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Abstract
The high impact of the acquired immunodeficiency
syndrome caused by human immunodeficiency virus has
represented a significant public health threat in the last four
decades. Recently, the development of new antiviral drugs
has led to great progress in overcoming this virus. Antiretroviral therapy coverage has been increasing, even in
low-income countries, resulting in an overall decline of HIV/
AIDS-related deaths worldwide. Nonetheless, new
infections still appear, and the era of clearance of this virus
has not yet been reached. Moreover, the resistance of the
virus to drugs during treatments remains a serious problem.
Therefore, researchers are actively seeking to discover and
characterize new molecule(s) that could be suitable for antiHIV treatment. Cyclophilin A, a host molecular chaperone or
folder protein, is suspected to be one such attractive target.
We and others are searching for inhibitor(s) of this molecule
and investigating its mechanism of action throughout the
viral life cycle. In this review, we focus on studies related to
cyclophilin A and the candidate inhibitors.

HIV in 2015 and the number of people living with HIV worldwide
has reached up to 36.7 million [1]. Nevertheless, the
development, approval, and clinical use of anti-retroviral drugs
have shown encouraging results in the fight against this fatal
virus, bringing much hope to HIV patients.
To date, numerous researchers and multiple pharmaceutical
manufacturers have focused their efforts on searching for and
developing active compounds to combat HIV. Currently, a total
of 39 anti-HIV drugs (Figure 1) have been approved by the US
Food and Drug Administration, which are classified into
nucleoside reverse transcriptase inhibitors, non-nucleoside
reverse transcriptase inhibitors, protease inhibitors, fusion
inhibitor, entry inhibitors-CCR5 co-receptor antagonist, HIV
integrase strand transfer inhibitors, and multi-class combination
products [2].
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Introduction
The history of human immunodeficiency virus (HIV) has seen
remarkably change in a relatively short period of time due to the
global increase of anti-retroviral therapy coverage. There is a
common worldwide goal to eliminate HIV-related mortality and
to end the AIDS pandemic by the year 2030. With great
excitement, we appear to be continuously moving toward this
target. However, according to the statistics from Global AIDS
Update 2016, much more work remains to be done, because
approximately 2.1 million individuals were newly infected with

Figure 1 FDA-approved anti-HIV drug and the years of
approval.
The combined use of these drugs, also known as the antiviral
cocktail regimen or highly active antiretroviral therapy (HAART/
Highly Active ART), has succeeded in reducing the viral loads and
is very effective. Compared to the single use of an antiviral drug,
HAART effectively controls the emergence rate of mutants at a
relatively low level; however, drug resistance remains a
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significant obstacle to successful treatment. Therefore, novel
drugs, especially those belonging to novel classes, are
continuously sought. Cyclophilin A (CypA), a host factor is
recently focused on. Both circle peptides and small molecules
were designed to inhibit this target. In this review, we take a
retrospective look at research related to CypA as a new anti-HIV
target, and the identification of candidate inhibitors.

CypA Structure and Its Possible Function
CypA is a target of the immunosuppressant drug cyclosporine
A (CsA) (Figuire 2) and was also found to bind to the HIV capsid
protein (CA) [3, 4]. These observations stimulated several
studies on the functional significance of CypA. One particularly
important aspect is to elucidate the role of this host factor
during viral infection or proliferation. Resolving this question
may reveal CypA as a suitable target for novel drug design and
also help to acquire more information on information on the life
cycle of HIV. Although many independent experiments have
been carried out to address this question, the significance of
CypA for HIV is not yet fully understood.

Figure 2 CypA inhibitors, cyclic inhibitors are shown along
with their sequences, a dashed line separates each cyclic
inhibitor into the cyclophilin-binding domain and calcineurinbinding domain, low-molecular-weight compounds are shown
as two-dimensional structures.
The HIV contains a viral genetic core (double-stranded RNA)
and necessary enzymes for viral infection and proliferation in a
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cone-shaped form. The components are hexamers and
pentamers of two domains (an N-terminal domain [NTD] and a
C-terminal domain [CTD]) linked by a linker structure. HIV
infections begin with recognition of host target cells, followed by
insertion of this parachute into the cytosol of target cells.
Subsequently, the digestion of this core triggers exposure of the
viral genome. Finally, the integration into host DNA conquers the
target cell and the virus begins to produce its own descendants.
The exact site of CA-CypA binding has been examined by several
groups. Structural resolution and genetic mutation approaches
have clarified that residues G89-P90 of the NTD of CA are the
target of the CypA enzyme center. To obtain a glance of the
structure, we superimposed two published X-ray crystallography
structures, namely 2CYH [5] and 1AK4 [6] (Figure 3). The former
structure is a co-crystal of CypA and a dipeptide (AP), and the
latter is a complex of CypA and part of CA. The two CypA
backbones are almost identical and show an 8-strand beta barrel
structure. Moreover, both the dipeptide AP from 2CYH and the
"HAGPI" peptide of CA from 1AK4 were found to be inserted into
the same region of CypA, which is also the target of CsA. This
pocket is the center for peptidylprolyl cis-trans isomerase
activity, and it is assumed that the isomerization of G89-P90 is
catalyzed by CypA [7-9].

Figure 3 The structures of CypA. Two crystal structures (1AK4
and 2CYH) are superimposed. The ribbon representatives of
CypA are shown in brown and sky blue, respectively and
ribbon representative of CA are in magenta. The binding
residues of CA and the dipeptide "AP" are shown in a spacefilling form in magenta and blue, respectively.
Another observation is that, unlike other cyclophilins, CypA is
packaged into virions, which is also a specific feature of HIV-1,
and is not found in simian immunodeficiency virus (SIV) or HIV-2.
Sequence mutation analysis showed that introducing the
This article is available from: http://infectioncontrol.imedpub.com/
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residues from position 86 to 93 of HIV-1 p24 can make the
SIVmac virion incorporate CypA, resulting in sensitivity to CsA
[10], further revealing the CypA-binding site of CA. Given that
the host CypA is packaged into the core during viral assembly
and interacts with CA, it was first assumed that CypA plays a role
in viral producer cells. However, a study using owl monkey cells
and CypA virions showed no obvious change in the infectious
strength in the presence or absence of CypA [11]. This suggests
that the CypA-CA interaction may act to disassemble CA and/or
be part of the transport step of the viral core in target cells. The
same study showed that the CypA-CA interaction may be a
mechanism to escape from the host restriction factor Ref-1 in
the target cell, and that CsA inhibits that action [11].
Besides Ref-1, CypA was demonstrated to interact with
nucleopore protein complex (NPC) and other factors that
perform the uncoating reaction and/or transportation to the
nucleus (Figure 4). Pre-integration complex (PIC) interacts with
several factors, including cleavage and polyadenylation specific
factor 6 (CPSF6) and transportin SR2 (TRN-SR2)/transportin 3
(TNPO3). CypA is suggested to be a regulator of these factors
both directly and indirectly. The function of CypA in viral
infection was also reviewed in detail by Hopkins and Gallay [12];
readers can obtain more information from their review or refer
to the original published works cited within.

Figure 4 The presumed function of CypAs during the HIV life
cycle. CypA was demonstrated to interact with nucleopore
protein complex (NPC) and other factors that perform the
uncoating reaction and/or transportation to the nucleus.

Approaches to Inhibit the Host Factor
CypA
To our knowledge, CsA, a peptide ring of 11 amino acids
(Figure 2), was first found to inhibit HIV-1 in 1988 [13], well
before the emergence of studies on the CypA-CA interaction.
Because HIV was not well understood at that time, the effects of
CsA as an anti-HIV agent were directly tested in patients.
Unfortunately, the clinical results showed worse laboratory
values, and therefore CsA was proven to be not applicable as an
anti-HIV drug. Now, we know that CsA is an immunosuppressive
© Under License of Creative Commons Attribution 3.0 License

drug, which is used to regulate allograft rejection via forming a
triad complex with calcineurin and the consequent activation of
the nuclear factor of activated T-cells pathway. The mechanism
is independent of the CsA-CypA-CA interactions observed in the
context of HIV-related function. Therefore, if CypA inhibitors can
be designed for use in HIV treatments, their immunosuppressive
potential must be eliminated. The 11 residues can be separated
into a CypA-binding domain and a calcineurin-binding domain.
Modifications of the residues in calcineurin-binding domain have
been carried out to eliminate ligand’s immunosuppressive
potential. For example, altering the Ile residue to MeIle at
position 4 hindered the binding of calcineurin and changed CsA
into a non-immunosuppressive agent (SDZ NIM 811) (Figure 2).
However, this molecule was found to work better against
hepatitis C virus (HCV) [14, 15]. The combination of SDZ NIM 811
and PEG-IFN/ribavirin as an anti-HCV drug has been tested in
clinical trials [16] and thrombocytopenia was observed as an
adverse event. Although at a dose of 75 mg/day the
hepatocytoprotective effect can be detected, due to the less
active compared to Alisporivir or Debio-025, the clinical trials
were terminated [17]. Debio-025 was another modification
reported as a more potent and less toxic molecule compared to
CsA with a selectivity index greater than 300 [18]. However,
some clinical isolates showing a natural resistance to Debio-025
were reported [19]. Debio-025 is now in Phase II of a clinical trial
as an anti-HCV drug. More recently, CPI-431-32 was reported as
a dual inhibitor for both HIV and HCV [20]. This molecule was
expected to be effective in HIV/HCV co-infected patients. Some
other cyclic peptides inhibiting CypA have been reported
according to structure–activity relationship (SAR) studies [21,
22]. Although several modifications of CsA have been successful,
peptide drugs are usually hard to be administrated orally.
The need to search for small inhibitors or to shorten the
peptides has been raised. During the investigations to determine
the specific site of CA that CypA binds to, the peptide N-acetylAla-Ala-Pro-Ala aminomethyl coumarin was identified [23, 24].
Subsequently, dipeptides (Ala-Pro, Gly-Pro, His-Pro, Ser-Pro)
were co-crystalized with CypA and were found to bind to the site
as competitive inhibitors [5, 25]. The inhibitory activities of a
series of mimic peptides derived from CA were tested, and a
short peptide with the sequence Dav-His-Ala-Gly-Pro-Ile-NHBn
was found to show inhibitory activity at the micromolar scale
[26]. Based on the co-crystal data of the CypA/CsA complex, a
rational design of non-peptide compounds was carried out [27]
using pharmacophores and docking studies, and two diaryl urea
structures, namely 1, 2 (Figure 2), were found to show inhibitory
isomerase activity, with a 50% inhibitory concentration (IC50) of
around 0.3 µM. After careful analysis of the first-round hits and
interactions of CsA with the receptor CypA, the authors also
carried out SAR studies and found two compounds with IC50
values of 14 nM and 20 nM, respectively. After checking the
infection and production of HIV-1, the authors found one active
compound that could impair both infection and production. In
2009, Li et al. [28] tested thiourea compounds as dual inhibitors
of CA and CypA with the aim of targeting both the CA proteins
and CypA-CA interaction, and 15 compounds were identified as
potent candidates (one of them named D26 is shown in Figure
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2). Despite the numerous efforts put forth, so far no drug
classified as a "CypA inhibitor" for HIV has yet been approved.

Our Approach to CypA Inhibitor Design
We carried out an in silico screen with a commercial lowmolecular-weight compound database from ChemGenesis
(http://www.all-chemy.com) [29] to find a potent inhibitor against
the CypA-CA interaction. The receptor adopted was 2CYH,
because it does not show any obvious difference with other
structures reported for CypA, as shown in Figure 3 and we could
successfully re-dock the ligand back to the receptor. The
molecules were not filtered because of the low amount of
compounds available compared to other in silico studies. The
detailed computational parameters can be found in another
publication [29]. We first used both virus-infected CXCR4 and
MT-4 cells to check the anti-HIV replication activities of the
candidates selected, and then used virus-producing proviral
DNA-transfected 293T cells, together with the CXCR4 and MT-4
cells, to confirm the effects on cell viability. We found two
compounds (23 and 12, shown in Figure 2) that exhibited
comparable activities to positive controls, and showed lower
toxicity based on the observations of cell viability.
We subsequently repeated the experiments, added some
other in silico screening results, and further checked whether
these candidates show potential for inhibiting the CypA-CA
interaction [30]. Because more compounds were tested
compared to our first study, according to the criteria of greater
activity, less toxicity, clearance of the solubility problem, and
consistency in the results or reproducibility based on our
experiments, we rechecked all of the candidates for further
analysis. As a result, four compounds (CA7, CA75, CA98, and
CA105, shown in Figure 2) were analyzed as candidates,
together with CsA as a positive control. Although, as mentioned
above, CypA in infected cells was more important according to
others’ reports, our four selected compounds showed nearly no
activity in infected cells (CA105 was sensitive in MT4 but not in
U87 cells). However, viral replication in viral-producing cells was
potentially inhibited by these four selected compounds that
showed relatively low cytotoxicity. Therefore, we carried out
further experiments using western blot analysis and assays with
CypA-binding-deficient CA to confirm the target. To our surprise,
at least three of the four compounds did not appear to target
CypA-CA binding in virus-producing cells. Nonetheless, in the
presence of 30 µM CA75, the deficient mutations of the CypAbinding site in CA could rescue the viral replications to 45% and
41% in both MT4 and U87 cell lines, respectively. This result was
difficult to interpret because incorporation of CypA into the
HIV-1/VSV-G virions was not reduced by CA75. Thus, we
assumed that CA75 interacts with CypA-CA binding in a dynamic
state or not particularly strongly.

in vitro may be caused by the fact that we can only model the
target and compounds without consideration of different cell
systems or the interactions between other factors. To resolve
this issue, we believe that conducting back-and-forth procedures
between in silico and experimental studies should be carefully
utilized.
Although the detailed mechanisms or targets of our four
candidate compounds remain unclear, their properties may be
acceptable to be further considered as anti-HIV targets in future
studies.

Summary
In this review, we have looked back on the studies of the
function of CypA in the HIV life cycle and the continued search
for candidate inhibitors. Although the detailed role and
mechanism of action of CypA are not yet understood, we have
been able to select potent inhibitor candidates. We believe that
more work in this direction will be able to push these candidates
toward clinical studies, and eventually, novel drugs can be
approved for people living with HIV.
Moreover, given that HIV or AIDS was long regarded as a fatal
disease, and because the infectious route is sexually or bloodtransmitted, patients experienced or continue to experience
discrimination, which has hindered their willingness to visit a
hospital at an early stage of infection. However, with the
accumulated knowledge of HIV, we have become more familiar
with this virus. Currently, HIV can be well controlled using ART
and people living with HIV can obtain a high quality of life
equivalent to that of healthy people. In addition, several
programs are available to increase the ART coverage for patients
living in low-income countries. Therefore, the fight against HIV
and AIDS is no longer a national project, but is a goal of
international collaboration. Virologists are continuously
promoting the eradication of this virus through their efforts in
finding novel target(s) and new drugs.
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The results of in vitro experiments suggested that our in silico
design might be incorrect. Although docking studies are widely
used nowadays for drug design, false positive hits are sometimes
obtained. There are multiple reasons for this. In some cases, the
source (structure of targets) or the mechanism (docking
software packages and scoring functions) might be the problem.
However, in the majority of cases, the lower activities observed
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