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Abstract

A potential anti-HIV and HCV drug candidate is highly desirable as coinfection has become a
worldwide public health challenge. A potent compound based on a tetrabutoxy-calix[4]arene scaffold
that possesses dual inhibition for both HIV and is described. Structural activity relationship studies
demonstrate the effects of lower-rim alkylation in maintaining cone conformation and upper-rim
interating head groups on the calix[4]arene play key roles for its potent dual antivial activities.

Coinfection with both human immunodeficiency virus 1 (HIV) and hepatitis C virus (HCV)
has become a public health challenge, afflicting more than ten million people worldwide.1 2
Complicating the challenge is the realization that with the advancement in highly active
antiretroviral therapy (HAART), liver disease has emerged as a leading cause of death among
HIVinfected patients.3 Treatment of coinfected patients with HAART has resulted in more
liver toxicity4, creating a major health problem as there is currently no specific anti-HCV drug
available. Therefore, the discovery of a dual compound as a potential drug candidate that can
block HIV and HCV infection would be desirable. Herein, we report the first synthetic dual
inhibitor of HIV and HCV infection in vitro based on a new class of compounds derived from
a tetrabutoxy-calix[4]arene scaffold.

The secretion of vascular endothelial growth factor (VEGF) is elevated in HIV infected T-cells
and is a major factor in the development of Kaposi’s sarcoma.5 In addition, platelet derived
growth factor receptor (PDGFR) is expressed by uninfected T-cell lines, in which secretion of
PDGF is also observed6. Although the impact of these processes is known for the development
of Kaposi’s sarcoma, the effect of these growth factors and receptors on HIV replication itself
is still under investigation. The discovery of calix[4]arene derivatives that block VEGF and
PDGF with their respective receptors7—10 provided an opportunity to investigate the effect of
this compound series on the replication of HIV. Moreover, a number of studies have shown
that certain calixarene derivatives have interesting activities against viruses, enveloped viruses,
bacteria, fungi, and cancerous cells.11 In these reports12:13, the macrocyclic scaffolds are
based on pyrogallol calixarenes, calixarenes and resorcarenes of different ring sizes (4, 6, and
8 units) without functionality at the lower rim and with sulfite, phosphite or simple carboxylic
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acid groups on the top rim. These studies suggested that the antiviral activity was derived from
the compounds binding to the viral envelope and inhibiting its interaction with cells.

In this study we utilized the series of calix[4]arene derivatives that were previously shown to
inhibit the binding of VEGF, PDGF to their respective receptors.? The three initial compounds
tested for antiviral activity and cytotoxicity 1-3 contained a lower ring n-butyl group and an
upper ring carboxamide-linked isophthalic group with a benzylester, free carboxylic acid and
cyclohexylamide arm, respectively, on one of the carboxylic acids. Compound 2 showed the
most promising anti-HIV activity (Table 1) with an ECgq value of 0.3 uM and an IDsg value
of 90 uM in an MT-2 cellular assay. Compounds 1 and 3 showed little to no antiviral activity.
Notably, these results showed no correlation between antiviral activity and the ability of the
compounds to inhibit the interaction of VEGF and PDGF with their receptors. Compound 2
was equally potent against three different laboratory HIV strains: HIV-111B, NL-43, and
LaiM184V. Moreover, antiviral activity was determined in different cell lines including MT-2,
which are human T-cells with HTLV-1 virus, CEMx174, which is a human T cell line, and
TZM-bl, which is a HeLa cell line with a firefly lucifarase that is controlled by an HIV
promoter. These cell lines are different in their acquired viruses, extracellular proteins, and
cytoplasm contents. However, antiviral activity was retained in all these cell lines, which
suggests that the anti-HIV activity of compound 2 is independent of cell type. Compound 2
was further investigated against other viruses and shown to have no effect on the replication
of herpes simplex virus-1 (HSV-1), HSV-2, and hepatitis B virus (HBV). However, an ECsxg
of 1.8 uM against hepatitis C virus (HCV) was observed.

These observations propelled us to prepare a small library of compounds (Figure 1) and screen
for their antiviral activity against HIV and HCV (Table 2). In particular, we investigated the
effect of a range of upper and lower rim modifications on the activity of core scaffold 2. Calix
[4]arenes with different diacid functionalities, such as glutamate, aspartate and isophthalate
were synthesized by reacting the acyl chloride form of tetraacid derivative of tetrabutoxy calix
[4]arene with L-glutamic acid di-tertbutyl ester, Laspartic acid di-tertbutyl ester and
monobenzyl monotertbutyl 5-aminoisophthalate, respectively. The diacid funcationalites were
then prepared by either benzyl ester deprotection with Hy, Pd—C or tertbutyl ester removal with
TFA. The role of alkylation at the lower rim was also studied through compounds 2, 9 and
11, allowing a comparison of benzyl versus n-butyl group at the lower ring hydroxyl.

The results (Table 2) display some interesting dependence of antiviral activity on the shape
and structure of the calix[4]arene. Introduction of n-butyl groups at the lower rim has the effect
of locking the calix[4]arene scaffold into a cone conformation as the bulky substitutions are
unable to invert through the ring. Benzylated compound 11 also exists in a well-defined cone
conformation as indicated by the pair of doublets from the bridging methylene protons in

the TH NMR spectrum.14 Notably, compound 11 had an ECsg value of 0.3 uM for anti-HIV
and 1.4 uM for anti-HCV activities, similar in potency to 2. However, the ID5q value was 18
MM suggesting toxicity at a significant lower concentration than that of compound 2 as it
showed toxicity at a lower concentration than that of compound 2. Tetrahydroxy calix[4]arene
derivative 9, which contains an identical upper periphery to that of 2 exhibited a drop in the
ECsp value from 0.3 uM to 6.7 uM for HIV and from 1.8 uM to >50 pM for HCV.
Computational studies suggest that a calix[4]arene with four hydroxyl groups at the lower rim
can stabilize the scaffold into a cone conformation through intramolecular hydrogen bonding.
However, the cone conformation is in equilibrium with the inverted cone conformation through
a partial cone intermediate.1* Preorganization of the scaffold into a cone conformation for
projection of the recognition groups appears to be important for both anti-HIV and anti-HCV
activities.
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While alkylation at the bottom rim was essential for activity, the importance of projected diacid
groups on the top rim was also clear. Among the seven compounds with a butyl chain at the
bottom rim, compound 2 exhibited the most potent anti-HIV activity. When the isophthalic
derivative was replaced with aspartic acid in compound 5, anti-HIV activity decreases about
ten-fold but anti-HCV activity slightly improved, while cytotoxicity remained the same. This
suggested that aromatic substitutions are superior to aliphatic ones at the upper rim for HIV
inhibition, while anti-HCV activity appears not to be as sensitive to this change. Compounds
1 and 3 contained benzy! ester and cyclohexylamide derivatives of the isophthalate linkers
respectively, suggesting that substituting both acid groups are required for potent antiviral
activity. Overall, these observations suggest that four charges on the top rim are important for
anti- HIV and anti-HCV activities. The lack of antiviral activity in positively charged 7,
confirms the importance of the negative charges on the projected periphery of the compounds.

In conclusion, the results demonstrate remarkable anti-HIV and anti-HCV activities for a series
of compounds based on the tetrabutyl-calix[4]arene scaffold. We have shown that maintaining
the cone conformation of the scaffold is important for antiviral activity. In addition, aromatic
isophthalate spacers at the upper rim are essential for anti-HIV activities and the diacid groups
are also necessary for the observed anti-HCV effects. Furthermore, we have identified a potent
compound that possesses dual inhibition for both HIV and HCV in vitro. Moreover, it retains
potency against different HIV strains in different cell lines while maintaining low cytotoxicity.
The molecular targets and mechanisms for anti-HIV and anti-HCV activities with these calix
[4]arene compounds are under investigation and will provide valuable insight for future
attempts to improve potency.
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Figure 1.

Synthetic routes for: A. Upper rim modifications, mono-t-butyl-5-aminoisophthalate. B. Lower
rim n-butyl modifications on compounds 1, 2 and 4-7. C. Lower rim benzylated compound
10 and tetrahydroxy calix[4]arene 8. D. Compounds 9 and 11.
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Table 1

Correlation studies of anti-HIV activities to growth factor inhibition studies.

Compds HIV Cytotoxicity VEGF PDGF
Inhibition 1C5q, pM2 1Cs, pM? 1Csg, pM?2
1Cs0, pM?

1 >50 >50 0.48 (+0.31) 0.19 (+0.06)
2 0.36 (+0.12) >50 4.96 (+0.34) 2.62 (+0.5)
3 >50 >50 >10 0.29 (+0.08)
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HIV and HCV antiviral activities and cytotoxicity assay results for compounds 1-11.

Table 2
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Compds HIV Cytotoxicity HCV CEM
Inhibition ICsg, LM Inhibition ICsg, pM@
ICsp, M2 ICsp, M2
1 >50 >50 25.6 12,5
2 0.36 (+0.12) >50 1.8 (£0.3) 50
3 >50 >50 4.1 >50
4 2.9 (x1.4) 13.0 (x1.4) 30.1 12,5
5 3.0 (£2.8) >50 1.5 (x0.3) 82
6 2.4 (£1.4) >50 4.1(+1.8) 100
7 <16 16 5.7 <125
8 >50 >50 >50 >50
9 6.7 (£2.9) >50 >50 ND
10 37.1(£6.1) >50 >50 50
11 0.3 18.0 1.4 0.46

a50 UM is the cutoff for assays. Standard deviation is given in parentheses.
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