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Cyclophilin inhibitors currently in clinical trials for hepatitis C virus (HCV) are all analogues of cyclospo-
rine (CsA). Sanglifehrins are a group of naturally occurring cyclophilin binding polyketides that are struc-
turally distinct from the cyclosporines and are produced by a microorganism amenable to biosynthetic
engineering for lead optimization and large-scale production by fermentation. Preclinical characterization of
the potential utility of this class of compounds for the treatment of HCV revealed that the natural sanglifehrins
A to D are all more potent than CsA at disrupting formation of the NS5A-CypA, -CypB, and -CypD complexes
and at inhibition of CypA, CypB, and CypD isomerase activity. In particular, sanglifehrin B (SfB) was 30- to
50-fold more potent at inhibiting the isomerase activity of all Cyps tested than CsA and was also shown to be
a more potent inhibitor of the 1b subgenomic replicon (50% effective concentrations [EC50s] of 0.070 �M and
0.16 �M in Huh 5-2 and Huh 9-13 cells, respectively). Physicochemical and mouse pharmacokinetic analyses
revealed low oral bioavailability (F < 4%) and low solubility (<25 �M), although the half-lives (t1/2) of SfA and
SfB in mouse blood after intravenous (i.v.) dosing were long (t1/2 > 5 h). These data demonstrate that naturally
occurring sanglifehrins are suitable lead compounds for the development of novel analogues that are less
immunosuppressive and that have improved metabolism and pharmacokinetic properties.

Hepatitis C virus (HCV) is a positive-strand RNA virus and
is the major cause of chronic hepatitis, liver cirrhosis, and
hepatocellular carcinoma (39). The World Health Organiza-
tion (WHO) estimates that there are more than 170 million
chronic carriers of HCV, which is approximately 3% of the
world population (28, 29). In developed countries, 50 to 76%
of all cases of liver cancer and two-thirds of all liver transplants
are due to chronic HCV infection (37).

The current standard of care (SOC) involves subcutaneous
injections of pegylated alpha-interferon (peg-IFN-�) and oral
dosing of the nonspecific antiviral drug ribavirin for a period of
24 to 48 weeks (9). Overall, response rates to the SOC depend
upon the genotype and the pretreatment HCV RNA levels.
Patients with genotypes 2 and 3 are more responsive to the
SOC than patients infected with genotype 1 (particularly 1b)
(25, 31). A significant number of HCV patients do not respond
adequately to the SOC or cannot tolerate it due to side effects,
leading to poor compliance and a sustained virological re-
sponse (SVR) of about 50% (31).

Direct-acting antiviral (DAA) drugs are being developed to
target viral proteins, such as HCV NS5B polymerase or NS3
protease (35). One concern with the increased use of virus-

targeted agents is that, as was observed with HIV treatment,
drug resistance emerges (47). However, compounds that target
human proteins (i.e., cyclophilins), rather than viral targets, are
also being developed, which should have higher hurdles for
viral breakthrough and incidence of resistance during drug
therapy (29, 38, 36).

Cyclophilins (Cyps) are a family of cellular proteins that
display peptidyl-prolyl cis-trans isomerase activity, facilitating
protein conformational changes and folding. Cyps are involved
in cellular processes, such as transcriptional regulation, im-
mune response, protein secretion, and mitochondrial function
(48). During infection, HCV recruits Cyps for its replication.
Although earlier resistance studies on cyclosporine (CsA)
showed mutations in the NS5B polymerase and suggested that
only cyclophilin B (CypB) was involved in the HCV replication
process (42), recent studies have suggested an essential role for
cyclophilin A (CypA) in HCV replication (2, 5, 24, 51) and also
a potential role for a wider selection of cyclophilin pathways
(17). The generation of knockouts in mice (7) and human T
cells (1) indicates that CypA is not essential for cell growth and
survival. Similar results have been observed with disruption of
CypA homologues in bacteria (20), Neurospora sp. (45), and
Saccharomyces cerevisiae (12). Therefore, inhibiting Cyps rep-
resents a novel and attractive host target for treating HCV
infection. Most likely, these compounds will be combined with
SOC or DAA drugs, which may result in an increase in the
SVR and prevent the emergence of resistance.

Cyclosporine (23) and its structurally related nonimmuno-
suppressive clinical analogues alisporivir (DEBIO-025) (6, 16,
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33), NIM811 (30), and SCY-635 (21) (Fig. 1B) are cyclophilin
binding compounds. These compounds are active against mul-
tiple HCV genotypes and exhibit a significantly higher hurdle
for the selection of resistance (6). However, adverse events,
such as hyperbilirubinemia, were seen in a number of patients
in early studies, particularly at higher dose levels (i.e., 1,000
mg), leading to treatment discontinuation with the most ad-
vanced candidate, alisporivir (15, 16). With lower doses (i.e.,
400 mg orally [p.o.] once a day [q.d.]) of the compound, hy-
perbilirubinemia was less of an issue (32, 49). Interpatient
variability, such as is seen with CsA itself (where careful drug
level monitoring is needed to avoid adverse events), is also a
concern (27).

Sanglifehrin A (SfA) and its natural analogues belong to a
class of mixed nonribosomal peptides/polyketides, produced by
the soil bacterium Streptomyces sp. strain A92-308110, which
were originally discovered on the basis of their high affinity for
CypA (Fig. 1A). SfA is the most abundant component in fer-
mentation broths and exhibits approximately 20-fold-higher
affinity for CypA than CsA (43). This led to the suggestion that
sanglifehrins could be useful for the treatment of HCV (17).

Sanglifehrins exhibit immunosuppressive activity, the mech-
anism of action of which is not fully understood but has been
shown not to involve calcineurin, the immunosuppressive tar-
get of CsA (52). The crystal structures of SfA and a semisyn-
thetic derivative bound to CypA have been published (26) and
reveal that they both bind to the same active site as CsA. SfA
analogues devoid of immunosuppressive properties have been
synthesized (44), indicating an opportunity for the design of

nonimmunosuppressive Cyp inhibitors for potential use in
HCV therapy.

Previous limited HCV replicon and Cyp binding studies,
mostly directed toward SfA, sanglifehrin B (SfB), and a limited
set of semisynthetic derivatives, showed moderate potency (17,
18, 50). A resistant genotype 1b replicon was also generated for
a sanglifehrin derivative, SFA-1, and showed cross-resistance
with NIM-811 and CsA (40). This study includes not only SfA,
but its naturally produced analogues SfB, SfC, and SfD. SfB
differs from SfA by the presence of a cis double bond from
C-35–C-36 in place of the hydroxyl group at C-35, and SfC
differs from SfA by the formation of a hemiketal involving the
C-53 ketone, C-15 hydroxyl, and methanol. SfD incorporates
both of these changes (Fig. 1A). This study characterizes SfA,
SfB, SfC, and SfD and evaluates their potential as future treat-
ments for HCV.

MATERIALS AND METHODS

Bacterial strains and growth conditions. SfA, SfB, SfC, and SfD were pre-
pared at Biotica Technology Ltd. (Cambridge, United Kingdom) as described
previously (13, 43) (see the supplemental material). CsA was purchased from LC
Labotatories (Woburn, MA).

Enzyme-linked immunosorbent assay (ELISA) and Western blot analysis of
the effects of sanglifehrins on Cyp-NS5A interactions. The production and pu-
rification of recombinant glutathione S-transferase (GST), GST-CypA, GST-
CypB, GST-CypD, and full-length NS5A Con1 (pET-Ub-NS5A Con1-His) pro-
teins were carried out as described previously (4, 22). Nunc MaxiSorb 8-well strip
plates were coated with GST, GST-CypA, GST-CypB, or GST-CypD for 16 h at
4°C and blocked. Recombinant NS5A-His (1 ng/ml) was added to wells in 50 �l
of binding buffer (20 mM Tris, pH 7.9, 0.5 M NaCl, 10% glycerol, 10 mM
dithiothreitol [DTT], and 1% NP-40) for 16 h at 4°C. Captured NS5A-His was
subsequently detected using mouse anti-His antibodies (1 �g/ml) (anti-6�His;
Clontech) and rabbit anti-mouse-horseradish peroxidase phosphatase (HRP)
antibodies (1:1,000 dilution). All experiments were conducted twice using two
different batches of recombinant CypA, CypB, CypD, and NS5A proteins, while
CsA and bovine serum albumin (BSA) were included as positive and negative
controls, respectively.

For Western blot analysis, glutathione beads were incubated for 2 h in dialysis
buffer (50 mM Tris, pH 7.4, 100 mM NaCl, 5 mM MgCl2, 10% glycerol, 0.5%
NP-40, 1 mM DTT) with 5 mg/ml BSA and washed twice at 4°C in binding buffer
(20 mM Tris, pH 7.9, 0.5 M NaCl, 10% glycerol, 10 mM DTT, and 1% NP-40).
Meanwhile, 100 ng of GST-CypA, GST-CypB, GST-CypD, or GST was mixed
with 10 ng of NS5A-His, along with 0 to 0.625 �M drug, in a total volume of 200
�l of binding buffer for 3 h at 4°C. Glutathione beads (25 �l) were added to the
GST-Cyp–NS5A mixture for 30 min at 4°C and washed 3 times with 400 �l of
binding buffer. The beads were pelleted for 30 s at 2,000 � g in a microcentrifuge,
and bound material was eluted with 25 �l of 2� SDS sample buffer, heated for
5 min, and frozen at �20°C. The bound material was then analyzed by Western
blotting using anti-GST to detect GST-Cyp and anti-His antibodies to detect
NS5A-His.

Antiviral assays. Cells carrying the HCV replicons I377NS3-3�/wt (Huh 9-13)
and I389luc-ubi-neo/NS3-3�/5.1 (Huh 5-2) were kindly provided by R. Barten-
schlager (University of Heidelberg, Heidelberg, Germany). Assays in replicon-
containing Huh 5-2 and Huh 9-13 (genotype 1b) cells were performed as de-
scribed previously (34, 46).

Anti-PPIase analysis of sanglifehrins. The peptidyl-prolyl cis-trans isomerase
(PPIase) activity of recombinant Cyp, produced by thrombin cleavage of GST-
Cyp, was determined by following the rate of hydrolysis of N-succinyl-Ala-Ala-
Pro-Phe-p-nitroanilide by chymotrypsin. Cyp was equilibrated for 1 h at 5°C
using a drug concentration range from 0.1 to 20 nM. The reaction was started by
addition of the peptide, and the change in absorbance was monitored spectro-
photometrically at 10 data points per second. The blank rates of hydrolysis (in
the absence of Cyp) were subtracted from the rates in the presence of Cyp. The
initial rates of the enzymatic reaction were analyzed by first-order regression
analysis of the time course of the change in absorbance.

Cytotoxicity assays. Huh7 and HepG2 cells (ATCC) were grown in Dulbecco’s
modified Eagle’s medium (DMEM) containing 10% fetal bovine serum (FBS),
1% penicillin-streptomycin, and 1% glutamine, whereas CEM cells (ATCC)

FIG. 1. Structural formulae of sanglifehrins and cyclosporines.
(A) Structures of sanglifehrins A to D. (B) Structure of cyclospo-
rines. CsA, R1 � CH2CH(CH3)2, R2 � CH3, R3 � H; alisporivir,
R1 � CH(CH3)2, R2 � CH2CH3, R3 � CH3; SCY-635, R1 �
CH2C(CH3)2OH, R2 � CH3, R3 � SCH2N(CH3)2; NIM-811, R1 �
CH(CH3)CH2CH3, R2 � CH3, R3 � H.

1976 GREGORY ET AL. ANTIMICROB. AGENTS CHEMOTHER.



were grown in RPMI 1640 medium with 10% FBS, 1% penicillin-streptomycin,
and 1% glutamine. Fresh human peripheral blood mononuclear cells (PBMCs)
were isolated from whole blood (see the supplemental material). Compound
cytotoxicity was evaluated by testing half-log concentrations of each compound in
triplicate against the cells described above. Untreated cells served as the con-
trols. Huh7 and HepG2 cells were seeded at a concentration of 5 � 103 cells/well.
After 24 h, the media containing 5% FBS and serial dilutions of compounds were
added. After 72 h, the cells were processed for cytotoxicity assessment. PBMCs
were diluted in fresh medium and plated at 5 � 104 cells/well. Similarly, CEM
cells were plated at a density of 1 � 104 cells/well. Following compound addition,
the cultures were maintained for 6 to 7 days and then processed for cytotoxicity
determination. Cytotoxicity was determined using a CytoTox-One homogeneous
membrane integrity assay kit (Promega).

Mouse intravenous and oral pharmacokinetic analysis. Compounds were
formulated in 5% ethanol, 5% cremophor EL, 90% saline for both p.o. and
intravenous (i.v.) administration. Groups of 3 male CD1 mice were dosed with
either 1 mg/kg of body weight i.v. or 10 mg/kg p.o. Whole-blood samples (40 �l)
were taken via tail or saphenous vein predose and at 0.25, 0.5, 2, 8, and 24 h;
diluted with an equal amount of distilled water (dH2O); and placed on dry ice
immediately. The samples were stored at �70°C until analysis was performed.
The concentration of the test article in the sample was then determined by liquid
chromatography-tandem mass spectrometry (LC–MS-MS). The time course of
blood concentrations was plotted and used to derive the area under the whole-
blood concentration-time curve (AUC), which is directly proportional to the
total amount of unchanged drug that reaches the systemic circulation. These
values were used to generate pharmacokinetic (PK) parameters (with a noncom-
partmental model) using WinNonlin (version 5.2; Pharsight Corp., CA).

Solubility analysis. Solubility was measured by diluting test compounds in
dimethyl sulfoxide (DMSO) (10 mM) in phosphate-buffered saline (PBS) at pH
7.4 to a target concentration of 100 �M with a final DMSO concentration of 1%.
The sample tubes were gently shaken for 4 h at room temperature and centri-
fuged, and the supernatants were diluted in PBS. The diluted samples were
mixed with the same volume (1:1) of methanol and then the same volume (1:1)
of acetonitrile with internal standard for LC–MS-MS analysis.

Log D analysis. The partition coefficient (log D) was measured at pH 7.4 using
a miniaturized shake flask method. Partition of test compounds was measured in
a mixture of n-octanol and potassium phosphate buffer (pH 7.4) after shaking it
for 1 h at 25°C. After centrifugation, water phase samples were diluted with
additional water and then 50% ethanol with internal standard to achieve a 1:60
dilution. Samples of the n-octanol phase were diluted in 50% ethanol with
internal standard to achieve a 1:2,400 dilution. Samples were then analyzed by
LC-MS.

Hepatocyte stability analysis. Cryopreserved hepatocytes (2 � 106 cells/ml)
were seeded in Krebs-Henseleit bicarbonate (KHB) buffer, and test compound
in 1% DMSO in KHB buffer was added to a level of 1 �M. The plates were
incubated at 37°C, and samples were taken after 0, 15, 30, 60, and 120 min. The
samples were added to an equal volume of acetonitrile with internal standard
and centrifuged, and compound levels were analyzed by LC–MS-MS.

Microsome stability analysis. Mouse or human liver microsomes (2.5 mg/ml)
were prepared in 0.1 M potassium phosphate buffer, 1.0 mM EDTA, pH 7.4. Test
compound was added to 1 �M. Following preincubation, the reaction was initi-
ated by adding NADPH solution. Aliquots were removed at 0, 15, 30, 45, and 60
min and quenched with acetonitrile with internal standard. Protein was removed
by centrifugation, and the sample plate was analyzed for the compound concen-
tration by LC–MS-MS.

Anti-CD3/anti-CD28 stimulated PBMC proliferation. Cryopreserved PBMCs
(Seracare) in complete culture medium (CM) were used at 1 � 105 cells/well.
The test article was added to 5, 50, 500, and 5,000 nM, and the plates were
incubated at 37°C with 5% CO2 for 1 h. Human T-activator CD3/CD28 Dyna-
beads (Invitrogen) at 1 � 105 beads/well were added to half of the plates. The

plates were incubated for 72 h at 37°C with 5% CO2. Cell proliferation was
assayed using a luminescent ATP assay (CellTiter-Glo; Promega) according to
the manufacturer’s instructions. Values from triplicate culture wells were aver-
aged, and values were analyzed by one-way analysis of variance (ANOVA) with
Tukey’s posttest comparing sample values to the vehicle value (Prism V 4.0;
GraphPad Software). Fifty percent inhibitory concentrations (IC50s) were deter-
mined using sigmoidal dose-response curves with curve constraints (Prism V 4.0;
GraphPad Software).

RESULTS

Sanglifehrins potently block the interaction between CypA,
CypB, CypD, and HCV NS5A. Four natural sanglifehrins, A to
D, were evaluated for their capacities to block the interaction
between CypA, CypB, CypD (also termed CypF or mitochon-
drial cyclophilin), and HCV NS5A by means of ELISA. To test
the effect of sanglifehrins on Cyp-NS5A complex formation,
increasing concentrations of each compound were added to
GST-CypA, GST-CypB, or GST-CypD, together with recom-
binant NS5A. All of the sanglifehrins were more potent than
CsA in disrupting complex formation (Cyp-NS5A), with SfB
the most potent compound (Table 1).

These data were further corroborated using GST-CypA,
GST-CypB, or GST-CypD as bait to capture and pull down
NS5A after the addition of glutathione beads. As previously
reported (2, 14, 19), CsA (as a positive control) blocks the
Cyp-NS5A interaction in a dose-dependent manner (Fig. 2,
top), whereas BSA (as a negative control) does not (Fig. 2,
bottom). All sanglifehrins tested were again more potent than

TABLE 1. Analysis of NS5A-CypA, CypB, and CypD complex prevention (by ELISA) and anti-PPIase activities of sanglifehrins and CsA

Cyclophilin
inhibitor

NS5A-CypA
disruption

(IC50) (�M)

CypA PPIase
inhibition
(Ki) (nM)

NS5A-CypB
disruption

(IC50) (�M)

CypB PPIase
inhibition
(Ki) (nM)

NS5A-CypD
disruption

(IC50) (�M)

CypD PPIase
inhibition
(Ki) (nM)

SfA 0.35 � 0.11 2.4 � 0.11 0.42 � 0.09 2.1 � 0.1 0.37 � 1.2 2.4 � 0.2
SfB 0.11 � 0.02 0.32 � 0.08 0.15 � 0.02 0.20 � 0.02 0.09 � 0.03 0.3 � 0.1
SfC 0.56 � 0.04 6.8 � 1.1 0.61 � 0.04 5.4 � 0.5 0.53 � 0.05 5.1 � 0.03
SfD 0.53 � 0.02 6.9 � 1.4 0.49 � 0.03 5.8 � 0.4 0.55 � 0.04 6.1 � 0.5
CsA 0.98 � 0.08 9.7 � 1.3 0.83 � 0.05 9.2 � 0.8 0.91 � 0.7 9.4 � 1.1

FIG. 2. Sanglifehrins block recombinant Cyp-NS5A interactions in
a dose-dependent manner. GST-CypA, GST-CypB, or GST-CypD
(100 ng) was mixed with NS5A Con1-His (10 ng) for 3 h at 4°C in the
presence of increasing concentrations of sanglifehrins, CsA, or BSA.
Glutathione beads were added to the GST-Cyp/NS5A mixture for 30
min at 4°C and washed. Captured NS5A-His proteins were eluted and
analyzed by Western blotting using anti-His antibodies.
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CsA at blocking Cyp-NS5A complex formation for all cyclo-
philins tested (Fig. 2), with SfB the most potent (Fig. 2). In
general, we observed good correlation between the ELISA and
pulldown data (Table 1 and Fig. 2).

Sanglifehrins potently inhibit the PPIase activity of CypA,
CypB, and CypD. Inhibition of the PPIase activity of CypA,
CypB, and CypD was used to further analyze the inhibitory
potential of sanglifehrins. CypA PPIase activity has previously
been shown to be critical for HCV replication (2, 3). Sanglifeh-
rins A to D inhibited the PPIase activity of CypA, CypB, and
CypD more efficiently than CsA (Table 1), suggesting their
affinities to the immunophilin are superior to that of CsA. SfB
exhibited the most potent anti-PPIase activities (Ki � 0.32,
0.20, and 0.30 nM against CypA, CypB, and CypD, respec-
tively), which was over 30-fold more potent than CsA in all
cases (Ki � 9.7, 9.2, and 9.4 nM). Overall, a positive correlation
was shown between the anti-PPIase activity of the sanglifehrins
tested and their capacities to prevent Cyp-NS5A interactions
analyzed by both ELISA and pulldown assays.

Sanglifehrins suppress HCV replicon 1b activity in a dose-
dependent manner. Sanglifehrins A to D were further tested in
the Huh 5-2 and Huh 9-13 subgenomic replicon systems (ge-
notype 1b) to measure their activities in a cell-based system.
SfA exerted potency and cytotoxicity similar to those of CsA
(SfA 50% effective concentration [EC50], 320 nM versus 306
nM for CsA in Huh 5-2 cells, and SfA EC50, 19 nM versus 415
nM for CsA in Huh 9-13 cells). Meanwhile, SfB and SfD were
more potent, but also more cytotoxic, in Huh 5-2 (SfB EC50, 71
nM, and CC50 [the concentration of compound required to
inhibit the exponential proliferation of the cells by 50%], 4.6
�M; SfD EC50, 306 nM, and CC50, 3.8 �M) (Table 2), sug-
gesting that differences in rank order, compared with the
NS5A-CypA and PPIase data, are most likely due to differing
cell permeabilities. Further cytotoxicity analysis was carried
out after incubation of SfA and SfB with two hepatocyte cell
lines (Huh7 and HepG2), PBMCs, and the cancer cell line
CEM and revealed that CC50 values were always above 10 �M
(see the supplemental material).

Activity against CsA-resistant replicons. To test whether
sanglifehrins are active against subgenomic replicons contain-
ing mutations conferring resistance to CsA, SfA to -D were
evaluated against a CsA-resistant Huh 9-13 subgenomic repli-
con. While CsA was shown to be 9 times less potent against the
CsA-resistant replicon, sanglifehrins A to D were found to be

as active against the resistant replicon as against the wild type
(Table 2).

Physicochemical and DMPK analysis. Optimal future HCV
therapies will require oral dosing. Therefore, we analyzed the
solubility in PBS and carried out initial in vitro drug metabo-
lism and pharmacokinetic (DMPK) studies (Table 3). All san-
glifehrins showed poor PBS solubility and log D values of �4.
Human and mouse microsome stability was relatively low, with
all sanglifehrins displaying human microsome half-lives of 	8
min. In contrast, SfA and SfB were more stable in human
hepatocytes, showing half-lives in excess of 100 min.

An initial examination of in vivo pharmacokinetics was per-
formed, analyzing mouse whole blood after i.v. (1 mg/kg) and
p.o. (10 mg/kg) dosing (Table 4 and Fig. 3). Although all
sanglifehrins showed low oral bioavailability (F 	 4%), both
SfA and SfB had low clearances, at only 1 to 12% of hepatic
blood flow for a mouse (4.5 liters/h/kg), with long half-lives
(t1/2 � 4 h). The volume of distribution (Vss) was low (	0.8
liters/kg) for all sanglifehrins, suggesting that the long half-
lives were indeed due to the low clearances and, if allometri-
cally scaled up (41), would be expected to lead to human
half-lives in excess of 24 h.

To confirm liver penetration, blood and liver samples were
taken after a single i.v. dose of 1 mg/kg SfA to CD1 mice. The
measured concentrations of SfA in the liver were 8 to 21 times
greater than the corresponding concentrations in whole blood
(under the assumption that the density of liver tissue is ap-
proximately equal to that of the whole-blood fraction), with
calculated liver/blood ratios of 14:1 (see the supplemental ma-
terial).

Immunosuppressive activity. SfA has been shown to have
immunosuppressive activity via a currently unknown mecha-

TABLE 2. Effects of sanglifehrins and CsA on replicons Huh 5-2 and Huh 9-13 (1b)

Cyclophilin
inhibitor

Huh 5-2 Wild-type Huh 9-13 CsAres Huh 9-13

EC50
a (nM) CC50

b (�M) SIc EC50 (nM) CC50 (�M) SI EC50 (nM) CC50 (�M) Wt/res ratiod

SfA 320 9.1 29 619 7.3 12 308 6.8 0.5
SfB 71 4.6 64 164 4.2 26 51 6.7 0.3
SfC 1,600 �100 �62 1,100 40 38 1,300 �20 1.3
SfD 262 3.8 14 1,000 332 30 871 3.3 0.9
CsA 306 4.4 14 415 8.8 21 3,880 7.9 9.3

a EC50 is the concentration of compound required to reduce the replicon content by 50% as measured by either the luciferase (Huh 5-2) or the RT-qPCR assay (Huh
9-13).

b CC50 is the concentration of compound required to inhibit the exponential proliferation of the cells by 50% as determined by the MTS assay.
c In vitro selectivity index (SI) � CC50/EC50.
d Wt, wild type; res, resistant replicon.

TABLE 3. Physicochemical parametersa

Cyclophilin
inhibitor

Solubility
(�M) log D, pH 7.4 HLM t1/2

(min)
MLM t1/2

(min)

Human
hepatocyte
t1/2 (min)

SfA 45 �4.6 7.9 4.0 145
SfB 16 �4.5 7.0 2.4 156
SfC 10 �4.2 3.4 11.0 40
SfD 25 4.1 4.4 9.1 54

a Data are shown for solubility in PBS (pH 7.4), lipophilicity (log D, pH 7.4),
and human (HLM) and mouse (MLM) microsome and hepatocyte stability (t1/2).
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nism (52). This is an undesirable property for an HCV therapy,
and we tested all compounds for activity in an anti-CD3/anti-
CD28-stimulated human PBMC assay. SfB and SfD were the
more potent sanglifehrins at inhibition of stimulated cell pro-
liferation, with IC50s of 480 and 740 nM, respectively, com-
pared to SfA (1,340 nM) and SfC (1,780 nM); however, these
compounds were still less potent than CsA in this assay (IC50,
140 nM). None of the sanglifehrins were seen to inhibit the

growth of unstimulated PBMCs, whereas CsA caused some
inhibition (cell growth, 77% of control at 5 �M).

DISCUSSION

While the current SOC for chronic HCV infection (peg-
ylated interferon and ribavirin) has shown encouraging results
for many patients, around 50% do not show an SVR, especially
genotype 1 patients. In early clinical studies of the newer DAA
drugs, while there have been improvements in response rates,
a potential reason for a lack of SVR in some cases may be the
selection of resistant viral populations (28). This has led to a
search for targeted antiviral drugs with reduced potential for
resistance. As CypA is a human target that seems essential for
viral replication but nonessential for human cellular growth
(1), it may represent an ideal target for therapy. A number of
Cyp inhibitors have now been found to be associated with very
low levels of resistance both in vitro and in vivo and showed
additive or synergistic effect in combination. More importantly,
they lack cross-resistance with SOC and the most advanced
DAA drugs. This has led to the suggestion that they could form
part of future combination therapies for chronic HCV (8).

Sanglifehrins were first described in 1999 (13, 43). Since
then, the majority of studies have focused on their potential
use as immunosuppressants, although there have been some
suggestions of their potential utility in HCV treatment. Even
so, this work is the first, and most detailed, analysis focused
entirely on the potential of sanglifehrins for the treatment
of HCV.

Characterization of naturally occurring sanglifehrins con-
firms that they have potential as agents for the treatment of
HCV, making them a distinct opportunity compared to CsA
and analogues. While there are a number of reports showing
the potential relevance of multiple cyclophilins to the replica-
tion of HCV (and indeed a number of other viruses), this
report shows that sanglifehrins are equally potent against all
three cyclophilins tested, both in terms of inhibiting the for-
mation of HCV NS5A-Cyp complexes and direct Cyp isomer-
ase inhibition. All of the sanglifehrins tested disrupt all of these
complexes more potently than CsA, and the most potent, SfB,
is also significantly more potent against 1b HCV replicons. Not
only are sanglifehrins inherently more potent cyclophilin
inhibitors, they provide an additional opportunity to avoid
class issues associated with cyclosporine analogues. Indeed,
this work suggests that SfB may be a more promising natural
candidate than the typically analyzed compound from the
class, SfA.

TABLE 4. Pharmacokinetic parameters after i.v. and p.o. dosing of CD1 micea

Cyclophilin
inhibitor

Clearance
(liter/h/kg) t1/2 (h) Vss (liter/kg)

AUClast
b (h � ng/ml)

p.o. Cmax
c (ng/ml) F (%)

I.v. P.o.

SfA 0.054 8.02 0.522 16,473 2,332 192 1.42
SfB 0.068 5.89 0.439 14,067 5,693 809 3.94
SfC 0.824 1.11 0.383 1,257 26 22 0.21
SfD 0.545 1.64 0.244 2,157 20 12 0.09

a Data were generated after analysis of whole-blood samples, following doses of 1 mg/kg i.v. and 10 mg/kg p.o. to CD1 mice.
b AUClast, area under the concentration-time curve.
c Cmax, maximum concentration of drug in serum.

FIG. 3. Pharmacokinetics after i.v. and p.o. dosing of CD1 mice.
(A) Concentration in whole blood after i.v. dosing (1 mg/kg) of SfA,
SfB, SfC, and SfD. (B) Concentration in whole blood after p.o. dosing
(10 mg/kg) of SfA, SfB, SfC, and SfD. The error bars indicate standard
deviations.
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Data are also presented suggesting that natural sanglifehrins
are active against CsA-resistant replicons, in contrast to
the limited data previously presented (18). It is interesting that
the mutations found in a replicon selected for resistance to the
sanglifehrin analogue SFA-1 (40) did not include the D320E
mutation, the most commonly generated mutation to CsA and
analogues (6). Taken together, this suggests that sanglifehrins,
while potent cyclophilin inhibitors, disrupt NS5A-Cyp com-
plexes in a subtly different way than the cyclosporines.

However, while natural sanglifehrins have long in vivo
mouse blood half-lives, they have a number of poor physico-
chemical and pharmacokinetic properties for clinical HCV
treatment (low solubility, low oral bioavailability, and some
immunosuppressive activity). Initial characterization of novel
sanglifehrin analogues, developed as part of a lead optimiza-
tion program, using semisynthetic and biosynthetic engineering
methods, has shown that each of these properties can be im-
proved (M. Gregory, unpublished data). Sanglifehrin ana-
logues with improved potency against all HCV genotypes
tested (1a, 1b, and 2a), reduced cytotoxicity, improved physi-
cochemical properties for oral administration, and substan-
tially reduced immunosuppression have now been generated.
These compounds are being actively advanced toward clinical
assessment for the treatment of HCV infection.
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