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Sanglifehrin A, a Novel Cyclophilin-Binding Compound
Showing Immunosuppressive Activity with a New Mechanism
of Action

Gerhard Zenke,1* Ulrike Strittmatter,* Serge Fuchs,* Valerie F. J. Quesniaux,*
Volker Brinkmann,* Walter Schuler,* Mauro Zurini, † Albert Enz,‡ Andreas Billich,§

Jean-Jacques Sanglier,† and Theo Fehr†

We report here on the characterization of the novel immunosuppressant Sanglifehrin A (SFA). SFA is a representative of a class
of macrolides produced by actinomycetes that bind to cyclophilin A (CypA), the binding protein of the fungal cyclic peptide
cyclosporin A (CsA). SFA interacts with high affinity with the CsA binding side of CypA and inhibits its peptidyl-prolyl isomerase
activity. The mode of action of SFA is different from known immunosuppressive drugs. It has no effect on the phosphatase activity
of calcineurin, the target of the immunosuppressants CsA and FK506 when complexed to their binding proteins CypA and FK
binding protein, respectively. Moreover, its effects are independent of binding of cyclophilin. SFA inhibits alloantigen-stimulated
T cell proliferation but acts at a later stage than CsA and FK506. In contrast to these drugs, SFA does not affect IL-2 transcription
or secretion. However, it blocks IL-2-dependent proliferation and cytokine production of T cells, in this respect resembling
rapamycin. SFA inhibits the proliferation of mitogen-activated B cells, but, unlike rapamycin, it has no effect on CD154/IL-4-
induced Ab synthesis. The activity of SFA is also different from that of other known late-acting immunosuppressants, e.g.,
mycophenolate mofetil or brequinar, as it does not affect de novo purine and pyrimidine biosynthesis. In summary, we have
identified a novel immunosuppressant, which represents, in addition to CsA, FK506 and rapamycin, a fourth class of immu-
nophilin-binding metabolites with a new, yet undefined mechanism of action. The Journal of Immunology,2001, 166: 7165–7171.

T he immunosuppressive drugs cyclosporin A (CsA)2,
FK506, and rapamycin exert their effects by forming
complexes with intracellular binding proteins (immu-

nophilins) (1), which inhibit effector molecules involved in intra-
cellular signal transduction (2–4). FK506 and rapamycin, despite
binding to the same immunophilin, i.e., the FK506 binding protein
(FKBP) (5, 6), inhibit two different effector molecules. The
FK506/FKBP complex blocks the serine-threonine phosphatase
calcineurin (7–9), whereas the rapamycin/FKBP complex inhibits
the FKBP-rapamycin-associated kinase called mammalian target
of rapamycin (mTOR) (10–14). As a consequence, FK506 and
rapamycin interfere with T cell activation at different stages of the
cell cycle (15, 16), and thus have different activity profiles. FK506
prevents T cell activation at the G0-G1 phase transition by selec-
tively blocking transcriptional activation of early T cell-specific
genes (17), resulting in the inhibition of the production of T cell
growth factors like IL-2. In contrast, rapamycin acts at a later stage
of the cell cycle, namely at the transition from G1 to S phase, thus
inhibiting the proliferation of cells in response to growth factors

(18–21). CsA forms a complex with the immunophilin cyclophilin
(22), which like the FK506/FKBP complex, inhibits calcineurin (7,
23) and thus also selectively prevents transcription of early T cell
activation genes (24).

Taking into account the different ligands for FKBP, which have
different biological effects, we asked whether ligands for cyclo-
philin other than the fungal secondary metabolite CsA might exist.
Those ligands might have different biological activities as well.
Screening of microbial broth extracts for metabolites blocking the
CsA-cyclophilin A (CypA) molecular interaction led to the dis-
covery of the actinomycetes strainStreptomycesA92-308110 (25),
which produces a class of novel macrocyclic compounds, named
sanglifehrins (26). Sanglifehrins exhibit a high affinity for cyclo-
philins and show activity in the MLR (25). Here, we report a
detailed analysis of the biological activity of sanglifehrin A (SFA),
a representative of this novel class of immunosuppressants (see
Fig. 1), and present studies to elucidate its mechanism of action.

Materials and Methods
Compounds

CsA, N-methyl-Val-4 cyclosporin (4-Cs), SFA, FK506, rapamycin, myco-
phenolic acid (MPA), mycophenolate mofetil (MMF), leflunomide, and
brequinar were produced at Novartis Pharma (Basel, Switzerland). Dexa-
methasone and azathioprine were obtained from Sigma (St. Louis, MO).
The compounds were dissolved in DMSO at 1022 to 1023 M and stored at
220°C. Samples were diluted on the day of the experiment in assay buffer
or medium. IC50 values were determined from seven 2- to 3-fold dilution
steps in duplicate.

Cyclophilin and FKBP binding assays

Binding of compounds to CypA and FKBP12 was assessed in competitive
ELISA formats, which are based on the interaction of solid-phase coupled
CsA-BSA, SFA-BSA, or FK506-BSA conjugates and biotinylated CypA
or biotinylated FKBP12, respectively. The CsA-CypA ELISA and the
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FK506-FKBP12 ELISA have been described previously (27, 28). For the
SFA-CypA ELISA, the SFA-BSA conjugate was prepared as follows: A
SFA derivative bearing in position 53 (see Fig. 1) a 18-membered linker
terminated by an activated succinimide ester was prepared in two steps.
First, the C53 ketone of SFA was reductively aminated with adipic acid
dihydrazide in the presence of sodium cyanoborohydride. The product of
this reaction was then coupled with disuccinimidyl suberate. The resulting
SFA-derived coupling agent was dissolved in dimethylformamide (3 mg/
ml), and 300ml were added to 6 mg of BSA dissolved in phosphate buffer
(50 mM, 2.7 ml) at pH 7.5, incubated for 24 h at 4°C, and used without
further purification. The SFA-BSA conjugate (0.5mg/ml in PBS) was
coated to ELISA plates (100ml per well) overnight at 4°C. All subsequent
steps were performed as described (27). In competition experiments ap-
propriate serial dilutions of test compounds were added together with
CypA-biotin.

CypA isomerase assay

SFA was tested for its effects on the peptidyl prolylcis-trans isomerase
activity of CypA according to Kofron et al. (29). SFA was added to a
25-nM solution of CypA in 50 mM HEPES, 100 mM NaCl, pH 8.0 (875
ml), in a photometer cuvette (held at 10°C) followed by 50ml of a-chy-
motrypsin (Serva, Heidelberg, Germany) (10 mg/ml in 1 mM HCl) and 25
ml 4 mM N-succinyl-Ala-Ala-Pro-Phep-nitroanilide (Bachem, Bubendorf,
Switzerland) in trifluoroethanol/470 mM lithium chloride. The increase in
absorbance at 390 nm was recorded with a Cary 1E spectrophotometer
(Varian, Mulgrave, Australia). Data points were fitted to a first-order rate
law to obtain the reaction rate.

Inosine monophosphate dehydrogenase (IMPDH) assay

IMPDH was purified from bovine thymus essentially as described by Jack-
son et al. (30). The enzyme activity was measured spectrophotometrically
at 290 nm by following NAD1-dependent formation of xanthosine mono-
phosphate from inosine monophosphate at 37°C according to the procedure
described by Magasanik (31).

Dihydro-orotate dehydrogenase (DHODH) assay

A truncated form of human DHODH (32) was expressed inEscherichia
coli and partially purified. Enzyme activity was measured spectrophoto-
metrically at room temperature by following the reduction of 2,6,-dichlo-
rophenolindophenol essentially as described (33).

Calcineurin phosphatase assay

The calcineurin phosphatase activity was determined by HPLC assay pre-
viously described in detail by monitoring the dephosphorylation of a 19-aa
phosphopeptide, a partial sequence of the regulatory subunit of cyclic aden-
osine 39,59-monophosphate-dependent protein kinase (34).

Cyclophilin binding in whole cells

Cellular uptake and binding to cytosolic binding proteins was assessed by
competition with [3H]CsA as described (35).

IL-2 reporter gene assay

The assay was performed as described (35) with the exception that the
b-galactosidase reporter gene was replaced by the luciferase gene (36).
Briefly, Jurkat transfected with a human IL-2 promoter/luciferase reporter
gene construct were stimulated with 20 ng/ml PMA and 1mg/ml PHA in
the presence of either SFA and CsA alone or a combination of both com-
pounds and incubated in RPMI 1640/10% FCS for 5 h at 37°C in 5% CO2.
The level of luciferase was determined by bioluminescence measurement.
The plates were centrifuged for 10 min at 5003 g, and the supernatant was
removed by flicking. Lysis buffer containing 25 mM Tris-phosphate, pH
7.8, 2 mM DTT, 2 mM 1.2-diaminocyclohexane-N,N,N9,N-tetraacetic acid,
10% (v/v) glycerol, and 1% (v/v) Triton X-100 was added (20ml per well).
The plates were incubated at room temperature for 15 min under constant
shaking. Luciferase activity was assessed with a bioluminescence reader
(Labsystem, Helsinki, Finland) after automatic addition of 50ml per well
luciferase reaction buffer containing 20 mM Tricine, 1.07 mM
(MgCO3)4Mg(OH)235H2O, 2.67 mM MgSO4, 0.1 mM EDTA, 33.3 mM
DTT, 270mM coenzyme A, 470mM luciferin, 530mM ATP, pH 7.8 (all
obtained from Sigma). Lag time was 0.5 s, and total measuring time was
1 or 2 s. Low control values were light units from nonstimulated cells, and
high controls were from stimulated cells without any compound.

Mouse and human MLR

The two-way mouse MLR was performed according to standard proce-
dures (37, 38) and has been described elsewhere (25). The human MLR
was performed with human PBMC as described previously (39).

Ag-specific human T cell clone

The Ag-specific human T cell clone has been described previously (28).
After stimulation with Ag and irradiated PBMC from HLA-DR matched
donors for 7–8 days, cells (33 104 per well in 200ml RPMI 1640 medium
supplemented with 5% human AB serum) were stimulated with 10 ng/ml
recombinant human IL-2 (Novartis Pharma). Proliferation was determined
as described (28).

IL-2 production by Jurkat cells

Jurkat cells were stimulated with PMA and PHA as described for the IL-2
reporter gene assay. After 18 h, the IL-2 content in the supernatant was
determined with the IL-2-dependent murine T cell line CTLL (40).

Cytokine production by human effector T cells

Human CD4145RO1 T cells were separated by FACS from PBMC stained
with FITC-labeled anti-CD4 mAb plus PE-labeled anti-CD45RO mAb
(Becton Dickinson, Basel, Switzerland) to a purity of.98% as described
(41). CD4145RO1 cells were primed (104 cells/ml) for 7 days, washed,
and restimulated (23 105/ml) for 3 days by plate-bound anti-CD3 mAb
OKT3 (25mg/ml coated) in the presence of IL-2 (100 U/ml). Supernatants
of restimulated cells were harvested and analyzed for IL-4 and IFN-g by
ELISA as described (41).

LPS-induced spleen cell proliferation

Spleen cells of CBA mice (23 105 cells per well) in 200ml RPMI 1640/
10% FCS medium were stimulated with 50mg/ml LPS (LPS fromE. coli,
serotype 0111:B4; Difco, Detroit, MI) for 2 days (42). Proliferation was
determined by incubation with 1mCi [3H]thymidine (15 Ci/mmol; Amer-
sham, Little Chalfont, U.K.) for 5 h.

Ab production by human B cells

Human CD191 B cells were isolated to a purity of.95% by magnetic cell
sorting from PBMC as described previously (43). B cells were stimulated
in triplicate for 10 days by soluble CD154 (20% supernatant) and IL-4 (100
U/ml) (43). Culture supernatants were analyzed for IgG by ELISA (44).

TNF-a release from human PBMC

Mononuclear cells were isolated from human blood by Ficoll-Hypaque
density separation and incubated with serial dilutions of compounds for 30
min before addition of IFN-g (100 U/ml; Boehringer Mannheim, Mann-
heim, Germany) and LPS (5mg/ml; LPS fromE. coli, serotype 026:B6;
Sigma). After a 3-h incubation in RPMI 1640/10% FCS, TNF-a present in
the cell culture supernatant was determined with a commercially available
ELISA kit (Innogenetics N.V., Zwijndrecht, Belgium).

Proliferation of mouse bone marrow cells

Bone marrow cells from CBA mice (2.53 104 cells per well) were incu-
bated for 4 days in 100ml RPMI 1640 containing 10% FCS, 100 U/ml
penicillin, 100 mg/ml streptomycin (Life Technologies, Basel, Switzer-
land), 50mM 2-ME (Fluka, Buchs, Switzerland), WEHI-3-conditioned me-
dium (7.5% v/v), and L929-conditioned medium (3% v/v) as a source of
growth factors. Proliferation was assessed by [3H]thymidine incorporation
as described above.

Nucleoside reversal experiments

A murine MLR was performed as described above with the exception that
proliferation was assessed by MTT (45). Serial dilutions of brequinar and
SFA were performed either in the absence of the presence of 50mM
uridine.

Human T cells were purified from buffy coats of normal donors by
density centrifugation and negative selection with anti-HLA-DR-, anti-
CD14-, anti-CD16-, and anti-CD19-coated magnetic beads (Miltenyi Bio-
tec GmbH, Bergisch-Gladbach, Germany) according to instructions of the
manufacturer. Purified T cells (53 104) were stimulated with 1.25mg/ml
PHA for 3 days. Serial dilutions of MMF and SFA were performed in the
presence or absence of 50mM guanosine. Proliferation was assessed by
[3H]thymidine incorporation.

Results
SFA binds to CypA and inhibits its isomerase activity

Binding of SFA to CypA was assessed in two different competitive
ELISA formats in which the interaction between solid-phase
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coated CsA-BSA or SFA-BSA conjugates and biotinylated CypA
is inhibited by SFA free in solution. In both assays, free SFA
inhibited these interactions at significantly lower concentrations
than CsA (Table I), indicating a higher affinity of SFA for CypA.
CsA has been shown to inhibit the peptidyl-prolylcis-trans
isomerase activity of CypA (46, 47). We thus tested SFA for in-
hibition of the isomerase activity of CypA in a cell-free assay;
again SFA was more potent than CsA (Table I). In contrast, when
the binding to cyclophilin was assessed in whole cells, the con-
centration of SFA needed to displace cell-associated radioactive
CsA was;3-fold higher than that of CsA (Table II). This suggests
that the permeability of SFA into cells is lower compared with that
of CsA.

SFA inhibits proliferation of activated T cells

We next assessed the effect of SFA on T cells. SFA inhibited the
proliferation of alloantigen-stimulated murine and human T cells
in MLR cultures with IC50 values of 95–170 nM (Table III). CsA
was 15- to 35-fold more potent in these assays. SFA also sup-
pressed the proliferation of a human T cell clone stimulated with
IL-2 (Table III). In contrast, CsA had no effect on the IL-2-depen-
dent proliferation. Rapamycin was active in this assay with an IC50

value comparable to that reported for the Ag-specific proliferation
of this T cell clone (data not shown; Ref. 28).

Different effects of SFA on cytokine production of T cells

SFA did not affect IL-2 secretion by PMA/PHA-stimulated Jurkat
cells, whereas CsA was active at low nM concentrations (Table
IV). In line with these results, SFA did not inhibit PMA/PHA-
induced IL-2 transcription as assessed with an IL-2 reporter gene
assay with Jurkat cells (Fig. 2). In contrast, low nM concentrations
of CsA completely prevented IL-2 transcription. SFA dose depen-
dently abrogated this inhibitory effect of CsA (Fig. 2), indicating
that both compounds compete for the same binding side on cyclo-
philin but have different effector mechanisms. To assess the effects
on cytokine production by nontransformed human T cells,
CD4145RO1 T cells were primed and restimulated in vitro with
anti-CD3 and IL-2. The production of both Th1 and Th2 cytokines

(IFN-g and IL-4, respectively) by these effector T cells was inhib-
ited by SFA and CsA with similar potency (IC50, 55–310 nM;
Table IV). Taken together, these results show that SFA does not
affect IL-2 production but rather inhibited IL-2-dependent prolif-
eration and IL-2-dependent cytokine production of human T cells.

The activity of SFA does not depend on binding to cyclophilin

A cyclophilin-binding, nonimmunosuppressive derivative of cy-
closporin with an altered effector domain (4-Cs; Ref. 48) was used
to assess whether the activity of SFA was dependent on binding to
cyclophilin. 4-Cs potently inhibited the binding of SFA to CypA
(Table I). When SFA and 4-Cs were added to MLR cultures the
activity of SFA was not abrogated, indicating that the activity of
SFA was not dependent on cyclophilin binding (Fig. 3).

SFA has no effects on targets of known immunosuppressants

To get further insight into the mechanism of action, the effects of
SFA on targets of known immunosuppressants were studied.
FKBP12 is the common intracellular binding protein of FK506 and
rapamycin (5). SFA did not bind to FKBP12 as assessed with a
FK506-FKBP12 binding assay (Table V). Furthermore, SFA did
not affect the phosphatase activity of calcineurin (Table V), the
effector molecule of CsA and FK506 (7–9, 23). The immunosup-
pressants MPA/MMF (49) and brequinar/leflunomide (50, 51) af-
fect de novo purine and pyrimidine biosynthesis by inhibition of
their respective targets IMPDH (52) and DHODH (53, 54). SFA
had no effect on the enzymatic activities of these enzymes (Table
V). Furthermore, although the inhibitory effects of brequinar on the
proliferation of murine MLR cultures and of MMF on PHA-stim-
ulated human T cells were fully abrogated by addition of uridine
and guanosine, respectively, these nucleosides had no effect on the
activity of SFA (Fig. 4). Also, all other nucleosides did not affect
the activity of SFA (data not shown). Taken together, these data
indicate that SFA has a different mechanism of action than the well

Table I. Cell-free binding to CypA and inhibition of the CypA
isomerase activitya

Compound

Mean IC50 6 SD (nM)b

CsA-Cyp
ELISA SFA-CypA ELISA

CypA Isomerase
Assay

SFA 3.66 1.2 6.96 0.9 12.8
CsA 826 16 4206 56 54.9
4-Cs 136 1.5 426 2.4 n.t.

a The binding of SFA, CsA, and thenonimmunosuppressive 4-Cs to CypA was
determined in two competitive ELISA formats (CsA-CypA and SFA-CypA) as described
in Materials and Methods.The inhibition of the CypA isomerase activity was determined
according to Kofron et al. (29).

b The results are expressed as mean IC50 values of ELISA from three to four
experiments. Isomerase results of one experiment are shown.

Table II. Binding to cyclophilin in whole cellsa

Compound Mean IC50 6 SD (mM)b

SFA 14.96 1.6
CsA 5.96 1.4

a Jurkat cells were incubated with [3H]CsA in the presence of increasing molar
excess of unlabeled SFA or CsA.

b Mean values of four experiments.

Table III. Inhibition of T cell proliferation

Compound

IC50 (nM)

Murine MLRa
Human
MLRa

IL-2-Stimulated
Human T Cell

Cloneb

SFA 1706 30 956 40 94, 240
CsA 116 1.6 2.76 1.4 2300, 5200

a The MLR experiments were performed with murine spleen cells and human
PBMC as described inMaterials and Methods.Mean6 SD values of three experi-
ments are shown.

b A human T cell clone (28) was stimulated with IL-2. Results of two individual
experiments are shown.

Table IV. Different effects of SFA on cytokine production by T cells

Compound

IC50 (nM)

Jurkat Cellsa

PMA/PHA

IL-2

Human CD4145RO1 T cellsb

Anti-CD3 1 IL-2

IFN-g IL-4

SFA .10,000 3106 62 556 11
CsA 7 2306 46 1206 24

a Jurkat cells were stimulated with PMA/PHA for 18 h, and the IL-2 content
of the supernatant was determined using the IL-2-dependent murine T cell
line CTLL.

b Human CD4145RO1 cells were primed for 7 days and restimulated with anti-
CD3 and IL-2. IL-4 and IFN-g in the supernatant was determined by ELISA. Mean6
SD values of three experiments are shown.
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characterized immunosuppressants CsA, FK506, MMF/MPA, bre-
quinar, and leflunomide.

SFA acts late in T cell activation

Presently known immunosuppressants act at different time points
during the process of T cell activation and proliferation. CsA and
FK506 block early, TCR-mediated gene activation, thereby pre-
venting cell cycle progression from G0 to G1 phase (17, 24). Rapa-
mycin inhibits later stages, namely, the G1/S transition by blocking
cell proliferation in response to growth factors (18–21). MMF and
brequinar, inhibiting purine and pyrimidine synthesis, respec-
tively, interfere with DNA synthesis and thus block the S phase of
the cell cycle (55, 56). Effects on individual cell cycle phases can
be analyzed by delayed addition of the compounds to MLR cul-
tures, in which T cells pass through all the above mentioned phases
within 96 h. CsA was no longer active in the MLR when added
48 h after initiation of the culture (Fig. 5). Its IC50 value was
110-fold higher at this time point compared with the IC50 value
obtained when added immediately at the beginning of the culture
(i.e., “normalized IC50 ” 5 110). The effect of rapamycin de-
creased when added after 48 h (normalized IC50 5 50). Brequinar
was fully active when added after 48 h and essentially inactive
when added after 72 h. MMF showed full activity at all time points
and was still active when added after 91 h just before assessment
of proliferation by [3H]thymidine incorporation. SFA showed a
profile different from all these compounds; it was still active when
added 72 h after MLR initiation, but essentially inactive when
added after 91 h (normalized IC50 5 130).

Effects of SFA on B cells, monocytes, and bone marrow cells

To further profile the in vitro activities, SFA was analyzed for its
effects on B cells, monocytes, and bone marrow cells. SFA inhib-
ited the proliferation of murine B cells stimulated with LPS with a
potency comparable to that of MMF (Table VI). SFA affected the
IgG production by purified human B cells stimulated with CD154
and IL-4 only at mM concentrations, which is very potently
blocked by rapamycin (Table VI). In comparison to dexametha-
sone, SFA weakly affected TNF-a secretion by IFN-g/LPS-stim-
ulated PBMC. The proliferation of murine bone marrow cells in
response to growth factors was only inhibited by SFA atmM con-
centrations, whereas the nucleoside analog azathioprine, whose
main metabolite 6-mercaptopurine interferes with DNA synthesis
(57), prevents proliferation of these cells at nM concentrations.

Discussion
Aside from their clinical application as immunosuppressants to
prevent transplant rejection, CsA, FK506, and rapamycin have also
been proven to be powerful experimental tools. These drugs have
significantly contributed to our understanding of T cell signal
transduction pathways and molecular events involved in T cell
activation (58). A prerequisite for their activity is the binding to
intracellular binding proteins (immunophilins). Although this
binding is required it is not sufficient for immunosuppression: only
further, tertiary complex formation with effector molecules leads
to the biological effect. FK506 and rapamycin, although binding to
the same immunophilin FKBP, exert their activities through bind-
ing to two different effector molecules, i.e., calcineurin and mTOR.

FIGURE 1. Structure of SFA, a representative metabolite of the novel
macrocyclic compound class called sanglifehrins.

FIGURE 2. Abrogation of the immunosuppressive effect of CsA by
SFA in an IL-2 reporter gene assay. Jurkat cells transfected with an IL-2
promoter/luciferase reporter gene construct were stimulated with PMA/
PHA either in the presence of 14 nM CsA or 400 nM SFA alone or in the
presence of 14 nM CsA plus 50–400 nM SFA as indicated. Mean values
of duplicate determinations are shown.

FIGURE 3. The activity of SFA does not depend on binding to cyclo-
philin. SFA (600 nM) either alone or in combination with increasing con-
centrations of 4-Cs was added to murine MLR cultures. Proliferation was
determined after 4 days. Mean values of duplicate determinations are
shown.

Table V. No effect of SFA on targets of known immunosuppressantsa

Assay

IC50 (nM)b

SFA Ref.

FKBP12-binding .10,000 Rapamycin: 0.6
Calcineurin phosphatase .3,000 CsA: 200
IMPDH .10,000 MPA: 25
DHODH .50,000 Leflunomide: 190

a FKBP12-binding was measured in a competitive ELISA format that is based on
the interaction between solid-phase coupled FK506-BSA and biotinylated FKBP12.
The calcineurin phosphatase, IMPDH, and DHODH enzyme assays are described in
Materials and Methods.SFA and reference compounds were tested in the same
experiment.

b IC50 values of a representative experiment are shown.

7168 SANGLIFEHRIN A, A NOVEL CYCLOPHILIN-BINDING IMMUNOSUPPRESSANT
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For cyclophilins, so far only the fungal metabolite cyclosporin has
been identified as a ligand. This encouraged us to search for novel
immunosuppressive cyclophilin-binding structures that might act
on new targets and reveal novel T cell-regulatory pathways.

By screening microbial fermentation extracts in a CypA-binding
assay we identified an actinomycetes strain producing several
closely related metabolites with novel structures (25, 26). The so-
called sanglifehrins bind with high affinity to several cyclophilin
isoforms (25). Several lines of evidence suggest that SFA and CsA
share the same binding side on cyclophilin. Both SFA and CsA
inhibit CsA-CypA as well as SFA-CypA interactions and both
compounds inhibit the isomerase activity of CypA (Table I). Fur-
thermore, SFA antagonizes the activity of CsA in an IL-2 reporter
gene assay by displacing CsA from cyclophilin (Fig. 2) similar to
a cyclophilin-binding, nonimmunosuppressive cyclosporin deriv-
ative with an altered effector domain (48). These data suggest that,
despite their overall distinct structure, SFA and CsA may display
a common three-dimensional cyclophilin-binding domain as do
FK506 and rapamycin with respect to their FKBP-binding domain
(59). Indeed, this has been recently confirmed by the x-ray struc-
ture of the CypA/SFA complex (J. Kallen, R. Sedrani, J.-J. San-
glier, and T. Fehr, manuscript in preparation).

Despite the higher affinity of SFA over CsA for CypA under
cell-free conditions, SFA showed a significantly lower activity
than CsA in displacing radiolabeled CsA in a cellular binding as-
say (Table II). We believe that the binding of CsA to the cells in
this assay is mainly due to its interaction with intracellular cyclo-
philins. A possible explanation for the difference in SFA binding to
cyclophilin in the molecular vs the cellular assay could be a lower
permeability into cells. This might also explain the relatively low
activities of SFA in MLR when compared with CsA.

In contrast to CsA, SFA did not affect IL-2 production of acti-
vated T cells either at the transcriptional level (IL-2 reporter gene
assay; Fig. 2) or at the level of IL-2 secretion (Table IV). SFA did
not inhibit IL-2 production by mitogen-activated T cells (Table IV)
or by T cells activated by a combination of anti-TCR and anti-
CD28 Abs (data not shown). In contrast, SFA blocked the IL-2-
dependent proliferation (Table III) and cytokine production (Table
IV) of T cells. SFA still showed activity when added 72 h after

initiation of MLR cultures (Fig. 5). The latter results indicate that
SFA acts at a later stage of the cell cycle, most likely at the G1/S
transition. Taken together, these results suggest that SFA binds to
the CsA-binding side of cyclophilin but displays a different effec-
tor domain than CsA (like FK506 vs rapamycin), resulting in a
different mechanism of action and activity profile.

When SFA was added to MLR cultures in combination with a
cyclophilin-binding, nonimmunosuppressive cyclosporin deriva-
tive, its activity was not abrogated even at a 10-fold molar excess
(Fig. 3). At this molar excess the cyclosporin derivative reversed
.50% of the activity of CsA in the IL-2 reporter gene assay (48).
These observations indicate that SFA exerts its effect independent
of cyclophilin.

To characterize the mechanism of action of SFA in more detail
we first analyzed its effects on targets of well characterized im-
munosuppressants. SFA did not bind to FKBP nor did it inhibit the
enzymatic activities of calcineurin, IMPDH, and DHODH (Table
V), the targets of FK506, MMF/MPA, and brequinar/leflunomide,
respectively. Furthermore, the findings that the inhibition of the
proliferation of activated T cells by SFA could not be reversed by
addition of exogenous nucleosides (Fig. 4) indicates that SFA has
no effects on targets involved in the de novo nucleoside synthesis.

SFA also showed effects on other cell types. It inhibited the
proliferation of mitogen-activated B cells (Table VI). However, it
had no effect on Ab production induced by CD154 and IL-4,
which, in contrast, is blocked by rapamycin. The differential effects
of SFA and rapamycin in this assay indicate that mTOR might not
be involved in the mechanism of action of SFA. Unlike dexameth-
asone, SFA only weakly inhibited TNF-a production by IFN-g/
LPS-stimulated PBMC. SFA exerts no general cytotoxic activity
because it did not affect the proliferation of bone marrow cells
(Table VI).

In conclusion, the data presented here indicate that SFA repre-
sents a new immunosuppressive compound whose mode of action
is different from that of known immunosuppressants. However, the

FIGURE 4. No effects of exogenous nucleosides on SFA activity.A,
Brequinar or SFA (1mM) were added to murine MLR cultures either in the
absence or presence of 50mM uridine. B, PHA-stimulated human T cells
were incubated with MMF or SFA (1mM) either in the absence or presence
of 50mM guanosine. In both cases the nucleosides completely reversed the
inhibitory effect of brequinar and MMF, respectively, whereas they had no
effect of the activity of SFA. Mean values of duplicate determinations are
shown.

FIGURE 5. Delayed addition of immunosuppressive compounds to mu-
rine MLR. The indicated compounds were added to MLR either at the initi-
ation of the cultures (time of addition 0 h) or 24, 48, 72, and 91 h later.
[3H]thymidine incorporation was performed for an additional 5 h as indicated
by the horizontal bar until harvesting of the cells. Maximal proliferation in the
absence of compound was 2–43 105 cpm. At all time points, IC50 values
were determined from a complete titration of each compound. Results are
expressed as “normalized IC50 ” values where the IC50 value obtained after
addition at the initiation of the MLR was set to 1. When added at the initiation
of the cultures, the compounds showed the following mean IC50 values: CsA
10 nM, SFA 70 nM, rapamycin 1.3 nM, brequinar 550 nM, and MMF 20 nM.
Mean normalized IC50 6 SD values of three experiments are shown.
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precise mechanism of action and in particular the effector protein
of SFA remains to be identified.

Note added in proof.L.-H. Zhang and J. O. Liu recently showed
that SFA inhibits IL-2-dependent T cell proliferation at the G1

phase of the cell cycle (60).

Acknowledgments
We thank R. Sedrani and J. Wagner for preparing the SFA-BSA conjugate.

References
1. Schreiber, S. L. 1991. Chemistry and biology of the immunophilins and their

immunosuppressive ligands.Science 251:283.
2. Schreiber, S. L., and G. R. Crabtree. 1992. The mechanism of action of cyclo-

sporin A and FK506.Immunol. Today 13:136.
3. Liu, J. 1993. FK506 and cyclosporin, molecular probes for studying intracellular

signal transduction. [Published erratum appears in1993 Immunol. Today 14:399.]
Immunol. Today 14:290.

4. Sehgal, S. N. 1995. Rapamune (Sirolimus, rapamycin): an overview and mech-
anism of action.Ther. Drug Monit. 17:660.

5. Siekierka, J. J., S. H. Y. Hung, M. Poe, C. S. Lin, and N. H. Sigal. 1989. A
cytosolic binding protein for the immunosuppressant FK506 has peptidyl-prolyl
isomerase activity but is distinct from cyclophilin.Nature 341:755.

6. Harding, M. W., A. Galat, D. E. Uehling, and S. L. Schreiber. 1989. A receptor
for the immunosuppressant FK506 is acis-transpeptidyl-prolyl isomerase.Na-
ture 341:758.

7. Liu, J., J. D. Farmer, Jr., W. S. Lane, J. Friedman, I. Weissman, and
S. L. Schreiber. 1991. Calcineurin is a common target of cyclophilin-cyclosporin
A and FKBP-FK506 complexes.Cell 66:807.

8. Clipstone, N. A., and G. R. Crabtree. 1992. Identification of calcineurin as a key
signalling enzyme in T-lymphocyte activation.Nature 357:695.

9. O’Keefe, S. J., J. Tamura, R. L. Kincaid, M. J. Tocci, and E. A. O’Neill. 1992.
FK-506- and CsA-sensitive activation of the interleukin-2 promoter by cal-
cineurin.Nature 357:692.

10. Brown, E. J., M. W. Albers, T. B. Shin, K. Ichikawa, C. T. Keith, W. S. Lane,
and S. L. Schreiber. 1994. A mammalian protein targeted by G1-arresting rapa-
mycin-receptor complex.Nature 369:756.

11. Sabers, C. J., M. M. Martin, G. J. Brunn, J. M. Williams, F. J. Dumont,
G. Wiederrecht, and R. T. Abraham. 1995. Isolation of a protein target of the
FKBP12-rapamycin complex in mammalian cells.J. Biol. Chem. 270:815.

12. Chen, Y., H. Chen, A. E. Rhoad, L. Warner, T. J. Caggiano, A. Failli, H. Zhang,
C. L. Hsiao, K. Nakanishi, and K. L. Molnar-Kimber. 1994. A putative sirolimus
(rapamycin) effector protein.Biochem. Biophys. Res. Commun. 203:1.

13. Sabatini, D. M., H. Erdjument Bromage, M. Lui, P. Tempst, and S. H. Snyder.
1994. RAFT1: a mammalian protein that binds to FKBP12 in a rapamycin- de-
pendent fashion and is homologous to yeast TORs.Cell 78:35.

14. Chiu, M. I., H. Katz, and V. Berlin. 1994. RAPT1, a mammalian homolog of
yeast Tor, interacts with the FKBP12/rapamycin complex.Proc. Natl. Acad. Sci.
USA 91:12574.

15. Dumont, F. J., M. J. Staruch, S. L. Koprak, M. R. Melino, and N. H. Sigal. 1990.
Distinct mechanisms of suppression of murine T cell activation by the related
macrolides FK506 and rapamycin.J. Immunol. 144:251.

16. Bierer, B. E., P. S. Mattila, R. F. Standaert, L. A. Herzenberg, S. J. Burakoff,
G. Crabtree, and S. L. Schreiber. 1990. Two distinct signal transmission pathways
in T lymphocytes are inhibited by complexes formed between an immunophilin
and either FK506 or rapamycin.Proc. Natl. Acad. Sci. USA 87:9231.

17. Tocci, M. J., D. A. Matkovich, K. A. Collier, P. Kwok, F. Dumont, S. Lin,
S. Degudicibus, J. J. Siekierka, J. Chin, and N. I. Hutchison. 1989. The immu-
nosuppressant FK506 selectively inhibits expression of early T cell activation
genes.J. Immunol. 143:718.

18. Hultsch, T., R. Martin, and R. J. Hohman. 1992. The effect of the immunophilin
ligands rapamycin and FK506 on proliferation of mast cells and other hemato-
poietic cell lines.Mol. Biol. Cell 3:981.

19. Hatfield, S. M., J. S. Mynderse, and N. W. Roehm. 1992. Rapamycin and FK506
differentially inhibit mast cell cytokine production and cytokine-induced prolif-
eration and act as reciprocal antagonists.J. Pharmacol. Exp. Ther. 261:970.

20. Quesniaux, V. F., S. Wehrli, C. Steiner, J. Joergensen, H. J. Schuurman,
P. Herrman, M. H. Schreier, and W. Schuler. 1994. The immunosuppressant
rapamycin blocks in vitro responses to hematopoietic cytokines and inhibits re-
covering but not steady-state hematopoiesis in vivo.Blood 84:1543.

21. Cao, W., P. Mohacsi, R. Shorthouse, R. Pratt, and R. E. Morris. 1995. Effects of
rapamycin on growth factor-stimulated vascular smooth muscle cell DNA syn-
thesis: inhibition of basic fibroblast growth factor and platelet-derived growth
factor action and antagonism of rapamycin by FK506.Transplantation 59:390.

22. Handschumacher, R. E., M. W. Harding, J. Rice, R. J. Drugge, and
D. W. Speicher. 1984. Cyclophilin: a specific cytosolic binding protein for cy-
closporin A.Science 226:544.

23. Friedman, J., and I. Weissman. 1991. Two cytoplasmic candidates for immu-
nophilin action are revealed by affinity for a new cyclophilin: one in the presence
and one in the absence of CsA.Cell 66:799.

24. Kroenke, M., W. J. Leonard, J. M. Depper, S. K. Arya, F. Wong-Stall,
R. C. Gallo, T. A. Waldmann, and W. C. Greene. 1984. Cyclosporin A inhibits
T cell growth factor gene expression at the level of mRNA transcription.Proc.
Natl. Acad. Sci. USA 81:5214.

25. Sanglier, J. J., V. Quesniaux, T. Fehr, H. Hofmann, M. Mahnke, K. Memmert,
W. Schuler, G. Zenke, L. Gschwind, C. Maurer, and W. Schilling. 1999. San-
glifehrins A, B, C and D, novel cyclophilin-binding compounds isolated from
Streptomycessp A92-308110. I. Taxonomy, fermentation, isolation and biolog-
ical activity. J. Antibiot. 52:466.

26. Fehr, T., J. Kallen, L. Oberer, J. J. Sanglier, and W. Schilling. 1999. Sanglifehrins
A, B, C and D, novel cyclophilin-binding compounds isolated fromStreptomyces
sp A92-308110. II. Structure elucidation, stereochemistry and physico-chemical
properties.J. Antibiot. 52:474.

27. Schneider, H., N. Charara, R. Schmitz, S. Wehrli, V. Mikol, M. G. Zurini,
V. F. Quesniaux, and N. R. Movva. 1994. Human cyclophilin C: primary struc-
ture, tissue distribution, and determination of binding specificity for cyclosporins.
Biochemistry 33:8218.

28. Schuler, W., R. Sedrani, S. Cottens, B. Haberlin, M. Schulz, H. J. Schuurman,
G. Zenke, H. G. Zerwes, and M. H. Schreier. 1997. SDZ RAD, a new rapamycin
derivative: pharmacological properties in vitro and in vivo.Transplantation 64:
36.

29. Kofron, J. L., P. Kuzmic, V. Kishore, E. Colon Bonilla, and D. H. Rich. 1991.
Determination of kinetic constants for peptidyl prolylcis-transisomerases by an
improved spectrophotometric assay. [Published erratum appears in1991 Bio-
chemistry 30:10818.]Biochemistry 30:6127.

30. Jackson, R. C., H. P. Morris, and G. Weber. 1977. Partial purification, properties
and regulation of inosine 59phosphate dehydrogenase in normal and malignant rat
tissues.Biochem. J. 166:1.

31. Magasanik, B. 1963. Synthesis and reduction of GMP.Methods Enzymol. 6:106.
32. Copeland, R. A., J. P. Davis, R. L. Dowling, D. Lombardo, K. B. Murphy, and

T. A. Patterson. 1995. Recombinant human dihydro-orotate dehydrogenase: ex-
pression, purification, and characterization of a catalytically functional truncated
enzyme.Arch. Biochem. Biophys. 323:79.

33. Hines, V., L. D. Keys, and M. Johnston. 1986. Purification and properties of the
bovine liver mitochondrial dihydro-orotate dehydrogenase. [Published erratum
appears in1987 J. Biol. Chem. 262:15322.]J. Biol. Chem. 261:11386.

34. Enz, A., G. Shapiro, A. Chappuis, and A. Dattler. 1994. Nonradioactive assay for
protein phosphatase 2B (calcineurin) activity using a partial sequence of the
subunit of cAMP-dependent protein kinase as substrate.Anal. Biochem. 216:147.

35. Baumann, G., E. Andersen, V. Quesniaux, and M. K. Eberle. 1992. Cyclosporine
and its analogue SDZ IMM 125 mediate very similar effects on T-cell activation:
a comparative analysis in vitro.Transplant. Proc. 24:43.

36. de Wet, J., K. V. Wood, M. DeLuca, D. R. Helinski, and S. Subramani. 1987.
Firefly luciferase gene: structure and expression in mammalian cells.Mol. Cell
Biol. 7:725.

37. Strong, D. M., A. A. Ahmed, G. B. Thurman, and K. W. Sell. 1973. In vitro
stimulation of murine spleen cells using a microculture system and a multiple
automated sample harvester.J. Immunol. Methods 2:279.

Table VI. Effects of SFA on B cells, monocytes, and bone marrow cellsa

Assay

Mean IC50 (nM)b

SFA Ref.

Proliferation of LPS-stimulated murine B cells 886 7 MMF: 84 6 16
IgG production by human B cells 8,0006 1,600 Rapamycin: 1.3c

TNFa secretion by human monocytes 5306 150 Dexamethasone: 446 10
Proliferation of murine bone marrow cells 8,2006 660 Azathioprine: 636 12

a Proliferation of LPS-stimulated murine spleen cells and growth factor-stimulated murine bone marrow cells was assessed
by [3H]thymidine incorporation. IgG production by soluble CD154/IL-4-stimulated human B cells and TNF-a secreted by
IFN-g/LPS-stimulated PBMC was measured by ELISA. SFA and reference compounds were tested in the same experiment.

b Mean IC50 6 SD values of at least three experiments are shown.
c Mean of two experiments.

7170 SANGLIFEHRIN A, A NOVEL CYCLOPHILIN-BINDING IMMUNOSUPPRESSANT

 by guest on A
ugust 9, 2022

http://w
w

w
.jim

m
unol.org/

D
ow

nloaded from
 

http://www.jimmunol.org/


38. Meo, T. 1979. The MLR in the mouse. InImmunological Methods.
L. Lefkovits and B. Pernis, eds. Academic Press, New York, p. 227.

39. Grassberger, M., T. Baumruker, A. Enz, P. Hiestand, T. Hultsch, F. Kalthoff,
W. Schuler, M. Schulz, F. J. Werner, A. Winiski, et al. 1999. A novel anti-
inflammatory drug, SDZ ASM 981, for the treatment of skin diseases: in vitro
pharmacology.Br. J. Dermatol. 141:264.

40. Gillis, S., M. M. Ferm, W. Ou, and K. A. Smith. 1978. T cell growth factor:
parameters of production and a quantitative microassay for activity.J. Immunol.
120:2027.

41. Brinkmann, V., and C. Kristofic. 1995. Regulation by corticosteroids of Th1 and
Th2 cytokine production in human CD41 effector T cells generated from
CD45RO2 and CD45RO1 subsets.J. Immunol. 155:3322.

42. Janossy, G., M. F. Greaves, M. J. Doenhoff, and S. Snajdr. 1973. Lymphocyte
activation. V. Quantitation of the proliferative response to mitogens using T and
B cell populations.Clin. Exp. Immunol. 14:581.

43. Levy, F., C. Kristofic, C. Heusser, and V. Brinkmann. 1997. Role of IL-13 in
CD4 T cell-dependent IgE production in atopy.Int. Arch. Allergy Immunol. 112:
49.

44. Brinkmann, V., and C. Kristofic. 1995. TCR-stimulated naive human CD41

45RO2 T cells develop into effector cells that secrete IL-13, IL-5, and IFN-g, but
no IL-4, and help efficient IgE production by B cells.J. Immunol. 154:3078.

45. Mosmann, T. 1983. Rapid colorimetric assay for cellular growth and survival:
application to proliferation and cytotoxicity assays.J. Immunol. Methods 65:55.

46. Fischer, G., L. B. Wittmann, K. Lang, T. Kiefhaber, and F. X. Schmid. 1989.
Cyclophilin and peptidyl-prolylcis-trans isomerase are probably identical pro-
teins.Nature 337:476.

47. Takahashi, N., T. Hayano, and M. Suzuki. 1989. Peptidyl-prolylcis-transisomer-
ase is the cyclosporin A-binding protein cyclophilin.Nature 337:473.

48. Zenke, G., G. Baumann, R. Wenger, P. Hiestand, V. Quesniaux, E. Andersen, and
M. H. Schreier. 1993. Molecular mechanisms of immunosuppression by cyclos-
porins.Ann. NY Acad. Sci. 685:330.

49. Allison, A. C., and E. M. Eugui. 1993. Immunosuppressive and other effects of
mycophenolic acid and an ester prodrug, mycophenolate mofetil.Immunol. Rev.
136:5.

50. Makowka, L., L. S. Sher, and D. V. Cramer. 1993. The development of brequinar
as an immunosuppressive drug for transplantation.Immunol. Rev. 136:51.

51. Bartlett, R. R., M. Dimitrijevic, T. Mattar, T. Zielinski, T. Germann, E. Rude,
G. H. Thoenes, C. C. Kuchle, H. U. Schorlemmer, E. Bremer, et al. 1991. Le-
flunomide (HWA 486), a novel immunomodulating compound for the treatment
of autoimmune disorders and reactions leading to transplantation rejection.
Agents Actions 32:10.

52. Ransom, J. T. 1995. Mechanism of action of mycophenolate mofetil.Ther. Drug
Monit. 17:681.

53. Greene, S., K. Watanabe, J. Braatz Trulson, and L. Lou. 1995. Inhibition of
dihydro-orotate dehydrogenase by the immunosuppressive agent leflunomide.
Biochem. Pharmacol. 50:861.

54. Simon, P., R. M. Townsend, R. R. Harris, E. A. Jones, and B. D. Jaffee. 1993.
Brequinar sodium: inhibition of dihydro-orotic acid dehydrogenase, depletion of
pyrimidine pools, and consequent inhibition of immune functions in vitro.Trans-
plant. Proc. 25:77.

55. Allison, A. C., S. J. Almquist, C. D. Muller, and E. M. Eugui. 1991. In vitro
immunosuppressive effects of mycophenolic acid and an ester pro-drug,
RS-61443.Transplant. Proc. 23:10.

56. Forrest, T. L., R. E. Ware, T. Howard, B. D. Jaffee, and S. M. Denning. 1994.
Novel mechanisms of brequinar sodium immunosuppression on T cell activation.
Transplantation 58:920.

57. Elion, G. B. 1989. The purine path to chemotherapy.Science 244:41.
58. Sigal, N. H., and F. J. Dumont. 1992. Cyclosporin A, FK-506, and rapamycin:

pharmacologic probes of lymphocyte signal transduction.Annu. Rev. Immunol.
10:519.

59. Van Duyne. G. D., R. F. Standaert, P. A. Karplus, S. L. Schreiber, and J. Clardy.
1993. Atomic structures of the human immunophilin FKBP-12 complexes with
FK506 and rapamycin.J. Mol. Biol. 229:105.

60. Zhang, L.-H., and J. D. Liu. 2001. Sanglifehrin A, a novel cyclophilin-binding
immunosuppressant, inhibits IL-2-dependent T cell proliferation at the G1 phase
of the cell cycle.J. Immunol. 166:5611.

7171The Journal of Immunology

 by guest on A
ugust 9, 2022

http://w
w

w
.jim

m
unol.org/

D
ow

nloaded from
 

http://www.jimmunol.org/

