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Abstract

Although highly active anti-retroviral therapy (HAART) is successful in the treatment of HIV infection, problems
with toxicity, drug-resistant variants, and therapeutic failures have compromised the long-term utility of existing
combination regimens. Mismatched double-stranded RNA (polyI-polyC,,U) is an immune modulator with inherent
anti-HIV activity. Cell toxicities and anti-HIV activities of fourteen anti-HIV agents were determined alone and in
combination with polyl-polyC,,U. Combination analyses for anti-HIV activity were performed at three drug ratios.
Using Mixed Dose Effect analyses and the CalcuSyn for Windows software package, combination indeces were
determined for all drug combinations. In general, polyl-polyC,,U was synergistic in combination with abacavir,
zidovudine, zalcitabine, didanosine, stavudine, efavirenz, indinavir, ritonavir, nelfinavir, and amprenavir. It was
synergistic to antagonistic with lamivudine, delavirdine, nevirapine, and saquinavir. Thus, polyl-polyC,,U is
synergistic with most anti-HIV agents at most drug ratios and across most effective concentrations in vitro, although,
certain members of each class were exceptions. Polyl-polyC,,U alone was equally active against wild-type HIV and
HIV resistant to nevirapine, protease inhibitors, or nucleoside analogue reverse transcriptase inhibitors. These results
suggest that polyl-polyC,,U should be re-evaluated as a potential adjunct therapy in patients who have failed current
anti-retroviral therapeutic regimens. © 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction
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1989a). Furthermore, it was synergistic with zi-
dovudine and a number of experimental anti-HIV
agents including castanospermine, interferon, and
amphotericin B (Montefiori et al., 1989c). More
recently, polyIl-polyC,,U was shown to be synergis-
tic with zidovudine against zidovudine-resistant
HIV without synergistic toxicity to bone marrow
cells (Gillespie et al., 1994). Based in part upon
these in vitro analyses, phase I and II/III clinical
trials were initiated. The original phase I clinical
trial demonstrated that patients on polyl-polyC,,U
had augmentation of delayed hypersensitivity skin
reactions with only limited toxicity. Furthermore,
nine of ten patients had viral RNA levels that
decreased to undetectable levels and six of seven
showed a decrease in viral load in co-culture assays.
Finally, patients showed maintenance of CD4"
lymphocyte levels, as well as improvements in
HIV-related symptoms and a rise in neutralizing
antibody titers (Carter et al., 1987). Based on this
study, a phase II/III placebo-controlled trial was
initiated. In 36 HIV infected patients receiving
zidovudine and either polyl-polyC,,U or placebo,
polyl-polyC,,U was well-tolerated and patients
showed clinical improvement on polyl-polyC,,U
plus zidovudine compared with placebo plus zi-
dovudine (Thompson et al., 1996). The subsequent
identification of new and improved anti-retroviral
agents, coupled with the profound effects of highly
active anti-retroviral therapy (HAART) (Collier et
al., 1996; Hammer et al., 1994, 1997) slowed
development of polyl-polyC,,U as an anti-HIV
agent.

Current multi-drug regimens, i.e. HAART, have
proven highly effective at decreasing the levels of
viral replication as measured by plasma viral RNA
(Collier et al., 1996; Hammer et al., 1994, 1997).
HAART has also significantly delayed the progres-
sion of HIV infection to AIDS in most patients
(Collier et al., 1996; Hammer et al., 1994, 1997).
Although early work suggested that HAART could
significantly reduce levels of HIV in the lymph
nodes (Cavert et al., 1997), as well as in the
circulation, recent studies have demonstrated per-
sistence of HIV-1 proviral genomes within certain
compartments in patients on HAART (Furtado et
al., 1999; Hockett et al., 1999; Zhang et al., 1998,
1999). In addition, replication competent virus is

maintained within resting CD4* lymphocytes
(Finzi et al., 1997; Wonget al., 1997). Furthermore,
therapy is complicated by the emergence of single-
and multiple-drug-resistant HIV (Condra et al.,
1995) and its subsequent transmission to uninfected
individuals (Hecht et al., 1998). Thus, the long-term
benefits of HAART without the development of
new anti-HIV agents is in jeopardy. The sum of
these studies has again raised interest in immune
modulator therapy as an adjunct to conventional
HAART.

It is clear that any new anti-HIV agent, regard-
less of mechanism of action, will need to be active
in the presence of existing anti-HIV drugs. Further-
more, new anti-HIV agents will likely need to be
active against variants of HIV that are resistant to
currently available anti-HIV drugs. Since the mech-
anism of action of polyIl-polyC;,U is different from
other anti-HIV agents, we hypothesized that polyl-
polyC,,U would be synergistic with at least some
anti-HIV agents and that it would be effective
against drug-resistant variants of HIV. To test this
hypothesis, the activities of polyl-polyC,,U in
combination with fourteen anti-HIV agents cur-
rently approved by US Food and Drug Adminis-
tration were tested. These compounds included the
nucleoside analogue reverse transcriptase in-
hibitors (NRTI), abacavir (Daluge et al., 1997),
zidovudine (Mitsuya et al., 1985), zalcitabine (Chu
et al., 1988; Mitsuya and Broder, 1986), didanosine
(De Clercq et al., 1989; Mitsuya and Broder, 1986),
lamivudine (Coates et al., 1992) and stavudine (Chu
et al., 1988; Lin et al., 1987), the non-nucleoside
analogue reverse transcriptase inhibitors (NNRTI),
efavirenz (Younget al., 1995), delavirdine (Romero
et al., 1993), and nevirapine (Merluzzi et al., 1990),
and the protease inhibitors (PI), indinavir (Vacca
et al., 1994), ritonavir (Kempf et al., 1995;
Markowitz et al., 1995), saquinavir (Craig et al.,
1991; Roberts et al., 1990), nelfinavir (Patick et al.,
1996), and amprenavir (Baba et al., 1997; Partaledis
et al., 1995; St. Clair et al., 1996). Although the
fourteen anti-HIV agents have been studied earlier,
their toxicities and anti-HIV activities in one labo-
ratory using standardized reagents at contempo-
rary time points have never been reported. Thus,
as a preliminary study, all fifteen drugs were studied
alone for toxicity and anti-HIV activity using a
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CD4* lymphoblastoid cell line and HIV, ,;. Once
baseline activities were established, the anti-HIV
activities of each drug alone and in combination
with polyl-polyC,,U were determined. In addi-
tion, the anti-HIV activities of polyl-polyC,,U
against several reverse transcriptase inhibitor- and
protease inhibitor-resistant HIV molecular clones
were assessed.

2. Methods

2.1. Compounds and drugs

Polyl-polyC,,U was a gift from Hemispherx
Biopharma, Inc. It was provided as reconstituted,
quality-controlled, RNAse free solution at 2.44
mg/ml and was stored at 4°C. Since not all anti-

Table 1

HIV agents are readily available for purchase or
from the manufacturers in pure form, we chose to
study each agent in its prescription formulation.
William M. Mitchell (Vanderbilt University) pro-
vided all drugs in their prescription form. The
advantage of this approach is that any investiga-
tor can readily obtain the source materials. The
disadvantage is that stabilizers, inert ingredients,
and preservatives can influence solubility and ac-
tivity of the active ingredient. The results in Table
1 (Section 3) suggest that additives did not have a
major effect on any assays performed in this
study. Caplets and tablets were crushed and the
powders dissolved, while gelcaps were dissolved
whole. All drugs were dissolved and the final
stock concentrations were calculated based on
concentrations of the pure drug, as indicated in
the dosing, without including the weights of any

Observed cell toxicity and observed and reported anti-HIV activities of fifteen anti-HIV agents

Drug Class Chax’ (HM) Cell toxicity Anti-HIV activity
Replicate CTs,® (uM) Replicate ECs,® (nM) Published®
assays assays

Abacavir NRTI 447 (133) 5 135.6 (125.5) 5 321 (48) 3700-5800
Lamivudine NRTI 4.02(1.35) 3 2667 (842) 9 1534 (1577) 2-15 000
Zidovudine NRTI 6.78 (1.95) 4 349 (368) 4 42 (14) 11-48
Zalcitabine NRTI 0.120 4 119 (61) 4 605 (263) 30-500
Didanosine NRTI NA 3 985 (384) 4 4549 (784) 2500-10 000
Stavudine NRTI NA 3 564 (195) 3 1712 (635) 9 uM-4 mM
Delavirdine NNRTI 35 (20) 3 1654 (530) 6 14.4 (8.9) 5-30
Efavirenz NNRTI 12.9 (3.7) 3 50.4 (1) 4 2.8 (1.1) 1.7-25¢
Nevirapine NNRTI 7.5 (1.5) 3 743 (120) 4 193 (39) 10-100
Indinavir PI 12.6 (4.0) 3 198 (18) 4 19.2 (3.0) 25-100¢
Saquinavir PI 3.73 3 23 4) 7 242 (7.5) 1-30
Ritonavir PI 15.53 (4.99) 4 137 (82) 4 29 (5.2) 3.8-153
Nelfinavir PI 4.52-6.02 4 155 (153) 4 202 (61) 7-196
Amprenavir PI 10.59 3 9 (1) 4 48.4 (12.7) 12-80
Polyl-polyC,,U# dsRNA NA 3 128 (47)°

(moi>1) 38 1383 (674)° 1000-1600"

(moi<0.1) 18 828 (240)° 1000-1600"

2 Physicians’ Desk Reference, 2000. Values are the C,,
® Mean; values in parentheses are 1 S.D.

ax-*

Values in parentheses are S.D. If no S.D., then none was reported.

¢ References are Physicians’ Desk Reference, 2000. Citations for each individual drug are reported in the introduction.

4 ECys, no ECs, published.
¢ For polyl-polyC,,U, pg/ml.
"For polyl-polyC,,U, ng/ml; NA, not available; i.e. not in

the literature.

£ For polyl-polyC,,U anti-HIV activity was measured at both an moi<1 and at an moi> 1; both sets of data are shown.
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additives. Zalcitabine, zidovudine, didanosine,
abacavir, and lamivudine were dissolved in dis-
tilled H,O. Efavirenz was solubilized in one part
ethanol (EtOH), four parts H,O, and five parts
dimethylsulfoxide (DMSO). Delavirdine, nevirap-
ine, nelfinavir, amprenavir, saquinavir, ritonavir,
and indinavir were solubilized in three parts
EtOH, three parts DMSO, and four parts H,O.
Stavudine was solubilized in 25% EtOH. All stock
solutions were diluted into RPMI-1640 containing
2 mM L-glutamine and 11.5% heat-inactivated
fetal bovine serum (FBS, growth medium), filtered
through 0.45 pm nitrocellulose filters, and stored
at — 70°C.

2.2. Cells and viruses

H9 and MT-2 cells were cultured in growth
medium. Both cell lines were reduced by half and
re-fed every other day. HeLa cells were released
using trypsin and split 1:4 three times per week.
HIV,,; and drug-resistant molecular clones of
HIV, unless noted differently, were obtained from
the NIH AIDS Research and Reference Reagent
Program. All catalog numbers (Cat. # ) refer to
this program. HIVy; 45 is the parental molecular
clone (Cat. # 114, kindly donated by Dr Mal-
colm Martin). M184V is HIVy,,; containing a
single codon change resulting in a change at posi-
tion 184 of RT from methionine to valine (Gao et
al., 1993; Gu et al., 1992) (provided by Dr Paul
Krogstaad, UCLA). JF26A7 is HIV 45 contain-
ing five changes in RT that result in zidovudine
resistance (Fitzgibbon et al., 1993) (provided by
Dr Paul Krogstaad, UCLA). LI10R is HIVy 44
containing five changes in protease (leucine 10 to
arginine, methionine 46 to isoleucine, leucine 63
to proline, valine 82 to threonine, and isoleucine
84 to valine) that are identical to those following
40 weeks of indinavir therapy (Cat. # 2840, do-
nated by Dr Emilio Emini and Dr William
Schleif) (Condra et al., 1995). M461 is HIV 4.,
containing four changes in protease (methionine
46 to isoleucine, leucine 63 to proline, valine 82 to
threonine, and isoleucine 84 to valine) that are
identical to those following 40 weeks of indinavir
therapy (Cat. # 2841, donated by Dr Emilio Em-
ini and Dr William Schleif) (Condra et al., 1995).

Nevirapine resistant virus was selected by passage
of clinical isolate AO18A in the presence of nevi-
rapine and contains a single RT mutation of
tyrosine at position 181 to cysteine (Richman et
al.,, 1991b) (Cat. #1392, donated by Dr D.
Richman).

Molecular clones were transfected onto HelLa
cells using Lipofectin (Gibco/BRL). After 40 h,
uninfected H9 cells were added to the culture and
48 h later the non-adherent cells were cultured.
HIV was harvested when the culture was 100%
positive for HIV antigens by indirect immu-
nofluorescence assay (IFA) as described (Montefi-
ori et al., 1988b; Robinson et al., 1996a,b).
Uncloned HIV, ., was grown in H9 cells. All
viruses were clarified of cells by low-speed cen-
trifugation followed by filtration through 0.45 pm
nitrocellulose filters.

2.3. Cell toxicity and anti-HIV data

2.3.1. Cell toxicity

The 50% cell toxic dose (CTs,) was determined
as described earlier (Montefiori et al., 1988b;
Robinson et al.,, 1996a,b). Briefly, compounds
were diluted in eight, 2-fold serial dilutions from
stock solutions in triplicate wells of a 96 well
plate. To each compound, approximately 2 x 10°
MT-2 cells were added in a final volume of 200 pl.
Cells and compound were incubated at 37°C in
growth medium for 3 days. Cell viability was
determined using Finter’s Neutral Red dye as
described (Montefiori et al., 1988b). The absorp-
tion (As4) was measured on a microcolorimeter
and compared with eight cell control replicates
(no drug added). Each assay was performed at
least three times for a total of at least nine repli-
cate wells. This method detects both cytostatic
and cytolytic effects of drugs.

2.3.2. Anti-HIV assay

Anti-HIV activity of each drug, except polyl-
polyC,,U, was determined using a vital dye assay
essentially as described (Montefiori et al., 1988b;
Robinson et al., 1996a,b). Drugs were diluted in
triplicate wells of a 96-well plate in eight, 2-fold
serial dilutions. Next, 50 ul of HIV-1,,, was
added to a final multiplicity of infection (moi) of
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approximately 0.1-1. Virus and drug were incu-
bated for 1 h at 37°C. To each drug and virus
mixture, approximately 2 x 10° MT-2 cells were
added to a final volume of 200 pl. Cells and virus
were incubated for 3 days at 37°C. Cell viability
was determined using Finter’s Neutral Red dye.
The absorption was measured on a microcol-
orimeter (A4s4,) and compared with eight cell con-
trol replicates (no virus or drug added) and eight
virus control wells (no drug added). Each assay
was performed a minimum of three times. The
50% effective concentration (ECs,), or that con-
centration that inhibits HIV-induced cell death by
50%, was calculated from each dose response
curve. Results using this assay have compared
favorably to other measures of HIV replication,
including reverse transcriptase release, RNA syn-
thesis, protein synthesis by immunofluorescence
and most importantly infectious virus release as
measured by 50% tissue culture infectious dose
(Robinson et al., 1989). Furthermore, it is more
cost effective than other dye assays for cell growth
and viability. Finally, as virtually all agents fell
within their published values (Section 3), the data
are consistent with other measures of viral replica-
tion. For polyl-polyC,,U, the assay was per-
formed  identically except that  diluted
polyl-polyC,,U was pre-incubated with cells for 4
h prior to addition of virus. Polyl-polyC,,U pre-
incubated with virus had no anti-HIV activity
(data not shown).

2.3.3. Mixed dose effect analyses

After an ECs, was obtained for each drug, the
anti-HIV activity of each drug alone and in com-
bination with polyl-polyC,,U was assayed in a
single 96-well plate. Column 1 was the cell control
and column 2 the virus control. Columns 3-5
contained dilutions of the drug to be tested in
triplicate. Columns 6-8 contained dilutions of
polyl-polyC,,U in triplicate. Columns 9-11 were
the combination of polyl-polyC,,U and the drug
to be tested in triplicate. Assays were designed so
that the ECs, of the drug would occur in the
middle of the dilution range. Therefore, dose re-
sponse curves from an ineffective concentration to
a maximally effective concentration could be de-
termined for each drug. Three different ratios

were used for these studies as indicated in Tables
3—6. The ratios were based on the 50% effective
concentration (ECs,) for each compound alone.
The first assay was designed so that the ratio of
polyl-polyC,,U with each drug was approxi-
mately the EC,:ECs,. In the second experiment,
one-third the concentration of polyl-polyC,,U
was mixed with the other drug at the same con-
centration as in the first experiment. In the third
experiment, polyl-polyC,,U at the same concen-
tration as in experiment one was mixed in combi-
nation with the appropriate drug at one-third the
concentration as in experiment one. The result
was that each drug was compared with polyl-
polyC,,U at three different ratios. After incuba-
tion with HIV, the cells were harvested as
described in the anti-HIV assay above. Polyl-
polyC,,U was pre-incubated with cells and the
other drugs were pre-incubated with the virus.
Following vital dye staining, the percentage of
viable cells was calculated as a mean of triplicate
infections (triplicate wells). The Fraction affected
(Fa) at each dilution was calculated (i.e. Fa of
0.25 would equal 25% viable cells). This was
calculated for the drug to be tested, for polyl-
polyC,,U, and for each ratio of polyl-polyC,,U
and drug. The combination indeces (CI) were
calculated according to the method of Chou and
Talalay (Chou, 1991; Chou and Chou, 1985;
Chou and Talalay, 1983, 1984) using CalcuSyn
for Windows software. For ease of interpretation,
the CI for only the calculated ECs,, EC,,, and
EC,, are reported herein.

3. Results

For combination analyses to be meaningful, the
toxicities and anti-HIV activities of each drug
must be established under standardized condi-
tions. Each agent was tested a minimum of three
times and each assay was performed in triplicate.
Thus, each drug was tested a minimum of nine
times to determine its CTs, against uninfected
MT-2 cells. The results of these studies are illus-
trated in Table 1. Each drug was next tested for
its anti-HIV activities using the same cell line and
a tissue-culture established isolate of HIV,
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HIV, o;. The ECs, of each agent is illustrated in
Table 1. The referenced CTs, and ECs, values are
literature values obtained from the Physician’s
Desk Reference, a compendium of published and
unpublished values from multiple laboratories.
Since different assays, cell lines, and viral isolates
can lead to different CTs, and ECs, values, the
PDR values are useful summaries of observed
anti-HIV activity. Specific citations for the antivi-
ral activity of each drug are given in the introduc-
tion. Two drugs were more potent anti-HIV
agents than published in the PDR (Physicians’
Desk Reference, 2000): abacavir and indinavir.
Two drugs were less potent than reported in the
literature (Physicians’ Desk Reference, 2000) —
nevirapine and zalcitabine. The remaining agents
had ECs, within the published range. Only the
EC,,’s of abacavir and nevirapine were more than
two standard deviations from the published val-
ues. The ECy, of abacavir was, however, almost
identical to its published activity of 260 nM
against clinical isolates of HIV in peripheral
blood mononuclear cells (Daluge et al., 1997).
The discrepancies between published ECs, and
observed EC5, may be secondary to different
reagents, i.e. different cells, methods, and viruses,
different times of harvest, or may be due to the
methods used to solubilize the drugs. The critical
issue, however, is that all of the drugs were tested
using one virus isolate, the same moi, the same
target cell line, and the same methodology was
utilized to measure protection in this study; there-
fore, relative potencies can be directly compared.
These data should not, however, be used to com-
pare in vivo potencies as differences in
bioavailability, serum half-life, metabolism, and
tissue distribution can all affect efficacy.

Next, polyl-polyC,,U was studied in combina-
tion with fourteen anti-HIV agents approved for
use in HIV-infected individuals within the US.
The CI for each combination at three different
drug ratios was calculated using the CalcuSyn for
Windows software package. CI of less than 1
indicates synergy, greater than 1 indicates antago-
nism and equal to 1 indicates additivity. For
simplicity, only the CI at the EC,, EC,, and
ECy, are illustrated. The results for polyl-
polyC,,U in combination with NRTI are illus-

trated in Table 2. Polyl-polyC,,U was synergistic
with abacavir, zidovudine, zalcitabine, didanosine,
and stavudine at all three EC’s and at all drug
ratios tested. However, polyl-polyC,,U was syn-
ergistic to antagonistic with lamivudine, depend-
ing on the drug ratio and EC measured (Table 2).
The mean results for polyl-polyC,,U and
lamivudine suggested additivity to antagonism.
The results for polyl-polyC,,U in combination
with NNRTI are illustrated in Table 3. Polyl-
polyC,,U was synergistic with efavirenz at virtu-
ally all EC and all drug ratios. However,
polyl-polyC,,U was generally antagonistic with
both delavirdine and nevirapine (Table 3). The
exception to these results was at the 1:1 experi-
mental ratio where polyl-polyC,,U was synergis-
tic with both delavirdine and nevirapine. The raw
data for the strongly synergistic combination of
efavirenz and polyl-polyC,,U are illustrated in
Fig. 1. It is clear that the presence of polyl-
polyC,,U shifts the dose response curve of efa-
virenz strongly to the left, demonstrating synergy.
All CI for all drug combinations were determined
from similar dose response curves. Interestingly,
the dose response curve for polyl-polyC,,U was
shifted far less than the efavirenz curve; however,
the potency of inhibition of polyl-polyC,,U was
much stronger in the presence of efavirenz, result-
ing in a favorable CI. The results for polyl-
polyC,,U in combination with PI are illustrated
in Table 4. Polyl-polyC,,U was additive to syner-
gistic with indinavir, ritonavir, nelfinavir, and am-
prenavir. At the ECy, and ECys polyl-polyC,,U
was potently synergistic with all four of these PI.
However, polyl-polyC,,U was slightly synergistic
to additive with saquinavir (Table 4). Again, the
best ratio was the 1:1 experimental ratio for
saquinavir and polyl-polyC,,U.

The software package also calculates the spe-
cific concentrations of each inhibitor necessary to
achieve the appropriate EC at each ratio. These
EC are calculated directly from the dose response
curves for each drug in combination. Since the
mixed dose effect analyses and the EC for each
drug alone were performed on the same plate, any
effect of additives on the EC would be present in
both the drug alone and drug in combination
results. The calculated ECy,’s for synergistic com-
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Table 2
Mixed dose effect analysis of polyl-polyC,,U with NRTI
Drug Experimental drug ratio® Mean® Synergy*©
Abacavir Sulfate 1:1.63 1:4.9 1:14.6
ECs, 0.799 (0.128) 0.79 (0.065) 1.052 (0.176) 0.883 +
ECy, 0.561 (0.097) 0.523 (0.063) 0.88 (0.152) 0.655 +4++
ECy 0.385 (0.092) 0.354 (0.073) 0.726 (0.205) 0.488 +++
Lamivudine 1:1.63 1:4.88 1:14.8
ECs, 0.881 (0.058) 1.173 (0.190) 1.479 (0.413) 1.178 —
ECy, 0.716 (0.081) 0.744 (0.121) 1.630 (0.489) 1.030 +
ECy 0.578 (0.119) 0.456 (0.118) 1.823 (1.11) 0.952 +
Zidovudine 1:25.42 1:76.25 1:228.75
ECs, 0.777 (0.134) 0.976 (0.232) 0.727 (0.065) 0.827 ++
ECy, 0.845 (0.252) 0.496 (0.225) 0.399 (0.069) 0.580 +4++
ECy 0.959 (0.485) 0.271 (0.252) 0.262 (0.085) 0.497 +++
Zalcitabine 1:5.08 1:15.25 1:45.75
ECs, 0.879 (0.171) 0.735 (0.079) 1.112 (0.185) 0.909 +
ECy, 0.818 (0.192) 0.568 (0.096) 0.329 (0.067) 0.572 +4++
ECy 0.802 (0.276) 0.431 (0.113) 0.128 (0.038) 0.454 +++
Didanosine 3.94:1 1.3:1 1:2.29
ECs, 0.822 (0.158) 0.710 (0.093) 0.713 (0.075) 0.748 ++
ECy, 0.629 (0.197) 0.532 (0.110) 0.388 (0.075) 0.516 +4++
ECy 0.485 (0.265) 0.394 (0.133) 0.235 (0.07) 0.371 +++
Stavudine 6.15:1 2.05:1 1:1.46
ECs, 0.728 (0.120) 0.876 (0.127) 0.993 (0.154) 0.866 +
ECy, 0.509 (0.113) 0.655 (0.112) 0.669 (0.095) 0.611 +4++
ECy 0.361 (0.135) 0.487 (0.138) 0.611 (0.124) 0.486 +++

# Combination Indeces for three experimental drug ratios at the calculated ECs,, ECy,, and ECyo. Experimental ratio of the drugs
to be tested to polyl-polyC,,U, based on ECs,’s. The actual ratio of drug: polyl-polyC,,U is shown. Values in the table are CI;

numbers in parentheses are standard deviations. Experiments were performed as described in Section 2.
®Mean CI at the EC for the three different drug ratios.

¢ Synergy was determined by the method of Chou and Talalay. — — —, antagonism; — —, moderate antagonism; —, slight
antagonism; +, nearly additive; +, slight synergism; + +, moderate synergism; + + 4+, synergism; and + + + 4+, strong
synergism.
Table 3

Mixed dose effect analysis of polyIl-polyC,,U with NNRTI*

Drug Experimental drug ratio Mean Synergy
Delavirdine 1:41 1:119 1:366

ECs, 1.495 (0.482) 0.808 (0.109) 1.256 (0.299) 1.186 —
EC,, 1.556 (0.732) 0.725 (0.135) 1.539 (0.578) 1.270 - —
ECy 2.425 (1.893) 0.643 (0.181) 1.921 (1.173) 1.663 —-———
Efavirenz 1:508 1:1525 1:4575

ECs, 1.001 (0.253) 0.921 (0.154) 0.575 (0.169) 0.832 ++
EC,, 0.45 (0.201) 0.542 (0.148) 0.168 (0.081) 0.387 +++
ECy 0.205 (0.178) 0.338 (0.156) 0.079 (0.065) 0.207 ++++
Nevirapine 1:8.13 1:23.8 1:73.2

ECs, 1.035 (0.168) 0.735 (0.125) 1.071 (0.267) 0.947 +
EC,, 1.435 (0.387) 0.667 (0.169) 2.074 (0.499) 1.392 ———
ECy 2.165 (1.019) 0.601 (0.242) 4.31 (1.75) 2.359 —-———

2 Combination indeces for three experimental drug ratios at the calculated ECs,, ECo,, and ECy,. See legend to Table 2.
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binations of polyl-polyC,,U with NRTI, NNRTI,
and PI (Table 5) are well below the toxic concen-
trations of the agents (Table 1). When these val-ues
are compared with the reported maximum plasma
concentration (C,,,,) for each agent (Table 1), only
zalcitabine would require higher doses in patients
than the C,,,. However, that is also true for
zalcitabine alone (Table 1).

If polyl-polyC,,U is to be used in a clinical
setting, it will likely be used in the context of HIV
variants already resistant to one or more anti-HIV
agents. Therefore, the activities of polyl-polyC,,U
against NRTI-resistant, NNR TI-resistant, and PI-
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resistant variants of HIV were tested. To minimize
the effects of other mutations, replication-defective
variants, and poorly defined genotypes of clinically-
derived viruses, drug-resistance was studied in a
defined viral background. All mutations were in the
context of an HIVy,,; backbone except for the
nevirapine-resistant virus. Thus, the only muta-
tions present between different viruses were those
known to encode for the appropriate resistance
pattern. As illustrated in Table 6, all of the viruses
were resistant to the appropriate anti-HIV agent.
The lamivudine-resistant, nevirapine-resistant, and

zidovudine-resistant  viruses were completely
100 -
75 1
50 - —e— PI-C12U alone
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25
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Fig. 1. Representative dose response curves for the strongly synergistic combination of polyl-polyC,,U and Efavirenz. Panel A, the
1:508 drug ratio; panel B, the 1:1525 drug ratio; and panel C, the 1:4575 drug ratio. For all three panels, the closed circle is the dose
response curve for polyl-polyC,,U alone; the open circle is the dose response curve for polyl-polyC,,U in combination with
Efavirenz; the closed, inverted triangle is the dose response curve for Efavirenz alone; the open, inverted triangle is the dose response

curve for evavirenz in combination with polyI-polyC,,U.
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Mixed dose effect analysis of polyl-polyC,,U with PI*

Drug Experimental ratio Mean Synergy
Indinavir 1:25.4 1:76.25 1:229

ECs, 0.912 (0.175) 1.132 (0.207) 1.110 (0.275) 1.051 +
ECy, 0.769 (0.172) 0.769 (0.147) 0.364 (0.108) 0.634 +++
ECy 0.640 (0.217) 0.523 (0.157) 0.116 (0.073) 0.426 +++
Saquinavir 1:42.4 1:127 1:381.25

ECs, 1.188 (0.329) 1.148 (0.267) 1.098 (0.193) 1.145 —
EC,, 1.195 (0.218) 0.784 (0.216) 1.191 (0.215) 1.057 +
ECy 0.830 (0.260) 0.532 (0.217) 1.300 (0.340) 0.887 +
Ritonavir 1:16.9 1:51 1:152

ECs, 0.981 (0.074) 1.295 (0.22) 0.775 (0.18) 1.017 +
ECy, 0.569 (0.038) 0.501 (0.087) 0.535 (0.113) 0.535 +++
ECy 0.359 (0.034) 0.232 (0.077) 0.381 (0.108) 0.324 +++
Nelfinavir 1:12.7 1:38 1:114

ECs, 0.829 (0.183) 1.053 (0.105) 0.838 (0.215) 0.907 +
EC,, 0.392 (0.076) 0.772 (0.066) 0.701 (0.197) 0.622 +++
ECy 0.199 (0.051) 0.557 (0.076) 0.578 (0.28) 0.445 +++
Amprenavir 1:20 1:60 1:183

ECs, 1.487 (0.262) 1.116 (0.093) 0.939 (0.235) 1.108 —
EC,, 0.784 (0.144) 0.965 (0.107) 0.523 (0.116) 0.757 ++
ECy 0.399 (0.108) 0.823 (0.147) 0.329 (0.108) 0.517 +++

# Combination indeces for three experimental drug ratios at the calculated ECsy,, ECy,, and ECyy See legend to Table 2.

Table 5

EC,, doses of synergistic combinations of polyl-polyC,,U with anti-HIV agents

Drug Combinations of each drug (nM)+ polyl-polyC,,U (ng/ml)*

Abacavir 5804945 41342025 480+7033
Zidovudine 195+4956 4843667 60+13734
Zalcitabine 901 +4582 265+4044 238410 889
Didanosine 6263+ 1591 4306+3312 331447589
Stavudine 38714631 415242025 221043236
Efavirenz 18+9079 2.543735 2.5+11445
Indinavir 80+2038 6444846 8.6+ 1968
Ritonavir 464781 77+3890 1241897
Nelfinavir 179+2271 9843722 3544037
Amprenavir 6141243 6243716 1542677

2The first number is the concentration of the drug being tested (in nM) plus the second number (the concentration of
polyl-polyC,,U in ng/ml) necessary to achieve the ECyy. Only synergistic combinations are illustrated for three different drug ratios.

resistant to the appropriate drug while the Pl-re-
sistant viruses were only partially resistant (Table
6). This partial resistance of three- to five-fold was
quite similar to the eight-fold resistance to indi-
navir reported for these constructs by Condra et
al. (Condra et al., 1995). Polyl-polyC,,U showed
equal efficacy against all drug-resistant viruses
(Table 7).

4. Discussion

Polyl-polyC,,U is a relatively non-toxic anti-
HIV agent, potent in tissue culture, and promising
in earlier clinical trials. Thus, if polyl-polyC,,U
can be shown to be synergistic with existing anti-
HIV agents and active against drug-resistant
virus, it should be considered for further clinical
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evaluation in combination with existing anti-HIV
agents. As illustrated, polyl-polyC,,U was syner-
gistic at some experimental ratios with all existing
anti-HIV agents (Tables 2-4). Second, it is
equally active against both drug-resistant and
drug-sensitive HIV (Table 7). Finally, it shows a
therapeutic ratio (ECs, to CTs,) of approximately
200, similar to that of anti-HIV agents approved

Table 6
Resistance phenotype of drug-resistant variants of HIV
HIV clone* Drug Replicate ECs,° (nM)
assays
HIVyi43 Zidovudine 1 18.3
Indinavir 4 6.3
(1.6)
Nevirapine 3 174 (22)
Lamivudine 3 120 (54)
M184V Lamivudine 1 >12 500
JF26A7 Zidovudine 2 >20 000
L10R Indinavir 3 31.3
(10.5)
M461 Indinavir 3 17.7
(4.0)
Nev. Res. Nevirapine 3 >1250

2 The specific mutations for each clone are given in Section
2. All except the nevirapine-resistant clone are in the NL4-3
background.

®Values are mean ECs,. The values in parentheses are
standard deviations. No standard deviation could be deter-
mined for those viruses that were resistant to the drug at all
concentrations tested.

Table 7
Antiviral activity of polyl-polyC,,U against drug-resistant
strains of HIV-1*

HIV clone Resistance Replicates ECs, (ug/ml)®
assays
HIVN143 None 4 3.53 (2.85)
M184V Lamivudine 3 4.68 (2.34)
JF26A7 Zidovudine 4 3.18 (0.51)
L10R Indinavir 4 1.79 (0.94)
M461 Indinavir 5 1.82 (1.18)
Nev. Res. Nevirapine 3 2.18 (0.44)

2 For the genotype of each clone, Section 2.

® Values are the means from each replicate assay performed
in triplicate. Values in parentheses are standard deviations.
Concentrations of polyl-polyC,,U are in pg/ml as molar con-
centrations cannot be accurately calculated.

for human use (Table 1). Neither synergy nor lack
of toxicity in vitro can be directly translated into
patient benefits. However, the demonstration of
synergy between anti-HIV agents in vitro (Patick
et al., 1995; Richman et al., 1991a; Zhu et al.,
1996) has been borne out by synergistic effects in
HIV-infected individuals. Therefore, the in vitro
synergy between polyl-polyC,;,U and most drugs
currently in use to treat HIV-infected individuals
suggest that polyl-polyC,,U may prove useful in
HAART.

There are several methods to determine syn-
ergy. These include commercially available soft-
ware packages for the methods of Chou and
Talalay (CalcuSyn) and MacSynergy, the latter
utilizing the method of Prichard et al. for testing
antiviral agents in combination (Prichard et al.,
1993). The latter method demonstrated that, in
some circumstances, the Chou and Talalay
methodology was flawed. However, we utilized
the method of Chou and Talalay in these studies
for three reasons. First, the software is widely
available and relatively affordable. Second, this
method is by far the most utilized for anti-HIV
drug testing and has been reported in numerous
studies. Finally, and most importantly, when both
methods were used to study anti-HIV agents in
combination they generated similar results and
similar conclusions, especially if more than one
drug ratio was employed (Deminie et al., 1996).
Therefore, we chose three drug ratios and used
only the method of Chou and Talalay for these
studies.

The mechanism of anti-HIV activity of polyl-
polyC,,U appears to be through direct activation
of the 2',5-oligoadenylate synthetase pathway
(Ushuima et al., 1993). The subsequent activation
of RNase L leads to delayed release of virus from
infected cells (Schroder et al., 1989). An addi-
tional mechanism of action may be through the
direct inhibition of HIV RT by 2',5-oligoadeny-
late (Montefiori et al., 1989b). In addition to its
anti-HIV effects, polyl-polyC,,U is also an im-
mune modulator. It has been shown to increase
the antibody response to HIV in patients and to
increase CD47* lymphocyte counts in treated
HIV-infected individuals (Carter et al., 1987,
Thompson et al., 1996). Thus, polyl-polyC,,U has
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the added benefit of both innate anti-HIV activity
and the potential to stimulate the immune system
to rebound from HIV infection.

While the translation from in vitro activity to
clinical success is far from guaranteed, the activi-
ties of polyl-polyC,,U against drug-resistant
viruses, coupled with its potent synergy with most
existing anti-HIV agents suggest that polyl-
polyC,,U should be useful in HIV infected indi-
viduals, especially in those who have failed
HAART or who are infected by drug-resistant
viruses. These results, combined with the success
of polyl-polyC,,U in phase I and phase II/III
clinical trials suggest that polyl-polyC,,U, in
combination with any HIV inhibitor except for
lamivudine and delavirdine, should be evaluated
for clinical use in HIV-infected individuals.

Acknowledgements

The fourteen commercially available anti-HIV
agents were a kind gift from Professor William M.
Mitchell (Vanderbilt University, Nashville, TN,
USA). Polyl-polyC,,U was a generous gift from
Hemispherx Biopharma, Inc. This work was sup-
ported in part by the Burroughs-Wellcome Fund.
W. Edward Robinson, Jr is a Burroughs-Well-
come Fund Clinical Scientist in Translational
Research.

References

Baba, M., Okamoto, M., Makino, M., Kimura, Y., Ikeuchi,
T., Sakaguchi, T., Okamoto, T., 1997. Potent and selective
inhibition of human immunodeficiency virus type 1 tran-
scription by piperazinyloxoquinoline derivatives. Antimi-
crob. Agents Chemother. 41, 1250-1255.

Carter, W.A., Brodsky, I., Pellegrino, M.G., Henriques, H.F.,
Parenti, D.M., Schulof, R.S., Robinson, W.E. Jr, Volsky,
D.J., Paxton, H., Kariko, K., Suhadolnik, R.J., Strayer,
D.R., Lewin, M., Einck, L., Simon, G.L., Scheib, R.G.,
Montefiori, D.C., Mitchell, W.M., Paul, D., Meyer, W.A.
111, Reichenbach, N., Gillespie, D.H., 1987. Clinical, im-
munological, and virological effects of ampligen, a mis-
matched double-stranded RNA, in patients with AIDS or
AIDS-related complex. Lancet i, 1286—1292.

Cavert, W., Notermans, D.W., Staskus, K., Wietgrefe, S.W.,
Zupancic, M., Gebhard, K., Henry, K., Zhang, Z.-Q.,

Mills, R., McDade, H., Goudsmit, J., Danner, S.A.,
Haase, A.T., 1997. Kinetics of response in lymphoid tissues
to antiretroviral therapy of HIV-1 infection. Science 276,
960-964.

Chou, T.-C., 1991. The median-effect principle and the combi-
nation index for quantitation of synergism and antago-
nism. In: Chou, T.-C., Rideout, D.C. (Eds.), Synergism
and Antagonism in Chemotherapy. Academic Press, San
Diego.

Chou, T.-C., Talalay, P., 1983. Analysis of combined drug
effects: a new look at a very old problem. Trends Pharma-
col. Sci. 4, 450—454.

Chou, T.C., Talalay, P., 1984. Quantitative analysis of dose-ef-
fect relationships: the combined effects of multiple drugs or
enzyme inhibitors. Adv. Enzyme Regul. 22, 27-55.

Chou, J., Chou, T.C., 1985. Dose-effect analysis with micro-
computers: quantitation of ED50, LD50, synergism, and
antagonism, low-dose risk, receptor binding and enzyme
kinetics. In: A Computer Software for Apple II Series or
IBM PC and Manual. Elsevier Science Publishers,
Cambridge.

Chu, C.K., Schinazi, R.F., Arnold, B.H., Canon, D.L., Do-
boszewski, B., Bhadti, V.B., Gu, Z., 1988. Comparative
activity of 2,3'-saturated and unsaturated pyrimidine and
purine nucleosides against HIV-1 in peripheral blood
mononuclear cells. Biochem. Pharmacol. 37, 3543-3548.

Coates, J.A., Cammack, N., Jenkinson, H.J., Mutton, .M.,
Pearson, B.A., Storer, R., Cameron, J.M., Penn, C.R.,
1992. The separated enantiomers of 2'-deoxy-3'-thiacy-
tidine (BCH189) both inhibit HIV replication in vitro.
Antimicrob. Agents Chemother. 36, 202—-205.

Collier, A.C., Coombs, R.W., Schoenfeld, D.A., Bassett, R.L.,
Timpone, J., Baruch, A., Jones, M., Facey, K., Whitacre,
C., McAuliffe, V.J., Friedman, H.M., Merigan, T.C., Re-
ichman, R.C., Hooper, C., Corey, L., 1996. Treatment of
human immunodeficiency virus infection with saquinavir,
zidovudine, and zalcitabine. New Engl. J. Med. 334, 1011-
1017.

Condra, J.H., Schleif, W.A., Blahy, O.M., Gabryelski, L.J.,
Graham, D.J., Quintero, J.C., Rhodes, A., Robbins, H.L.,
Roth, E., Shivaprakash, M., Titus, D., Yang, T., Teppler,
H., Squires, K.E., Deutsch, P.J., Emini, E.A., 1995. In vivo
emergence of HIV-1 variants resistant to multiple protease
inhibitors. Nature 374, 569—-571.

Craig, J.C., Duncan, L.B., Hockley, D., Grief, C., Roberts,
N.A., Mills, J.S., 1991. Antiviral properties of Ro 31-8959,
an inhibitor of human immunodeficiency virus (HIV)
proteinase. Antiviral Res. 16, 295-305.

Daluge, S.M., Good, S.S., Faletto, M.B., Miller, W.H., St.
Clair, M.H., Boone, L.R., Tisdale, M., Parry, N.R., Rear-
don, J.E., Dornsife, R.E., Averett, D.R., Krenitsky, T.A.,
1997. 1592U89, a novel carbocyclic nucleoside analog with
potent, selective anti-human immunodeficiency virus activ-
ity. Antimicrob. Agents Chemother. 41, 1082—1093.

De Clercq, E., Van Aerschot, A., Herdewijn, P., Baba, M.,
Pauwels, R., Balzarini, J., 1989. Anti-HIV-1 activity of
2',3’-dideoxynucleoside analogues: structure-activity rela-
tionship. Nucleoside Nucleotide 8, 659-671.



200 R.J. Essey et al. / Antiviral Research 51 (2001) 189-202

Deminie, C.A., Bechtold, C.M., Stock, D., Alam, M., Djang,
F., Balch, A.H., Chou, T.-C., Prichard, M., Colonno, R.J.,
Lin, P.-F., 1996. Evaluation of reverse transcriptase and
protease inhibitors in two-drug combinations against hu-
man immunodeficiency virus replication. Antimicrob.
Agents Chemother. 40, 1346—1351.

Finzi, D., Hermankova, M., Pierson, T., Carruth, L.M., Buck,
C., Chaisson, R.E., Quinn, T.C., Chadwick, K., Mar-
golick, J., Brookmeyer, R., Gallant, J., Markowitz, M.,
Ho, D.D., Richman, D.D., Siliciano, R.F., 1997. Identifi-
cation of a reservoir for HIV-1 in patients on highly active
antiretroviral therapy. Science 278, 1295-1300.

Fitzgibbon, J.E., Farnham, A.E., Sperber, S.J., Kim, H.,
Dubin, D.T., 1993. Human immunodeficiency virus type 1
pol gene mutations in an AIDS patient treated with multi-
ple drugs. J. Virol. 67, 7271-7275.

Furtado, M.R., Callaway, D.S., Phair, J.P., Kunstman, K.J.,
Stanton, J.L., Macken, C.A., Perelson, A.S., Wolinsky,
S.M., 1999. Persistence of HIV-1 transcription in periph-
eral-blood mononuclear cells in patients receiving potent
antiretroviral therapy. New Engl. J. Med. 340, 1614—1622.

Gao, Q., Gu, Z., Parniak, M.A., Cameron, J., Cammack, N.,
Boucher, C., Wainberg, M.A., 1993. The same mutation
that encodes low-level human immunodeficiency virus type
1 resistance to 2',3'-dideoxyinosine and 2’,3’-dideoxycy-
tidine confers high-level resistance to the (—) enantiomer
of  2',3-dideoxy-3'-thiacytidine. =~ Antimicrob. Agents
Chemother. 37, 1390-1392.

Gillespie, D., Hubbell, H.R., Carter, W.A., Midgette, P.,
Elsasser, W., Mullaney, R., Strayer, D.R., 1994. Synergis-
tic inhibition of AZT-resistant HIV by AZT combined
with poly(I):poly(C12U), without synergistic toxicity to
bone marrow progenitor cell elements. In Vivo 8, 375-382.

Gu, Z., Gao, Q., Li, X., Parniak, M.A., Wainberg, M.A.,
1992. Novel mutation in the human immunodeficiency
virus type | reverse transcriptase gene that encodes cross-
resistance to 2',3'-dideoxyinosine and 2’,3’-dideoxycytidine.
J. Virol. 66, 7128-7135.

Hammer, S.M., Kessler, H.A., Saag, M.S., 1994. Issues in
combination antiretroviral therapy: a review. J. Acq. Im-
mune Def. Syndr. 7 (Suppl. 2), S24—S35 discussion S35-7.

ACTG, Hammer, S.M., Squires, K.E., Hughes, M.D., Grimes,
JM., Demeter, L.M., Currier, J.S., Eron, J.J., Feinberg,
J.E., Balfour, H.H. Jr, Deyton, L.R., Chodakewitz, J.A.,
Fischl, M.A., 1997. A controlled trial of two nucleoside
analogues plus indinavir in persons with human im-
munodeficiency virus infection and CD4 cell counts of 200
per cubic millimeter or less. New Engl. J. Med. 337,
725-733.

Hecht, F., Grant, R., Petropoulos, C., Dillon, B., Chesney,
M., Tian, H., Hellmann, N., Brandrapalli, N., Digilio, L.,
Branson, B., Kahn, J., 1998. Sexual transmission of an
HIV-1 variant resistant to multiple reverse transcriptase
and protease inhibitors. New Engl. J. Med. 339, 307-311.

Hockett, R.D., Kilby, J.M., Derdeyn, C.A., Saag, M.S.,
Sillers, M., Squires, K., Chiz, S., Nowak, M.A., Shaw,
G.M., Bucy, R.P., 1999. Constant mean viral copy number

per infected cell in tissues regardless of high, low, or
undetectable plasma HIV RNA. J. Exp. Med. 189, 1545—
1554.

Kempf, D.J., Marsh, K.C., Denissen, J.F., McDonald, E.,
Vasavanonda, S., Flentge, C.A., Green, B.E., Fino, L.,
Park, C.H., Kong, X.P., Wideburg, N.E., Saldivar, A.,
Ruiz, L., Kati, W.M., Sham, H.L., Robins, T., Stewart,
K.D., Hsu, A., Plattner, J.J., Leonard, J.M., Norbeck,
D.W., 1995. ABT-538 is a potent inhibitor of human
immunodeficiency virus protease and has high oral
bioavailability in humans. Proc. Natl. Acad. Sci. USA 92,
2484-2488.

Lin, T.-S., Schinazi, R.F., Prusoff, W.H., 1987. Potent and
selective in vitro activity of 3’-deoxythymidin-2'-ene(3'-de-
oxy-2'3'-didehydrothymidine) against human immunodefi-
ciency virus. Biochem. Pharmacol. 36, 2713-2718.

Markowitz, M., Mo, H., Kempf, D.J., Norbeck, D.W., Bhat,
T.N., Erickson, J.W., Ho, D.D., 1995. Selection and analy-
sis of human immunodeficiency virus type 1 variants with
increased resistance to ABT-538, a novel protease in-
hibitor. J. Virol. 69, 701-706.

Merluzzi, V.J., Hargrave, K.D., Labadia, M., Grozinger, K.,
Skood, M., Wu, J.C., Shih, C.-K., Eckner, K., Hattox, S.,
Adams, J., Rosehthal, A.S., Faanes, R., Eckner, R.J.,
Koup, R.A., Sullivan, J.L., 1990. Inhibition of HIV-1
replication by a nonnucleoside reverse transcriptase in-
hibitor. Science 250, 1411-1413.

Mitsuya, H., Broder, S., 1986. Inhibition of the in vitro
infectivity and cytopathic effect of human T-lymphotropic
virus type III/lymphadenopathy-associated virus (HTLV-
III/LAV) by 2',3'-dideoxynucleosides. Proc. Natl. Acad.
Sci. USA 83, 1911-1915.

Mitsuya, H., Weinhold, K.J., Furman, P.A., St. Clair, M.H.,
Nusinoff-Lehrman, S., Gallo, R.C., Bolognesi, D., Barry,
D.W., Broder, S., 1985. 3'-Azido-3-deoxythymidine (BW
AS509U): an antiviral agent that inhibits the infectivity and
cytopathic effect of human T-lymphotropic virus type 111/
lymphadenopathy-associated virus in vitro. Proc. Natl.
Acad. Sci. USA 82, 7096-7100.

Montefiori, D.C., Mitchell, W.M., 1987. Antiviral activity of
mismatched double-stranded RNA against human im-
munodeficiency virus type 1 in vitro. Proc. Natl. Acad. Sci.
USA 84, 2985-2989.

Montefiori, D.C., Robinson, W.E. Jr, Mitchell, W.M., 1988a.
Mismatched dsRNA (ampligen) induces protection against
genomic variants of the human immunodeficiency virus
type 1 (HIV-1) in a multiplicity of target cells. Antiviral
Res. 9, 47-56.

Montefiori, D.C., Robinson, W.E. Jr, Schuffman, S.S.,
Mitchell, W.M., 1988b. Evaluation of antiviral drugs and
neutralizing antibodies against human immunodeficiency
virus by a rapid and sensitive microtiter infection assay. J.
Clin. Microbiol. 26, 231-235.

Montefiori, D.C., Pellegrino, M.G., Robinson, W.E. Jr, Engle,
K., Field, M., Mitchell, W.M., Gillespie, D.H., 1989a.
Inhibition of HIV-1 proviral DNA synthesis and RNA
accumulation by mismatched dsRNA. Biochem. Biophys.
Res. Commun. 158, 943-950.



R.J. Essey et al. / Antiviral Research 51 (2001) 189-202 201

Montefiori, D.C., Sobol, R.W. Jr, Li, S.W., Reichenbach,
N.L., Suhadolnik, R.J., Charubala, R., Pfleiderer, W.,
Robinson, W.E. Jr, Mitchell, W.M., 1989b. Inhibition of
HIV-1 reverse transcriptase and infection in vitro by phos-
phorothioate and cordycepin analogues of 2’,5'-oligoad-
enylate. Proc. Natl. Acad. Sci. USA 86, 7191-7194.

Montefiori, D.C., Robinson, W.E., Mitchell, W.M. Jr, 1989c.
In vitro evaluation of mismatched double-stranded RNA
(Ampligen) for combination therapy in the treatment of
acquired immunodeficiency syndrome. AIDS Res. Hum.
Retrovir. 5, 193-203.

Partaledis, J.A., Yamaguchi, K., Tisdale, M., Blair, E.E.,
Falcione, C., Maschera, B., Myers, R.E., Pazhanisamy, S.,
Futer, O., Cullinan, A.B., Stuver, C.M., Byrn, R.A., Liv-
ingston, D.J., 1995. In vitro selection and characterization
of human immunodeficiency virus type 1 (HIV-1) isolates
with reduced sensitivity to hydroxyethylamino sulfonamide
inhibitors of HIV-1 aspartyl protease. J. Virol. 69, 5228—
5235.

Patick, A.K., Rose, R., Greytok, J., Bechtold, C.M.,
Hermsmeier, M.A., Chen, P.T., Barrish, J.C., Zahler, R.,
Colonno, R.J., Lin, P.F., 1995. Characterization of a hu-
man immunodeficiency virus type 1 variant with reduced
sensitivity to an aminodiol protease inhibitor. J. Virol. 69,
2148-2152.

Patick, A.K., Mo, H., Markowitz, M., Appelt, K., Wu, B.,
Musick, L., Kalish, V., Kaldor, S., Reich, S., Ho, D.,
Webber, S., 1996. Antiviral and resistance studies of
AG1343, an orally bioavailable inhibitor of human im-
munodeficiency virus protease. Antimicrob. Agents
Chemother. 40, 292-297.

Physician’s Desk Reference, 2000. 54 ed. PDR Medical Eco-
nomics Company, Montvale, NJ.

Prichard, M.N., Prichard, L.E., Shipman, C. Jr, 1993. Strate-
gic design and three-dimensional analysis of antiviral drug
combinations. Antimicrob. Agents Chemother. 37, 1207—
1213.

Richman, D.D., Rosenthal, A.S., Skoog, M., Echner, R.J.,
Chou, T.-C., Sabo, J.P., Merluzzi, V.J., 1991a. BI-RG-589
is active against zidovudine-resistant human immunodefi-
ciency virus type 1 and synergistic with zidovudine. An-
timicrob. Agents Chemother. 35, 305-308.

Richman, D.D., Shih, C.-K., Lowy, L., Rose, J., Prodanovich,
P., Goff, S., Griffin, J., 1991b. HIV-1 mutants resistant to
non-nucleoside inhibitors of reverse transcriptase arise in
tissue culture. Proc. Natl. Acad. Sci. USA 88, 11241-
11245.

Roberts, N.A., Martin, J.A., Kinchington, D., Broadhurst,
A.V., Craig, J.C., Duncan, 1.B., Galpin, S.A., Handa,
B.K., Kay, J., Krohn, A., Lambert, R.W., Merrett, J.H.,
Mills, J.S., Parkes, K.E.B., Redshaw, S., Ritchie, A.J.,
Taylor, D.L., Thomas, G.J., Machin, P.J., 1990. Rational
design of peptide-based HIV proteinase inhibitors. Science
248, 358-361.

Robinson, W.E. Jr, Montefiori, D.C., Gillespie, D.H.,
Mitchell, W.M., 1989. Complement-mediated, antibody-
dependent enhancement of human immunodeficiency virus

type 1 (HIV-1) infection in vitro increases HIV-1 RNA and
protein synthesis and infectious virus production. J. Acq.
Immune Def. Syndr. 2, 33-42.

Robinson, W.E. Jr, Cordeiro, M., Abdel-Malek, S., Jia, Q.,
Chow, S.A., Reinecke, M.G., Mitchell, W.M., 1996a. Di-
caffeoylquinic acid inhibitors of human immunodeficiency
virus integrase: Inhibition of the core catalytic domain of
human immunodeficiency virus integrase. Mol. Pharmacol.
50, 846-855.

Robinson, W.E. Jr, Reinecke, M.G., Abdel-Malek, S., Jia, Q.,
Chow, S.A., 1996b. Inhibitors of HIV-1 replication that
inhibit HIV integrase. Proc. Natl. Acad. Sci. USA 93,
6326-6331.

Romero, D.L., Morge, R.A., Genin, M.J., Biles, C., Busso,
M., Resnick, L., Althaus, I.W., Reusser, F., Thomas, R.C.,
Tarpley, W.G., 1993. Bis (heteroaryl) piperzine (BHAP)
RT inhibitors-structure activity relationships of novel sub-
stituted indole analogues and the identification of 1-
[(5-methanesulfonamido-1H-indol-2-yl)-carbonyl]-4-[3-[(1-
methylethyl)amino]-pyridinyl]piperazine monomethanesul-
fonate (U-90152S), a second generation clinical candidate.
J. Med. Chem. 36, 1505-1508.

Schroder, H.C., Wenger, R., Kuchino, Y., Muller, W.E.G.,
1989. Modulation of nuclear matrix-associated 2',5-
oligoadenylate metabolism and ribonuclease L activity in
H9 cells by human immunodeficiency virus. J. Biol. Chem.
264, 5669-5673.

St. Clair, M.H., Millard, J., Rooney, J., Tisdale, M., Parry,
N., Sadler, B.M., Blum, M.R., Painter, G., 1996. In vitro
antiviral activity of 141W94 (VX-478) in combination with
other antiretroviral agents. Antiviral Res. 29, 53-56.

Thompson, K.A., Strayer, D.R., Salvato, P.D., Thompson,
C.E., Klimas, N., Molavi, A., Hamill, A.K., Zheng, Z.,
Ventura, D., Carter, W.A., 1996. Results of a double-blind
placebo-controlled study of the double-stranded RNA
drug polyl:polyC12U in the treatment of HIV infection.
Eur. J. Clin. Microbiol. Infect. Dis. 15, 580—587.

Ushuima, H., Rytik, P.G., Schacke, H., Scheffer, U., Muller,
W.E.G., Schroder, H.C., 1993. Mode of action of the
anti-AIDS compound polyl-poly(C12U) (Ampligen): acti-
vator of 2',5-oligoadenylate synthetase and double-
stranded RNA-dependent kinase. J. Interferon Res. 13,
161-171.

Vacca, J.P., Dorsey, B.D., Schleif, W.A., Levin, R.B., Mc-
Daniel, S.L., Darke, P.L., Zugay, J., Quintero, J.C., Blahy,
O.M., Roth, E., Sardana, V.V., Schlabach, A.J., Graham,
P.I., Condra, J.H., Gotlib, L., Holloway, M.K., Lin, J.,
Chen, I.W., Vastag, K., Ostovic, D., Anderson, P.S., Em-
ini, E.A., Huff, J.R., 1994. L-735,524: an orally bioavail-
able human immunodeficiency virus type 1 protease
inhibitor. Proc. Natl. Acad. Sci. USA 91, 4096—4100.

Wong, J.K., Hezareh, M., Gunthard, H.F., Havlir, D.V.,
Ignacio, C.C., Spina, C.A., Richman, D.R., 1997. Recov-
ery of replication-competent HIV despite prolonged sup-
pression of plasma viremia. Science 278, 1291-1295.

Young, S.D., Britcher, S.F., Tran, L.O., Payne, L.S., Lumma,
W.C., Lyle, T.A., Huff, J.R., Anderson, P.S., Olsen, D.B.,



202

Carroll, S.S., Pettibone, D.J., O’Brien, J.A., Ball, R.G.,
Balani, S.K., Lin, J.H., Long, W.J., Byrnes, V.W., Emini,
E.A., 1995. L-743,726 (DMP-266) a novel, highly potent
nonnucleoside inhibitor of the human immunodeficiency
virus type 1 reverse transcriptase. Antimicrob. Agents
Chemother. 39, 2602-2605.

Zhang, H., Dornadula, G., Beumont, M., Livornese, L. Jr,

van Uitert, B., Henning, K., Pomerantz, R.J., 1998. Hu-
man immunodeficiency virus type 1 in the semen of men
receiving highly active antiretroviral therapy. New Engl. J.
Med. 339, 1803—-1809.

R.J. Essey et al. / Antiviral Research 51 (2001) 189-202

Zhang, L., Ramratnam, B., Tenner-Racz, K., He, Y.,

Vesanen, M., Lewin, S., Talal, A., Racz, P., Perelson, A.S.,
Korber, B.T., Markowitz, M., Ho, D.D., 1999. Quantify-
ing residual HIV-1 replication in patients receiving combi-
nation antiretroviral therapy. New Engl. J. Med. 340,
1605-1613.

Zhu, Q.-Y., Scarborough, A., Polsky, B., Chou, T.-C., 1996.

Drug combinations and effect parameters of zidovudine,
stavudine, and nevirapine in standardized drug-sensitive
and resistant HIV type 1 strains. AIDS Res. Hum. Retro-
vir. 12, 507-517.



