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ABSTRACT. Human immunodeficiency virus (HIV)-specific peptide antibody—brefeldin A conjugates and
antibody—glaucarubolone conjugates directed to cell surface viral glycoprotein epitopes were prepared and tested
for antiviral activity. A selective response was observed both on survival of cell lines permanently infected with
lentiviruses and on HIV infectivity. With human peripheral blood mononuclear cells (PBMCs), the conjugate
also was effective in reducing virus titers. The effectiveness of an HIV-specific peptide antibody—brefeldin A
conjugate was enhanced by combination with 3'-azido-3’-deoxythymidine (AZT) and was effective against
AZT-resistant isolates in combination with AZT. The conjugates reduced virus production in MOLT-4 cells and
in HIV-1-infected PBMCs without affecting the viability of uninfected cells. BIOCHEM PHARMACOL 58;11:
1781-1790, 1999. © 1999 Elsevier Science Inc.
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In previous reports, the inhibitors of a cell surface NADH-
protein disulfide reductase (NADH oxidase) (NOX),
brefeldin A [1] and glaucarubolone [2], were shown to
selectively inhibit growth of CFKY cells permanently in-
fected with FIV or human MOLT-4 cells permanently
infected with HIV-1 [1, 2]. In an effort to direct the drug to
a putative target at the cell surface with increased efficacy
and improved therapeutic index, drug—antibody conjugates
were prepared and tested. The drugs were conjugated with
antibodies specific for surface epitopes of viral glycoproteins
expressed at the surface of infected cells. Even during early
stages of viral replication, virus-infected cells transport and
express viral glycoprotein antigens at their cell surface
([3-6]; early literature reviewed in Ref. 7). The expression
of these glycoprotein antigens provides opportunities (a) for
drug targeting to virus-infected cells, and (b) to immobilize
the drugs to restrict their action to cell-surface targets.
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MATERIALS AND METHODS
Cell Culture

CFK cells were grown in DMEM (Dulbecco’s modified
Eagle’s medium) supplemented with 10% FBS, 1% MEM
non-essential amino acids, 1% BME vitamins, 1% sodium
pyruvate, 1% penicillin (100 U/mL), 1% streptomycin (100
pg/mL), and 50 mg gentamicin/L.

FIV Infection

Infected CFK cells were maintained from a CFK cell stock

that was chronically infected with the Petaluma strain of
FIV [8].

PBMCs

PBMCs were derived from freshly prepared pooled buffy
coats from approximately 15 healthy blood donors (Ger-
man Red Cross). The PBMCs were isolated by Ficoll
density gradient centrifugation and cultured (stimulated
with phytohemagglutinin) for 48 hr in RPMI-1640 medium
with 20% FBS. The time course of infection and drug
addition with PBMCs is summarized in Fig. 1.

MOLT-4 Cells

The MOLT-4 cells, obtained from the ATTC, were a
permanent cell line derived from a patient with acute
lymphoblastic leukemia. The MOLT-4 cells were propa-
gated in RPMI-1640 medium with 10% FBS.
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FIG. 1. Time course of infection and drug addition with PBMCs.
HIV-1 pp (compound 1). Exposure of brefeldin A to trimethylsilyl

The virus strain was a clinical isolate from an AIDS patient
hospitalized in Berlin in 1990. The virus was isolated by
cocultivation of PBMCs from the patient together with
pooled buffy coat derived PBMCs from healthy blood
donors. HIV-1 pp is an AZT-sensitive strain that induces
syncytia formation with PBMCs and MOLT-4 cells.

Determination of Virus Reproduction and Efficacy of
Drug—Antibody Conjugates

Virus reproduction was determined by detection of p24
antigen of HIV-1 (Du Pont) in a quantitative assay [9].

Preparation of Succinylated Brefeldin A Derivative
for Conjugation

Compound 4 (Scheme 1) was prepared by a synthetic
strategy that allowed us to readily differentiate the two
hydroxyl groups of commercially available brefeldin A

OH OH
H i H i
: < LH 4 < LH
HOuw 9 N, —» TMSO"- 9 HO.
CHy CHy
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brefeldin A

glaucarubolone
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chloride in tetrahydrofuran containing triethylamine gave
rise (90% yield) to the C(7) silylated compound 2. Silyla-
tion of compound 2 with tert-butyldimethylsilyl chloride in
methylene chloride containing 2,6-lutidine and subsequent
treatment [0°] with dilute hydrochloric acid in tetrahydro-
furan generated (75% overall) the C(4) protected substrate
(compound 3). Exposure of compound 3 to succinic anhy-
dride followed by treatment with HF/CH;CN resulted in
succinylated brefeldin A (compound 4) in 80% vyield.
Structures were verified from spectral properties using
methods described previously (‘H NMR, IR) [10].

Preparation of Succinylated Glaucarubolone

We prepared compound 8 (Scheme 1) for conjugation with
antibodies based on a general procedure developed for the
differentiation of the C(1), C(12), and C(15) hydroxyl
groups in glaucarubolone (compound 5). Exposure of glau-
carubolone to TMSOTY in pyridine containing triethyl-

OTEDMS OH

H H§
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SCHEME 1. Preparation of succinylated brefeldin A (compound 4) and succinylated glaucarubolone (compound 8) for conjugation to
antibodies. Abbreviations: TBDMS, tert-butyldimethylsilyl; and TMS, trimethylsilyl.
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amine (0° — RT, 1 hr) gave rise (75% yield) to tris-
trimethylsilylated compound 6. Exposure of compound 6 to
tetrabutylammonium fluoride in tetrahydrofuran cleaved
exclusively in excellent yield the C(15) OTMS ether
(compound 7). Treatment of compound 7 with succinic
anhydride in methylene chloride containing triethylamine
and 4-dimethylaminopyridine gave rise (80%) after treat-
ment with HF/CH5CN to compound 8, which was conju-
gated to antibodies. Note that the C(12) hydroxyl group
was sufficiently hindered to allow rapid stereospecific acy-
lation at the C(15) hydroxyl group to give rise exclusively
to compound 8. The structure of derivatized glaucarubolone
was verified from spectral properties (‘H NMR, IR) [10].

HIV gp120 Peptides for Preparation of Antisera

Three criteria for the selection of peptide sequences used
for antibody production were: (a) hydrophilicity as calcu-
lated according to the algorithm of Hopp and Woods [11],
(b) surface probability as calculated according to a formula
of Emini et al. [12], and (c) the antigenic index measuring
the probability that a region was antigenic as calculated by
summing several weighted measures of secondary structure
[13].

Peptides capable of generating high titer antisera that
recognized surface epitopes of gpl20 of HIV-1 were iden-
tified as follows:

Ab 75. CEESQNQQEKNEQEL

Ab 76. CNRVRQGYSPLSFQT

Ab 77. CEGIEEEGGERDRDR

Antibody Conjugate Preparation

Succinylated drugs were conjugated to affinity-purified
antibodies as previously described for Adriamycin® (doxo-
rubicin) [14].

Affinity columns were prepared using peptides against
which the antibodies were generated. The antibodies were
bound to the affinity column and were conjugated with
compounds 4 or 8.

For immunoaffinity purification of the antibody, the
antigen peptide, derived from HIV envelope glycoprotein
gp120 and conjugated to bovine serum albumin (10 mg/
mL), was coupled to cyanogen bromide- (CNBr) activated
Sepharose 4B (Pharmacia) by incubating the peptide along
with swollen Sepharose in 0.1 M NaHCO;, pH 8.3 (cou-
pling buffer), at 4° for 16 hr. The remaining active groups
were quenched by transferring the gel to a solution of 0.2 M
glycine, pH 8.0, and incubating for 2 hr at room tempera-
ture. The column was washed with coupling buffer, then
with 0.1 M acetate containing 0.5 M NaCl at pH 4.0, and
finally with the coupling buffer. Then the peptide-Sepha-
rose conjugate was incubated with the antisera at 4° for 16
hr. The immunoaffinity-purified antibody was eluted from
the gel using 100 mM triethylamine, pH 11.5, and the
eluted fraction was dialyzed against 20 vol. of PBS.

For the preparation of drug—antibody conjugates, affini-
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ty-purified antibodies were bound to the peptide column.
The antibody bound to the peptide affinity column was
incubated with succinylated drug in the presence of a 10
mM concentration of the coupling reagent 1-ethyl-3(3-
diethylaminopropyl)carbodiimide (EDAC) (Sigma). The
unbound drug was removed by washing three times with
PBS. Then the drug conjugated with antibody was eluted
from the peptide affinity column using 100 mM triethyl-
amine, pH 11.5, and the eluted fraction was dialyzed against
20 vol. of PBS.

The number of drug molecules per immunoglobulin was
estimated to be 20 per 150-kDa IgG heterooligomer.
Succinylated glaucarubolone (compound 8) (0.27 mg) or
succinylated brefeldin A (compound 4) (0.18 mg) was
reacted with ca. 1.5 mg of affinity-purified antibody bound
to the peptide affinity column. Approximately 50% of the
succinylated compounds bound, based on what passed
through the column plus what was bound nonspecifically to
the column material in the absence of antibody. The
starting antibody—drug conjugates were adjusted with PBS
to give 35 pM drug equivalent concentrations and were
diluted further with cell culture medium to give the drug
equivalent concentrations for each of the antibody conju-
gates tested.

FIV Major Envelope Glycoprotein Peptides for
Preparation of Polyclonal Antisera

Parallel procedures were employed for conjugation of drugs
to peptide antibodies specific for the major envelope
glycoprotein of FIV. Antisera to two different putative
extracellular domains of the major FIV envelope glycopro-
tein were prepared and affinity purified.

S-I CKWEEAKVKFHCQRT

S-II CARFRIRCRWNVGSD

The specificity of the peptide antisera for the major
envelope glycoprotein of FIV was confirmed by western
blot analysis of whole cell lysates of FIV-infected CFK cells
(not shown). The peptide antisera to gpl120 were checked
against authentic gpl120 obtained through the AIDS Re-
search and Reference Program of the National Institutes of

Health.

RESULTS
Drug-Antibody Conjugates for Targeting Drugs to
Surface Sites of Infected Cells

In previous studies, CFK cells infected with FIV as well as
MOLT-4 cells infected with HIV-1 exhibited differential
killing of infected cells as compared with uninfected cells
by the quassinoid glaucarubolone [2]. HIV-1-infected
MOLT-4 cells were differentially killed at a lesser amount
(two log orders) of glaucarubolone than were uninfected
cells. The growth inhibition by glaucarubolone has been
correlated with inhibition of a cell surface hydroquinone
(NADH) oxidase with protein disulfide-thiol interchange
activity [15, 16] as the basis for the hypothesis that the
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TABLE 1. Response to glaucarubolone conjugated with FIV
antibody S-II or HIV-1 antibody 75

EC.,

Response (nM)
Glaucarubolone-FIV Ab S-II conjugate

FIV-infected CFK cell viability (day 4) 1

Uninfected CFK cell viability (day 4) >100%*
Glaucarubolone-HIV-1 Ab 75 conjugate

p24 production in HIV-1-infected PBMCs (day 6) 0.2

PBMC viability (day 6) >1*

Values are based on three to four determinations.
*Highest concentrations tested due to limited availability of antibody-conjugated
drug.

drugs need not enter cells to be effective in differential
killing of the infected cells.

To target drugs to the surface of infected cells as an
approach to improve both efficacy and therapeutic index, a
series of drug—antibody conjugates were prepared. The drugs
were conjugated to antibodies specific for surface epitopes
of viral glycoproteins expressed at the surface of infected
cells. Even during early stages of viral replication, well
before mature virions are budded from the cell surface,
virus-infected cells transport and express viral glycoprotein
antigens at their cell surface ([3—6]; early literature re-
viewed in Ref. 7). Antibody—drug conjugates were prepared
as described to both brefeldin A and glaucarubolone by
reacting the drugs with peptide antibodies, as described in
Materials and Methods, against both FIV envelope glyco-
proteins and to gp120 of HIV-1.

Peptide Antibodies to Major FIV Glycoproteins

With peptides to the major FIV envelope glycoprotein,
polyclonal antisera were generated against two 15-mer
sequences. Uninfected cells treated with the antibody—
glaucarubolone conjugates were not killed at concentra-
tions up to 100 uM, whereas FIV-infected CFK cells were
killed at concentrations as low as 107% M (Ecsy = 1 pM)
(Table 1, Fig. 2). Conjugates with brefeldin A killed
infected cells at a 1 wM concentration (Fig. 3), which was
not toxic for uninfected cells.

Peptide Antibodies to Conserved Regions of gp120
HIV-1

The experience with brefeldin A and glaucarubolone
linked to antibodies directed against the major FIV enve-
lope glycoprotein was followed by trials with the same drugs
linked to peptide antibodies raised against conserved re-
gions of gpl120 of HIV-1. Three different peptide antisera
(numbered 75, 76, and 77 in Materials and Methods)
conjugated with brefeldin A were designated as S-3, S-4,
and S-5, respectively. Activity was observed with both
human MOLT-4 cells and with HIV-1-infected PBMCs
with antibody conjugates of either glaucarubolone (Table

1) or brefeldin A (Figs. 4-7).
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FIG. 2. Selective growth inhibition and killing of FIV-infected
CFK cells with glaucarubolone conjugated to peptide antibody
S-II. Each value is the average of four determinations. The
uninfected cells varied = 11 cells/mm?, and the infected cells
varied = 14 cells/mm?.

Results for selective growth inhibition and killing of
HIV-1-infected MOLT-4 cells are given in Fig. 4. After 65
hr of drug treatment, all three conjugates (S-3, S-4, and
S-5) reduced the growth of infected cells by 35-65%
without loss of viability of uninfected cells. The conjugates
also reduced virus production by the MOLT-4 cells after 48
hr, based on a p24 assay with an 1Cs, of about 1 nM (Fig. 5).

With PBMCs prepared by mixing 70% uninfected cells
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FIG. 3. Selective killing of FIV-infected CFK cells with or
without (control) ca. 1 pM brefeldin A (BFA) equivalents
conjugated to a peptide antibody (S-II) directed to a surface
epitope of the major FIV glycoprotein. Results are from a typical
experiment. The observations were repeated three times with
similar results. The time for killing of 50% of the cells was
estimated to be 48 = 6 hr.
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FIG. 4. Selective growth inhibition and killing of HIV-1 infected human MOLT-4 cells after 65 hr, comparing brefeldin A conjugated
to three different peptide antibodies directed to surface epitopes of gp120 (conjugates S-3, S-4, and S-5). The upper three panels are
from infected cells. The lower three panels are from uninfected cells tested in parallel with drug conjugated to antibody exactly as
described for infected cells. Values are averages of duplicate determinations and exhibited an average deviation from the mean of =7%.

with 30% HIV-1-infected cells (Fig. 1), conjugates S-3
(antibody 75), S-4 (antibody 76), and S-5 (antibody 77)
killed 20-30% of the infected cells by 18 hr after treatment
under conditions where uninfected cells remained com-
pletely viable (upper panels, Fig. 6). S-3 appeared to be
somewhat more effective in slowing virus production (based
on p24 assays; lower panels, Fig. 6) and was tested further.

S-3 at 10 nM reduced p24 levels in cell supernatants with
HIV-1-infected PBMCs without affecting cell viability of
uninfected cells (Fig. 7). Antibody alone was without
effect. Brefeldin A alone was cytotoxic to uninfected cells
at 107°% M, whereas the conjugate was not (Fig. 7). A
physical mixture of antibody and brefeldin A in the
approximate ratios as present with the conjugate exhibited
cytotoxicity equivalent to brefeldin A alone (data not

shown). The succinylated brefeldin A also failed to exhibit
selectivity and was not tested further.

In the PBMC system, the most promising conjugate, S-3,
was tested further in combination with AZT using AZT-
sensitive and AZT -resistant isolates of HIV-1. S-3 (10 nM)
also was active when combined with 10 and 100 nM AZT
(Figs. 8 and 9, Tables 2—4) according to the infection
schedule summarized in Fig. 1. In the presence of 10 nM
S-3 plus 10 nM AZT, production of virus was inhibited
by 90% over the 9-day observation period (Fig. 8). Approx-
imately 10 uM AZT alone was required to reduce p24
levels to the same degree as the combination of 10 nM AZT
with 10 nM S-3. Antibody 75 plus AZT were equivalent to
AZT alone. Brefeldin A plus AZT were not tested.

On day 3 following infection, the combination of 1 nM
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FIG. 5. ELISA of supernatant p24 as a measure of mature virus production after 4 days with HIV-1 infected human MOLT-4 cells
treated with various concentrations of brefeldin A—antibody conjugates. Results are based upon quadruplicate determinations. A
background blank of 10 pg/mL was subtracted. Values varied, on average, =10%.

S-3 plus 10 nM AZT was more effective than either S-3 or
AZT alone in blocking p24 production by PBMCs infected
with an AZT-sensitive HIV-1 strain (Table 2). By days 6 or
9 following infection, S-3 alone or S-3 combined with 10
nM AZT were equivalent in effectiveness but more effec-
tive than AZT alone.

The therapeutic index for the S-3 antibody conjugate
showed that 4—10-fold higher concentrations were required
to alter cell viability than to reduce p24 production. In
addition, the combination of S-3 and AZT was effective
against an AZT-resistant virus strain (Table 4). With the
AZT-resistant strain of HIV-1, the concentration of AZT
required to reduce p24 production by 50% was reduced 3-
to 5-fold by combination with 10 nM S-3.

In the presence of 10 nM S-3, 10 nM AZT resulted in a
markedly enhanced reduction of p24 production equivalent
to 10 uM AZT and with only a 10% loss of cell viability
(Fig. 8).

DISCUSSION

The approach that we followed represented a novel use of
antibodies. They were used neither to neutralize virus nor
to deliver a toxic drug into virus-infected cells but to
generate a drug—antibody conjugate directed to a novel cell
surface target to reduce virus infection and the number of
virus-infected cells. The conjugates were toxic to perma-
nently infected cell lines and with PBMCs led to a
reduction of HIV reproduction, exhibited enhanced activ-
ity as mixtures when combined with AZT, and reduced
virus reproduction of AZT-resistant HIV-1 at drug concen-
trations not toxic to uninfected cells. Free brefeldin A has
been reported to exert antiviral activity [17-21] but alone

was cytotoxic and unselective with HIV-1-infected PBMCs
in our studies.

The antibodies were bound to an affinity column during
conjugation. This ensured that the antibody binding site
was protected during conjugation and that little or none of
the drug was conjugated through the portion of the mole-
cule involved with antigen binding. This was an important
consideration in the design of the conjugation strategy and
one of the principal reasons that peptide antibodies were
utilized. The binding of the drug—antibody conjugates to
the surface of infected cells was the product of the affinity
of binding of the drug portion to its target and the affinity
of binding of the peptide antibody portion. The primary
purpose of using the antibodies toward cell surface epitopes
was to provide selectivity to ensure binding of the drug—
antibody conjugates to virus-infected cells with greater
avidity and selectivity than to uninfected cells.

The conjugates were relatively stable and appeared not
to require entry into cells to be effective. Due to the large
size of the antibody—drug conjugate, cell entry would be
restricted to endocytotic release of free drug by enzymatic
hydrolysis of the conjugates. While it is not known if the
conjugates affect virus replication per se, they did interact
synergistically with AZT and were effective against AZT-
resistant virus isolates. We suggest that the conjugates
block at a novel cell surface target. They appear to exert
antiviral activity by killing infected cells and by interfering
with either reinfection or budding and release of mature
virus or both.

Enveloped mammalian viruses generally enter cells via
fusion of viral and cellular membranes [22]. Thiol-disulfide
interchange reactions occur during the interaction of vi-
ruses with cells, and these interactions may be necessary for
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FIG. 6. Viability (upper panels) and HIV-1 pp reproduction (p24 production; lower panels) in human peripheral blood monocyte
cultures. The cultures were prepared by mixing 70% uninfected cells with 30% infected cells followed by treatment with brefeldin
A-antibody conjugates. The upper panels are percent cells after 18 hr of treatment. Infected (open symbols) but not uninfected (solid
symbols) cells appear to be killed selectively. Values are averages of six replicate determinations. The lower panels are virus production
after day 4 determined according to the scheme of Fig. 1. The average for the untreated cells was 25 = 3 ng/mL after subtraction of

a background blank of 8 pg/mL.

fusion of viral and cellular membranes [23, 24]. For exam-
ple, Sindbis virus-induced fusion of cells was enhanced by
exogenous reducing agents and inhibited by thiol alkylating
agents [24]. The explanation offered was based on a model
in which virion binding to cells led to reduction of critical
disulfide bonds in the Sindbis envelope proteins. The result
was suggested to be an increased flexibility required for
fusion of viral and cellular membranes.

Infection of lymphoid cells by HIV-1 was inhibited by
membrane impermeant sulfhydryl blocking reagents and by
inhibitors of cell surface PDI [23]. Implicit in the findings of
Ryser et al. [23] was the interpretation that the PDI-like
activity mediates a thiol-disulfide exchange with HIV-1

envelope proteins, triggering changes in conformation re-
quired for HIV-1 entry.

We have reported previously a hydroquinone (NADH)
oxidase (NADH-protein disulfide reductase) with protein
disulfide-thiol interchange activity of the plasma mem-
brane [16]. Activity measured as the oxidation of NADH is
inhibited by both glaucarubolone [15] and brefeldin A [1]
and their conjugates (unpublished results) and is the
putative drug target for the studies reported here.

The first demonstrations of the thiol interchange activity
used as the principal criterion were: the restoration of
activity to reduced, denatured, and oxidized (scrambled)
yeast RNase through reduction, refolding under non-dena-
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FIG. 7. Viability of uninfected human peripheral blood mono-
cyte cultures (PBMCs) (upper panel) and HIV-1 pp reproduc-
tion (p24 production) in infected PBMCs (lower panel). Deter-
minations were as for Fig. 4 except after 9 days of treatment,
comparing the S-3 conjugate of HIV-1 peptide antibody to
gp120 No. 75 (Ab 75) on a brefeldin A (BFA) equivalent basis
and BFA alone at 1 and 10 nM final concentrations. Ab 75
alone was tested at 75 and 750 ng/mL protein in the assay
corresponding to the amount added as the S-3 conjugate.

turing conditions, and reoxidation to form a correct sec-
ondary structure stabilized by internal disulfide bonds. The
activity resembled that of a classical PDI of the endoplas-
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FIG. 8. AZT dependence of p24 production after 9 days in the
presence of various concentrations of AZT by PBMCs infected
with HIV-1 pp in the absence (solid symbols) or presence (open
symbols) of 10 nM conjugate S-3. Values are averages of four
determinations * 5 ng/mL.
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FIG. 9. Effect of the drug—antibody conjugate S-3 in combina-
tion with 10 nM AZT on viability of PBMCs as for Fig. 4 and
on HIV-1 pp reproduction (p24 production) as for Fig. 5 except
that a background blank (about 5 pg/mL) was not subtracted.
Results are from a single experiment. Closed circles: p24
production, day 3. Closed squares: p24 production, day 6.
Closed triangles: p24 production, day 9. Open symbols and
dashed line: viability of uninfected PBMCs at days 3-9. Viabil-
ity of uninfected cells was determined by light microscopy.

mic reticulum [25] but clearly was due to the activity of a
different protein. With cancer cells, the plasma membrane
activity was responsive to a small cadre of potential anti-
tumor drugs, and the drug-responsive protein disulfide-thiol
interchange activity was not altered by the presence of two
different antisera to PDI [26]. One antisera tested was
mouse monoclonal antibody (SPA-891, StressGen Bio-
technologies) to PDI from bovine liver (cross-reactive with
PDI from human, monkey, rat, mouse, and hamster cell
lines). The other was a peptide antibody of our own
derivation directed to the characteristic cys-X-X-cys motif
common to most, if not all, members of the PDI family of
proteins [27, 28].

The drug-inhibited NADH oxidation site of the cell
surface-located drug-inhibited protein disulfide-thiol inter-
change protein postulated to be essential to virus entry also

TABLE 2. Effect of the antibody conjugate S-3 and AZT
alone and in combination on p24 production by PBMCs
infected with AZT-sensitive strain HIV-1 pp

ICso based on p24
production (nM)

Drug Day 3 Day 6 Day 9
AZT 300 500 900

S-3 10.0 4.4 6.1
S-3 combined with 10 nM AZT 0.4 6.5 5.3

Values are based on quadruplicate determinations with five concentrations of AZT
alone (107%,1078, 1077, 107, and 107> M), S-3 alone (10~'',1071°,107°, 1078,
and 1077 M), or S-3 combined with 10 nM AZT for each treatment and time point.
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TABLE 3. Effect of the antibody conjugate S-3 and AZT
alone and in combination on viability of uninfected PBMCs

LCso (KM)
Drug Day 3 Day 6 Day9
AZT 180 32 32
S-3 0.038 0.038  0.034

S-3 combined with 10 nM AZT  Not toxic at 10 nM*

Values are based on means of quadruplicate determinations with five concentrations
of AZT alone (1072, 1078, 1077, 107¢, and 10> M), S-3 alone (10~ '!, 1071°,
10721078, and 10~7 M) or S-3 combined with 10 nM AZT for each treatment and
time point.

*Higher concentrations of S-3 were not tested in combination with AZT. AZT
was without effect on cell viability.

is external [29]. Therefore, based on the considerable
correlative evidence summarized below, we postulate that
the drug-responsive protein disulfide-thiol interchange pro-
tein of the mammalian surface is the target responsible for
the antiviral activities of the conjugated drugs and, there-
fore, represents a novel new target for drug prevention of
viral infection as well as an opportunity to expand under-
standing of how enveloped viruses gain entry into cells
during the infective process.

The NADH oxidase with protein disulfide-thiol inter-
change activity of the plasma membrane was first described
as growth factor- and hormone-responsive [16, 30]. In
transformed cells, the activity was constitutive [31] and no
longer hormone- and growth factor-responsive [32]. Addi-
tionally, the activity was inhibited by thiol reagents [33].
The cancer form of the activity was inhibited specifically by
a small cadre of antitumor drugs whose sites of action, until
then, had remained elusive. These drugs included the
antitumor sulfonylureas [34], the antitumor quassinoids
[15], and the vanilloid capsaicin (8-methyl-N-vanillyl-6-
noneamide) [31, 35]. The target protein was at the external
cell surface [29], and drugs directed to the protein [36] did
not need to enter the cells to be effective [14, 37]. A cell
surface target was indicated previously from studies where
an antitumor sulfonylurea was conjugated to an impermeant
cyclodextrin [37]. Similarly, the derivatized glaucarubolone
when linked to aminopolyethyleneglycol (aminoPEG) re-
duced infectivity under conditions where 70% uninfected

TABLE 4. Effect of the antibody conjugate S-3 and AZT
alone and in combination on p24 production by PBMCs
infected with AZT-resistant strain HIV-1 p214

ICs, based on p24
production (M)

Drug Day3 Day6 Day9
AZT 4.0 4.6 9.0
S-3 >0.01 >0.01 >0.01
AZT combined with 10 nM S-3* 1.5 1.6 1.8

Values are based on quadruplicate determinations with five concentrations of AZT
alone, S-3 alone, or AZT combined with S-3 at each time point. The concentrations
of drug tested are those given for Tables 2 and 3.

*S-3 was not toxic at 10 nM to infected cells.
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cells were mixed with 30% HIV-1-infected cells. When
compared in the presence of various concentrations of
AZT, the effectiveness of conjugated drug showed an even
greater enhancement of activity, essentially preventing
virus infection as evidenced by a constant low titer of p24
over a 9-day period (Fig. 9). These findings, although
preliminary, indicate a potential cell surface target involved
in virus infection that is sensitive to immobilized drugs. The
immobilized drugs also inhibit, in infected cells, an NADH
oxidase with protein disulfide thiol interchange activity
located at the cell periphery.
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