresnihan, Synovial tissue macrophage

populations and articular damage in rheumatoid arthritis, Arthritis

Rheum. 39 (1996) 115–124.

[6] B. Bresnihan, Pathogenesis of joint damage in rheumatoid arthritis,

J. Rheumatol. 26 (1999) 717–719.

[7] P.L. Van Lent, A.E. Van den Hoek, L.A. Van den Bersselaar, M.F.

Spanjaards, N. Van Rooijen, C.D. Dijkstra, L.B. Van de Putte, W.B.

Van den Berg, In vivo role of phagocytic synovial lining cells in onset

of experimental arthritis, Am. J. Pathol. 143 (1993) 1226–1237.

[8] P.L. van Lent, A.E. Holthuysen, L.A. van den Bersselaar, N. van Rooijen,

L.A. Joosten, F.A. van de Loo, L.B. van de Putte, W.B. van den Berg,

Phagocytic lining cells determine local expression of inflammation in type

II collagen-induced arthritis, Arthritis Rheum. 39 (1996) 1545–1555.

[9] P.L. Van Lent, A.E. Holthuysen, N. Van Rooijen, L.B. Van De Putte,

W.B. Van Den Berg, Local removal of phagocytic synovial lining cells

by clodronate-liposomes decreases cartilage destruction during colla-

gen type II arthritis, Ann. Rheum. Dis. 57 (1998) 408–413.

[10] B.L. Gruber, D. Sorbi, D.L. French, M.J. Marchese, G.J. Nuovo, R.R.

Kew, L.A. Arbeit, Markedly elevated serum MMP-9 (gelatinase B)

levels in rheumatoid arthritis: a potentially useful laboratory marker,

Clin. Immunol. Immunopathol. 78 (1996) 161–171.

[11] G. Giannelli, R. Erriquez, F. Iannone, F. Marinosci, G. Lapadula, S.

Antonaci, MMP-2, MMP-9, TIMP-1 and TIMP-2 levels in patients

with rheumatoid arthritis and psoriatic arthritis, Clin. Exp. Rheumatol.

22 (2004) 335–338.

[12] A. Galat, Peptidylproline cis – trans-isomerases: immunophilins, Eur.

J. Biochem. 216 (1993) 689–707.

[13] B. Sherry, N. Yarlett, A. Strupp, A. Cerami, Identification of

cyclophilin as a proinflammatory secretory product of lipopolysac-

charide-activated macrophages, Proc. Natl. Acad. Sci. U. S. A. 89

(1992) 3511–3515.

[14] Z.G. Jin, A.O. Lungu, L. Xie, M. Wang, C. Wong, B.C. Berk,

Cyclophilin A is a proinflammatory cytokine that activates endothelial

cells, Arterioscler., Thromb., Vasc. Biol. 24 (2004) 1186–1191.

[15] Z.G. Jin, M.G. Melaragno, D.F. Liao, C. Yan, J. Haendeler, Y.A. Suh,

J.D. Lambeth, B.C. Berk, Cyclophilin A is a secreted growth factor

induced by oxidative stress, Circ. Res. 87 (2000) 789–796.

[16] J.A. Coppinger, G. Cagney, S. Toomey, T. Kislinger, O. Belton, J.P.

McRedmond, D.J. Cahill, A. Emili, D.J. Fitzgerald, P.B. Maguire,
Characterization of the proteins released from activated platelets leads

to localization of novel platelet proteins in human atherosclerotic

lesions, Blood 103 (2004) 2096–2104.

[17] I. Tegeder, A. Schumacher, S. John, H. Geiger, G. Geisslinger, H.

Bang, K. Brune, Elevated serum cyclophilin levels in patients with

severe sepsis, J. Clin. Immunol. 17 (1997) 380–386.

[18] A. Billich, G. Winkler, H. Aschauer, A. Rot, P. Peichl, Presence of

cyclophilin A in synovial fluids of patients with rheumatoid arthritis,

J. Exp. Med. 185 (1997) 975–980.

[19] S.H. Kim, S.M. Lessner, Y. Sakurai, Z.S. Galis, Cyclophilin A as a

novel biphasic mediator of endothelial activation and dysfunction,

Am. J. Pathol. 164 (2004) 1567–1574.

[20] P. Nahreini, A.R. Hovland, B. Kumar, C. Andreatta, J. Edwards-

Prasad, K.N. Prasad, Effects of altered cyclophilin A expression on

growth and differentiation of human and mouse neuronal cells, Cell.

Mol. Neurobiol. 21 (2001) 65–79.

[21] S. Tsuchiya, M. Yamabe, Y. Yamaguchi, Y. Kobayashi, T. Konno, K.

Tada, Establishment and characterization of a human acute monocytic

leukemia cell line (THP-1), Int. J. Cancer 26 (1980) 171–176.

[22] W.H. Lee, S.H. Kim, Y. Lee, B.B. Lee, B. Kwon, H. Song, B.S. Kwon,

J.E. Park, Tumor necrosis factor receptor superfamily 14 is involved in

atherogenesis by inducing proinflammatory cytokines and matrix

metalloproteinases, Arterioscler., Thromb., Vasc. Biol. 21 (2001)

2004–2010.

[23] S.H. Kim, Y.J. Kang, W.J. Kim, D.K. Woo, Y. Lee, D.I. Kim, Y.B.

Park, B.S. Kwon, J.E. Park, W.H. Lee, TWEAK can induce pro-

inflammatory cytokines and matrix metalloproteinase-9 in macro-

phages, Circ. J. 68 (2004) 396–399.

[24] J.C. Fernandes, J. Martel-Pelletier, J.P. Pelletier, The role of cytokines

in osteoarthritis pathophysiology, Biorheology 39 (2002) 237–246.

[25] M.B. Zeisel, V.A. Druet, D. Wachsmann, J. Sibilia, MMP-3 expression

and release by rheumatoid arthritis fibroblast-like synoviocytes

induced with a bacterial ligand of integrin alpha5beta1, Arthritis

Res. Ther. 7 (2005) R118–R126.

[26] J.G. Jeong, J.M. Kim, H. Cho, W. Hahn, S.S. Yu, S. Kim, Effects of

IL-1beta on gene expression in human rheumatoid synovial fibro-

blasts, Biochem. Biophys. Res. Commun. 324 (2004) 3–7.

[27] B.A. Ballif, A. Shimamura, E. Pae, J. Blenis, Disruption of 3-

phosphoinositide-dependent kinase 1 (PDK1) signaling by the anti-

tumorigenic and anti-proliferative agent n-alpha-tosyl-l-phenylalanyl

chloromethyl ketone, J. Biol. Chem. 276 (2001) 12466–12475.

[28] Y. Han, J.A. Englert, R. Yang, R.L. Delude, M.P. Fink, Ethyl pyruvate

inhibits nuclear factor-{kappa}B-dependent signaling by directly

targeting p65, J. Pharmacol. Exp. Ther. 312 (2005) 1097–1105.

[29] C. Wahl, S. Liptay, G. Adler, R.M. Schmid, Sulfasalazine: a potent

and specific inhibitor of nuclear factor kappa B, J. Clin. Invest. 101

(1998) 1163–1174.

[30] G. Lisignoli, S. Toneguzzi, C. Pozzi, A. Piacentini, F. Grassi, A.

Ferruzzi, G. Gualtieri, A. Facchini, Chemokine expression by

subchondral bone marrow stromal cells isolated from osteoarthritis

(OA) and rheumatoid arthritis (RA) patients, Clin. Exp. Immunol. 116

(1999) 371–378.

[31] S. Subramanian, R. Handa, Biological agents in rheumatoid arthritis,

J. Postgrad. Med. 50 (2004) 293–299.

[32] H. Matsuno, K. Yudoh, Y. Watanabe, F. Nakazawa, H. Aono, T.

Kimura, Stromelysin-1 (MMP-3) in synovial fluid of patients with

rheumatoid arthritis has potential to cleave membrane bound Fas

ligand, J. Rheumatol. 28 (2001) 22–28.

[33] H. Yang, M. Li, H. Chai, S. Yan, P. Lin, A.B. Lumsden, Q. Yao, C.

Chen, Effects of cyclophilin A on cell proliferation and gene

expressions in human vascular smooth muscle cells and endothelial

cells, J. Surg. Res. 123 (2005) 312–319.



ava i l ab l e a t www.sc i enced i r ec t . com

www.e l sev i e r . com/ l oca te /yc l im
CORRIGENDUM

Corrigendum to ‘‘Cyclophilin A may contribute to the
inflammatory processes in rheumatoid arthritis
through induction of matrix degrading enzymes and
inflammatory cytokines from macrophages’’
[Clin. Immunol. 116 (2005) 217—224]
Ho Kima, Won-Jung Kima, Sung-Tak Jeona, Eun-Mi Kohb,
Hoon-Suk Chab, Kwang-Sung Ahnb, Won-Ha Leea,*
aDepartment of Genetic Engineering, Kyungpook National University, Daegu 702-701, Republic of Korea
bDivision of Rheumatology, Samsung Medical Center, Sungkyunkwan University School of Medicine, Seoul, Republic of Korea

Received 2 September 2005; accepted with revision 2 September 2005
Available online 2 March 2006
The author regrets that Fig. 3B on page 221 contains incorrect labels. The corrected figure is shown here.
Clinical Immunology (2006) 119, 227
1521-6616/$ — see front matter D 2005 Elsevier Inc. All rights reserved.
doi:10.1016/j.clim.2005.09.021

DOI of original article: 10.1016/j.clim.2005.05.004.
* Corresponding author. Fax: +82 53 943 6925.
E-mail address: whl@knu.ac.kr (W.-H. Lee).

Figure 3.

mailto:whl@knu.ac.kr
http://dx.doi.org/http://dx.doi.org/10.1016/j.clim.2005.09.021

	Cyclophilin A may contribute to the inflammatory processes in rheumatoid arthritis through induction of matrix degrading enzymes and inflammatory cytokines from macrophages
	Introduction
	Materials and methods
	Monoclonal antibodies, cell lines, and reagents
	Histological analysis
	Immunofluorescence assay
	Western blot analysis, ELISA, and gelatin zymogram

	Results and discussion
	CypA expression is concentrated in areas enriched in macrophages and endothelial cells in RA synovium
	CypA induces cytokine and MMP-9 expression in monocytic cell lines via NF-kappaB activation
	CypA staining pattern overlaps with that of MMP-9

	Acknowledgments
	References

	2005-Clin Imm-CypA in RA-editorial comments.pdf
	Cyclophilins in rheumatoid arthritis-stepping into an undiscovered country?
	References


	2005-Clin Imm-CypA in RA-Corrigendum.pdf
	Corrigendum to Cyclophilin A may contribute to the inflammatory processes in rheumatoid arthritis through induction of matrix degrading enzymes and inflammatory cytokines from macrophages [Clin. Immunol. 116 (2005) 217-224]




