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Debio-025 is a synthetic cyclosporine with no immunosuppressive capacity but a high inhibitory potency
against cyclophilin A (CypA)-associated cis-trans prolyl isomerase (PPIase) activity. A lack of immunosup-
pressive effects compared to that of cyclosporine was demonstrated both in vitro and in vivo. For three
cyclosporines, the inhibitory potential against PPIase activity was quantitatively correlated with that against
human immunodeficiency virus type 1 (HIV-1) replication. Debio-025 selectively inhibited the replication of
HIV-1 in a CD4� cell line and in peripheral blood mononuclear cells: potent activity was demonstrated against
clinical isolates of various HIV-1 subtypes, including isolates with multidrug resistance to reverse transcriptase
and protease inhibitors. Simian immunodeficiency virus and HIV-2 strains were generally resistant to inhi-
bition by Debio-025; however, some notable exceptions of sensitive HIV-2 clinical isolates were detected. In
two-drug combination studies, additive inhibitory effects were found between Debio-025 and 19 clinically used
drugs of different classes. Clinical HIV-1 isolates that are naturally resistant to Debio-025 and that do not
depend on CypA for infection were identified. Comparison of the amino acid sequences of the CypA binding
domain of the capsid (CA) protein from Debio-025-sensitive and -resistant HIV-1 isolates indicated that
resistance was mostly associated with an H87Q/P exchange. Mechanistically, cyclosporines competitively
inhibit the binding of CypA to the HIV-1 CA protein, which is an essential interaction required for early steps
in HIV-1 replication. By real-time PCR we demonstrated that early reverse transcription is reduced in the
presence of Debio-025 and that late reverse transcription is almost completely blocked. Thus, Debio-025 seems
to interfere with the function of CypA during the progression/completion of HIV-1 reverse transcription.

The introduction of highly active antiretroviral therapy has
led to significant changes in disease progression and mortality
of human immunodeficiency virus (HIV) type 1 (HIV-1) in-
fection and its sequela, AIDS. HIV-1 infection has been turned
into a chronic condition that can be treated and that may be
manageable over many years (90). However, a significant pro-
portion of patients still fail to have a complete response to
treatment over a prolonged time and are at risk of virological
rebound, which may lead to the emergence of drug-resistant
virus variants (20). The 21 anti-HIV-1 drugs used at present
target only three steps in the viral replication cycle, namely,
virus fusion, reverse transcription, and the proteolytic process-

ing of viral proteins (22). An inhibitor directed against a fourth
step, envelope glycoprotein binding to the CCR5 coreceptor
(24, 99), and an inhibitor of a fifth step, integration of viral
DNA in the cellular genome (34), were recently approved by
FDA. Further inhibitors of the last two steps are in clinical
evaluation (23, 86). Thus, the four virus-coded proteins, the
envelope glycoprotein, reverse transcriptase (RT), protease,
and integrase, are the molecular targets of anti-HIV-1 chemo-
therapy in the clinic at present. This limits the number of
possible combinations that may be used, because cross-resis-
tance of virus strains against drugs targeted to the same viral
molecule is common (61). Therefore, novel anti-HIV drugs
directed against other steps in the viral replication cycle are
highly needed.

Cyclophilin A (CypA) was established more than a decade
ago to be a valid target in anti-HIV-1 chemotherapy (69, 70).
The cellular protein CypA fulfills an essential function early
in the HIV-1 replication cycle. It was found to bind specifically
to the HIV-1 Gag polyprotein (48). A defined amino acid
sequence around G89 and P90 of capsid protein p24 (CA) was
identified as the binding site for CypA (17, 31). The affinity of
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CypA for CA promotes the incorporation of CypA into the
virion particles during assembly (10, 30, 87). Experimental
evidence indicates that the CypA-CA interaction is essential
for HIV-1 replication; inhibition of this interaction impairs
HIV-1 replication in human cells (10, 37, 81, 82). The step in
the viral replication cycle where CypA is involved was demon-
strated to be an event after penetration of the virus particle
and before integration of the double-stranded viral DNA into
the cellular genome (13, 51, 82).

CypA is a member of the immunophilin class of proteins.
These ubiquitous cellular proteins possess cis-trans prolyl
isomerase (PPIase) activities (27) and are assumed to be in-
volved in protein folding and to function as chaperones in
intracellular transport (78). Cyclophilins are also known to be
the intracellular receptor molecules for cyclosporines (35), a
class of cyclic undecapeptides produced by Trichoderma polys-
porum (25, 71). Binding of cyclosporines to cyclophilins leads
to the blockade of the isomerase activity. The most prominent
representative of this class of compounds is cyclosporine (Cs),
a potent inhibitor of T-cell activation widely used in the clinic
as an immunosuppressant in organ transplantation (11). When
Cs is bound to CypA it forms a ternary complex with cal-
cineurin. This binding inhibits the phosphatase activity of cal-
cineurin, which is crucial for signal transduction in the activa-
tion cascade of T cells. Inhibition of calcineurin function is thus
the molecular basis of the immunosuppressive action of Cs (8).
The structure of Cs bound to its ligands has been elucidated:
two separate domains in the undecapeptide Cs that are in-
volved in binding to CypA and calcineurin, respectively, can be
distinguished (40, 43, 66, 94, 98). The immunosuppressive ca-
pacity of Cs can therefore be separated from its affinity to
CypA by chemical modification.

The anti-HIV-1 activity of Cs was first reported in 1988 (91).
Evaluation of this drug and many derivatives for inhibition of
HIV-1 replication revealed that nonimmunosuppressive Cs an-
alogs had anti-HIV-1 activities equal to or even superior to
those of immunosuppressive analogs (7, 10). A clear correla-
tion was evident, however, between their antiviral activities and
the ability of cyclosporines to bind to their cellular receptor
protein, CypA. Modification of amino acids in the calcineurin
binding domain of Cs, in particular, substitution of the un-
decapeptide at position 4, was shown to abolish the formation
of the ternary complex with calcineurin and, thus, led to the
loss of its immunosuppressive capacity (62, 96, 105). Binding to
CypA and anti-HIV-1 activity were not impaired by such mod-
ifications. (Methyl Ile4)cyclosporine (NIM811), a nonimmuno-
suppressive cyclosporine with a high affinity for binding to
CypA and also potent and selective anti-HIV-1 activity, was
characterized in more detail (68). Mode-of-action studies re-
vealed that NIM811 inhibited the CypA-CA interaction in a
dose-dependent manner (10, 87) and that an early step in the
replication cycle of HIV-1 was impaired in the presence of the
compound (10, 51, 82). NIM811 was produced by fermentation
of the fungus Tolypocladium niveum, followed by extraction
and purification (89).

Chemical derivatization procedures for the production of a
large variety of Cs derivatives are well established. A large
amount of knowledge exists about the structure-activity rela-
tionships regarding immunosuppressive capacity, CypA bind-
ing, and anti-HIV-1 activity (7, 10, 41, 96, 105). We set out to

synthesize a series of novel cyclosporines using Cs as a starting
material. The goal was to produce by chemical derivatization
nonimmunosuppressive cyclosporines with increased affinities
for cyclophilin, which was expected to yield derivatives with
improved anti-HIV-1 activities. The most promising com-
pound in this series of derivatives turned out to be (D-MeAla3–
EtVal4)cyclosporine (Debio-025; where Me and Et are methyl
and ethyl, respectively) (97). The in vitro pharmacological pro-
file of this novel CypA-blocking compound and, in particular,
its anti-HIV-1 potential are described in this report.

MATERIALS AND METHODS

Compounds and materials. Cs and NIM811 are natural metabolites of
Tolypocladium niveum (also designated Beauveria nivea) and were obtained from
Novartis AG, Basel, Switzerland. The synthesis of Debio-025 by the use of Cs as
the starting material was based on the strategy for the synthesis of the (D-
MeAla3–EtXaa4)cyclosporines described previously (41, 97).

3�-Azido-3�-deoxythymidine (AZT) was purchased from Sigma (St. Louis,
MO) or Sigma-Aldrich (Bornem, Belgium). The other approved antiretroviral
drugs used in the combination assays were obtained from the NIAID AIDS
Research and Reference Reagent Program.

To prepare concentrated stock solutions, the cyclosporines were solubilized in
ethanol or dimethyl sulfoxide (for the mixed lymphocyte reaction [MLR] assay)
and were stored at �20°C; all other compounds were dissolved in dimethyl
sulfoxide or sterile distilled H2O as appropriate and were stored at �20°C.

Human recombinant CypA was purchased from Sigma AG, Buchs, Switzer-
land. The antigen keyhole limpet hemocyanin (KLH) was obtained from Pierce
Science France SAS, Brebieres, France. Sprague-Dawley rats were purchased
from a commercial breeder (Charles River Laboratories France, l’Arbresle,
France).

Viruses. The following strains were obtained from the NIAID AIDS Research
and Reference Reagent Program: HIV-1 strains IIIB/LAI, NL4-3, SF162, JR-
CSF, and Ba-L; HIV-2 strains CDC310319 and CDC310342; and simian immu-
nodeficiency virus (SIV) strain mac 251. HIV-1 strains IIIB/LAI and SF2, which
were used for the assays whose results are presented in Table 1, were provided
by Guido van der Groen (Institute of Tropical Medicine, Antwerp, Belgium).

The low-passage, lymphotropic clinical HIV-1 isolates WEJO, ROJO, TEKI,
and SLKA were obtained from pediatric patients attending the AIDS Clinic at
the University of Alabama at Birmingham and were isolated by the Southern
Research Institute. The following additional HIV-1 isolates used in this study
were obtained from the NIAID AIDS Research and Reference Reagent Pro-
gram and were originally isolated from seropositive individuals or symptomatic
patients from the indicated geographic locations: 92BR014, 93BR020, and
92BR025 from Brazil; 92RW016 from Rwanda; 92UG037 and 92UG046 from
Uganda; CMU02 from Thailand; Jv1083 from Nigeria; and BCF01 from Cam-
eroon. The SIVPBj14 isolate was recovered from a pig-tailed macaque at the
Yerkes Primate Center and was provided by Mark Lewis; this isolate is referred
to as SIVPBj.

The multidrug-resistant isolates were obtained as follows: isolate G910-6 was
from the NIAID AIDS Research and Reference Reagent Program; isolates
52-52 and 1064-52 were from William A. Schleif of Merck Research Laborato-
ries, West Point, PA; and isolate MDR769, MDR1385, and MDR3761 were from

TABLE 1. CypA PPIase inhibition and activity against HIV-1
replication

Compound Ki (nM) for CypA
PPIase inhibition

IC50 (�M) for HIV-1

IIIB in
MT-4 cellsa

IIIB in
PBMCsb

SF2 in
PBMCsb

Cs 9.79 � 1.37 �0.83 0.45 0.54
NIM811 2.11 � 0.32 0.31 � 0.11 0.47 0.5
Debio-025 0.34 � 0.12 0.099 � 0.063 0.064 0.063
AZT NDc 0.05 � 0.01 0.06 0.014

a The CPE was determined by MTT staining; values are means � standard
deviation from four determinations.

b As determined by a p24 ELISA; values are from one determination.
c ND, not determined.
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Thomas C. Merigan, Stanford University. HIV-1 G910-6 contains the mutations
M41L, V60I, D67N, K70R, K83R, H208Y, T215Y, K219Q, L239V, R356K, and
G359S in RT; this mutation pattern confers intermediate resistance to abacavir
(ABC), zalcitabine (ddC), didanosine (ddI), and tenofovir (TDF) and high-level
resistance to AZT and stavudine (d4T). HIV-1 52-52 contains the mutations
L10R, M46I, L63P, A71V, V82T, and I84V in protease; this mutation pattern
confers intermediate resistance to lopinavir (LPV) and high-level resistance to
amprenavir (APV), atazanavir (ATV), indinavir (IDV), nelfinavir (NFV), roti-
navir (RTV), and saquinavir (SQV). HIV-1 1064-52 contains the mutations L10I,
I54V, L63P, A71T, V82F, and L90M in protease; this mutation pattern confers
intermediate resistance to APV, ATV, and LPV and high-level resistance to
IDV, NFV, RTV, and SQV. HIV-1 MDR769, MDR1385, and MDR3761 have
been partially described previously (61). Highly drug-resistant HIV-1 clinical
isolates are cross-resistant to many of the antiretroviral compounds in current
clinical development. Briefly, MDR769 has the RT mutations M41L, A62V,
K65R, D67N, V75I, F116Y, Q151M, Y181I, L210W, and T215Y and the pro-
tease mutations L10I, M36M/V, M46I, I54V, L63P, A71V, V82A, I84V, and
L90M; this mutation pattern confers low-level resistance to efavirenz (EFV);
intermediate resistance to lamivudine (3TC) and emtricitabine (FTC); and high-
level resistance to ABC, AZT, d4T, ddC, ddI, TDF, delavirdine (DLV), nevi-
rapine (NVP), APV, ATV, IDV, LPV, NFV, RTV, and SQV. MDR1385 has the
protease mutations L10I, M36I, M46I, I54I/V, L63P, A71V, V82T, L90M, and
I93L; this mutation pattern confers high-level resistance to APV, ATV, IDV,
LPV, NFV, RTV, and SQV. In addition, although the mutation pattern in RT is
not known, MDR1385 has been found to be resistant to AZT, ddI, 3TC, and d4T
(R. G. Ptak, unpublished data). Finally, MDR3761 has the protease mutations
L10I, K20I, M46I, L63P, A71I, G73T, I84V, L90M, and I93L; this mutation
pattern confers intermediate resistance to LPV and high-level resistance to APV,
ATV, IDV, NFV, RTV, and SQV. Similar to MDR1385, MDR3761 does not
have a documented mutation pattern in the sequence for RT; however, resis-
tance to AZT, ddI, 3TC, and d4T has been observed (R. G. Ptak, unpublished).
Unless otherwise noted, resistance is predicted on the basis of the resistance
analysis tools from the Stanford HIV Drug Resistance Database (http://hivdb
.stanford.edu/).

Aliquots of all viruses with predetermined titers were removed from the
freezer (�80°C) thawed and rapidly to room temperature in a biological safety
cabinet immediately before use.

Cells. The human T-cell leukemia virus-transformed T4 cell line MT-4 (50)
and the human T4 lymphoblastoid cell line CEM-SS (53) were used for the
cytopathic effect (CPE) inhibition assays. Jurkat cells (95) were used in the
immunosuppression test. CD4� HeLa cells (TZM cells), which were used in
the real-time PCR, and CEM-SS cells were obtained from the NIAID AIDS
Research and Reference Reagent Program.

Peripheral blood mononuclear cells (PBMCs) for the antiviral assays whose
results are shown in Table 1 and for the MLR with human cells were purified
from the buffy coats of HIV-negative donors kindly provided by the Belgian Red
Cross (Bloedtransfusiecentrum, Leuven, Belgium). For all other drug suscepti-
bility assays, fresh human blood was obtained commercially from Interstate
Blood Bank, Inc. (Memphis, TN); PBMCs were isolated from fresh human blood
from screened donors found to be seronegative for HIV and hepatitis B virus.
Murine PBMCs for the MLR were isolated from the spleens of BALB/c or
CBA/Ca mice.

PPIase inhibition assay. The inhibition of the PPIase activity of CypA was
used to compare the inhibitory potential of cyclosporines as an indication of their
binding affinity to CypA. The PPIase activity was measured in a chymotrypsin-
coupled spectrophotometric assay based on the method described previously
(32). The assay takes advantage of the high trans selectivity of chymotrypsin for
peptides of the N-succinyl–Ala–Ala–Pro–Phe–p-nitroanilide type. Thus, the hy-
drolysis of the cis form of this peptide is limited by the rate of cis-trans isomer-
ization catalyzed by CypA. The assay was performed in a split-beam spectropho-
tometer set at 390 nm and at a temperature of 5°C. CypA was equilibrated for 1 h
at 5°C with the cyclosporines by using a drug concentration range from 2 to 50
nM. The reaction was started by addition of the peptide, and the change in
absorbance was monitored spectrophotometrically at 10 data points per second.
The blank rates of hydrolysis (in the absence of CypA) were subtracted from the
rates in the presence of CypA. The initial rates of the enzymatic reaction were
analyzed by first-order regression analysis of the time course of the change in
absorbance.

CPE inhibition assay with cell lines. MT-4 cells or CEM-SS cells, which are
known to be highly permissive for HIV-1, were infected in their exponential
growth phase essentially as described by Pauwels et al. (63). Inhibition of the
CPE induced by HIV-1 strain IIIB/LAI after 5 or 6 days of infection was

determined by measuring the viabilities of both HIV-1-infected and mock-in-
fected cells.

The compound solutions were serially diluted and added to microtiter plates,
and then the cell suspension was added, followed by addition of virus diluted to
give from 85 to 95% cell killing at 5 or 6 days postinfection (multiplicity of
infection, approximately 0.01). Samples were evaluated by obtaining triplicate
measurements for 12 concentrations of drug at half-log dilutions. After 5 or 6
days of incubation, the viability of the cells was determined by staining with the
soluble tetrazolium-based dye methyl tetrazolium sulfate (CellTiter reagent;
Promega) or 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT; Sigma-Aldrich, Bornem, Belgium). These dyes are metabolized by the
mitochondrial enzymes of metabolically active cells to yield a soluble formazan
product, allowing the rapid quantitative colorimetric analysis of cell viability and
compound cytotoxicity. By using in-house computer programs, 50% inhibitory
concentrations (IC50s) and 50% cytotoxic concentrations (TC50s) were calcu-
lated. AZT was evaluated in parallel as a positive control in the anti-HIV assays.

Antiviral activity assays with human PBMCs. Human PBMCs were purified
over lymphocyte separation medium (density, 1.078 � 0.002 g/ml; Cellgro;
Mediatech, Inc.). The PBMCs were resuspended at 1 � 107 cells/ml in RPMI
1640 supplemented with 15% fetal bovine serum, 2 mM L-glutamine, and 4 �g/ml
phytohemagglutinin P (PHA-P) and were incubated for 48 to 72 h at 37°C. After
stimulation, the PBMCs were centrifuged and resuspended in RPMI 1640 with
15% fetal bovine serum, 2 mM L-glutamine, 100 U/ml penicillin, 100 �g/ml
streptomycin, 10 �g/ml gentamicin, and 20 U/ml recombinant human interleu-
kin-2 (IL-2). The PBMCs were maintained in this medium at a concentration of
1 � 106 to 2 � 106 cells/ml with twice-weekly medium changes until they were
used in the assay protocol. Monocyte-derived macrophages were depleted from
the culture as the result of adherence to the tissue culture flask.

For the PBMC assay, PHA-P-stimulated cells from at least two healthy donors
were pooled, diluted in fresh medium, and plated in the wells of a 96-well
round-bottom microplate. Test drug dilutions were used in a standard format.
After a 2-h preincubation (cells plus drug), a predetermined dilution of the virus
stock was added to each test well (final multiplicity of infection, �0.1). Wells with
cells and virus alone were used as a virus control. Separate plates were prepared
identically without virus for drug cytotoxicity studies by using the methyl tetra-
zolium sulfate assay system (described above). The PBMC cultures were main-
tained for 7 days following infection, at which time cell-free supernatant samples
were collected and assayed for RT activity in a microtiter plate-based RT reac-
tion (16). The results presented in Table 1 were obtained with a modified PBMC
preparation protocol, in which prior to stimulation, CD8� cells were removed
from the cell population by adsorption onto anti-CD8-coated magnetic beads, as
described by the manufacturer (Dynal Bioscience, Skoyen, Norway). In these
assays HIV-1 replication was quantified by a p24 enzyme-linked immunosorbent
assay (ELISA), according to the manufacturer’s protocol (Perkin-Elmer, Bel-
gium).

The IC50s and TC50s were calculated by using in-house computer programs.
AZT was evaluated in parallel as a positive control.

Drug combination assays. Combination antiviral assays were performed with
CEM-SS cells and the HIV-1IIIB/LAI strain of virus in a CPE inhibition assay, as
described above. For each combination assay, five concentrations of drug A (i.e.,
the FDA-approved drugs 3TC, ABC, AZT, d4T, ddC, ddI, ETC, TFV, DLV,
EFV, NVP, APV, ATV, IDV, LPV, NFV, RTV, SQV, and enfuvirtide) were
tested in all possible combinations with eight concentrations of drug B (Debio-
025). Three replicates were used to determine the antiviral efficacy of the com-
bination, and two replicates were used to determine the cytotoxicity of the
combination for uninfected CEM-SS cells. Each combination assay was per-
formed at least three times.

The drug combination assay data were then analyzed by the method of Pri-
chard and Shipman (65) by using the MacSynergy II program for data analysis
and statistical evaluation. Briefly, the MacSynergy II program calculates the
theoretical additive interactions of the drugs on the basis of the Bliss indepen-
dence mathematical definition of expected effects for drug-drug interactions. The
Bliss independence model is based on statistical probability and assumes that the
drugs act independently to affect virus replication; this independent-effects
model is also referred to as a dual-site model and was used for all combination
analyses reported here. Theoretical additive interactions are calculated from the
dose-response curves for each drug used individually. This calculated additive
surface, which represents predicted or additive interactions, is then subtracted
from the experimentally determined dose-response surface to reveal regions of
nonadditive activity. The resulting surface would appear as a horizontal plane at
0% inhibition above the calculated inhibition if the interactions were merely
additive. Any peaks above this plane of additivity would be indicative of synergy.
Similarly, any depressions below the plane of additivity would indicate antago-
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nism. The 95% confidence intervals around the experimental dose-response
surface were used to evaluate the data statistically, and the volume of the
peaks/depressions was calculated on the basis of the 95% confidence interval and
was used to quantify the volume of synergy/antagonism produced. The volume of
the peaks observed in the synergy plots (in units of concentration times concen-
tration times percent, e.g., �M2 %, nM2 %, and nM �M %) was calculated by the
program. This peak volume is the three-dimensional counterpart of the area
under a three-dimensional dose-response surface and is a quantitative measure
of synergy or antagonism.

Synergy was defined as drug combinations yielding synergy volumes greater
than 50. Slightly synergistic activity and highly synergistic activity have been
operationally defined as yielding synergy volumes of 50 to 100 and �100, re-
spectively. Additive drug interactions have synergy volumes in the range of �50
to 50, while synergy volumes between �50 and �100 were considered slightly
antagonistic and those ��100 were highly antagonistic.

In vitro assays for immunosuppression. IL-2 promoter activation upon T-cell
stimulation was determined in a Jurkat T-cell line containing the 	-galactosidase
gene as a reporter under IL-2 promoter control (8).

For the MLR (49), responder cells were prepared from the spleens of BALB/c
mice and PBMCs were purified by Ficoll high-density-gradient centrifugation. A
suspension with a concentration of 10 � 106 viable cells per ml was prepared in
complete RPMI 1640 medium. Stimulator cells were prepared from the spleens
of CBA/Ca mice. The cell suspensions were put on ice and were irradiated (2,000
rads). The cell concentration was adjusted to 10 � 106 cells per ml.

In the MLR assay, six concentrations of Debio-025 ranging from 0.01 to 10 �M
and of Cs, as the reference control, ranging from 0.005 to 5 �M were tested.
Responder cells, stimulator cells, and test compound solution were mixed 1:1:1
in the wells of a flat-bottom microwell plate. After 102 h of culturing, [3H]thy-
midine was added and proliferation was determined by measuring the incorpo-
ration of [3H]thymidine after 18 h of additional incubation.

For the MLR assay with human cells, freshly isolated CD4� PBMCs from two
healthy donors were mixed after one of the cell populations had been inactivated
by irradiation (stimulator cells). After 5 days of cocultivation in the presence of
test compound (0.83 �M), the proliferative response of the noninactivated cell
population (responder cells) was determined by measurement of [3H]thymidine
incorporation. This assay was conducted reciprocally with the two populations,
each being inactivated and stimulated in turn.

In vivo assay for immunosuppression. The potential immunosuppressive ac-
tivity of Debio-025 was evaluated in the rat KLH model (39). Cs was used as a
positive (immunosuppressive) control. Microemulsions of both compounds were
prepared by using a cremophor-ethanol formulation. Young male Sprague-Daw-
ley rats were assigned to one control and four treatment groups (six animals per
group). Debio-025 was administered once daily by the oral route (via gavage) at
10, 25, or 50 mg/kg of body weight/day; and the reference drug (Cs) was admin-
istered at 10 mg/kg/day for 28 consecutive days. The control group received
placebo microemulsion. On day 22, the KLH antigen (1 ml of a solution at 2.5
mg/ml) was administered by the subcutaneous route to all animals. At the end of
treatment (day 29), venous blood was taken from the orbital sinus of all animals
under anesthesia and the animals were euthanized. Serum was prepared and was
kept at �20°C until analysis. Anti-KLH immunoglobulin M (IgM) levels were
quantified by a specific ELISA method. For peripheral blood lymphocyte subset
analysis, aliquots of whole blood were incubated with the following antibody
combinations: anti-rat CD3-fluorescein isothiocyanate–anti-rat CD4-phyco-
erythrin for detection of T-helper cells and anti-rat CD3-fluorescein isothiocya-
nate–anti-rat CD8-phycoerythrin for T-cytotoxic/suppressor cells and total T
lymphocytes. Analysis was performed on a Coulter EPICS XL-MCL flow cytom-
eter, and the data were analyzed with EXPO32 software (Beckman Coulter,
France).

Animal experiments were conducted in compliance with Animal Health reg-
ulations, in particular, Council Directive No. 86/609/EEC of 24 November 1986.

Sequencing. Virion-associated RNA was extracted (QIAmp viral RNA mini
kit; Qiagen) from supernatant virus stocks, and the viral RNA was used as the
template RNA for RT-PCR amplification (Superscript III One-Step RT-PCR
system; Invitrogen). Forward primer SK145 (5�-AGT GGG GGG ACA TCA
AGC AGC CAT GCA AAT-3�) and reverse primer SK39 (5�-TTT GGT CCT
TGT CTT ATG TCC AGA ATG C-3�) (56) were used to amplify the CA region
of the HIV-1 and HIV-2 isolates. The DNA sequence of both strands of the
PCR-amplified region was subsequently determined by double-stranded DNA
sequencing with primers SK145 and SK39 at the University of Alabama at
Birmingham Center For AIDS Research Sequencing Core facility. SeqMan
(DNAStar; Madison, WI) was used to analyze the resulting DNA sequence,
which was used to determine the predicted amino acid sequence of the CA
region of the viruses.

Quantitative real-time PCR. Strain NL4-3 virus stocks derived from the trans-
fection of 293T cells were treated with 50 U/ml Turbo DNase (Ambion) for 60
min at 37°C. CD4� HeLa cells (TZM cells; 2 � 105 cells) were infected with 2 �
104 RT units of NL4-3, and the genomic DNA was isolated at various time
points. Early reverse transcripts were quantified with primers ert2f (5�-GTGCC
CGTCTGTTGTGTGAC-3�) and ert2r (5�-GGCGCCACTGCTAG AGATTT-
3�) and the probe ERT2 (5�-[6-carboxyfluorescein]-CTAGAGATCCCTCAGA
CCCTTTTAGTCAGTGTGG-[6-carboxytetramethylrhodamine]-3�) (9), and
late reverse transcripts were quantified with primers MH531 (5�-TGTGTGCCC
GTCTGTTGTGT-3�) and MH532 (5�-GAGTCCTGCGTCGAGAGAGC-3�)
and the probe LRT-P (5�-[6-carboxyfluorescein]-CAGTGGCGCCCGAACAG
GGA-[6-carboxytetramethylrhodamine]-3�) (18). The reaction mixtures con-
tained the TaqMan universal master mixture (PE Biosystems), 300 nM primers,
100 nM probe, and 500 ng of genomic DNA. The PCR conditions were 2 min at
50°C and 10 min at 95°C, followed by 40 cycles of 15 s at 95°C and 1 min at 60°C;
the PCRs were performed on an ABI Prism 7700 apparatus (Applied Biosys-
tems).

RESULTS

Correlation of anti-HIV-1 activity of cyclosporines with
CypA PPIase inhibition. We evaluated a series of novel cyclo-
sporines that had been generated by chemical modification of
Cs for inhibition of the PPIase activity of CypA (97). The goal
was to identify compounds with an increased potential to in-
hibit CypA PPIase activity, which was assumed to be based on
the higher affinity of the compounds to CypA and, conse-
quently, would lead to an improved capacity to block the in-
teraction of CypA with the HIV-1 CA protein. Such derivatives
were expected to exhibit potent anti-HIV-1 activities. The fo-
cus of chemical derivatization was on modification of the cy-
clophilin binding domain as well as on the generation of a
nonimmunosuppressive molecule. Several of the most potent
PPIase inhibitors were evaluated for their inhibition of HIV-1
strain IIIB/LAI replication in MT-4 cells and for their inhibi-
tion of strains IIIB/LAI and SF2 replication in PBMCs (data
not shown).

Debio-025 (Fig. 1) proved to be the most promising com-
pound in this series of derivatives. Table 1 compares the ability
of Debio-025 to inhibit PPIase and HIV-1 replication with the
abilities of the nonimmunosuppressive cyclosporine NIM811,
Cs, and the reference compound (AZT). The Ki value for
PPIase inhibition of Debio-025 (0.34 � 0.12 nM) was about
29-fold lower than that of Cs (9.79 � 1.37 nM). For compar-
ison, NIM811 (Ki, 2.11 � 0.32 nM) was five times more potent
than Cs in this regard. The relative potencies of the test com-
pounds for the inhibition of HIV-1 replication correlated with
the activity against PPIase: Debio-025 (IC50s, 0.063 to 0.099
�M) proved to be a 5- to 10-fold more potent inhibitor than
Cs, and NIM811 (IC50s, 0.31 to 0.5 �M) was an approximately
2- to 3-fold more potent inhibitor than Cs (IC50s, 0.45 to �0.83
�M). At the highest concentration used in these assays (0.83
�M), no cytotoxic effect was detectable for any of the cyclo-
sporines. The reference compound, AZT (IC50s, 0.05 to 0.014
�M), inhibited HIV-1 replication at 10 to 40 times lower con-
centrations than Cs.

We conclude from these results that the increased inhibitory
potential for CypA PPIase activity of Debio-25 compared to
the inhibitory potentials of Cs and NIM811, which indicates a
higher affinity of binding of this compound to CypA, indeed
translates, as expected, to the more potent inhibition of HIV-1
replication.
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Lack of immunosuppressive activity of Debio-025 in vitro
and in vivo. From structure-activity relationships published
previously (7, 10, 62, 66, 105), we expected that the substitution
of MeLeu at position 4 of Cs by EtVal in Debio-025 would
abolish the immunosuppressive capacity of the cyclosporine.
To prove the absence of immunosuppressive activity for
Debio-025 in vitro, the compound was evaluated in the IL-2
reporter gene assay with Jurkat cells (8) and in the MLR (49)
with murine and human primary cells. Cs is known to specifi-
cally block the signaling pathway in T lymphocytes, leading to
IL-2 promoter activation upon T-cell stimulation (45), which is
the molecular basis of its immunosuppressive activity. In a
Jurkat cell line containing the 	-galactosidase gene under IL-2
promoter control, Cs inhibited 50% of the PHA-phorbol my-
ristate acetate-induced 	-galactosidase activity at a concentra-
tion of 0.003 �M. For Debio-025, a more than 7,000-fold
higher concentration (21.5 �M) was needed to bring about the
same effect, and for NIM811 a more than 2,000-fold higher
concentration (6.75 �M) was needed to bring about the same
effect. Since these concentrations are known to be in the cy-
totoxic range for T-cell lines (68), these results essentially
prove that Debio-025 and NIM811 have strongly reduced ca-
pacities to inhibit the signaling pathway in T lymphocytes lead-
ing to IL-2 promoter activation.

In the murine MLR, the IC50 of Cs for [3H]thymidine in-
corporation after allogeneic stimulation was 0.056 �M,
whereas Debio-025 exhibited an IC50 of 0.82 �M; thus, it is
15-fold less active than Cs in this assay. In a two-way MLR with
human CD4� PBMCs, Cs at 0.83 �M reduced the proliferative
response by a factor of 10, while Debio-025 as well as NIM811
at the same concentration showed no significant immunosup-
pressive activity (D. Jochmans, unpublished data).

To evaluate the potential immunosuppressive activity of
Debio-025 in vivo, the rat KLH model (39) was used. Three
concentrations of Debio-025 and Cs as the reference com-
pound were administered orally to rats for 4 weeks. One
week before the end of treatment, KLH was injected sub-

cutaneously for antigenic stimulation. The immune re-
sponses were quantified by measuring IgM levels and by
peripheral blood lymphocyte subset analysis. The data in
Table 2 demonstrate that treatment with Debio-025 at 10,
25, or 50 mg/kg/day for 4 weeks did not have an effect on the
IgM response in animals immunized with KLH, nor did it
influence the relative amounts of lymphocyte subset popu-
lations. In animals given Cs at 10 mg/kg/day, significantly
lower anti-KLH IgM levels as well as significantly reduced T
lymphocytes and cytotoxic T-cell populations were ob-
served. The amounts of T-helper cells were also reduced,
but the difference did not reach significance.

Thus, Debio-025 was demonstrated to have significantly de-
creased or no immunosuppressive activity compared to that of
Cs in vitro and in vivo.

Effects of Debio-025 on replication of various HIV-1 isolates
in PBMCs. The antiviral efficacy of Debio-025 was evaluated in
a standardized PBMC-based anti-HIV-1 assay with a panel of
HIV-1 clinical isolates and laboratory strains from different
geographic locations that included HIV-1 group M subtypes A,
B, C, D, EA (E/A recombinant), F, and G, as well as HIV-1
group O. The panel included CCR5-tropic (R5), CXCR4-
tropic (X4), and dual-tropic (R5X4) viruses; pediatric clinical

FIG. 1. Structural formulas of Cs and Debio-025. The top parts of the structures represent the cyclophilin binding domain, and the lower parts
represents the calcineurin binding domains.

TABLE 2. Immunosuppressive capacity in vivo

Treatment Dose
(mg/kg)

IgM level
(absorbance)a

Immunological response (% gated cells)
after KLH immunization in ratsa

T
lymphocytes

T-helper
cells

Cytotoxic
T cells

Vehicle 0 0.87 � 0.41 48.2 � 5.7 30.1 � 2.7 17.2 � 4.1
Cs 10 0.18 � 0.09b 33.6 � 6.6b 23.1 � 5.5 9.2 � 1.3b

Debio-025 10 0.78 � 0.41 52.4 � 3.3 29.8 � 12.1 17.6 � 3.1
Debio-025 25 0.78 � 0.029 53.4 � 5.0 34.5 � 2.9 18.0 � 3.9
Debio-025 50 0.67 � 0.41 50.0 � 4.1 32.8 � 5.3 16.1 � 2.7

a The results are mean values � standard deviation.
b P � 0.01 versus the results for the vehicle control.
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isolates were also included. As summarized in Table 3, Debio-
025 inhibited the replication of viruses from group M subtypes
A, B, C, and D. The virus isolates from group M subtypes EA,
F, and G and group O were not significantly inhibited by
Debio-025; however, only one representative isolate of each
subtype was tested. There was no detectable correlation be-
tween anti-HIV-1 activity and coreceptor usage, between anti-
HIV-1 activity and the geographical location of virus isolation,
or between anti-HIV-1 activity and whether the isolates were
from pediatric populations versus adults. The IC50 values were
mostly in the range of 0.01 to 0.02 �M. Cytotoxic effects
were observed for Debio-025 in these assays with PBMCs only
at 33.2 �M. Interestingly, in addition to the single isolates from
group M subtypes EA, F, and G and group O, three subtype B
HIV-1 strains were inhibited only by significantly higher con-
centrations by Debio-025, namely, 3 to 6 �M; thus, these vi-
ruses exhibited naturally occurring resistance to Debio-025.
Recently, a much larger number of HIV-1 clinical isolates was
evaluated for inhibition of replication by Debio-025: of 238
strains tested in infected CD4� HeLa cells, 36 (15%) were
resistant to the compound to some degree (P. Gallay, unpub-
lished data). The percentage of naturally resistant strains was
similar in most group M subtypes (subtypes A, B, D, E, and F);
however, only 2 of 35 isolates of subtype C and all 4 subtype G
strains tested were resistant to Debio-025. Also, two of the
eight group O isolates tested were naturally resistant; the one
group N isolate in our collection was sensitive to Debio-025.

It should be emphasized that the naturally occurring resis-

tance to Debio-025 that was observed is not an all-or-none
phenomenon: the data presented in Fig. 2 compare the dose-
response curves for Debio-025 against sensitive and resistant
viruses and demonstrate a variety of inhibition curves for the
seven Debio-025-resistant HIV-1 isolates listed in Table 3 and
for the one resistant isolate listed in Table 4 (data described
below), indicating that moderate to high degrees of natural
resistance to Debio-025 occur with some HIV-1 isolates.

Effects of Debio-025 on replication of HIV-2 and SIV iso-
lates in PBMCs. It has been reported previously that cyclo-
sporines do not inhibit the replication of HIV-2 and SIV
strains (14, 68) because these viruses do not depend on CypA
for their replication in human cells. A lack of affinity of the
HIV-2 CA protein for CypA and a lack of incorporation of
CypA into HIV-2 virions were also demonstrated (10, 30, 87).
The antiviral efficacy of Debio-025 against two SIV and two
HIV-2 clinical isolates was evaluated in PBMCs. Both SIV
strains, mac 251 and PBj, proved to be resistant to inhibition by
Debio-025, as expected (IC50s, 8.24 � 1.37 and 7.97 � 4.18
�M, respectively). Surprisingly, one of the two HIV-2 clinical
isolates (isolate CDC310342) was found to be sensitive to the
inhibition of replication by Debio-025, with an IC50 value
(0.058 � 0.046 �M) similar to the values for HIV-1 strains.
The other HIV-2 isolate (isolate CDC310319) was resistant to
Debio-025 (IC50, 10.52 � 0.35 �M). A larger number of HIV-2
clinical isolates and laboratory strains (in total, 33) infecting
CD4� HeLa cells was recently evaluated for the inhibition of
replication by Debio-025: three additional isolates were found
to be sensitive to inhibition by Debio-025 (Gallay, unpub-
lished). Thus, 4 of 33 HIV-2 isolates tested were effectively
inhibited by Debio-025.

Amino acid sequences of CypA binding regions of CA pro-
tein from Debio-025-sensitive and -resistant HIV-1 and HIV-2
strains. To explain the different inhibitory activities of Debio-
025 against the various strains of HIV-1 and HIV-2, the amino
acid sequences of the CypA binding domains in the CA protein
were determined for most of the HIV-1 isolates from Table 3
and for the two HIV-2 isolates described above. The sequence
alignments for amino acids 85 to 99 of the CA proteins for the
HIV-1 isolates are shown in Table 5. The amino acids directly
involved in cyclophilin binding, namely, G89 and P90, were
conserved in all strains. The most obvious amino acid change
associated with resistance to Debio-025 was H87Q/P. Other
amino acid changes, such as changes at positions 86, 91, and 96,
were also observed in some strains showing high IC50 values
and may also contribute to resistance. Remarkably, subtype G
isolate Jv1083 contained a Q at positions 86 and 87 and an I at
position 96. Similar results were reported previously (19) for a
panel of HIV-1 isolates that were evaluated in infected CD4�

HeLa cells.
Comparison of the corresponding amino acid sequence in

CA protein of HIV-2 clinical isolates CDC310319 and
CDC310342 yielded the surprising result that sensitive HIV-2
strain CDC310342 contains exactly the same sequence in this
region as the HIV-1 clade A strains (Table 6). Resistant HIV-2
strain CDC310319, however, has the characteristic H87P ex-
change and additional changes at positions 86, 91, 93, and 96;
its sequence thus resembles the HIV-2 subtype A consensus
sequence. Further characterization of CypA binding capacities
and determination of the amino acid sequences in the cyclo-

TABLE 3. Efficacy of Debio-025 against various HIV-1 subtype
isolates in PBMCsa

Virus Subtype Coreceptor usageb IC50 (�M)c

92RW016 A R5 0.008 � 0.003
92UG037 A R5 0.016 � 0.012

NL4-3 B X4 0.010 � 0.007
JR-CSF B R5 0.015 � 0.009
SF162 B R5 0.015 � 0.005
Ba-L B R5 3.53 � 1.74
92BR014 B R5X4 5.65 � 2.43

SLKA Bd R5 0.025e

TEKI Bd R5 4.41 � 3.12
ROJO Bd X4 0.024 � 0.022
WEJO Bd X4 0.015 � 0.006

92BR025 C R5 0.015 � 0.009

92UG046 D X4 0.010 � 0.005

CMU02 EA X4 5.66 � 0.42

93BR020 F R5X4 5.53 � 2.69

Jv1083 G R5 6.25 � 0.34

BCF01 O R5 6.25 � 0.98

a Efficacy was measured as RT activity.
b R5, CCR5; X4, CXCR4; R5X4, CCR5/CXCR4 dual tropic.
c Values are means � standard deviations from 2 to 12 independent assays,

depending on the virus isolate.
d Presumed subtype B.
e The value for HIV-1 SLKA is from a single assay.
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philin binding domains of the CA proteins of the four sensitive
isolates and a number of resistant HIV-2 isolates is ongoing.

Antiviral spectrum of Debio-025. To determine the spec-
trum of antiviral activity of Debio-025, we evaluated this com-

pound in cellular assays against a panel of viruses from differ-
ent classes (data are available in Table S1 in the supplemental
material). Cs and positive reference drugs for the respective
viruses were included as controls. Debio-025 and Cs had no

FIG. 2. Comparison of the inhibitory effects of Debio-025 against sensitive and resistant HIV-1 isolates. (A) Inhibitory effects against 10 Debio-025-
sensitive isolates: 92RW016 (�), 92UG037 (F), NL4-3 (E), JR-CSF (�), SF162 (�), SLKA (‚), ROJO (�), WEJO (ƒ), 92BR025 (�), and 92UG046
(f). (B) Inhibitory effects against eight Debio-025-resistant isolates: Ba-L (�), 92BR014 (�), TEKI (�), CMU02 (�), 93BR020 (ƒ), Jv1083 (‚), BCF01
(�), and 52-52 (E). The activity of Debio-025 against HIV-1 isolates in human PBMCs was determined; curve fitting was performed with the XLfit4
(version 4.2.2) software add-in (IDBS, Guildford, Surrey, United Kingdom) for Microsoft Excel; regular lines indicate the results from one representative
PBMC assay for each virus isolate, and each data point represents the mean of three replicates per concentration of Debio-025 tested in the assay;
boldface lines indicate the global curve fits for the 10 sensitive combined and the 8 resistant isolates combined; IC50 values represent the means �
standard deviations of the mean IC50 values determined for the 10 sensitive and 8 resistant virus isolates whose data are included here (see Table 4 for
data virus isolate 52-52 and Table 3 for data for all other virus isolates).
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inhibitory effects on the replication of coxsackie B3 virus, in-
fluenza virus type A and type B, human parainfluenza virus
type 3, herpes simplex virus type 1 and type 2, vesicular sto-
matitis virus, respiratory syncytial virus, or vaccinia virus. Also,
no specific inhibitory effect of Debio-025 or Cs on the growth
of human papillomavirus-positive cells could be detected.
Debio-025 was observed to have weak activity against varicella-
zoster virus, human cytomegalovirus, sudden acute respiratory
syndrome-associated human coronavirus, feline coronavirus,
and hepatitis B virus. The cytotoxic effects of Debio-025 in
these cell lines were observed over a concentration range of 8
to 25 �M.

Since Cs had been reported to inhibit the replication of
hepatitis C virus (HCV) in vitro (52, 92), we were particularly
interested in studying whether Debio-025 exhibits anti-HCV
activity. The antiviral activity was assessed by monitoring the
effect of Debio-025 on HCV (genotype 1b) subgenomic repli-
con replication either by determination of luciferase activity in
Huh 5-2 cells or by quantitative RT-PCR with viral RNA
isolated from Huh 5-2 cells (60). The IC50s for the inhibition of
viral replication in Huh 5-2 cells were 0.22 � 0.025 �M for
Debio-025 and 2.3 � 0.33 �M for Cs when luciferase activity
was monitored. The concentrations that reduced the growth of
exponentially growing Huh 5-2 cells by 50% were 22 �M for
Debio-025 and 10 �M for Cs. The potent anti-HCV activity of
Debio-025 was corroborated by quantitative RT-PCR with
Huh 5-2 cells and two other subgenomic replicon-containing
cell lines (60). Debio-025 and Cs had no inhibitory effect on the
replication of other members of the family Flaviviridae,

namely, bovine viral diarrhea virus and yellow fever virus (iso-
late 17D).

Effects of Debio-025 on replication of multidrug-resistant
HIV-1 isolates in PBMCs. Since Debio-025 exhibits a mode of
action for the inhibition of HIV-1 replication different from
the modes of action of all approved anti-HIV-1 drugs, it was
expected to be active against virus strains that were resistant to
single or multiple inhibitors of other steps of virus replication.
Table 4 summarizes the antiviral activities of Debio-025
against six different HIV-1 strains resistant to multiple drugs
targeted at RT or protease. Five of these multidrug-resistant
strains were inhibited by Debio-025 with low IC50 values (0.07
to 0.16 �M). One isolate, however, strain 52-52, proved to be
naturally resistant (IC50, 3.12 �M). As described above, resis-
tance to Debio-025 is mostly associated with defined mutations
in the CypA binding region of CA. Indeed, isolate 52-52 was
found to carry the H87Q and M96I mutations in CA (Table 5).
Therefore, the mutations in protease leading to the protease
inhibitor resistance associated with this virus are not likely to
be the cause of Debio-025 resistance. This interpretation is
supported by the data for strains 1064-52, MDR3761,
MDR769, and MDR1385, which are also protease inhibitor
resistant but which were inhibited efficiently by Debio-025.

Combination of Debio-025 with approved anti-HIV-1 drugs.
It can be anticipated that in the clinic a new anti-HIV-1 drug
will always be used in combination with approved HIV-1 in-
hibitors. Therefore, it was important to demonstrate that
Debio-025 is not antagonistic in inhibiting HIV-1 replication
when it is used with approved drugs. The anti-HIV-1 efficacy

TABLE 4. Efficacy of Debio-025 against multidrug-resistant strains of HIV-1 in PBMCsa

Virus Drug resistance phenotype IC50 (�M)b

HIV-11064-52 APV, ATV, LPV, IDV, NFV, RTV, SQV 0.007 � 0.001
HIV-1MDR3761 LPV, APV, ATV, IDV, NFV, RTV, SQV, AZT, ddI, 3TC, d4T 0.16 � 0.14
HIV-1G910-6 ABC, ddC, ddI, TDF, AZT, d4T 0.029 � 0.029
HIV-1MDR769 APV, ATV, IDV, LPV, NFV, RTV, SQV, 3TC, FTC, ABC, AZT, d4T, ddC, ddI, TDF, EFV, DLV, NVP 0.012 � 0.006
HIV-1MDR1385 APV, ATV, IDV, LPV, NFV, RTV, SQV, AZT, ddI, 3TC, d4T 0.058 � 0.023
HIV-152-52 LPV, APV, ATV, IDV, NFV, RTV, SQV 3.12 � 2.57

a Efficacy was measured as RT activity.
b Values are mean � standard deviation from two independent assays.

TABLE 5. Amino acid sequences of the CypA binding region in CA of HIV-1 strains

Virus Subtype
CA sequence at amino acid: Debio-025 IC50

(�M)85 86 87 88 89 90 91 92 93 94 95 96 97 98 99

92RW016 A P V H A G P I P P G Q M R E P 0.008
92UG037 A — — — — — — — — — — — — — — — 0.016
NL4-3 B — — — — — — — A — — — — — — — 0.010
JR-CSF B — — — — — — — A — — — — — — — 0.015
Ba-L B — — Q — — — V A — — — I — D — 3.53
92BR014 B — — Q — — — V A — — — — — — — 5.65
92BR025 C — — — — — — V A — — — — — — — 0.015
92UG046 D — — — — — — — A — — — — — — — 0.010
CMU02 EA — A — — — — N — — — — — — — — 5.66
93BR020 F — T Q — — — — — — — — I — — — 5.53
Jv1083 G — Q Q — — — — — — — — I — — — 6.25
BCF01 O T P P V — — L — — — — I — — — 6.25
52-52 Ba — — Q — — — — A — — — I — — — 3.12

a Presumed subtype B.
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and cytotoxicity of Debio-025 were evaluated in two-drug com-
bination studies with the nucleoside RT inhibitors 3TC, ABC,
AZT, d4T, ddC, ddI, ETC, and TFV; the nonnucleoside RT
inhibitors DLV, EFV, and NVP; the protease inhibitors APV,
ATV, IDV, LPV, NFV, RTV, and SQV; and the fusion inhib-
itor enfuvirtide.

Each two-drug combination was tested three to six times in
CEM-SS T-lymphocytic cells acutely infected with laboratory-
adapted strain HIV-1IIIB. Viral replication and its inhibition
were quantified by measuring virus-induced CPEs at the ex-
perimental end point. The cytotoxicity of each two-drug com-
bination was evaluated in parallel by the antiviral assays. The
eight concentrations of Debio-025 (0.2 to 500 nM) used in
these evaluations were selected in order to test a range of
concentrations broad enough to provide a complete dose-re-
sponse curve. Similarly, the concentrations of the approved
drugs used for the combination were selected to provide a
dose-response curve as complete as possible under the limita-
tions of five total concentrations. A positive antagonism con-
trol, namely, d4T in combination with ribavirin, was tested in
parallel with each of the assays performed. The results from
these two-drug combination experiments were analyzed at the
95% confidence level by using the MacSynergy II three-dimen-
sional model of Prichard and Shipman (65) for statistical eval-
uation of the assays with the combinations. The synergy and
antagonism volumes calculated at the 95% confidence level are
summarized in Table 7. On the basis of the synergy criteria
defined in Materials and Methods, the test compound Debio-
025 interacted with all 19 FDA-approved drugs, and the com-
binations achieved antiviral efficacy in an essentially additive
fashion over the concentration ranges examined. A slightly
synergistic interaction was observed between Debio-025 and
3TC in two of the three experiments performed. The average
interaction of Debio-025 with AZT appeared to indicate a
slight antagonism; however, this antagonism was observed in
only one of the six experiments performed and is reflected in
the high standard deviation for this value. Therefore, the over-
all interpretation is that Debio-025 interacts with AZT in an
additive manner. The interactions of Debio-025 with the other
17 drugs were found to be strictly additive. In contrast, the
positive antagonism control of d4T in combination with riba-
virin exhibited a highly antagonistic interaction in all experi-
ments (mean antagonism volume, 330 �M2 %) (data not
shown). The overall interpretation of these data suggests that
antagonism of the antiviral effects of the 19 approved antiret-
roviral drugs evaluated in this study should not be an issue
associated with the use of Debio-025 in the clinical setting.

Importantly, there was no evidence of synergistic cytotoxicity

over the drug concentrations examined for Debio-025 (highest
concentration tested, 500 nM) (data not shown). This was not
unexpected, since none of the drugs were cytotoxic over the
concentration ranges evaluated. Much higher concentrations
of all drugs would be required to examine potential synergistic
cytotoxicity interactions. However, it is important to document
that no notable synergistic toxicities were observed at the con-
centrations at which the FDA-approved drugs displayed potent
antiviral properties.

Mode-of-action studies. It is well documented that cyclo-
sporines abrogate CypA-CA interactions in human cells (10,
48, 87). This interaction of CypA with a defined region around
G89 and P90 of the CA protein is important for efficient HIV-1
replication in human cells. Experimental evidence indicated
that CypA exerts its function early in the viral replication cycle,
i.e., after penetration of the capsid particle into the cytoplasm

TABLE 6. Amino acid sequences of the Cyp binding region in CA of HIV-2 strains

Virus Subtype
CA sequence at amino acida: Debio-025 IC50

(�M)85 86 87 88 89 90 91 92 93 94 95 96 97 98 99

Consensus sequence HIV-2 A P I P * G P L P A G Q L R E/D P NDb

CDC310319 HIV-2 — L/W — * — — M — — — — — — — — 10.52
CDC310342 HIV-2 — V H A — — I — P — — M — — — 0.058
92RW016 HIV-1 A — V H A — — I — P — — M — — — 0.008

a *, no amino acid. L/W and E/D, mixed populations.
b ND, not determined.

TABLE 7. Efficacy of Debio-025 in combination with 19
FDA-approved anti-HIV-1 drugs in CEM-SS cellsa

Compound group and
compound

Synergy vol
(nM2 % or
nM �M %)

Antagonism vol
(nM2 % or
nM �M %)

Nucleoside RT inhibitors
3TC 56.9 � 27.9 7.0 � 6.6
ABC 23.6 � 17.5 22.3 � 19.6
AZT 35.6 � 39.4 43.4 � 79.1
d4T 18.8 � 28.5 10.1 � 17.2
ddC 12.2 � 10.9 15.8 � 13.7
ddI 26.8 � 37.3 20.3 � 21.9
FTC 20.0 � 25.5 9.7 � 8.5
TFV 28.1 � 26.0 12.7 � 11.1

Nonnucleoside RT
inhibitors

DLV 43.6 � 37.4 16.4 � 12.7
EFV 32.5 � 34.1 17.7 � 11.4
NVP 95.9 � 63.3 18.0 � 17.9

Protease inhibitors
APV 38.8 � 34.4 0.1 � 0.2
ATV 14.8 � 22.9 44.1 � 39.7
IDV 47.8 � 29.7 24.9 � 29.0
LPV 1.3 � 1.5 30.1 � 47.7
NFV 17.5 � 17.3 38.3 � 48.4
RTV 4.6 � 7.7 20.4 � 14.4
SQV 29.3 � 34.9 26.7 � 21.4

Fusion inhibitor
enfuvirtide

27.8 � 21.5 0 � 0

a HIV-1 strain IIIB-induced CPE; synergy and antagonism volumes were cal-
culated at the 95% confidence level; values are means � standard deviations
from three to six independent determinations.
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and before integration of the double-stranded DNA provirus
into the cellular genome (13, 51, 82). For Debio-025, we dem-
onstrated (19) that this compound dose dependently inhibited
the incorporation of CypA into the virus particles, which indi-
cates that Debio-025 interferes with the CypA-CA interaction
in the virus-producing cell as well as in the target cell. Com-
parison of the amino acid sequences of the CypA binding site
in the CA protein (Table 5) for the inhibition-sensitive and
-resistant HIV-1 strains revealed that a mutation changing H87
to Q or P is relevant for the resistant phenotype. The results of
specific site-directed mutagenesis studies with the NL4-3 clone
were published previously (19) and led to similar conclusions.
Furthermore, the generated NL4-3 variants containing the
H87Q amino acid exchange did incorporate CypA in the viral
particles in the absence of Debio-025 and did not incorporate
it in the presence of the drug. The same result was obtained for
Debio-025-resistant strains 93BR020, Jv1083, and BCF01
(Gallay, unpublished). This indicated that the naturally Debio-
025-resistant virus strains are also able to incorporate CypA
into their virions, presumably by interaction with the CA pro-
tein, but that their replication in human cells is not significantly
impaired when this interaction is blocked by Debio-025. Thus,
the replication of the Debio-025-resistant HIV-1 strains in
human cells seem to be CypA independent.

To define the point of attack in the viral replication cycle for
Debio-025, we monitored the reverse transcription and nuclear
import of the viral genome of the HIV-1 NL4-3 wild-type
strain in infected CD4� HeLa cells in the absence and the
presence of Debio-025. Genomic DNA was extracted at 2, 16,
and 28 h postinfection. Early reverse transcripts (a hallmark of
entry), late reverse transcripts (a hallmark of complete reverse
transcription), and two long terminal repeat circles (a hallmark
of nuclear import) were amplified by PCR with specific pairs of
primers. The PCR products were then analyzed by Southern
blot with a linearized 32P-radiolabeled NL4-3-specific probe.
We found that Debio-025 only slightly decreased the accumu-
lation of early reverse transcripts within the cytosols of infected
cells but strongly reduced the formation of late reverse tran-
script products. The complete absence of two long terminal
repeat circles in Debio-025-treated infected cells indicated that
it has an inhibitory effect on the completion of viral double-
stranded DNA, which obviously led to a lack of transport to the
nucleus (Gallay, unpublished).

To further prove that the block in the viral replication cycle
exerted by Debio-025 is progression/completion of reverse
transcription, a real-time PCR experiment was performed. Fig-
ure 3 demonstrates that, in the presence of Debio-025, early
reverse transcription took place, although to a largely reduced
extent, and that late reverse transcription was almost com-
pletely blocked. In fact, at 2 h postinfection early RT products
are similar in quantity in Debio-025-treated cells and untreated
control cells, which also shows that Debio-025 does not affect
HIV-1 entry. At 6 h postinfection, the amount of early cDNA
in the control is at its highest level, while in the presence of
Debio-025 the amount of early cDNA is less than that at 2 h,
indicating degradation of the newly made cDNA. These results
are in agreement with the assumption that CypA exerts an
important function during the progress of reverse transcrip-
tion. Disruption of the CypA-CA interaction by Debio-025
presumably leads to blockade of an event, e.g., uncoating,

which is necessary for progression/completion of reverse tran-
scription and, consequently, to the lack of transport of the
preintegration complex to the nucleus.

DISCUSSION

Here we report on the potent anti-HIV-1 activity of Debio-
025, a novel nonimmunosuppressive cyclosporine that was pre-
pared by chemical modification of Cs (41, 97). It has previously
been reported that nonimmunosuppressive cyclosporines have
anti-HIV-1 activities equal to or even superior to those of
immunosuppressive ones (7, 10, 68, 89). Structure-activity re-
lationships revealed a strong correlation between the antiviral
activities of cyclosporines and the cyclophilin binding capaci-
ties of the compounds (10). Luban et al. (48) have demon-
strated that the HIV-1 Gag protein binds to CypA. Upon
binding, HIV-1 CA amino acid residues 86 to 93, which form
an exposed loop, fill the active site of the CypA peptidyl PPIase
(17, 30, 31). The peptidyl-prolyl bond linking CA residues G89
and P90 may undergo catalytic isomerization; however, the
significance of the CypA catalytic activity that assists in the
folding or unfolding of the CA protein is not proven; CypA
may also function as a chaperone during intracellular transport
of the viral particle after infection. So far, all CypA variants
with reduced catalytic activities have a concomitant reduction
in substrate affinity (26); thus, the isomerase activity cannot be
separated from the binding function. The binding of CypA to
the HIV-1 CA protein as well as PPIase activity are known to
be inhibited by Cs (12, 48) and the nonimmunosuppressive
cyclosporine NIM811 (10, 87).

We used the PPIase assay to evaluate a series of chemically
derived new cyclosporines with the goal of identifying novel
potent HIV-1 inhibitors. A compound with an increased inhib-
itory potential against the CypA isomerase activity was ex-
pected to possess an enhanced affinity to CypA and thus should
compete more efficiently with the CA protein for binding to
CypA. As a consequence, CypA function in the replication
cycle of HIV-1 should be impaired, resulting in the less effi-
cient replication of the virus. NIM811 had been reported to
have a higher affinity of binding to CypA than Cs and to be a
more potent inhibitor of HIV-1 than Cs (10, 68). Debio-025
proved to be the most potent inhibitor of PPIase when its
inhibitory potency was compared to the inhibitory potencies of
Cs and NIM811, which indeed correlated well with the relative
inhibitory capacities against HIV-1 replication for the three
cyclosporines. Debio-025 contains three distinct modifications
compared to the structure of Cs. One modification is in the
cyclophilin binding domain; namely, the sarcosine at position 3
was exchanged for D-methyl alanine, which led to the increased
inhibition of PPIase, presumably caused by the higher binding
affinity of Debio-025 for CypA. The other two modifications
are located in the calcineurin binding domain; namely, the
methyl leucine at position 4 was replaced by ethyl valine. On
the basis of previous results (7, 10, 62, 98, 105), these modifi-
cations were expected to reduce the affinity of the Debio-025–
CypA complex for calcineurin. Indeed, Debio-25 proved to
have significantly reduced immunosuppressive activity, as was
demonstrated (i) in vitro in the IL-2 reporter gene assay with
Jurkat cells, (ii) in the MLR with murine and human primary
cells, and (iii) in vivo in the rat KLH model. It has previously
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been argued that immunosuppression per se may have a ben-
eficial effect in HIV disease (4). However, clinical results dem-
onstrated that immunosuppressive treatment early in HIV in-
fection is by no means beneficial but, on the contrary, enhances
the progression to AIDS (64, 75). Therefore, we believe that a
cyclosporine derivative with only antiviral potential and no
immunosuppressive activity should be preferred for the treat-
ment of HIV disease.

The anti-HIV-1 activity of Debio-025 against a series of labo-
ratory strains and clinical isolates from different geographic loca-
tions was demonstrated in primary cells. Debio-025 inhibited the
replication of viruses that use CXCR4 or CCR5 as a coreceptor.
HIV-1 strains from most group M subtypes were sensitive to
inhibition by Debio-025; however, certain isolates were found to
be naturally resistant to this compound.

The comparison of the amino acid sequences of the CypA
binding domains of the CA protein from Debio-025-sensitive

and -resistant isolates of HIV-1 indicated that the most rele-
vant amino acid change associated with resistance is H87Q/P.
Other amino acid changes, like V86A/T/Q/P, I91V/N/L, and/or
M96I, may also contribute to resistance. In a previous publi-
cation (19), we described that the introduction of mutations in
these four positions of CA into laboratory strain NL4-3, which
normally relies on CypA for replication and which is thus
sensitive to Debio-025, conferred resistance to the viral con-
structs. The replication of these viruses proved to be indepen-
dent of the CypA function. The existence of HIV-1 strains
naturally resistant to Debio-025 suggests that some clinical
isolates may have developed strategies to replicate in human
cells independently from CypA.

An analysis of 2,599 HIV-1 capsid sequences from the Los
Alamos database indicated that 19.74% of strains contain the
H87Q substitution; also, substitutions in CA amino acids 86,
91, and 96 exist naturally in a significant proportion of virus

FIG. 3. Debio-025 blocks HIV-1 infection during early reverse transcription. CD4� HeLa cells (TZM) were infected with DNase-treated NL4-3
HIV-1 together with Debio-025 or without Debio-025 (0.5 or 2.5 �M). Target cell DNA was isolated at the indicated times and was used to detect
early (top) and late (bottom) reverse transcripts. Data are the means � standard deviations from duplicate experiments.
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isolates (19). Experimentally, we found that 36 of 238 strains,
i.e., 15%, were resistant to Debio-025 inhibition in CD4�

HeLa cells (Gallay, unpublished). Natural resistance to Debio-
025 occurred in most subtypes of HIV-1 group M at a rate of
10 to 18%, with the following exceptions: 4 of 4 isolates of
subtype G were resistant, and only 2 of 36 (5.5%) resistant
virus strains of subtype C were detected. Group O virus iso-
lates proved to be sensitive or resistant to Debio-025. Interest-
ingly, the consensus sequence for subtype G contains H87Q,
which may be the reason for the resistance to Debio-025 ob-
served for this virus subtype. The correlation of resistance with
the group O sequence of the CypA binding region is not so
obvious: the group O consensus sequence contains P residues
at positions 86 and 87; the group O strain tested here, strain
BCF01, carries the V86P mutation as well as the H87P muta-
tion and is resistant to Debio-025. Wiegers and Kräusslich (100)
reported that group O strains with a P at position 86 and an A or
P at position 87 can be either sensitive or resistant to Cs.

Previously, an IC50 value of 0.08 �M for strain 92BR014 had
been determined at The Scripps Research Institute (19). In the
present study, strain 92BR014 proved to be resistant to Debio-
025 (IC50, 5.65 �M) when it was tested at the Southern Re-
search Institute. Sequencing of both virus stocks revealed that
the isolate used at the Southern Research Institute carried the
H87Q mutation, which was not the case for the sensitive virus
used at The Scripps Research Institute.

Monocytotropic HIV-1 strain Ba-L was found to be resistant
to Debio-025 inhibition at the Southern Research Institute
(IC50, 3.53 �M) as well as at The Scripps Research Institute
(IC50, 1.9 �M) (19). Sequencing revealed that the virus used at
The Scripps Research Institute had only the H87Q mutation in
the CA protein, while the one used at the Southern Research
Institute carried, in addition, the mutations I91V and M96I,
similar to previously published Ba-L sequences (GenBank
accession numbers AB221005, AB253432, and AY713409).
Kootstra et al. (44) showed that replacement of the CypA
binding region in CA of strain HXB2 by that of Ba-L resulted
in a retroviral vector that was less sensitive to Cs and that also
appeared to be resistant to simian cell restriction factor. This
Ba-L-derived CA sequence contains, in addition to H87Q, the
mutations A88P and I91V. Recently, a more detailed analysis
(67) revealed that either a Q at position 87 or a P at position
88 resulted in resistance to Cs, which coincided with unre-
stricted infection in simian cells. The I91V substitution alone
was not sufficient for overriding the postentry restriction in
simian cells, and the virus proved sensitive to Cs treatment.

A correlation of substitutions within the CypA binding re-
gion of CA with Cs resistance in human cells was also reported
by Ikeda et al. (42). Those authors identified a triple capsid
mutation (V86P, H87Q, and I91V) that rendered HIV-1 resis-
tant to Cs. These virus variants, too, showed an increased
capacity to replicate in simian cells.

These results altogether nicely corroborate our finding that
a mutation at position 87 is the most relevant change that leads
to resistance to cyclosporines. The correlation between resis-
tance to restriction in simian cells and the CypA independence
of replication in human cells was previously reported in more
detail by us (19) and others (36, 42, 44, 57, 67, 88).

We did not detect the previously described mutation A92E
or G94D (1, 12) in the sequences of the CypA binding loop

from naturally resistant virus isolates. Mutants carrying these
mutations had been selected from strain NL4-3 when it in-
fected CD4� HeLa cells and was passaged in the presence of
NIM811. These mutants showed a NIM811-dependent or -re-
sistant phenotype, depending on the cell line used (103). How-
ever, these mutants proved to be fully sensitive to Cs, NIM811,
and Debio-025 when they were grown in primary cells (72; B.
Rosenwirth, unpublished data; Gallay, unpublished).

Recently, it was reported that determinants outside the
CypA binding loop of CA, namely, a T54A amino acid change
in 
 helix 3, can also modulate the dependence of HIV-1
infection on CypA in human cells (102). Similar to the pheno-
type of mutants A92E and G94D, infection by the T54A mu-
tant was inhibited or stimulated by Cs in a target cell-specific
manner. Mutations in 
 helix 3 have been reported to reduce
the susceptibility of HIV-1 to restriction in simian cells (58).

Taken together, these results support the assumption that
CypA binding to the HIV-1 CA protein protects the incoming
viral capsid from a restriction factor(s) in human cells and, on
the other hand, promotes the restriction of HIV-1 replication
in simian cells. The protein TRIM5
 has been identified as the
relevant restriction factor for HIV-1 replication in simian cells
(74, 84); this restriction requires CypA. However, the stimula-
tory effect of CypA on HIV-1 infectivity was reported to be
independent of human TRIM5
 (73, 79, 85), which suggests
that CypA protects HIV-1 from a yet unknown antiviral activ-
ity in human cells.

HIV-2 and SIV were reported to be independent from CypA
in their replication (14, 68), and their CA proteins showed no
affinity to CypA (17, 87). Thus, they were expected to be
resistant to the antiviral activity of cyclosporines. We con-
firmed the lack of sensitivity of two SIV strains to Debio-025;
however, surprisingly, one of two HIV-2 clinical isolates was
found to be sensitive to inhibition by Debio-025. Evaluation of
the activity of Debio-025 31 against further HIV-2 isolates led
to the identification of three additional sensitive strains. Com-
parison of the CA sequence of one sensitive HIV-2 isolate to
that of one resistant HIV-2 isolate revealed that the resistant
strain contained the consensus HIV-2 subtype A sequence at
positions 85 to 99, whereas the corresponding sequence of the
sensitive HIV-2 strain was identical to the consensus sequence
of HIV-1 subtype A. Further characterization of the Debio-
025-sensitive HIV-2 strains will reveal whether their CA pro-
tein binds to CypA and whether they represent chimeras or
intermediates between HIV-1 and HIV-2.

Debio-025 was evaluated broadly for its ability to inhibit the
replication of a large panel of viruses from different classes.
The compound proved to be inactive against most viruses
tested or showed only moderate inhibition of doubtful signif-
icance of varicella-zoster virus, cytomegalovirus, human and
feline coronaviruses, and hepatitis B virus. We could not detect
any activity of Cs, NIM811, or Debio-025 against vaccinia virus,
which is at variance to the findings of a study published previ-
ously (21). Debio-025 was found to have a very pronounced
inhibitory effect, however, on the replication of HCV. Cs and
NIM811 had previously been reported to inhibit the replica-
tion of HCV (52, 92). We compared the potential of Debio-025
to inhibit HCV in vitro with that of Cs (60): Debio-025 was
demonstrated to be 5 to 10 times more potent than Cs in a
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series of assays. Debio-025 had no inhibitory effect against
other members of the family Flaviviridae.

Thus, Debio-025 is a potent and selective inhibitor of HIV-1
and HCV replication. The common target for Debio-025 in the
replication cycles of HIV-1 and HCV appears to be a cyclo-
philin: CypA plays an essential role early in the replication of
HIV-1 by binding to the CA protein, an interaction that is
inhibited competitively by cyclosporines; CypB was recently
reported (93) to act as a functional regulator of the HCV RNA
polymerase; the anti-HCV activity of cyclosporines is assumed
to be based on inhibition of the interaction of CypB with the
HCV replication complex.

A major problem for the success of anti-HIV-1 highly active
antiretroviral therapy is the selection of multidrug-resistant
viruses (61). Since the target molecule for the anti-HIV-1 ac-
tivity of Debio-025 is CypA, which is different from the targets
of all other approved anti-HIV-1 drugs, it was expected that
Debio-025 would inhibit the replication of multidrug-resistant
virus isolates. Five of these multidrug-resistant strains were
indeed potently inhibited by Debio-025; one protease inhibi-
tor-resistant isolate, however, proved to be naturally resistant
to inhibition by Debio-025. We assume that this resistance to
Debio-025 is not caused by the mutations in the protease that
lead to protease inhibitor resistance, since this isolate contains
both the H87Q and the M96I mutations in the CypA binding
region of CA. Gatanaga et al. (33) reported that in HIV-1
variants resistant to protease inhibitors, multiple amino acid
substitutions frequently emerged in noncleavage sites of the
Gag protein; in particular, the H87Q/P mutation in the CypA
binding loop was observed. Those authors presented evidence
that the H87Q/P substitutions in the CypA binding loop confer
a replication advantage to the protease inhibitor-resistant vi-
ruses; the magnitude of that advantage, however, was depen-
dent on the cell type used. Structural modeling analysis indi-
cated that the H87Q/P mutation affects the conformation of
the CypA binding motif, thereby rendering HIV-1 replication
independent of CypA in human cells (33).

In the clinic, a new anti-HIV-1 drug will always be used in
combination with approved HIV-1 inhibitors. Debio-025 was
evaluated in combination with 19 approved drugs of different
classes, namely, nucleoside RT inhibitors, nonnucleoside RT
inhibitors, protease inhibitors, and one fusion inhibitor. Debio-
025 interacted with all of 19 FDA-approved drugs, and the
interactions achieved antiviral efficacy in essentially an additive
fashion over the concentration ranges examined. There was no
evidence of synergistic cytotoxicity over the concentrations of
Debio-025 examined. These data suggest that antagonism of
the antiviral effects of Debio-025 should not be an issue in the
clinical setting when it is used with the approved antiretroviral
drugs.

The modes of action of cyclosporines in inhibiting HIV-1
replication have been studied extensively (for recent reviews,
see references 47 and 80). Cyclosporines bind to the active site
of CypA and competitively inhibit the interaction of CypA with
the CA protein of HIV-1. This interaction between CypA and
the loop around G89 and P90 of CA is important for the
efficient replication of HIV-1 in human cells. By means of this
affinity to the CA protein, CypA is incorporated into the viri-
ons that are produced and is carried over to the target cell in
new infections. It has been reported that virus particles pro-

duced in the presence of Cs or NIM811 are less infectious (13,
51, 82, 87), which pointed to the importance of producer cell
CypA. However, more recent studies yielded compelling evi-
dence that target cell CypA plays the most relevant role early
in HIV-1 infection (37, 44, 81). It may be possible that the
producer cell CypA and the target cell CypA act at different
steps during early infection and perform different functions. It
is generally agreed that CypA plays a role at a step after
penetration of the virion into the cell and before integration of
the newly made double-stranded proviral DNA into cellular
DNA. Thus, CypA may promote uncoating of the incoming
viral particle and/or reverse transcription and/or translocation
of the preintegration complex to the nucleus (13, 15, 37, 51,
82). For Debio-025, we demonstrated (19) that, as expected,
this cyclosporine dose dependently inhibited the incorporation
of CypA into the virus particles, indicating interference with
the CypA-CA interaction. The naturally Debio-025-resistant
virus strains were still able to incorporate CypA; thus, the
CypA-CA interaction took place. However, their replication in
human cells was not impaired when this interaction was
blocked by Debio-025.

To further define the mode of action of Debio-025, we
demonstrated by real-time PCR that, in the presence of Debio-
025, early reverse transcription is reduced and late reverse
transcription is almost completely blocked. A significant inhib-
itory effect of Debio-025 on the early RT transcripts was de-
tected only from 6 h postinfection on. The data indicate that
the newly made cDNA is degraded in the presence of Debio-
025.

Thus, CypA probably exerts a relevant function during the
progression and/or completion of reverse transcription. Debio-
025 disrupts the CypA-CA interaction, which presumably leads
to blockade of this function. The early events in virus replica-
tion can be assumed to occur in a highly ordered fashion at the
right time and at the right intracellular location. If there is a
blockade in this sequence of events, the chance increases that
the viral replication complex is destroyed by restriction factors
or is transported to a compartment of the cell where infection
is abortive. According to this hypothesis, the function of CypA
may be that of a chaperone that stabilizes or transports the
viral replication complex during reverse transcription to the
right location before restriction factors can abort the infection.
Eventually, CypA may also mediate the removal of the CA
protein, which is known to be a precondition for transport of
the preintegration complex to the nucleus (101).

Debio-025 was also evaluated in vivo in the SCID/hu Thy/Liv
mouse model (6). The compound, given at 30 mg/kg/day orally,
significantly inhibited HIV-1 RNA and CA protein production
in SCID/hu Thy/Liv mice when strain NL4-3 or JD was used
for infection. Remarkably, HIV-1 strain Ba-L was inhibited to
only a minor (nonsignificant) degree with higher concentra-
tions of Debio-025, which corroborates the relative in vitro
resistance of strain Ba-L to inhibition by this compound. The
pharmacokinetic behavior of Debio-025 in animals and hu-
mans proved to be favorable: good oral bioavailability in an
appropriate formulation and a long half-life in blood were
demonstrated (83). The toxicology results obtained with sev-
eral species did not reveal any side effects representing serious
obstacles to the further clinical development of Debio-025
(J.-M. Dumont, unpublished data).
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In conclusion, we have presented here the pharmacological
profile of the nonimmunosuppressive cyclosporine Debio-025
with regard to its anti-HIV-1 activity. In addition to its potent
inhibitory potential against HIV-1 infection, this compound
also exhibited remarkable activity against HCV replication in
vitro. Initial clinical trials with patients with HIV-1 or HCV
infection and in individuals with HIV-1 and HCV double in-
fections were performed and yielded promising results (28, 29,
38, 83); further clinical evaluation is ongoing. The cyclophilin-
blocking compound Debio-025 represents a promising candi-
date drug for the treatment of HIV-1 and HCV infections, in
particular, in patients coinfected with these two viruses.
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100. Wiegers, K., and H. G. Kräusslich. 2002. Differential dependence of the
infectivity of HIV-1 group O isolates on the cellular protein cyclophilin A.
Virology 294:289–295.

101. Yamashita, M., and M. Emerman. 2004. Capsid is a dominant determinant
of retrovirus infectivity in nondividing cells. J. Virol. 78:5670–5678.

102. Yang, R., and C. Aiken. 2007. A mutation in alpha helix 3 of CA renders
human immunodeficiency virus type 1 cyclosporin A resistant and depen-
dent: rescue by a second-site substitution in a distal region of CA. J. Virol.
81:3749–3756.

103. Yin, L., D. Braaten, and J. Luban. 1998. Human immunodeficiency virus
type 1 replication is modulated by host cyclophilin A expression levels.
J. Virol. 72:6430–6436.
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