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Review
Henrik Hoffmann and Cordelia Schiene-Fischer*

Functional aspects of extracellular cyclophilins
Abstract: The cyclophilin family of peptidyl prolyl cis/trans
isomerases includes several isoforms found to be secreted
in response to different stimuli, thus existing both in the
interior and the exterior of cells. The extracellular fractions of the cyclophilins CypA and CypB are involved in
the control of cell-cell communication. By binding to the
cell membrane receptor CD147 and cell surface heparans
they elicit a variety of intracellular signaling cascades
involved in inflammatory processes. Increased levels of
cyclophilins in inflammatory tissues and body fluids are
considered as an inflammatory response to injury. Thus,
the extracellular portion of cyclophilins probably plays an
important role in human diseases associated with acute
or chronic inflammation like rheumatoid arthritis, sepsis,
asthma and cardiovascular diseases. Specific inhibition of
the cyclophilins in the extracellular space may open an
effective therapeutic approach for treating inflammatory
diseases.
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Introduction
Cyclophilins belong to the enzyme class of peptidyl prolyl
cis/trans isomerases (PPIases, EC 5.2.1.8), which additionally comprises two other subfamilies, the FK506-binding
proteins (FKBP) and the parvulins. These enzymes are
characterized by powerfully catalyzing the reversible
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cis/trans interconversion of the two energetically preferred conformers of the peptide bond preceding proline
(Figure 1) and can thus accelerate slow steps in the folding
and restructuring of proteins. This type of biocatalysis has
been found in all folding states of a polypeptide chain.
These enzymes are thus termed ‘foldases’. Cyclophilins are
highly conserved across species. At present, 18 cyclophilin isoenzymes of different molecular masses have been
described in human tissues. Seven of these are formed
by the prototypic cyclophilin domain of about 160 amino
acids devoid of additional N- or C-terminal domains. The
most abundant member of the cyclophilin family is the
archetypical human cyclophilin A (CypA), which was the
first proline-directed foldase that was discovered (Fischer
et al., 1984). The presently available results suggest that
three mammalian cyclophilin isoforms, CypA, cyclophilin
B (CypB) and cyclophilin C (CypC), can shuttle between
the interior and exterior of cells, but with more sensitive
methods other cyclophilins will probably be added to this
list.
The CypA level is high in many mammalian cells,
comprising as much as 0.4% of the total cytosolic protein
fraction in T cells (Koletsky et al., 1986). In Saccharomyces cervisiae this level translates to 86 000 molecules/cell
(West et al., 2010). Human CypB was the second cyclophilin identified (Price et al., 1991), and mainly differs from
CypA by the presence of a cleavable N-terminal signal
sequence that directs the protein to the endoplasmic reticulum (ER).
The immunosuppressive drug cyclosporin A (CsA)
acts as nanomolar, reversible inhibitor for most cyclophilins (Fanghanel and Fischer, 2004). In addition to their
role as protein folding catalysts, several cyclophilins were
found to elicit multiple effects on various client proteins
in vitro. To exert immunosuppression, CsA by gain-offunction forms a heterooligomeric complex with host cell
CypA that inhibits the protein phosphatase calcineurin
(Liu et al., 1991). However, by the use of non-immunosuppressive inhibitors and PPIase activity-reduced enzyme
variants it became increasingly clear that a great number
of biological effects of cyclophilins is determined by their
catalytic interaction with prolyl bonds, and thus mediated
by the PPIase activity.
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Secretion of cyclophilins

Figure 1 cis/trans isomerization of a peptidyl prolyl bond catalyzed
by cyclophilins.

Cyclophilins are implicated in a variety of processes
crucial for cellular life. Biochemical studies have shown
in vivo and in vitro that a diverse set of proteins can
functionally interact with CypA or CypB. For example,
CypA participates in the nuclear translocation of the
apoptosis-inducing factor AIF in neurons after cerebral
hypoxia-ischemia (Zhu et al., 2007). It was also shown to
interact with P53 and STAT3 implicated in transcription
regulation (Bauer et al., 2009; Baum et al., 2009) and it
is necessary for the CXCR4-mediated nuclear export of
the heterogeneous nuclear ribonucleoprotein A2, a spliceosomal RNA-binding protein (Pan et al., 2008). CypA
also controls the function of the T-cell-specific tyrosine
kinase ITK following T-cell receptor stimulation (Colgan
et al., 2004).
Induction of transcription is achieved by interaction
of STAT5 with an intranuclear complex of CypB and prolactin, thus enhancing prolactin-induced, STAT5-mediated
gene expression (Rycyzyn and Clevenger, 2002). In the
ER, CypB forms a hetero-trimeric complex with prolyl
3-hydroxylase 1 and cartilage-associated protein, which
3-hydroxylates proline residues of collagen chains (Marini
et al., 2007; Ishikawa et al., 2009).
Both CypA and CypB have been found to have important functions in the replication and infectivity of several
viruses, such as human immunodeficiency virus (HIV),
hepatitis C virus (HCV), measles virus and influenca A
virus (Zhou et al., 2012; Frausto et al., 2013). Additionally,
CypA is also able to regulate host IFN-I response to viral
infections (Hopkins et al., 2012).
Beside these intracellular functions, the extracellular role of cyclophilins in inflammation has prompted
a growing interest. Therefore, this review will focus on:
i) how cyclophilins get out of cells; ii) what cyclophilins
will do in the extracellular space; iii) what are the signals
that are triggered by the extracellular cyclophilins; iv)
how extracellular cyclophilins are involved in pathophysiological processes; and finally, v) how extracellular cyclophilins can be inhibited specifically.

Although cyclophilins have been shown to exhibit a large
variety of functions requiring an intracellular protein pool
(Fischer and Aumuller, 2003), it becomes increasingly
clear that cells are able to secrete single-domain cyclophilins (Sherry et al., 1992; Price et al., 1994). Once secreted,
the extracellular fraction of the cyclophilins (eCyps) is
thought to contribute to various regulatory mechanisms
that are able to control cell-cell communication. Cyclophilin isoforms potentially prone to be secreted, such as
CypA, CypB and CypC, differ in their intracellular localization and thus also in the secretory pathways and the
nature and intensity of stimuli causing protein release
(Figure 2).
CypB is an ER-resident protein, which contains a
C-terminal ER retention motif that differs from the classical KDEL ER retention signal. Proteolytic removal of the
C-teminal five amino acids results in secretion of the truncated CypB found in human milk (Mariller et al., 1996).
Upon administration of the competitive small molecule
inhibitor CsA, full-length CypB is specifically and rapidly
secreted into the extracellular space via the constitutive
secretory pathway (Price et al., 1994; Fearon et al., 2011).
It is likely that CsA competes with substrate proteins in
the ER for binding to CypB, thereby greatly changing the
molecular mass and the chemical properties of the resulting CypB complex (Price et al., 1994). The CsA-induced
CypB secretion can be found in a variety of epithelial cell
types (Table 1). In fact, active site dependent binding of
newly synthesized proteins to CypB is considered to contribute to the retention of CypB in the ER (Price et al.,

Figure 2 Secretion of CypA and CypB is induced by several stimuli.
Oxidative stress and treatment with CsA, but also irradiation and
application of copper ions or lipopolysaccharides can induce
release of CypA or CypB, respectively. Both cyclophilins are also
secreted spontaneously.
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Table 1 Secretion of cyclophilins by different cell types.
Cyclophilin

Cell type

Stimulus

References

CypA

Macrophages
Macrophages
Endothelial cells
Fibroblast-like synoviocytes
HNSCC cells
Kidney intercalated cells
Vascular smooth muscle cells
Cardiac myocytes
Epithelial breast cancer cells
Hepatoma cells
Neurons
Trophoblasts/endometrial cells
Embryonic kidney cells
Platelets
Progenitor cells
Adipocytes
Epithelial cervix carcinoma cells
Renal epithelial cells
Embryonic kidney cells
Epidermal keratinocytes
Chondrocytes
Pancreatic cancer cells
Vascular smooth muscle cells
Pituitary cells
Leptomeningeal cells
Adipocytes

LPS
LPS
LPS
Spontaneous; LPS
Spontaneous
Spontaneous
Oxidative stress
Hypoxia/reoxygenation
Irradiation
SHB expression
Copper
Coculture
CsA
Thrombin
Coculture with platelets
Adipogenic cocktail
CsA
CsA
CsA
CsA
Spontaneous; csa
Spontaneous
Oxidative stress
Estradiol, insulin, EGF
Spontaneous
Adipogenic cocktail

Sherry et al., 1992
Sherry et al., 1992
Kim et al., 2004
Nishioku et al., 2012
Ralhan et al., 2011
Peng et al., 2009
Jin et al., 2000
Seko et al., 2004
Chevalier et al., 2012
Tian et al., 2010
Spisni et al., 2009
Tien et al., 2012
Lamoureux et al., 2012
Coppinger et al., 2004
Seizer et al., 2010
Wang et al., 2004
Price et al., 1994
Wilmes et al., 2013
Lamoureux et al., 2012
Fearon et al., 2011
De Ceuninck et al., 2003
Mauri et al., 2005
Liao et al., 2000
Lee et al., 2000
Ohe et al., 1996
Wang et al., 2004

CypB

CypC

HNSCC, head and neck squamous cell carcinomas; SHB, HBV small surface protein.

1994; Meunier et al., 2002). Although showing a dramatic
increase of eCypB after exposure with CsA, the secretome
of HEK-293 cells was found to be altered for many proteins.
It remained undetermined whether these non-cyclophilin
proteins might belong to the CsA binding molecules (Lamoureux et al., 2012).
Unlike CypB, the amino acid sequence of CypA does
not indicate a secretion signal and this protein is thus
preferentially found in the cytoplasm and the nucleus.
Surprisingly, CypA is substantially released from renal
cells upon CsA application (Lamoureux et al., 2012). In
the absence of CsA, CypA release was frequently found
in response to different types of stress, such as oxidative
stress (ROS), irradiation or systemic stress by lipopolysaccharide (LPS) application. For a large variety of cells
under stress conditions, such as macrophages, neuronal,
cardiac and epithelial cells, CypA secretion was reported
as a characteristic finding (Sherry et al., 1992; Kim et al.,
2004; Seko et al., 2004; Spisni et al., 2009) (Table 1).
Secretory proteins not transported through the classical ER-Golgi secretory pathway are secreted through
unconventional mechanisms in the absence of an ER
signal sequence (Nickel and Rabouille, 2009). A vesicular

transport mechanism for CypA secretion was revealed in
vascular smooth muscle cells (VSMC) by its colocalization
with vesicle-associated membrane protein at the plasma
membrane (Suzuki et al., 2006). This pathway involves
RhoA, Cdc42 and Rho kinase signaling events, eliciting
myosin II activation and actin remodeling. ROS-induced
CypA secretion in VSMC is inhibited by statins.
Posttranslational modifications might affect protein
secretion (van Vliet et al., 2003). Recently, a complex
pattern of posttranslational modifications of CypA including lysine acetylation has been demonstrated for eCypA
secreted by irradiated breast cancer cells (Chevalier et al.,
2012). In VSMC, acetylation of K82 and K125 were shown to
be required for Ang II-mediated CypA secretion (Soe et al.,
2013). Interestingly, eCypA citrullinated on Arg37 was
detected in the inflamed joints of rheumatoid arthritis
(RA) patients by proteomic analysis of albumin-depleted
synovial fluid samples (van Beers et al., 2013).
In several cases, external stimuli are not necessary
for cyclophilin secretion (Table 1). Constitutive secretion
of CypA was found in fibroblast-like synoviocytes isolated
from mice with collagen-induced arthritis, in head and
neck/oral squamous cell carcinoma cells and in kidney
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intercalated cells (Peng et al., 2009; Ralhan et al., 2011;
Nishioku et al., 2012). CypB is spontaneously secreted by
chondrocytes and pancreatic cancer cells (De Ceuninck
et al., 2003; Mauri et al., 2005).
Additionally, necrotic cell death was shown to result
in the release of CypA into the extracellular space (Christofferson and Yuan, 2010; Dear et al., 2011).
Only a few data exist for CypC secreted by rat leptomeningeal cells (Ohe et al., 1996) and murine fibroblasts
during adipocyte differentiation (Wang et al., 2004).

Signaling by extracellular
cyclophilins
A large amount of evidence has accumulated that CD147
forms the principal cell surface receptor for transmission
of eCyp signals into target cells.
CD147 (Basigin; extracellular matrix metalloproteinase inducer, EMMPRIN) is a ubiquitously expressed
type I transmembrane glycoprotein found to be involved
in reproduction, neural function, inflammation, tumor
invasion, and HIV infection (Muramatsu and Miyauchi,
2003). Originally, Pro180 and Gly181 in the extracellular
domain of CD147 were found to be important for eCyp
signaling (Yurchenko et al., 2002). The CD147 variant,
where both the Pro180 and the Gly181 residue are replaced
by alanine, was shown to be unable to transduce eCypA
signals. A 15mer peptide containing amino acids 173-187 of
CD147, when measured in the presence of CypB reveals an
increased cis/trans isomerization rate of the Asp-Pro bond
centered in the peptide (Hanoulle et al., 2007).
However, NMR analysis of the receptor extracellular
domain CD14794–214 demonstrated that CypA exclusively
targets and catalyzes the CD147 Trp210-Pro211 bond (Schlegel
et al., 2009). This prolyl bond is the origin of conformational heterogeneity of the folded receptor protein in solution, in a cis/trans isomer ratio of 33:67. In the uncatalyzed
case, the isomers interconvert slowly on the NMR time
scale. NMR titration experiments showed that CypA binds
to CD147 via its PPIase site, chemical shift changes localized in the PPIase active site of 15N-CypA were obtained
upon titration with the CD14722–214 fragment, which contains the Trp210-Pro211 bond. No interaction was detected
using either CD14794–205 or CD14722–205 shown to exhibit correctly folded Ig-like domains (Schlegel et al., 2009). Contradictory results were reported in another study showing
a direct interaction of CypA and CD14722–205 (Song et al.,
2011). As CypA is an enzyme that is targeted to prolyl
bonds in peptide chains, an even minor portion of the

CD147 fragment in a partially folded state might interact
with CypA, thus reflecting the proline-directed peptide
binding ability of CypA.
The affinity between CypA and CD147 is relatively
weak as implied by the impossibility to complete NMR
titration experiments to the point of near-saturation. Consistently, the interaction of CypA with the 10mer model
peptide HLAALWPFLG reflecting the CD147 residues 206–
214 exhibits a Kd of 4.2 mm (Schlegel et al., 2009). Low
affinity substrate binding is a typical feature of highly
evolved enzymes acting under reversible reaction conditions (Burbaum et al., 1989). The mode of action in signal
transduction might be different when comparing classical
protein ligand-receptor binding to the interaction of the
biocatalytically active eCypA with CD147.
The necessity of the PPIase activity of CypA for
signal transduction was shown by the use of CypA variants exhibiting strongly reduced PPIase activity (Yurchenko et al., 2002; Malesevic et al., 2013). CypA F60A,
H126A and R55A variants fail to initiate signaling events,
whereas the almost fully active CypA F113A and W121A variants do not much deviate from the effects of wildtype
CypA (Yurchenko et al., 2002; Malesevic et al., 2013).
Similarly, the nearly PPIase inactive CypB R62A and F67A
variants fail to initiate activation of signal transduction
(Carpentier et al., 2002; Pakula et al., 2007). In contrast
to these studies Song et al. found the CypA R55A variant
capable of inducing signaling (Song et al., 2011). Differences in the purification protocols of recombinant CypA
from Escherichia coli may result in LPS contaminations
in preparations of CypA or CypA variants, which are
able to simulate induction of signaling by CypA (Payeli
et al., 2008). Thus, taken together the results of different groups using different cyclophilin variants of CypA
as well as CypB, a PPIase activity dependent action of
eCyps seems feasible.
The role of CD147 in eCyp-induced signaling was demonstrated by signal abolishment using anti-CD147 antibody or a CD147 antagonistic peptide (Pushkarsky et al.,
2001; Yurchenko et al., 2001; Zhu et al., 2005). Using CD147
deficient mice and selective eCyp inhibitors, we could
show that the functional capacity of eCyps during inflammation in a mouse model of experimentally induced peritonitis and in delayed-type hypersensitivity reaction is
entirely based on its interaction with CD147 (Malesevic
et al., 2013). Our findings suggest that exclusively targeting the fraction of eCyps by selective eCyp inhibitors
might be considered as an effective therapy for reducing
cell invasion to the site of inflammation in response to
inflammatory stimuli and the subsequent release of leucocyte regulatory and proinflammatory molecules.
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In addition, the functional CD147-eCyp interaction
can be promoted by binding of eCypA and eCypB to the
complex polysaccharide chains exposed on the cell
surface adjacent to the relatively low dense CD147 molecules. In fact, CypB was described to bind to heparan
sulfate moieties of cell surface proteoglycans with the
binding site in its N-terminal extension. Mutations in
the 3KKK5 and 15YFD17 motifs of CypB abolished heparan
sulfate binding (Denys et al., 1998; Carpentier et al., 1999).
NOE NMR data confirm that at least the N-terminal KKK
motif is involved in direct physical interaction with the
sugar moiety. An octasaccharide was found to be the
minimal saccharide length necessary for efficient binding
of eCypB (Vanpouille et al., 2004). Specifically, the transmembrane heparan sulfate proteoglycan syndecan-1 was
found to form a functional coreceptor for eCypB, acting
in cooperation with CD147 (Pakula et al., 2007). Because
of the heparan sulfate binding, secreted CypB is able to
stay bound to the surface of cells surrounded by a matrix
containing highly sulfated proteoglycans, as can be
found in chondrocytes. Matrix metalloproteinases are
able to release eCypB from the cell surface (De Ceuninck
et al., 2003). Possibly, the N-terminal extension of CypB
is generally involved in anchoring the enzyme next to its
substrate: thus, interactions of CypB with the P-domain of
calnexin/calreticulin and the lysyl hydroxylase 1 are abolished by the G6R mutation of the N-terminal extension of
CypB in the American Quarter Horse, leading to hereditary
equine regional dermal asthenia (Ishikawa et al., 2012).
Despite lacking the N-terminal extension typical to
CypB, eCypA was also shown to bind to cell surface heparans. Heparinase treatment, which removes heparan
sulfate moieties, prevents eCypA binding to HeLa cells.
An in vitro ELISA-based binding assay revealed that CypA
interacts with heparin. Binding is mediated by the four
basic residues in the C-terminal region of CypA Arg148,
Lys151, Lys154, and Lys155, complete substitution of these residues for alanine abolishes heparin binding as well as cell
surface heparan binding (Saphire et al., 1999).
Cell surface heparan sulfate proteoglycan binding
of eCyps might assist an efficient functional interaction
with CD147 because heparinase treatment of human neutrophils (Yurchenko et al., 2002) or resting T lymphocytes
(Allain et al., 2002) impedes eCyp-induced signaling to
a large extent. Interestingly, eCyp-induced signaling of
activated T cells does not require the assisting interaction
with heparan sulfate.
eCypA and eCypB both induces extracellular signalregulated kinase (ERK 1/2), IκB-α phosphorylation, NF-κB
activation and increased Ca2+ mobilization in different
cell types (Yurchenko et al., 2001, 2002; Seko et al., 2004;
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Pakula et al., 2007; Yang et al., 2007; Yuan et al., 2010; Trachtenberg et al., 2011; Bahmed et al., 2012; Kim et al., 2012).
In addition, eCypA stimulates p38 MAPK and JNK activation in endothelial cells (Jin et al., 2004), whereas eCypB
is unable to activate p38 MAPK and JNK in macrophages
(Marcant et al., 2012). Stress-activated protein kinases
(SAPKs), Akt and the JAK/STAT (Janus kinases/signal
transducers and activators of transcription) pathway are
activated by CypA application in cardiac myocytes or
VSMC, respectively (Jin et al., 2000; Seko et al., 2004).
eCypA itself is considered a proinflammatory
cytokine. It promotes activation of matrix metalloproteinases (MMPs), especially MMP-1 and MMP-9 and induces
the expression of MMP-2 and MMP-9. The production of
proinflammatory cytokines IL-6, IL-8, IL-1β, MCP-1 and
TNF-α as well as adhesion molecules including E-selectin
and vascular cell adhesion molecule in monocytes and
endothelial cells, respectively, is stimulated when eCypA
is externally administered (Jin et al., 2004; Kim et al., 2005;
Yuan et al., 2010). Interestingly, only external application
of truncated versions of CypA found in brains following
scrapie infection is able to stimulate cytokine release from
murine brain microglia and astroglia (Tribouillard-Tanvier
et al., 2012).
In VSMC, lysine-acetylated eCypA was proved to be
more effective than its nonacetylated congener in the
induction of ERK1/2 phosphorylation, MMP-2 activation,
and ROS production (Soe et al., 2013).
In contrast, eCypB, which also acts in a cytokine-like
manner on its own, was shown to be unable to induce the
production of proinflammatory cytokines (Marcant et al.,
2012). Pretreatment of macrophages with eCypB rather
attenuates the expression of inflammatory mediators
induced by LPS stimulation. eCypB induces the expression of B cell CLL/lymphoma 3 (BCL-3), which results in
inhibition of initiation of TNF-α transcription (Marcant
et al., 2012).
Thus, eCyps lead to a wide range of cellular responses
in various cell types (Figure 3). Stimulation of the different
pathways by eCypA or eCypB culminates in chemotaxis of
inflammatory cells. Concomitantly, eCypA stimulates the
adhesion of human monocytes to endothelium under arterial shear conditions (Seizer et al., 2011). Similarly, THP-1
cells used as a model mimicking the function and regulation of monocytes and macrophages reveal increased cell
adhesion to the extracellular matrix in the presence of
eCypA (Yang et al., 2008). eCypB enhance integrin-mediated adhesion of T cells mainly of the CD4+/CD45RO+ phenotype to the extracellular matrix (Pakula et al., 2007). In
vitro, peripheral blood T lymphocytes can be activated for
adhesion to immobilized fibronectin, a component of the
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Figure 3 Extracellular cyclophilin (eCyp) binding to CD147 induces different cellular signaling pathways including ERK 1/2 and NF-κB activation and the JAK/STAT pathway.
Various cellular responses like proliferation, migration, adhesion or apoptosis are mediated, dependeing on the cellular context.

extracellular matrix, using eCypB (Carpentier et al., 2002).
Platelet adhesion to collagen can be augmented by eCypB
(Allain et al., 1999).
eCypA-induced signaling mediates the protection
of neurons from oxidative stress and in vitro ischemia
(Boulos et al., 2007; Ge et al., 2009), the increase of cell
proliferation (Yang, 2005) and prevention of apoptosis of
VSMC (Jin et al., 2000). Application of eCypB to the growth
medium enhances the prolactin-driven cellular proliferation (Rycyzyn and Clevenger, 2000).
Taken together, the eCyp/CD147 interaction initiates
a variety of signaling cascades involved in inflammatory
processes. In this respect, CypA and CypB appear to share
some similar functional properties. However, only direct
comparison of the two isoforms would allow evaluation
of the effect of cellular context on the differences of their
functional properties.
Although the eCyps are found to exhibit cytokinelike activity, some of their properties differ from the
classical picture of cytokines. Generally, many cytokines
are expressed and released in an inducible manner in
response to cell stimulation (Arai et al., 1990). In contrast, the constitutive level of both cyclophilins is rather
high, with the CypA concentration around 10-fold
higher than that of CypB (Koletsky et al., 1986; Allain
et al., 1995). It remains unclear as to what extent an
increased expression of cyclophilins is associated with
its enhanced secretion. In addition, the affinity to the

eCyp cellular receptor CD147 is low (Yurchenko et al.,
2006; Schlegel et al., 2009), whereas the cytokine
interactions with their binding receptors are found to
be strong (Schreiber and Walter, 2010). Importantly,
because CD147 forms a weakly binding substrate of
eCyps, implicating an unconventional mode of ligand/
receptor interaction, pharmacological interference by
small molecule inhibitors with receptor mediated signaling appears feasible.

Extracellular cyclophilins under
pathophysiological conditions
Increase of eCyp levels in inflammatory tissues and body
fluids are well documented and can be considered as an
inflammatory response to injury. Thus, eCyps are assumed
to play an important role for key processes in acute and
chronic inflammation.

Rheumatoid arthritis
RA is an autoimmune inflammatory disease that primarily affects the joints and leads to their progressive
destruction. Several studies suggest that the eCypA/CD147
pathway is implicated in RA pathogenesis.
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Initially, increased eCypA levels were found in the
synovial fluid of RA patients but not in patients with osteoarthritis (Billich et al., 1997). Macrophages of the synovial lining layer were identified as origin of eCypA in the
RA synovium (Kim et al., 2005). Fibroblast-like synoviocytes isolated from mice with collagen-induced arthritis
(CIA mice) were found to secrete CypA upon LPS stimulation (Nishioku et al., 2012).
CD147 expression is increased on monocytes of peripheral blood and synovial fluid, and on neutrophils in RA
(Zhu et al., 2005; Wang et al., 2011). CD147 is also highly
expressed in the joints of CIA mice (Nishioku et al., 2012).
Anti-CD147 monoclonal antibody application results in
strong reduction of arthritis in CIA mice (Damsker et al.,
2009). In vitro, treatment with anti-CD147 monoclonal antibody results in the loss of the ability of neutrophils, monocytes and activated CD4(+) T cells to migrate in response
to eCypA (Damsker et al., 2009). Thus, the eCypA/CD147
interactions might promote the recruitment of leucocytes
into joint tissues (Damsker et al., 2009; Wang et al., 2011).
eCypA mediates the upregulation of MMP-9 and MMP-2
expression and secretion in peripheral blood monocytes
and macrophages from RA patients and THP-1 cells and
the increase of the invasive potential of the cells (Yang
et al., 2008; Wang et al., 2010). The blockade of eCypA by
an anti-CypA antibody significantly decreases arthritis
severity and joint damage in the murine CIA model. In the
SCID-HuRAg model of RA treatment with the anti-CypA
antibody reduces cartilage erosion, inflammatory cell
numbers and MMP-9 production (Wang et al., 2013).
Taken together, data suggest eCypA/CD147-induced
MMP secretion and cell invasion may contribute to the
cartilage invasion and bone destruction of RA.

Sepsis
Sepsis as systemic inflammatory response to infection
was found to be associated with elevated levels of eCyps.
The eCypA-related PPIase activity was reported to be
significantly increased in serum of patients with severe
sepsis compared to healthy subjects and this increase was
found to be associated with high mortality rates (Tegeder
et al., 1997). A cecal ligation and puncture mouse model
of polymicrobial sepsis has a higher abundance of CypA
in the liver. A role of eCypA in sepsis is implicated by the
importance of its receptor CD147 in sepsis-induced renal
injury. Administration of anti-CD147 blocking monoclonal
antibodies results in reduction of TNF-α, IL-6, and IL-10
cytokines and attenuation of sepsis-induced renal dysfunction and pancreatic injury (Dear et al., 2007).
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Lipoteichoic acid from Staphylococcus aureus,
described as contributing to the pathogenesis of S. aureus
sepsis, significantly upregulates CypA expression in THP-1
cells (Zeng et al., 2010). In contrast, in an animal model of
burn sepsis, CypA was found to be downregulated compared to sham-treated animals (Zhang et al., 2010).

Asthma
In a mouse model of acute asthmatic inflammation it was
shown that eCypA levels are elevated in the mice airways
(Gwinn et al., 2006). In vitro, eCypA induces CD147dependent chemotaxis of activated CD4+ T cells, a cell
type known to play a prominent role in asthmatic inflammation. Treatment of the mice with allergic airway inflammation using either anti-CD147 monoclonal antibodies
(Gwinn et al., 2006) or the non-immunosuppressive CsA
analogue NIM811 (Arora et al., 2005; Balsley et al., 2010)
significantly reduces the production of cytokines and
the influx of inflammatory cells into lung tissues during
inflammation.
Both treatments were shown to reduce airway epithelial mucin production and bronchial hyperresponsiveness,
two central features of asthma (Gwinn et al., 2006; Balsley
et al., 2010). Even in the chronic phase of asthma, elevated
concentrations of eCypA have been detected, whereas
classical chemokines typical of the acute phase asthma
response are not found. Here, inhibition of the PPIase
activity of cyclophilins by the non-immunosuppressive
CsA analogue NIM811 reduced the number of persisting
leukocytes, a hallmark feature of chronic human asthma.
This treatment also reduced asthma reactivation after
allergen challenge (Stemmy et al., 2011a). An increased
level of eCypB compared to classical chemokines was
found in the nasal wash samples of asthma patients in
the chronic phase of the disease relative to nonasthmatic
controls. This suggests an eCypB contribution to the persistent recruitment of proinflammatory leukocytes during
chronic asthma (Stemmy et al., 2011a). Interestingly,
eCypA was not found to be increased in the nasal wash
samples, however, its level correlated with parameters of
asthma severity (Stemmy et al., 2011b).

Cardiovascular diseases
Atherosclerosis
Atherosclerosis is an inflammatory disease characterized
by formation of atherosclerotic plaques containing VSMC,
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endothelial cells, leukocytes, and foam cells. Oxidative
stress is considered to be a causative agent in vascular
inflammation. ROS elicit signaling pathways to mediate
the initiation of endothelial cell activation, fatty streak
development and lesion progression to plaque rupture as
key components of the pathogenesis of atherosclerosis.
CypA is found to be highly expressed in atherosclerotic plaques in apolipoprotein E deficient mice as a model
characterized by impaired clearing of plasma lipoproteins
and development of atherosclerosis in a short time (Jin
et al., 2004). Combined deficiencies in Apoe-/- Ppia-/- mice
result in less severe atherosclerosis (Nigro et al., 2011).
Furthermore, CypA RNAi treatment of apolipoprotein
E deficient mice induces regression of existing atherosclerotic plaques and reduces lipid accumulations (Yan et al.,
2013). Cyclophilins are found to be secreted from several
cell types involved in atherosclerosis. Both, eCypA and
eCypB were identified to be oxidative stress-induced factors
secreted from VSMC (Jin et al., 2000; Liao et al., 2000).
Stimulation of human umbilical vein endothelial cells
with lipopolysaccharide induces secretion of CypA (Kim
et al., 2004). eCypA is also released during the differentiation of CD34(+) progenitor cells to foam cells, the hallmark
of atherosclerosis (Seizer et al., 2010). eCypA is described
as follows as involved in several molecular mechanisms of
the pathogenesis of atherosclerosis. (i) eCypA stimulates
VSMC proliferation and intimal thickening (Jin et al., 2000;
Satoh et al., 2008). (ii) eCypA increases endothelial cell
activation and induces expression of adhesion molecules
including E-selectin and vascular cell adhesion molecule-1,
which facilitates monocyte adhesion (Jin et al., 2004). (iii)
Like the proapoptotic TNF-α, eCypA induces apoptosis of
endothelial cells with blocked protein synthesis (Jin et al.,
2004). Conversely, application of eCypA to human umbilical vein endothelial cells upregulates the expression of the
antiapoptotic protein BCL-2 (Wei et al., 2013). (iv) eCypA
induces the recruitment of monocytes and the expression
of MMP-9, IL-6 and TNF-α (Payeli et al., 2008; Yuan et al.,
2010).

Abdominal aortic aneurysm (AAA)
AAA is the localized dilatation of the abdominal aorta. Initially, CsA was shown to reduce formation of AAAs in rats
subjected to elastase infusion (Yamaguchi et al., 2000) but
the mechanism of action has remained unclear.
Subsequently, CypA was described to be an essential mediator of AAA formation by analyzing the impact
of CypA deficiency in a murine AAA model. Formation of
AAAs promoted by infusion of angiotensin II (Ang II) in

apolipoprotein E deficient mice is prevented by an additional CypA deficiency of the mice. Mice lacking CypA
exhibit reduced aortic inflammation, oxidative stress,
matrix degradation, recruitment of CD45+ inflammatory
cells and aortic rupture. Involvement of CypA localized
in the extracellular space in AAA formation is suggested
by the Ang II-stimulated CypA secretion in mouse aortic
VSMC. eCypA was also shown to promote activation of
MMPs in VSCMs. Bone marrow transplantation experiments implicate that VSMC secret the fraction of eCypA
involved in AAA formation (Satoh et al., 2009).

Cardiac diseases
Heart diseases like myocarditis, coronary artery disease,
myocardial ischemia and hypertrophy are connected to
inflammation. Several data suggest the involvement of
eCypA in these diseases. Thus, it was found that expression of CypA and its receptor CD147 is upregulated in
patients who died of acute myocardial infarction. In
Ppia-/- mice, the infarct size and monocyte and neutrophil recruitment were reduced. An involvement of eCypA
is implicated by the dependence of the CypA effects on
CD147 and its chemotactic properties (Seizer et al., 2011).
Also, the proinflammatory role of CypA in myocarditis is
attributed to eCypA, mainly because of its role in monocyte migration (Seizer et al., 2012). Additionally, eCypA
was described to be important for Ang II-mediated cardiac
hypertrophy in apolipoprotein E deficient mice. Ang IItreated cardiac fibroblasts of these mice substantially
secrete CypA. eCypA is considered to promote the hypertrophic response, because eCypA application upregulates
markers of cardiac hypertrophy and increases protein synthesis in cardiac myocytes (Satoh et al., 2011). The eCypA
level may form a marker for severity of acute coronary
syndrome. The serum eCypA concentration is reported to
be increased in patients with unstable angina and acute
myocardial infarction compared to patients with stable
angina and healthy controls (Yan et al., 2012). Accordingly,
plasma eCypA levels are associated with an increased risk
of coronary artery disease as judged by traditional cardiovascular risk factors and correlate with the severity of the
disease (Satoh et al., 2013).

Periodontitis
Periodontitis, an inflammatory disease characterized by
the destruction of periodontal tissues, is associated with
the abundance of eCypA (Liu et al., 2013). CypA was found
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to be overexpressed in connective tissues of the inflamed
gingiva from patients with periodontitis in the infiltrating
cells as well as in the extracellular matrix. eCypA induces
a stronger migration of peripheral blood mononuclear
cells/neutrophils from patients with periodontitis than of
cells from healthy donors (Liu et al., 2013).

Diabetes
Inflammation participates in the pathogenesis of type 2
diabetes. Increased levels of eCypA were detected in the
plasma of patients with type 2 diabetes and even more
increased in those with additional coronary artery disease
(Ramachandran and Kartha, 2012).

Viral infections
CypA and CypB have been found to interact with the
HIV-1 Gag polyprotein (Luban et al., 1993). In vivo, CypA
was shown to promote HIV-1 replication in the early
phase after viral entry in human cells (Franke et al.,
1994; Thali et al., 1994; Braaten et al., 1996; Franke and
Luban, 1996). Incorporation of CypA into the newly
produced virion through interaction with the capsid
domain in the Gag polyprotein is required for infectivity (Franke et al., 1994; Thali et al., 1994). Besides these
intracellular functions, CypA in the extracellular space
was described to contribute to HIV-1 infectivity. During
virus budding, CypA incorporated in the virus particle leaves the cytosol. Initially, CypA is incorporated
into the interior of the virus particles, but its localization changes to the viral surface during maturation
(Saphire et al., 1999). It is likely that HIV-1-associated
CypA mediates virus entry via interaction with CD147
and heparans on target cells, thus significantly enhancing infection by HIV-1 (Sherry et al., 1998). Heparans
are discussed to facilitate the CypA-CD147 interaction
by initial binding of CypA followed by its presentation
to CD147 (Saphire et al., 1999, 2002; Pushkarsky et al.,
2001). CypA is also encapsidated within the influenca A
virus and the vaccinia virus particle (Castro et al., 2003;
Liu et al., 2009) suggesting a role of CypA analogous to
that in HIV-1 in these cases. Interestingly, eCypB localized at the cell surface facilitates the infectivity of the
oncogenic human papillomavirus types 16 and 18 by
triggering the infectious internalization of viral particles
(Bienkowska-Haba et al., 2009). Measles virus infection
has been found to occur via CD147 and virion-associated
eCypB (Watanabe et al., 2010).
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Interestingly, the expression of the small surface
protein of hepatitis B virus in hepatoma cells elicits CypA
secretion. Consistently, increased levels of eCypA were
found in the serum of chronic hepatitis B patients compared to healthy individuals (Tian et al., 2010). However,
the anti-HBV effect of CsA caused by the prevention of
virus entry into hepatocytes does not involve binding to a
cyclophilin (Watashi et al., 2013).
Cyclophilins have been shown to be important factors
in the life cycle of a variety of other viruses including HCV,
West Nile virus, arterivirus, rotavirus, human cytomegalovirus and vesicular stomatitis virus. However, in these
cases a contribution of cyclophilins localized outside cells
is not discussed.

Cyclophilins as allergens
Cyclophilins from different species have been described
to form a pan allergen family able to elicit IgE-mediated
hypersensitivity reactions in humans (Glaser et al., 2006).
Plant allergens include serum IgE-reactive cyclophilins
from birch pollen (Cadot et al., 2000), carrot (Fujita et al.,
2001), raspberry (Marzban et al., 2008), ryegrass (Lolium
perenne) (De Canio et al., 2009) and the Platanus orientalis
trees (Pazouki et al., 2009). Cyclophilins from the basidiomycete Psilocybe cubensis (Horner et al., 1995), from the
pathogenic mould Aspergillus fumigatus (Fluckiger et al.,
2002) and from the skin-colonizing yeast Malassezia furfur
(Lindborg et al., 1999) have also been isolated as serum
IgE binding proteins.

Inhibition of extracellular
cyclophilins
Selective inhibitors of eCyps have been introduced only
recently and are based on the CsA warhead (Malesevic
et al., 2010, 2013; Prell et al., 2013). The canonical cyclophilin inhibitor CsA inhibits the PPIase activity of CypA
and CypB in the one-digit nanomolar concentration
range. However, CsA is a cell permeable compound exhibiting the potential to target both intra- and extracellular
cyclophilins. Furthermore, the CypA/CsA complex is able
to prevent the dephosphorylation of the serine/threoninespecific protein phosphatase 2B (calcineurin) substrates
by gain-of-function, thus mediating the immunosuppressive effects of CsA. Therefore, the physiological reactions
observed after the administration of CsA are caused by
the compulsory combination of both PPIase inhibition of
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intra- and extracellular cyclophilins and gain-of-function.
When restricted to eCyp binding, CsA derivatives are no
longer able to allosterically inhibit intracellular calcineurin, and are thus per se non-immunosuppressive.
Nevertheless, CsA treatment influences a variety
of inflammatory processes ascribed to the function of
extracellular cyclophilins. Thus, CsA in combination
with methotrexate has shown a substantial benefit in
clinical practice to control aggressive rheumatoid arthritis
(Gremese and Ferraccioli, 2004). CsA has also been shown
to block the allergen-induced late asthmatic reaction,
which is associated with mucosal inflammation (Sihra
et al., 1997). The in vitro chemotactic activity of eCypA
on monocytes and eCyPA-induced ERK1/2 activation in
VSCMs is inhibited by CsA (Sherry et al., 1992; Jin et al.,
2000; Payeli et al., 2008).
For inhibition of cyclophilins without targeting calcineurin a variety of non-immunosuppressive CsA derivatives, such as NIM811, Debio-025 and SCY-635 have been
developed. These non-immunosuppressive CsA derivatives have been shown to inhibit several cyclophilin-mediated inflammatory processes. NIM811 has been shown
to diminish neutrophil infiltration into lung tissues in
murine models of acute lung injury as well as of chronic
allergic asthma (Arora et al., 2005; Stemmy et al., 2011a).
NIM811-treatment of mice with coxsackievirus B3 (CVB3)induced myocarditis resulted in the reduction of myocardial fibrosis (Seizer et al., 2012). However, administration
of these non-immunosuppressive CsA derivatives fails to
distinguish between intra- and extracellular signaling
pathways because of their cell permeability.
Therapeutic application of cell penetrating CsA
derivatives must ultimately lead to the formation of cyclophilin/CsA complexes within cells and a subsequent
amplification of cyclophilin secretion. The pathway of
secretion enhancement should involve the release of the
already assembled drug complexes from the cell. The
question arises whether the proinflammatory properties
of the CsA-induced fraction of eCyps are comparable to
those of eCyps secreted in the absence of CsA. Obviously,
the CsA concentration in the extracellular space is pivotal
for the fate of the eCyp/CsA complex. Taking into account
the generally high stability of the cyclosporin/cyclophilin complexes, even low extracellular concentrations of
CsA could keep the complexes dominating and thus the
eCyps inhibited in their ability to mediate inflammation.
However, lowering the affinity of the complex by posttranslational modifications of the cyclophilins like acetylation (Lammers et al., 2010) would make dissociation of
the complex after arrival in the extracellular space less
unlikely.

Specific targeting of extracellular cyclophilins by cellimpermeable CsA derivatives are hypothesized to elicit
fewer side effects than a global cyclophilin inhibitor and
would not get dispersed into a cellular sink when sequestered by off-target cyclophilins.
Initially, the cell-impermeable cyclophilin inhibitor MM218 has been synthesized that contains a 6-mer
D-glutamic acid moiety and 5(6)-carboxytetramethylrhodamine as a fluorescence probe attached to side chainmodified [D-Ser]8-CsA (Malesevic et al., 2010). MM218 is
highly effective at inhibiting leukocyte recruitment, it
reduces airway mucus and TH2 cytokine levels and leads
to improved lung function in a murine model of acute
allergic asthma (Balsley et al., 2010). A structurally simplified cell-impermeable eCyp inhibitor was shown to be
highly effective at inhibiting in vitro leukocyte migration
towards CypA and in the recruitment of leukocytes during
inflammation in a mouse model of experimental induced
peritonitis and delayed-type-hypersensitivity reaction
(Malesevic et al., 2013).
The strong anti-inflammatory impact of inhibition of
extracellular Cyps in various in vivo inflammatory model
systems suggests that eCyps are potential prime movers
of a cytokine cascade. The collective findings suggest
that CsA is chemically tractable to allow selective eCyp
inhibition leading to effective drug candidates for reducing inflammatory diseases associated with leukocyte
recruitment.
Acknowledgments: The work was supported by the
Deutsche Forschungsgemeinschaft GRK 1026.

References
Allain, F., Boutillon, C., Mariller, C., and Spik, G. (1995). Selective assay for CyPA and CyPB in human blood using highly
specific anti-peptide antibodies. J. Immunol. Methods 178,
113–120.
Allain, F., Durieux, S., Denys, A., Carpentier, M., and Spik, G. (1999).
Cyclophilin B binding to platelets supports calcium-dependent
adhesion to collagen. Blood 94, 976–983.
Allain, F., Vanpouille, C., Carpentier, M., Slomianny, M.C., Durieux,
S., and Spik, G. (2002). Interaction with glycosaminoglycans
is required for cyclophilin B to trigger integrin-mediated adhesion of peripheral blood T lymphocytes to extracellular matrix.
Proc. Natl. Acad. Sci. USA 99, 2714–2719.
Arai, K.I., Lee, F., Miyajima, A., Miyatake, S., Arai, N., and Yokota, T.
(1990). Cytokines: coordinators of immune and inflammatory
responses. Annu. Rev. Biochem. 59, 783–836.
Arora, K., Gwinn, W.M., Bower, M.A., Watson, A., Okwumabua, I.,
MacDonald, H.R., Bukrinsky, M.I., and Constant, S.L. (2005).

H. Hoffmann and C. Schiene-Fischer: Extracellular cyclophilins
Extracellular cyclophilins contribute to the regulation of
inflammatory responses. J. Immunol. 175, 517–522.
Bahmed, K., Henry, C., Holliday, M., Redzic, J., Ciobanu, M., Zhang,
F., Weekes, C., Sclafani, R., Degregori, J., and Eisenmesser,
E. (2012). Extracellular cyclophilin-A stimulates ERK1/2
phosphorylation in a cell-dependent manner but broadly
stimulates nuclear factor kappa B. Cancer Cell Int. 12, 19.
Balsley, M.A., Malesevic, M., Stemmy, E.J., Gigley, J., Jurjus, R.A.,
Herzog, D., Bukrinsky, M.I., Fischer, G., and Constant, S.L.
(2010). A cell-impermeable cyclosporine A derivative reduces
pathology in a mouse model of allergic lung inflammation.
J. Immunol. 185, 7663–7670.
Bauer, K., Kretzschmar, A.K., Cvijic, H., Blumert, C., Loffler, D.,
Brocke-Heidrich, K., Schiene-Fischer, C., Fischer, G., Sinz, A.,
Clevenger, C.V., et al. (2009). Cyclophilins contribute to Stat3
signaling and survival of multiple myeloma cells. Oncogene 28,
2784–2795.
Baum, N., Schiene-Fischer, C., Frost, M., Schumann, M., Sabapathy,
K., Ohlenschlager, O., Grosse, F., and Schlott, B. (2009). The
prolyl cis/trans isomerase cyclophilin 18 interacts with the
tumor suppressor p53 and modifies its functions in cell cycle
regulation and apoptosis. Oncogene 28, 3915–3925.
Bienkowska-Haba, M., Patel, H.D., and Sapp, M. (2009). Target cell
cyclophilins facilitate human papillomavirus type 16 infection.
PLoS Pathog. 5, e1000524.
Billich, A., Winkler, G., Aschauer, H., Rot, A., and Peichl, P. (1997).
Presence of cyclophilin A in synovial fluids of patients with
rheumatoid arthritis. J. Exp. Med. 185, 975–980.
Boulos, S., Meloni, B.P., Arthur, P.G., Majda, B., Bojarski, C., and
Knuckey, N.W. (2007). Evidence that intracellular cyclophilin A
and cyclophilin A/CD147 receptor-mediated ERK1/2 signalling
can protect neurons against in vitro oxidative and ischemic
injury. Neurobiol. Dis. 25, 54–64.
Braaten, D., Franke, E.K., and Luban, J. (1996). Cyclophilin A is
required for an early step in the life cycle of human immunodeficiency virus type 1 before the initiation of reverse transcription. J. Virol. 70, 3551–3560.
Burbaum, J.J., Raines, R.T., Albery, W.J., and Knowles, J.R. (1989).
Evolutionary optimization of the catalytic effectiveness of an
enzyme. Biochemistry 28, 9293–9305.
Cadot, P., Diaz, J.F., Proost, P., Van Damme, J., Engelborghs, Y.,
Stevens, E.A., and Ceuppens, J.L. (2000). Purification and characterization of an 18-kd allergen of birch (Betula verrucosa)
pollen: identification as a cyclophilin. J. Allergy Clin. Immunol.
105, 286–291.
Carpentier, M., Allain, F., Haendler, B., Denys, A., Mariller, C.,
Benaissa, M., and Spik, G. (1999). Two distinct regions of
cyclophilin B are involved in the recognition of a functional
receptor and of glycosaminoglycans on T lymphocytes. J. Biol.
Chem. 274, 10990–10998.
Carpentier, M., Allain, F., Slomianny, M.C., Durieux, S., Vanpouille,
C., Haendler, B., and Spik, G. (2002). Receptor type I and type
II binding regions and the peptidyl-prolyl isomerase site of
cyclophilin B are required for enhancement of T-lymphocyte
adhesion to fibronectin. Biochemistry 41, 5222–5229.
Castro, A.P., Carvalho, T.M., Moussatche, N., and Damaso, C.R.
(2003). Redistribution of cyclophilin A to viral factories during
vaccinia virus infection and its incorporation into mature particles. J. Virol. 77, 9052–9068.
Chevalier, F., Depagne, J., Hem, S., Chevillard, S., Bensimon, J.,
Bertrand, P., and Lebeau, J. (2012). Accumulation of cyclophilin

731

A isoforms in conditioned medium of irradiated breast cancer
cells. Proteomics 12, 1756–1766.
Christofferson, D.E. and Yuan, J. (2010). Cyclophilin A release
as a biomarker of necrotic cell death. Cell Death Differ. 17,
1942–1943.
Colgan, J., Asmal, M., Neagu, M., Yu, B., Schneidkraut, J., Lee, Y.,
Sokolskaja, E., Andreotti, A., and Luban, J. (2004). Cyclophilin
A regulates TCR signal strength in CD4+ T cells via a prolinedirected conformational switch in Itk. Immunity 21, 189–201.
Coppinger, J.A., Cagney, G., Toomey, S., Kislinger, T., Belton,
O., McRedmond, J.P., Cahill, D.J., Emili, A., Fitzgerald, D.J.,
and Maguire, P.B. (2004). Characterization of the proteins
released from activated platelets leads to localization of novel
platelet proteins in human atherosclerotic lesions. Blood 103,
2096–2104.
Damsker, J.M., Okwumabua, I., Pushkarsky, T., Arora, K., Bukrinsky,
M.I., and Constant, S.L. (2009). Targeting the chemotactic function of CD147 reduces collagen-induced arthritis. Immunology
126, 55–62.
De Canio, M., D’Aguanno, S., Sacchetti, C., Petrucci, F.,
Cavagni, G., Nuccetelli, M., Federici, G., Urbani, A., and
Bernardini, S. (2009). Novel IgE recognized components
of Lolium perenne pollen extract: comparative proteomics
evaluation of allergic patients sensitization profiles.
J. Proteome Res. 8, 4383–4391.
De Ceuninck, F., Allain, F., Caliez, A., Spik, G., and Vanhoutte, P.M.
(2003). High binding capacity of cyclophilin B to chondrocyte heparan sulfate proteoglycans and its release from the
cell surface by matrix metalloproteinases: possible role as a
proinflammatory mediator in arthritis. Arthritis. Rheum. 48,
2197–2206.
Dear, J.W., Leelahavanichkul, A., Aponte, A., Hu, X., Constant, S.L.,
Hewitt, S.M., Yuen, P.S., and Star, R.A. (2007). Liver proteomics for therapeutic drug discovery: inhibition of the cyclophilin
receptor CD147 attenuates sepsis-induced acute renal failure.
Crit. Care Med. 35, 2319–2328.
Dear, J.W., Simpson, K.J., Nicolai, M.P., Catterson, J.H., Street, J.,
Huizinga, T., Craig, D.G., Dhaliwal, K., Webb, S., Bateman, D.N.,
et al. (2011). Cyclophilin A is a damage-associated molecular
pattern molecule that mediates acetaminophen-induced liver
injury. J. Immunol. 187, 3347–3352.
Denys, A., Allain, F., Carpentier, M., and Spik, G. (1998). Involvement of two classes of binding sites in the interactions of
cyclophilin B with peripheral blood T-lymphocytes. Biochem. J.
336, 689–697.
Fanghanel, J. and Fischer, G. (2004). Insights into the catalytic
mechanism of peptidyl prolyl cis/trans isomerases. Front.
Biosci. 9, 3453–3478.
Fearon, P., Lonsdale-Eccles, A.A., Ross, O.K., Todd, C., Sinha, A.,
Allain, F., and Reynolds, N.J. (2011). Keratinocyte secretion
of cyclophilin B via the constitutive pathway is regulated
through its cyclosporin-binding site. J. Invest. Dermatol. 131,
1085–1094.
Fischer, G. and Aumuller, T. (2003). Regulation of peptide bond cis/
trans isomerization by enzyme catalysis and its implication in
physiological processes. Rev. Physiol. Biochem. Pharmacol.
148, 105–150.
Fischer, G., Bang, H., and Mech, C. (1984). Determination of
enzymatic catalysis for the cis-trans-isomerization of peptide
binding in proline-containing peptides. Biomed. Biochim. Acta
43, 1101–1111.

732

H. Hoffmann and C. Schiene-Fischer: Extracellular cyclophilins

Fluckiger, S., Fijten, H., Whitley, P., Blaser, K., and Crameri, R.
(2002). Cyclophilins, a new family of cross-reactive allergens.
Eur. J. Immunol. 32, 10–17.
Franke, E.K. and Luban, J. (1996). Inhibition of HIV-1 replication by
cyclosporine A or related compounds correlates with the ability to disrupt the Gag-cyclophilin A interaction. Virology 222,
279–282.
Franke, E.K., Yuan, H.E., and Luban, J. (1994). Specific incorporation
of cyclophilin A into HIV-1 virions. Nature 372, 359–362.
Frausto, S.D., Lee, E., and Tang, H. (2013). Cyclophilins as modulators of viral replication. Viruses 5, 1684–1701.
Fujita, C., Moriyama, T., and Ogawa, T. (2001). Identification of
cyclophilin as an IgE-binding protein from carrots. Int. Arch.
Allergy Immunol. 125, 44–50.
Ge, Y.S., Teng, W.Y., and Zhang, C.D. (2009). Protective effect
of cyclophilin A against Alzheimer’s amyloid beta-peptide
(25–35)-induced oxidative stress in PC12 cells. Chin. Med. J.
(Engl) 122, 716–724.
Glaser, A.G., Limacher, A., Fluckiger, S., Scheynius, A., Scapozza, L.,
and Crameri, R. (2006). Analysis of the cross-reactivity and of
the 1.5 A crystal structure of the Malassezia sympodialis Mala
s 6 allergen, a member of the cyclophilin pan-allergen family.
Biochem. J. 396, 41–49.
Gremese, E. and Ferraccioli, G.F. (2004). Benefit/risk of cyclosporine
in rheumatoid arthritis. Clin. Exp. Rheumatol. 22, S101–107.
Gwinn, W.M., Damsker, J.M., Falahati, R., Okwumabua, I., KellyWelch, A., Keegan, A.D., Vanpouille, C., Lee, J.J., Dent, L.A.,
Leitenberg, D., et al. (2006). Novel approach to inhibit asthmamediated lung inflammation using anti-CD147 intervention. J.
Immunol. 177, 4870–4879.
Hanoulle, X., Melchior, A., Sibille, N., Parent, B., Denys, A., Wieruszeski, J.M., Horvath, D., Allain, F., Lippens, G., and Landrieu,
I. (2007). Structural and functional characterization of the interaction between cyclophilin B and a heparin-derived oligosaccharide. J. Biol. Chem. 282, 34148–34158.
Hopkins, S., DiMassimo, B., Rusnak, P., Heuman, D., Lalezari, J.,
Sluder, A., Scorneaux, B., Mosier, S., Kowalczyk, P., Ribeill, Y.,
et al. (2012). The cyclophilin inhibitor SCY-635 suppresses viral
replication and induces endogenous interferons in patients
with chronic HCV genotype 1 infection. J. Hepatol. 57, 47–54.
Horner, W.E., Reese, G., and Lehrer, S.B. (1995). Identification of the
allergen Psi c 2 from the basidiomycete Psilocybe cubensis as
a fungal cyclophilin. Int. Arch. Allergy Immunol. 107, 298–300.
Ishikawa, Y., Wirz, J., Vranka, J.A., Nagata, K., and Bachinger, H.P.
(2009). Biochemical characterization of the prolyl 3-hydroxylase 1.cartilage-associated protein.cyclophilin B complex. J.
Biol. Chem. 284, 17641–17647.
Ishikawa, Y., Vranka, J.A., Boudko, S.P., Pokidysheva, E., Mizuno,
K., Zientek, K., Keene, D.R., Rashmir-Raven, A.M., Nagata,
K., Winand, N.J., et al. (2012). Mutation in cyclophilin B that
causes hyperelastosis cutis in American Quarter Horse does
not affect peptidylprolyl cis-trans isomerase activity but shows
altered cyclophilin B-protein interactions and affects collagen
folding. J. Biol. Chem. 287, 22253–22265.
Jin, Z.G., Melaragno, M.G., Liao, D.F., Yan, C., Haendeler, J., Suh,
Y.A., Lambeth, J.D., and Berk, B.C. (2000). Cyclophilin A is a
secreted growth factor induced by oxidative stress. Circ. Res.
87, 789–796.
Jin, Z.G., Lungu, A.O., Xie, L., Wang, M., Wong, C., and Berk, B.C.
(2004). Cyclophilin A is a proinflammatory cytokine that

activates endothelial cells. Arterioscler. Thromb. Vasc. Biol. 24,
1186–1191.
Kim, S.H., Lessner, S.M., Sakurai, Y., and Galis, Z.S. (2004). Cyclophilin A as a novel biphasic mediator of endothelial activation
and dysfunction. Am. J. Pathol. 164, 1567–1574.
Kim, H., Kim, W.J., Jeon, S.T., Koh, E.M., Cha, H.S., Ahn, K.S., and
Lee, W.H. (2005). 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, 217–224.
Kim, K., Kim, H., Jeong, K., Jung, M.H., Hahn, B.S., Yoon, K.S., Jin,
B.K., Jahng, G.H., Kang, I., Ha, J., et al. (2012). Release of overexpressed CypB activates ERK signaling through CD147 binding
for hepatoma cell resistance to oxidative stress. Apoptosis 17,
784–796.
Koletsky, A.J., Harding, M.W., and Handschumacher, R.E. (1986).
Cyclophilin: distribution and variant properties in normal and
neoplastic tissues. J. Immunol. 137, 1054–1059.
Lammers, M., Neumann, H., Chin, J.W., and James, L.C. (2010).
Acetylation regulates cyclophilin A catalysis, immunosuppression and HIV isomerization. Nat. Chem. Biol. 6, 331–337.
Lamoureux, F., Gastinel, L.N., Mestre, E., Marquet, P., and Essig, M.
(2012). Mapping cyclosporine-induced changes in protein
secretion by renal cells using stable isotope labeling with
amino acids in cell culture (SILAC). J. Proteomics 75, 3674–3687.
Lee, M.S., Zhu, Y.L., Sun, Z., Rhee, H., Jeromin, A., Roder, J., and
Dannies, P.S. (2000). Accumulation of synaptosomal-associated protein of 25 kDa (SNAP-25) and other proteins associated
with the secretory pathway in GH4C1 cells upon treatment with
estradiol, insulin, and epidermal growth factor. Endocrinology
141, 3485–3492.
Liao, D.F., Jin, Z.G., Baas, A.S., Daum, G., Gygi, S.P., Aebersold,
R., and Berk, B.C. (2000). Purification and identification
of secreted oxidative stress-induced factors from vascular
smooth muscle cells. J. Biol. Chem. 275, 189–196.
Lindborg, M., Magnusson, C.G., Zargari, A., Schmidt, M., Scheynius, A., Crameri, R., and Whitley, P. (1999). Selective cloning
of allergens from the skin colonizing yeast Malassezia furfur
by phage surface display technology. J. Invest. Dermatol. 113,
156–161.
Liu, J., Farmer, J.D. Jr., Lane, W.S., Friedman, J., Weissman, I., and
Schreiber, S.L. (1991). Calcineurin is a common target of
cyclophilin-cyclosporin A and FKBP-FK506 complexes. Cell 66,
807–815.
Liu, X., Sun, L., Yu, M., Wang, Z., Xu, C., Xue, Q., Zhang, K., Ye, X.,
Kitamura, Y., and Liu, W. (2009). Cyclophilin A interacts with
influenza A virus M1 protein and impairs the early stage of the
viral replication. Cell. Microbiol. 11, 730–741.
Liu, L., Li, C., Xiang, J., Dong, W., and Cao, Z. (2013). Over-expression and potential role of cyclophilin A in human periodontitis.
J. Periodontal Res. 48, 615–622.
Luban, J., Bossolt, K.L., Franke, E.K., Kalpana, G.V., and Goff, S.P.
(1993). Human immunodeficiency virus type 1 Gag protein
binds to cyclophilins A and B. Cell 73, 1067–1078.
Malesevic, M., Kuhling, J., Erdmann, F., Balsley, M.A., Bukrinsky,
M.I., Constant, S.L., and Fischer, G. (2010). A cyclosporin
derivative discriminates between extracellular and intracellular
cyclophilins. Angew. Chem. Int. Ed. Engl. 49, 213–215.
Malesevic, M., Gutknecht, D., Prell, E., Klein, C., Schumann, M.,
Nowak, R.A., Simon, J.C., Schiene-Fischer, C., and Saalbach, A.

H. Hoffmann and C. Schiene-Fischer: Extracellular cyclophilins
(2013). Anti-inflammatory effects of extracellular cyclosporins are exclusively mediated by CD147. J. Med. Chem. 56,
7302–7311.
Marcant, A., Denys, A., Melchior, A., Martinez, P., Deligny, A.,
Carpentier, M., and Allain, F. (2012). Cyclophilin B attenuates
the expression of TNF-alpha in lipopolysaccharide-stimulated
macrophages through the induction of B cell lymphoma-3. J.
Immunol. 189, 2023–2032.
Mariller, C., Allain, F., Kouach, M., and Spik, G. (1996). Evidence that
human milk isolated cyclophilin B corresponds to a truncated
form. Biochim. Biophys. Acta 1293, 31–38.
Marini, J.C., Cabral, W.A., Barnes, A.M., and Chang, W. (2007).
Components of the collagen prolyl 3-hydroxylation complex are
crucial for normal bone development. Cell Cycle 6, 1675–1681.
Marzban, G., Herndl, A., Kolarich, D., Maghuly, F., Mansfeld, A.,
Hemmer, W., Katinger, H., and Laimer, M. (2008). Identification
of four IgE-reactive proteins in raspberry (Rubus ideaeus L.).
Mol. Nutr. Food Res. 52, 1497–1506.
Mauri, P., Scarpa, A., Nascimbeni, A.C., Benazzi, L., Parmagnani,
E., Mafficini, A., Della Peruta, M., Bassi, C., Miyazaki, K., and
Sorio, C. (2005). Identification of proteins released by pancreatic cancer cells by multidimensional protein identification
technology: a strategy for identification of novel cancer markers. FASEB J. 19, 1125–1127.
Meunier, L., Usherwood, Y.K., Chung, K.T., and Hendershot, L.M.
(2002). A subset of chaperones and folding enzymes form multiprotein complexes in endoplasmic reticulum to bind nascent
proteins. Mol. Biol. Cell 13, 4456–4469.
Muramatsu, T. and Miyauchi, T. (2003). Basigin (CD147): a multifunctional transmembrane protein involved in reproduction,
neural function, inflammation and tumor invasion. Histol.
Histopathol. 18, 981–987.
Nickel, W. and Rabouille, C. (2009). Mechanisms of regulated
unconventional protein secretion. Nat. Rev. Mol. Cell Biol. 10,
148–155.
Nigro, P., Satoh, K., O’Dell, M.R., Soe, N.N., Cui, Z., Mohan, A., Abe,
J., Alexis, J.D., Sparks, J.D., and Berk, B.C. (2011). Cyclophilin A
is an inflammatory mediator that promotes atherosclerosis in
apolipoprotein E-deficient mice. J. Exp. Med. 208, 53–66.
Nishioku, T., Dohgu, S., Koga, M., Machida, T., Watanabe, T., Miura,
T., Tsumagari, K., Terasawa, M., Yamauchi, A., and Kataoka, Y.
(2012). Cyclophilin A secreted from fibroblast-like synoviocytes
is involved in the induction of CD147 expression in macrophages of mice with collagen-induced arthritis. J. Inflamm.
(Lond) 9, 44.
Ohe, Y., Ishikawa, K., Itoh, Z., and Tatemoto, K. (1996). Cultured
leptomeningeal cells secrete cerebrospinal fluid proteins. J.
Neurochem. 67, 964–971.
Pakula, R., Melchior, A., Denys, A., Vanpouille, C., Mazurier, J., and
Allain, F. (2007). Syndecan-1/CD147 association is essential for
cyclophilin B-induced activation of p44/42 mitogen-activated
protein kinases and promotion of cell adhesion and chemotaxis. Glycobiology 17, 492–503.
Pan, H., Luo, C., Li, R., Qiao, A., Zhang, L., Mines, M., Nyanda, A.M.,
Zhang, J., and Fan, G.H. (2008). Cyclophilin A is required for
CXCR4-mediated nuclear export of heterogeneous nuclear ribonucleoprotein A2, activation and nuclear translocation of ERK1/2,
and chemotactic cell migration. J. Biol. Chem. 283, 623–637.
Payeli, S.K., Schiene-Fischer, C., Steffel, J., Camici, G.G., Rozenberg,
I., Luscher, T.F., and Tanner, F.C. (2008). Cyclophilin A differen-

733

tially activates monocytes and endothelial cells: role of purity,
activity, and endotoxin contamination in commercial preparations. Atherosclerosis 197, 564–571.
Pazouki, N., Sankian, M., Leung, P.T., Nejadsattari, T., KhavariNejad, R.A., and Varasteh, A.R. (2009). Identification of cyclophilin as a novel allergen from Platanus orientalis pollens by
mass spectrometry. J. Biosci. Bioeng. 107, 215–217.
Peng, H., Vijayakumar, S., Schiene-Fischer, C., Li, H., Purkerson,
J.M., Malesevic, M., Liebscher, J., Al-Awqati, Q., and Schwartz,
G.J. (2009). Secreted cyclophilin A, a peptidylprolyl cis-trans
isomerase, mediates matrix assembly of hensin, a protein
implicated in epithelial differentiation. J. Biol. Chem. 284,
6465–6475.
Prell, E., Kahlert, V., Rucknagel, K.P., Malesevic, M., and Fischer,
G. (2013). Fine tuning the inhibition profile of cyclosporine
A by derivatization of the MeBmt residue. Chembiochem 14,
63–65.
Price, E.R., Zydowsky, L.D., Jin, M.J., Baker, C.H., McKeon, F.D., and
Walsh, C.T. (1991). Human cyclophilin B: a second cyclophilin gene encodes a peptidyl-prolyl isomerase with a signal
sequence. Proc. Natl. Acad. Sci. USA 88, 1903–1907.
Price, E.R., Jin, M., Lim, D., Pati, S., Walsh, C.T., and McKeon, F.D.
(1994). Cyclophilin B trafficking through the secretory pathway
is altered by binding of cyclosporin A. Proc. Natl. Acad. Sci.
USA 91, 3931–3935.
Pushkarsky, T., Zybarth, G., Dubrovsky, L., Yurchenko, V., Tang, H.,
Guo, H., Toole, B., Sherry, B., and Bukrinsky, M. (2001). CD147
facilitates HIV-1 infection by interacting with virus-associated
cyclophilin A. Proc. Natl. Acad. Sci. USA 98, 6360–6365.
Ralhan, R., Masui, O., Desouza, L.V., Matta, A., Macha, M., and Siu,
K.W. (2011). Identification of proteins secreted by head and
neck cancer cell lines using LC-MS/MS: strategy for discovery of
candidate serological biomarkers. Proteomics 11, 2363–2376.
Ramachandran, S. and Kartha, C.C. (2012). Cyclophilin-A: a potential
screening marker for vascular disease in type-2 diabetes. Can.
J. Physiol. Pharmacol. 90, 1005–1015.
Rycyzyn, M.A. and Clevenger, C.V. (2000). Role of cyclophilins in
somatolactogenic action. Ann. N. Y. Acad. Sci. 917, 514–521.
Rycyzyn, M.A. and Clevenger, C.V. (2002). The intranuclear
prolactin/cyclophilin B complex as a transcriptional inducer.
Proc. Natl. Acad. Sci. USA 99, 6790–6795.
Saphire, A.C., Bobardt, M.D., and Gallay, P.A. (1999). Host cyclophilin A mediates HIV-1 attachment to target cells via heparans.
EMBO J. 18, 6771–6785.
Saphire, A.C., Bobardt, M.D., and Gallay, P.A. (2002). Cyclophilin
a plays distinct roles in human immunodeficiency virus type
1 entry and postentry events, as revealed by spinoculation. J.
Virol. 76, 4671–4677.
Satoh, K., Matoba, T., Suzuki, J., O’Dell, M.R., Nigro, P., Cui, Z.,
Mohan, A., Pan, S., Li, L., Jin, Z.G., et al. (2008). Cyclophilin
A mediates vascular remodeling by promoting inflammation
and vascular smooth muscle cell proliferation. Circulation 117,
3088–3098.
Satoh, K., Nigro, P., Matoba, T., O’Dell, M.R., Cui, Z., Shi, X.,
Mohan, A., Yan, C., Abe, J., Illig, K.A., et al. (2009). Cyclophilin
A enhances vascular oxidative stress and the development
of angiotensin II-induced aortic aneurysms. Nat. Med. 15,
649–656.
Satoh, K., Nigro, P., Zeidan, A., Soe, N.N., Jaffre, F., Oikawa, M.,
O’Dell, M.R., Cui, Z., Menon, P., Lu, Y., et al. (2011). Cyclophilin

734

H. Hoffmann and C. Schiene-Fischer: Extracellular cyclophilins

A promotes cardiac hypertrophy in apolipoprotein E-deficient
mice. Arterioscler. Thromb. Vasc. Biol. 31, 1116–1123.
Satoh, K., Fukumoto, Y., Sugimura, K., Miura, Y., Aoki, T., Nochioka,
K., Tatebe, S., Miyamichi-Yamamoto, S., Shimizu, T., Osaki,
S., et al. (2013). Plasma cyclophilin A is a novel biomarker for
coronary artery disease. Circ. J. 77, 447–455.
Schlegel, J., Redzic, J.S., Porter, C.C., Yurchenko, V., Bukrinsky, M.,
Labeikovsky, W., Armstrong, G.S., Zhang, F., Isern, N.G., DeGregori, J., et al. (2009). Solution characterization of the extracellular region of CD147 and its interaction with its enzyme ligand
cyclophilin A. J. Mol. Biol. 391, 518–535.
Schreiber, G. and Walter, M.R. (2010). Cytokine-receptor interactions as drug targets. Curr. Opin. Chem. Biol. 14, 511–519.
Seizer, P., Schonberger, T., Schott, M., Lang, M.R., Langer, H.F.,
Bigalke, B., Kramer, B.F., Borst, O., Daub, K., Heidenreich, O.,
et al. (2010). EMMPRIN and its ligand cyclophilin A regulate
MT1-MMP, MMP-9 and M-CSF during foam cell formation. Atherosclerosis 209, 51–57.
Seizer, P., Ochmann, C., Schonberger, T., Zach, S., Rose, M., Borst,
O., Klingel, K., Kandolf, R., MacDonald, H.R., Nowak, R.A., et al.
(2011). Disrupting the EMMPRIN (CD147)-cyclophilin A interaction reduces infarct size and preserves systolic function after
myocardial ischemia and reperfusion. Arterioscler. Thromb.
Vasc. Biol. 31, 1377–1386.
Seizer, P., Klingel, K., Sauter, M., Westermann, D., Ochmann, C.,
Schonberger, T., Schleicher, R., Stellos, K., Schmidt, E.M.,
Borst, O., et al. (2012). Cyclophilin A affects inflammation,
virus elimination and myocardial fibrosis in coxsackievirus
B3-induced myocarditis. J. Mol. Cell. Cardiol. 53, 6–14.
Seko, Y., Fujimura, T., Taka, H., Mineki, R., Murayama, K., and
Nagai, R. (2004). Hypoxia followed by reoxygenation induces
secretion of cyclophilin A from cultured rat cardiac myocytes.
Biochem. Biophys. Res. Commun. 317, 162–168.
Sherry, B., Yarlett, N., Strupp, A., and Cerami, A. (1992). Identification of cyclophilin as a proinflammatory secretory product of
lipopolysaccharide-activated macrophages. Proc. Natl. Acad.
Sci. USA 89, 3511–3515.
Sherry, B., Zybarth, G., Alfano, M., Dubrovsky, L., Mitchell, R., Rich,
D., Ulrich, P., Bucala, R., Cerami, A., and Bukrinsky, M. (1998).
Role of cyclophilin A in the uptake of HIV-1 by macrophages
and T lymphocytes. Proc. Natl. Acad. Sci. USA 95, 1758–1763.
Sihra, B.S., Kon, O.M., Durham, S.R., Walker, S., Barnes, N.C., and
Kay, A.B. (1997). Effect of cyclosporin A on the allergen-induced
late asthmatic reaction. Thorax 52, 447–452.
Soe, N.N., Sowden, M., Baskaran, P., Kim, Y., Nigro, P., Smolock,
E.M., and Berk, B.C. (2014). Acetylation of cyclophilin A is
required for its secretion and vascular cell activation. Cardiovasc. Res 101, 444–453.
Song, F., Zhang, X., Ren, X.B., Zhu, P., Xu, J., Wang, L., Li, Y.F.,
Zhong, N., Ru, Q., Zhang, D.W., et al. (2011). Cyclophilin A
(CyPA) induces chemotaxis independent of its peptidylprolyl
cis-trans isomerase activity: direct binding between CyPA and
the ectodomain of CD147. J. Biol. Chem. 286, 8197–8203.
Spisni, E., Valerii, M.C., Manerba, M., Strillacci, A., Polazzi, E.,
Mattia, T., Griffoni, C., and Tomasi, V. (2009). Effect of copper
on extracellular levels of key pro-inflammatory molecules in
hypothalamic GN11 and primary neurons. Neurotoxicology 30,
605–612.
Stemmy, E.J., Balsley, M.A., Jurjus, R.A., Damsker, J.M., Bukrinsky,
M.I., and Constant, S.L. (2011a). Blocking cyclophilins in the

chronic phase of asthma reduces the persistence of leukocytes
and disease reactivation. Am. J. Respir. Cell Mol. Biol. 45,
991–998.
Stemmy, E.J., Benton, A.S., Lerner, J., Alcala, S., Constant, S.L., and
Freishtat, R.J. (2011b). Extracellular cyclophilin levels associate
with parameters of asthma in phenotypic clusters. J. Asthma
48, 986–993.
Suzuki, J., Jin, Z.G., Meoli, D.F., Matoba, T., and Berk, B.C. (2006).
Cyclophilin A is secreted by a vesicular pathway in vascular
smooth muscle cells. Circ. Res. 98, 811–817.
Tegeder, I., Schumacher, A., John, S., Geiger, H., Geisslinger, G.,
Bang, H., and Brune, K. (1997). Elevated serum cyclophilin
levels in patients with severe sepsis. J. Clin. Immunol. 17,
380–386.
Thali, M., Bukovsky, A., Kondo, E., Rosenwirth, B., Walsh, C.T.,
Sodroski, J., and Gottlinger, H.G. (1994). Functional association
of cyclophilin A with HIV-1 virions. Nature 372, 363–365.
Tian, X., Zhao, C., Zhu, H., She, W., Zhang, J., Liu, J., Li, L., Zheng, S.,
Wen, Y.M., and Xie, Y. (2010). Hepatitis B virus (HBV) surface
antigen interacts with and promotes cyclophilin a secretion:
possible link to pathogenesis of HBV infection. J. Virol. 84,
3373–3381.
Tien, C.L., Lin, C.H., Lin, T.H., Wen, F.C., Su, C.W., Fan, S.S., and
Hsieh, M. (2012). Secreted cyclophilin A induction during
embryo implantation in a model of human trophoblast-endometrial epithelium interaction. Eur. J. Obstet. Gynecol. Reprod.
Biol. 164, 55–59.
Trachtenberg, A., Pushkarsky, T., Heine, S., Constant, S., Brichacek,
B., and Bukrinsky, M. (2011). The level of CD147 expression
correlates with cyclophilin-induced signalling and chemotaxis.
BMC Res. Notes 4, 396.
Tribouillard-Tanvier, D., Carroll, J.A., Moore, R.A., Striebel, J.F., and
Chesebro, B. (2012). Role of cyclophilin A from brains of prioninfected mice in stimulation of cytokine release by microglia
and astroglia in vitro. J. Biol. Chem. 287, 4628–4639.
van Beers, J.J., Schwarte, C.M., Stammen-Vogelzangs, J., Oosterink,
E., Bozic, B., and Pruijn, G.J. (2013). The rheumatoid arthritis
synovial fluid citrullinome reveals novel citrullinated epitopes
in apolipoprotein E, myeloid nuclear differentiation antigen,
and beta-actin. Arthritis. Rheum. 65, 69–80.
van Vliet, C., Thomas, E.C., Merino-Trigo, A., Teasdale, R.D., and
Gleeson, P.A. (2003). Intracellular sorting and transport of
proteins. Prog. Biophys. Mol. Biol. 83, 1–45.
Vanpouille, C., Denys, A., Carpentier, M., Pakula, R., Mazurier, J.,
and Allain, F. (2004). Octasaccharide is the minimal length unit
required for efficient binding of cyclophilin B to heparin and
cell surface heparan sulphate. Biochem. J. 382, 733–740.
Wang, P., Mariman, E., Keijer, J., Bouwman, F., Noben, J.P., Robben,
J., and Renes, J. (2004). Profiling of the secreted proteins during 3T3-L1 adipocyte differentiation leads to the identification
of novel adipokines. Cell. Mol. Life Sci. 61, 2405–2417.
Wang, L., Wang, C.H., Jia, J.F., Ma, X.K., Li, Y., Zhu, H.B., Tang, H.,
Chen, Z.N., and Zhu, P. (2010). Contribution of cyclophilin A to
the regulation of inflammatory processes in rheumatoid arthritis. J. Clin. Immunol. 30, 24–33.
Wang, C.H., Dai, J.Y., Wang, L., Jia, J.F., Zheng, Z.H., Ding, J., Chen,
Z.N., and Zhu, P. (2011). Expression of CD147 (EMMPRIN) on
neutrophils in rheumatoid arthritis enhances chemotaxis,
matrix metalloproteinase production and invasiveness of synoviocytes. J. Cell. Mol. Med. 15, 850–860.

H. Hoffmann and C. Schiene-Fischer: Extracellular cyclophilins
Wang, L., Jia, J., Wang, C., Ma, X., Liao, C., Fu, Z., Wang, B., Yang,
X., Zhu, P., Li, Y., et al. (2013). Inhibition of synovitis and joint
destruction by a new single domain antibody specific for cyclophilin A in two different mouse models of rheumatoid arthritis.
Arthritis Res. Ther. 15, R208.
Watanabe, A., Yoneda, M., Ikeda, F., Terao-Muto, Y., Sato, H., and
Kai, C. (2010). CD147/EMMPRIN acts as a functional entry receptor for measles virus on epithelial cells. J. Virol. 84, 4183–4193.
Watashi, K., Sluder, A., Daito, T., Matsunaga, S., Ryo, A., Nagamori,
S., Iwamoto, M., Nakajima, S., Tsukuda, S., Borroto-Esoda, K.,
et al. (2013). Cyclosporin A and its analogs inhibit hepatitis B
virus entry into cultured hepatocytes through targeting a membrane transporter NTCP. Hepatology. DOI: 10.1002/hep.26982.
Wei, Y., Jinchuan, Y., Yi, L., Jun, W., Zhongqun, W., and Cuiping, W.
(2013). Antiapoptotic and proapoptotic signaling of cyclophilin
A in endothelial cells. Inflammation 36, 567–572.
West, G.M., Tucker, C.L., Xu, T., Park, S.K., Han, X., Yates, J.R. 3rd,
and Fitzgerald, M.C. (2010). Quantitative proteomics approach
for identifying protein-drug interactions in complex mixtures
using protein stability measurements. Proc. Natl. Acad. Sci.
USA 107, 9078–9082.
Wilmes, A., Limonciel, A., Aschauer, L., Moenks, K., Bielow, C.,
Leonard, M.O., Hamon, J., Carpi, D., Ruzek, S., Handler, A.,
et al. (2013). Application of integrated transcriptomic, proteomic and metabolomic profiling for the delineation of mechanisms of drug induced cell stress. J Proteomics 79, 180–194.
Yamaguchi, T., Yokokawa, M., Suzuki, M., Higashide, S., Katoh, Y.,
Sugiyama, S., and Misaki, T. (2000). The effect of immunosuppression on aortic dilatation in a rat aneurysm model. Surg.
Today 30, 1093–1099.
Yan, J., Zang, X., Chen, R., Yuan, W., Gong, J., Wang, C., and Li, Y.
(2012). The clinical implications of increased cyclophilin A
levels in patients with acute coronary syndromes. Clin. Chim.
Acta 413, 691–695.
Yan, J., Li, Y., Wang, C., Wang, Z., and Yuan, W. (2013). Regression
of atherosclerotic plaques after lentivirus-mediated RNA
interference of cyclophilin A in ApoE(-/-) mice. Int. J. Cardiol.
169, e87–90.
Yang, H., Li, M., Chai, H., Yan, S., Lin, P., Lumsden, A.B., Yao, Q. and
Chen, C. (2005). Effects of cyclophilin A on cell proliferation
and gene expressions in human vascular smooth muscle cells
and endothelial cells. J. Surg. Res. 123, 312–319.

Henrik Hoffmann studied Biology at the Martin Luther University
Halle-Wittenberg. Currently, he works on his PhD thesis about the
regulation of RNA binding cyclophilins.

735

Yang, H., Chen, J., Yang, J., Qiao, S., Zhao, S., and Yu, L. (2007). Cyclophilin A is upregulated in small cell lung cancer and activates
ERK1/2 signal. Biochem. Biophys. Res. Commun. 361, 763–767.
Yang, Y., Lu, N., Zhou, J., Chen, Z.N., and Zhu, P. (2008). Cyclophilin
A up-regulates MMP-9 expression and adhesion of monocytes/
macrophages via CD147 signalling pathway in rheumatoid
arthritis. Rheumatology (Oxf.) 47, 1299–1310.
Yuan, W., Ge, H., and He, B. (2010). Pro-inflammatory activities
induced by CyPA-EMMPRIN interaction in monocytes. Atherosclerosis 213, 415–421.
Yurchenko, V., O’Connor, M., Dai, W.W., Guo, H., Toole, B., Sherry,
B., and Bukrinsky, M. (2001). CD147 is a signaling receptor
for cyclophilin B. Biochem. Biophys. Res. Commun. 288,
786–788.
Yurchenko, V., Zybarth, G., O’Connor, M., Dai, W.W., Franchin, G.,
Hao, T., Guo, H., Hung, H.C., Toole, B., Gallay, P., et al. (2002).
Active site residues of cyclophilin A are crucial for its signaling
activity via CD147. J. Biol. Chem. 277, 22959–22965.
Yurchenko, V., Constant, S., and Bukrinsky, M. (2006). Dealing with
the family: CD147 interactions with cyclophilins. Immunology
117, 301–309.
Zeng, R.Z., Kim, H.G., Kim, N.R., Lee, H.Y., Jung, B.J., Ko, M.Y., Lee,
S.Y., and Chung, D.K. (2010). Protein expression changes in
human monocytic THP-1 cells treated with lipoteichoic acid
from Lactobacillus plantarum and Staphylococcus aureus. Mol.
Cells 29, 585–594.
Zhang, P.H., Yang, L.R., Li, L.L., Zeng, J.Z., Ren, L.C., Liang, P.F., and
Huang, X.Y. (2010). Proteomic change of peripheral lymphocytes from scald injury and Pseudomonas aeruginosa sepsis in
rabbits. Burns 36, 82–88.
Zhou, D., Mei, Q., Li, J., and He, H. (2012). Cyclophilin A and viral
infections. Biochem. Biophys. Res. Commun. 424, 647–650.
Zhu, P., Ding, J., Zhou, J., Dong, W.J., Fan, C.M., and Chen, Z.N.
(2005). Expression of CD147 on monocytes/macrophages in
rheumatoid arthritis: its potential role in monocyte accumulation and matrix metalloproteinase production. Arthritis Res.
Ther. 7, R1023–1033.
Zhu, C., Wang, X., Deinum, J., Huang, Z., Gao, J., Modjtahedi, N.,
Neagu, M.R., Nilsson, M., Eriksson, P.S., Hagberg, H., et al.
(2007). Cyclophilin A participates in the nuclear translocation
of apoptosis-inducing factor in neurons after cerebral hypoxiaischemia. J. Exp. Med. 204, 1741–1748.

Cordelia Schiene-Fischer studied Biochemistry at the Martin Luther
University Halle-Wittenberg, where she received her PhD for an
analysis of the catalysis of native state isomerization in proteins in
1999. After performing postdoctoral work in Halle, she continued
her work about foldases as leader of an independent research group
at the Max Planck Research Unit for Enzymology of Protein Folding
in Halle. Currently, she works at the Institute of Biochemistry at the
Martin Luther University Halle-Wittenberg.

