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Treatment of human immunodeficiency virus type 1 (HIV-1)-infected individuals with highly active antiret-
roviral therapy has effectively decreased viral load to undetectable levels. However, efforts to eliminate HIV-1
from these individuals have been unsuccessful, due to the presence of stable, latent viral reservoirs in resting
and active CD4™ T lymphocytes and macrophages. These latent populations have become critical targets in the
effort to eradicate HIV-1 from infected individuals. The mechanisms of HIV-1 latency have been studied by
using the HIV-1-infected promonocytic cell line Ul. The interferon-inducible double-stranded RNA-dependent
p68 protein kinase (PKR), a key enzyme in the host-mediated antiviral response, is known to be down-regulated
during HIV-1 infection. Therefore, in order to evaluate the role of PKR in the inhibition of replication of
reactivated HIV-1 in latently infected U1 cells, we have utilized cDNA constructs containing PKR under the
transcriptional control of the HIV-1 long terminal repeat. One PKR-transduced clone, U1/106-4:27, inhibited
the tumor necrosis factor alpha (TNF-«)-induced replication of HIV-1 by 99% compared to control Ul cells as
measured by syncytium formation and HIV-1 p24 antigen enzyme-linked immunosorbent assay. Western blot
analysis showed an increase in PKR expression through 96 h postinduction in the U1/106-4:27 clone, concom-
itant with maximal increases in phosphorylation of the o subunit of eukaryotic initiation factor 2 and NF-«kB
activity at 72 h postinduction. These results demonstrate that overexpression of PKR can inhibit the replica-
tion of reactivated HIV-1 in latently infected cells and confirm the involvement of PKR in the interferon-
associated antiviral pathway against HIV-1 infection. Additionally, treatment of the PKR-transduced U1/106-
4:27 clone with the protease inhibitor saquinavir (250 nM) completely inhibited TNF-a-induced HIV-1

replication.

Human immunodeficiency virus type 1 (HIV-1) infection
includes an asymptomatic period of clinical latency, which in-
tervenes between infection and the development of AIDS (40).
The understanding of the role of viral latency in HIV-1 infec-
tion has been markedly advanced by measurement of viral
burden in HIV-1-infected individuals receiving highly active
antiretroviral therapy (HAART). Although HIV-1-infected in-
dividuals receiving HAART can achieve undetectable viral
loads (<200 copies of HIV-1 RNA per ml of serum), HIV-1
infection is not likely to be eradicated by this approach due to
the presence of a stable copy number in resting and activated
CD4" T cells (14, 22, 24, 59). Further, HIV-1-infected indi-
viduals who interrupted drug treatment because of intolerance
or noncompliance showed a rapid increase in viral load to
pretherapy levels (26). Therefore, innovative strategies are
necessary to inhibit the replication of reactivated HIV-1 in
latently infected cells. Advances in this area have been made by
studying latently infected cell models in which constitutive
HIV-1 expression is minimal but can be induced physiologi-
cally with cytokines (8).
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The approach to inhibiting HIV-1 replication utilized in this
laboratory has been to employ the interferon (IFN)-associated
antiviral defense pathway. IFNs are produced and secreted by
cells in response to various inducers such as double-stranded
RNA (dsRNA) or viral infection. IFNs have the capacity to
induce a series of gene products through signal transduction
pathways which can interfere with viral infection and other
events such as proliferation and differentiation (53). IFNs are
already clinically used against hepatitis B and C viruses, HIV-1,
and papillomavirus (28). A key enzyme in the host-mediated
antiviral response is the IFN-inducible, dsRNA-dependent
protein kinase PKR, a serine/threonine kinase (42). The bind-
ing of two molecules of PKR to one molecule of dsRNA
initiates an autophosphorylation event which is followed by
phosphorylation of the a subunit of eukaryotic initiation factor
2 (elF-2a), preventing a GDP-for-GTP recycling reaction and
leading to inhibition of protein synthesis initiation (38, 50, 56).
In vitro studies have also suggested that PKR activates NF-«kB
by phosphorylation of I-kB, the NF-«B inhibitor (35, 36, 61).
However, the direct phosphorylation of I-kB by PKR or the
interaction of these two proteins has not been demonstrated in
vivo. Activated NF-kB migrates to the nucleus and activates
the transcription of many genes implicated in the antiviral and
antiproliferative effects of IFN (55). The activation of PKR in
infected cells has been shown to result in the death of these
cells, the prevention of virus replication, and the subsequent
infection of neighboring cells (34, 54). However, many viruses,
including HIV-1, have developed strategies to down-regulate
PKR levels and/or activity following infection (6, 33, 34, 41).
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PKR is upregulated immediately following HIV-1 infection by
HIV-1 TAR RNA, which acts as a dsSRNA activator (6, 32, 47,
48). However, in later stages of HIV-1 infection, PKR is in-
hibited due to the binding of HIV-1 TAR RNA to HIV-1 Tat
protein. The antiviral pathways are thus down-regulated, and
infectious HIV-1 particles appear in the supernatant. In hu-
mans, this leads to the progression to AIDS (19).

The purpose of the current study was to investigate the role
of PKR expression and activity during HIV-1 reactivation by
placing PKR cDNA under the transcriptional control of the
HIV-1 long terminal repeat (LTR), followed by transduction
through a retrovirus-mediated delivery system into the HIV-1
latently infected model promonocytic cell line U1. To accom-
plish this goal, we have employed intracellular immunization,
i.e., the regulated expression of a molecular species designed
to interfere with and prevent HIV-1 replication (4). In order to
be effective, the introduced genes must (i) be stably expressed
in sufficient quantities to inhibit viral replication, (ii) be non-
toxic to the target cells, and (iii) be efficiently transferred to the
target cells (60). The intracellular immunization approach
used in the current study selectively expresses PKR following
HIV-1 reactivation. We examined the inhibition of tumor ne-
crosis factor alpha (TNF-a)-induced replication of reactivated
HIV-1 in PKR-transduced Ul clones. PKR expression and
enzyme activity post-TNF-a induction were also examined.

MATERIALS AND METHODS

Cell culture. SupT1 (T lymphoblastoid) and Ul (promonocytic) cells were
obtained from the National Institutes of Health AIDS Research Reference and
Reagent Program and were grown at 37°C and 5% CO, in RPMI 1640 medium
(GIBCO) containing 2 mM glutamine and supplemented with 10% heat-inacti-
vated donor calf serum and 100 U of penicillin-streptomycin (Biofluids, Inc.) per
ml. The amphotropic retroviral packaging cell line GP+envAm12 (a generous
gift from A. Bank) was grown at 37°C and 5% CO, in Dulbecco modified Eagle
medium (GIBCO) containing 2 mM glutamine and supplemented with 10%
heat-inactivated donor calf serum and 100 U of penicillin-streptomycin per ml.

Retrovirus-mediated transduction of Ul cells. The cloning procedures were
performed as previously described (1, 2). Briefly, the plasmid pSP72 (Promega)
was digested with X0l and PstI and a triple ligation was performed to create the
plasmid which contains the HIV-1 LTR controlling the expression of wild-type
PKR c¢DNA (1,826-nucleotide HindIII/Pstl fragment). The HIV-1 LTR-PKR
c¢DNA fragment (2,813 bp) was directly subcloned into the pN2 vector (Fig. 1A)
in the reverse orientation to ensure only HIV-1 LTR-driven transcription of the
antiviral PKR ¢cDNA (pMEA106, Fig. 1B). The plasmids (pN2 and pMEA106)
were each transfected into GP+envAm12 cells by standard procedures for cal-
cium phosphate coprecipitation (49). Stable transfectants were selected by cul-
turing the cells in the presence of 1 mg of G418 (GIBCO) per ml. Individual
clones (producer cell lines N2-20 [backbone vector] and 106-4 [HIV-1 LTR-
PKR, reverse orientation]) were isolated by minitrypsinization in cloning wells
(Bellco Glass Company) and expanded for further characterization. Superna-
tants were collected from the retroviral producer cell lines N2-20 and 106-4 and
incubated with U1 cells for 2 h. Homogeneous cell populations containing the
integrated retroviral vector were obtained by serial dilution of U1 cells followed
by selection in the presence of 1 mg of G418 per ml. Integration and copy
number of the proviral construct were confirmed by Southern blot analysis with
a 923-bp neomycin gene-specific radiolabeled probe (data not shown).

HIV-1 induction of retrovirally transduced, G418-selected U1 cells. U1 cells
and transduced cells (2 X 10° cells/ml in 10 ml) were induced with 50 ng of
TNF-a (Promega) per ml at 37°C and 5% CO,. Cells were collected at 0, 24, 48,
72, and 96 h postinduction (p.i.) for cytoplasmic and nuclear protein extraction.

HIV-1-induced syncytium analysis. Transduced and control U1 cells (2 X 10°
cells/200 wl) were treated with 50 ng of TNF-a per ml and incubated at 37°C and
5% CO, in a 96-well plate. In the study involving saquinavir (SQV; Roche), 2 X
10° cells were pretreated with SQV at final concentrations of 0.25, 2.5, 25, 250,
and 2,500 nM 1 h prior to induction of HIV-1 replication with TNF-a (final
volume, 300 pl). Forty-eight hours p.i., the cells were serially diluted through
1:27; 2 X 10° SupT1 indicator cells were then added to each well. Syncytia were
scored 96 h p.i. A single syncytium score from triplicate assays was calculated by
correcting for each dilution factor and averaging the three values.

Western blot analysis. Protein preparations were obtained by NP-40 extrac-
tion (20 mM HEPES [pH 7.5], 5 mM MgCl,, 120 mM KCl, 10% glycerol, 0.5%
NP-40) of transduced cells and U1 cell controls at 0, 24, 48, 72, and 96 h p.i. One
hundred micrograms of protein extract was separated by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis and transferred to a nitrocellulose mem-
brane. The blots were then probed with either a 1:200 dilution of our rabbit
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polyclonal anti-PKR antibody followed by a 1:1,000 dilution of horseradish
peroxidase (HP)-conjugated mouse anti-rabbit immunoglobulin G (IgG)
(Pierce) or a 1:1,000 dilution of human sera obtained from an HIV-1-infected
patient (generously provided by B. Suh) followed by a 1:1,000 dilution of HP-
conjugated goat anti-human IgG (Pierce). Blots were developed by the ECL
system (Amersham), followed by autoradiography. Densitometric analyses were
done by using the NIH Image program, version 1.6. The same protocol was used
with 50 pg of nuclear protein extract for the NF-kB expression (52). The blots
were then probed with a 1:1,000 dilution of either rabbit polyclonal anti-p50
antibody or rabbit polyclonal anti-p65 antibody (Rockland) followed by a 1:1,000
dilution of HP-conjugated mouse anti-rabbit IgG (Pierce).

Determination of eIF-2a phosphorylation. Protein preparations of transduced
cells and U1 cell controls were obtained by CHAPS (3-[(3-cholamidopropyl)-
dimethylammonio]-1-propanesulfonate) extraction (9.5 M urea, 5% CHAPS, 1%
Pharmalyte [pH 4.5 to 5.4], 1% Pharmalyte [pH 5 to 6], 50 mM NaF, 25 mM
dithiothreitol) at 0, 24, 48, 72, and 96 h p.i. (51). Fifty micrograms of protein
extract was analyzed by vertical slab isoelectric focusing (VSIEF) gel electro-
phoresis (39). After transfer, Western blot analysis was performed as described
above, with a 1:10,000 dilution of mouse monoclonal anti-eIF-2a antibody (a
generous gift from J.-J. Chen), followed by a 1:5,000 dilution of HP-conjugated
goat anti-mouse IgG (Pierce). The size of elF-2a was verified by migration
alongside authentic purified eIF-2a (generous gifts from W. C. Merrick and S. R.
Kimball).

Determination of NF-kB activity. Protein preparations of transduced cells and
U1 cell controls were obtained by nuclear extraction at 0, 24, 48, 72, and 96 h p.i.
(52). Five micrograms of nuclear extract was incubated with a **P-labeled com-
plementary, synthetic oligonucleotide probe corresponding to the NF-kB binding
site (sense probe, 5'-ACAAGGGACTTTCCGCTGGGGACTTTCCAGGGA-
3") and analyzed by gel electrophoretic mobility shift assay (GEMSA) (3). Gels
were dried and analyzed by autoradiography. Densitometric analysis was per-
formed as described above. Specificity of NF-«kB for its DNA oligonucleotide
sequence was demonstrated by (i) competition with a 40-fold excess of unlabeled,
annealed kB probe and (ii) supershift analysis with rabbit polyclonal antibodies
against p65, p50, and I-kB (Rockland), added 30 min prior to incubation with the
radiolabeled oligonucleotide probe.

RESULTS

During HIV-1 infection, it has been shown that PKR expres-
sion and enzyme activity are down-regulated (47, 48). This
down-regulation occurs primarily through the binding of
HIV-1 Tat protein to the viral dsSRNA element, HIV-1 TAR
RNA, thus inhibiting PKR activation. In addition, HIV-1 Tat
has been demonstrated to down-regulate PKR activity by di-
rect interaction with this kinase (7, 41).

Retroviral transduction of Ul cells with HIV-1 LTR-PKR
c¢DNA constructs. To understand the impact of overexpression
of PKR on the replication of reactivated HIV-1 in latently
infected cells, we describe experiments in which the latently
infected promonocytic cell line Ul was stably transduced with
an HIV-1 LTR-driven PKR cDNA construct (106-4) via a
retrovirus-mediated delivery system (Fig. 1). Nontransduced
Ul cells and N2-20 (backbone vector)-transduced clones pro-
vided controls for PKR expression. Thirteen N2-20 and 27
106-4-transduced Ul clones were isolated. The clones were
verified to contain the correct integrated cDNA by Southern
blot analyses (data not shown). Cell numbers and viability of all
clones were normal compared to those of the Ul control cell
line (data not shown). The clones were characterized by their
ability to inhibit TNF-a-induced replication of reactivated
HIV-1 as follows.

TNF-a-induced replication of reactivated HIV-1 is inhibited
in HIV-1 LTR-PKR cDNA-transduced Ul cells. Ul control
cells and the PKR-transduced U1 clones were characterized by
formation of HIV-1-induced syncytia (Fig. 2), Western blot
assay for HIV-1 proteins (Fig. 3A), and HIV-1 p24 antigen
capture enzyme-linked immunosorbent assay (ELISA) (Fig.
3B). Of the 27 clones containing the HIV-1 LTR-PKR cDNA,
two clones (U1/106-4:26 and U1/106-4:27) inhibited syncytium
formation by 99% compared to U1 control cells (Fig. 2). The
syncytial score for the U1/N2-20:12 clone was essentially the
same as that for the Ul control cells. Based on repeated syn-
cytium assays, the U1/106-4:27 clone was selected as a repre-
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FIG. 1. Plasmid constructions. Restriction maps of pN2 (A) and pMEA106 (B) plasmids are depicted. The pMEA106 plasmid was obtained by inserting the HIV-1
LTR-PKR-poly(A) cDNA fragment (2,813 bp), in the reverse orientation, into the Xhol site of the pN2 backbone vector. pN2 and pMEA106 were then individually
transfected into the GP+envAm12 packaging cell line. The obtained homogeneous retroviral producer cell clones with the highest titers, i.e. N2-20 and 106-4, were
used to transduce Ul cells. MoMLV, Moloney murine leukemia virus. ORI, origin; ROP, replication origin.

sentative clone for further comparison with the Ul control.
Western blot analysis of Ul control cells with sera from an
HIV-1-infected individual demonstrated a large induction of
HIV-1 p24, gp41, gp120, and gp160 protein expression at 24,
48, 72, and 96 h p.i., compared to uninduced U1 control cells
(time zero) (Fig. 3A). However, in the U1/106-4:27 clone,
HIV-1 protein expression was dramatically inhibited at 24, 48,
72, and 96 h p.i. compared to that in nontransduced U1 control
cells. Finally, quantitative analysis of the inhibition of HIV-1
p24 antigen expression in cell supernatants of the U1/106-4:27
clone by ELISAs revealed a 99% inhibition at 72 h p.i., com-
pared to Ul control cells (Fig. 3B). HIV-1 p24 antigen expres-
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FIG. 2. HIV-1-induced syncytium formation in U1 and PKR-transduced U1l
cells in response to TNF-a treatment. Ul control cells and the U1/N2-20:12
(backbone vector control), U1/106-4:26, and U1/106-4:27 clones were treated
with TNF-a (50 ng/ml), and syncytia were scored in triplicate at multiple dilu-
tions at 96 h p.i. A single syncytium score was calculated as described in Materials
and Methods.

sion was strongly inhibited up to 7 days p.i. (data not shown).
Therefore, we have demonstrated that transduction of an
HIV-1 LTR-PKR retroviral cDNA construct into the genome
of Ul cells results in the inhibition of the TNF-a-induced
replication of reactivated HIV-1.

PKR expression increases in the PKR-transduced clone fol-
lowing TNF-« treatment. To test whether the inhibition of
HIV-1 in the PKR-transduced Ul clone coincided with in-
creased PKR expression, Western blot assays were performed
at 0, 24, 48, 72, and 96 h p.i. with a polyclonal anti-PKR
antibody. PKR expression in U1 control cells increased 1.5-,
2.4-, and 4-fold at 24, 48, and 72 h p.i., respectively, compared
to that at time zero (Fig. 4). Simultaneously, PKR expression
in the U1/106-4:27 clone was increased 4.8-, 6.4-, and 6.7-fold
at 24, 48, and 72 h p.i., respectively. Thus, the increases in PKR
expression in the U1/106-4:27 clone coincide with the inhibi-
tion of TNF-a-induced HIV-1 replication shown in Fig. 2 and
3. The data demonstrate that the PKR antiviral pathway is
augmented in the U1/106-4:27 clone. At 96 h p.i., the expres-
sion of PKR in the U1/106-4:27 clone decreased, which may be
attributed to the absence of HIV-1 infectious particles and
subsequent return of normal cellular function (Fig. 4). In some
experiments, endogenous PKR expression was observed at
time zero in controls and clones. This increased PKR expres-
sion can be explained by the low basal expression of HIV-1 in
the U1 cell line. We have further demonstrated the involve-
ment of PKR in the IFN-associated antiviral pathway in HIV-1
infection; PKR activity is inhibited in U1/106-4:27 cells when
the PKR inhibitor 2-aminopurine (10, 57) is added prior to
induction of HIV-1 replication with TNF-a (data not shown).

elF-2a phosphorylation increases in the PKR-transduced
clone following TNF-a treatment. To investigate the mecha-
nism of the anti-HIV-1 effect of overexpression of PKR, we
measured PKR activity in the cytoplasm after TNF-a treat-
ment. The phosphorylation state of eIF-2a in nontransduced
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FIG. 3. Expression of HIV-1 proteins in Ul and PKR-transduced U1 cells in
response to TNF-a treatment. (A) Protein extracts were prepared at 0, 24, 48, 72,
and 96 h p.., and equivalent amounts (100 pg) were analyzed by Western
blotting with human sera obtained from an HIV-1-infected individual. HIV-1
protein sizes were determined by comparison with Rainbow molecular weight
markers (Amersham) (B) Cell supernatants were tested for HIV-1 p24 antigen
levels by using the HIV-1 p24 antigen capture ELISA kit (SAIC Frederick) (m,
Ul control; O, U1/106-4:27 clone). Vertical bars represent the standard devia-
tions obtained with three independent experiments.

U1 controls and the U1/106-4:27 clone was determined by
VSIEF gel electrophoresis. At 48 and 72 h p.i., levels of phos-
phorylated eIF-2a in the U1/106-4:27 clone were increased 2.6-
and 2.5-fold, respectively, over that at time zero (Fig. 5). A
decline in eIF-2a phosphorylation to 2.0-fold was observed for
the U1/106-4:27 clone at 96 h p.i. These results indicate that
the increased PKR expression found in the TNF-a-treated
PKR-transduced Ul clone occurs concomitantly with in-
creased PKR enzyme activity. Thus, the enhancement of the
PKR antiviral pathway in TNF-a-treated U1 cells transduced
with HIV-1 LTR-PKR ¢DNA is responsible for the inhibition
of the replication of reactivated HIV-1.

NF-kB activity increases in the PKR-transduced U1 clone
following TNF-a treatment. It is known that, in addition to
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FIG. 4. PKR expression in Ul and PKR-transduced Ul cells in response to
TNF-a treatment. (A) Protein extracts were prepared at 0, 24, 48, 72, and 96 h
p.i., and equivalent amounts (100 pg) were analyzed by Western blotting with a
polyclonal anti-PKR antibody. PKR was calculated to be 68 kDa by migration
alongside bovine serum albumin (66 kDa) contained within the molecular mass
markers. (B) Protein levels of PKR were determined by densitometric analysis of
Western blots of three independent experiments (m, U1 control; [J, U1/106-4:27
clone). Vertical bars represent the standard deviations obtained with three in-
dependent experiments.

elF-2a, there are other substrates of PKR. One of these targets
for PKR kinase activity, at least in vitro, is the inhibitor of the
NF-kB family of transcription factors, I-kB (16, 35). As such,
PKR has been shown to be an important factor in the complex
regulation of NF-kB (10, 36, 37, 44). Interestingly, NF-kB is
also involved in the positive regulation of HIV-1 expression,
through interaction with the two kB sites present in the HIV-1
LTR (43). To further investigate the effect of overexpression of
PKR on NF-kB activity in the HIV-1 LTR-PKR-transduced
U1 cells, the following two assays were used. Western blot
analysis of nuclear protein extracts with the prototypic NF-kB
monomers p65 and p50 was used to determine levels of the
individual monomers present in the nucleus. GEMSAs were
used to determine the ability of the classic dimeric form of
NF-kB (p65-p50) to bind to its cognate DNA sequence. West-
ern blot analysis demonstrated 20- and 10-fold increases in
nuclear p65 and p50 expression, respectively, in Ul control
cells at 24 h p.. and gradual decreases through 96 h p.i,
compared to time zero (Fig. 6A). However, in the U1/106-4:27
clone, nuclear p65 and p50 expression increased 62- and 38-
fold, respectively, at 72 h, which was maintained through 96 h
p.i.
GEMSA analysis of DNA binding activity in U1 cell controls
demonstrated a 4.9-fold increase at 48 h p.i. compared to
uninduced Ul cell controls, with a gradual decrease through
96 h p.. In the U1/106-4:27 clone, there was an 8.4-fold in-
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FIG. 5. Phosphorylation of eIF-2a in Ul and PKR-transduced Ul cells in
response to TNF-« treatment. (A) Protein extracts were prepared at 0, 24, 48, 72,
and 96 h p.i., and equivalent amounts (50 pg) were analyzed by VSIEF gel
electrophoresis, followed by Western blot analysis with a monoclonal anti-eIF-2a
antibody. A representative gel is shown. (B) Densitometric analyses of gels from
three independent experiments are presented. One arbitrary unit corresponds to
the amount of eIF-2a in the U1 control (m) and U1/106-4:27 clone ([J) at time
zero, set at 100%. Vertical bars represent the standard deviations obtained with
three independent experiments.

crease over uninduced Ul control cells at 72 h, which was
maintained through 96 h p.i. (Fig. 6B). The specificity of the
GEMSA was demonstrated by competition for radioactive kB
oligonucleotide binding with a 40-fold molar excess of an un-
labeled kB oligonucleotide (Fig. 6B, lane 1). In addition, the
NF-kB-DNA complex was supershifted with polyclonal anti-
p65 and anti-p50 antibodies but not with an anti-I-kB antibody
(Fig. 6B, lanes 2, 3, and 4). These data demonstrate that in-
creases in NF-kB expression in the early stages of HIV-1 in-
fection (24 h p.i.) in nontransduced U1 cells are the result of
active replication of the virus. However, in the PKR-trans-
duced U1 clone, the later appearance of high levels of active
NF-kB (72 h p.i.), in tandem with the near-total absence of
HIV-1 replication, indicates that the HIV-1 LTR-PKR cDNA
construct is not increasing the expression of HIV-1.
Inhibition of TNF-a-induced replication of HIV-1 in the
PKR-transduced Ul clone treated with SQV. In view of the
99% inhibition by the overexpressed PKR, it was necessary to
determine if the remaining 1% HIV-1 expression in the TNF-
a-treated U1/106-4:27 clone was a unique variant of HIV-1 or,
alternatively, whether this 1% remaining HIV-1 could be in-
hibited by the approved HIV-1 reverse transcriptase (RT)
and/or protease inhibitors. Consistent with published reports,
the RT inhibitor zidovudine did not inhibit HIV-1 replication
in latently infected Ul cells (data not shown) because the
HIV-1 RNA genome is already reverse transcribed and inte-
grated into the Ul cellular genome (46). The HIV-1 protease
inhibitor SQV (250 nM) inhibited HIV-1 replication in the Ul
controls by 63%, whereas SQV (250 nM) completely inhibited
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FIG. 6. Regulation of NF-«kB expression and activity in Ul and PKR-trans-
duced Ul cells in response to TNF-a treatment. (A) Nuclear expression of
NF-kB p65 and p50 monomers: nuclear protein extracts were prepared at 0, 24,
48, 72, and 96 h p.i., and equivalent amounts (50 pg) were analyzed by Western
blotting with polyclonal anti-p65 and anti-p50 antibodies. Protein sizes were
determined by comparison to the molecular weight markers. (B) Induction of
NF-kB-DNA binding activity: 5 pg of nuclear protein extracts from U1 control
cells and the U1/106-4:27 clone treated with TNF-a (50 ng/ml) was analyzed for
NF-«B activity by binding to a 5'-end-labeled HIV-1 kB double-stranded DNA
oligonucleotide (see Materials and Methods). Verification of the specificity of
NF-«B binding was done by antibody supershift assays. Nuclear protein extracts
from the TNF-a-treated U1/106-4:27 clone at 72 h p.i. (5 pg) were incubated
with a 40-fold excess of unlabeled HIV-1 kB double-stranded DNA oligonucle-
otide (lane 1), polyclonal anti-p65 (lane 2), anti-p50 (lane 3), or anti-I-kB (lane
4) antibodies.

the replication of reactivated HIV-1 in the PKR-transduced
clone (Fig. 7). Similar inhibitions of HIV-1 p24 antigen expres-
sion were observed in the presence of SQV at 250 nM (data
not shown).

DISCUSSION

In this report, reactivation of latent HIV-1 has been studied
in vitro with the U1 cell line. U1, an HIV-1 latently infected
cell line derived from the well-characterized promonocytic cell
line U937, harbors two integrated provirus copies in which
HIV-1is expressed by TNF-a or tetradecanoyl phorbol acetate
(8, 25, 46). It has been reported elsewhere that, in U1 cells, a
mutation in the fat gene is involved in postintegration latency
(20). In this study, we provide direct evidence that the overex-
pression of human PKR in Ul cells inhibits HIV-1 replication.
This evidence was obtained via the strategy of intracellular
immunization. Previous antiretroviral gene therapy ap-
proaches in which foreign gene products were introduced into
the cell have suffered from the potential rejection of gene-
modified cells by host immune surveillance. The retrovirus-
mediated transduction of HIV-1 LTR-PKR ¢cDNA constructs
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FIG. 7. TNF-a-induced replication of HIV-1 in U1l and PKR-transduced Ul
cells treated with SQV. U1 control (A) and U1/106-4:27 (B) cells were incubated
with the indicated concentrations of SQV 1 h prior to treatment with TNF-a (50
ng/ml). Syncytia were scored in triplicate at multiple dilutions at 96 h p.i. A single
syncytium score was calculated as described in Materials and Methods.

described here is an advance over other antiretroviral systems
described to date. The HIV-1 LTR-controlled IFN-a2 system
relies on the expression of IFN-a, which leads to the induction
of many other genes with a myriad of consequences (5). Unlike
IFN-a, PKR requires the presence of dsRNA for its activation,
thereby adding a second requirement for establishment of an
antiviral state. Thus, our approach may ultimately provide an
efficient therapeutic strategy to inhibit reactivation of HIV-1 in
latently infected cells. This technique ensures that PKR will be
transcriptionally silent in the absence of HIV-1 LTR-induced
expression and will not activate host immune surveillance, i.e.,
development of cytotoxic T-cell responses.

Reactivation of HIV-1 in latently infected U1 cells is inhib-
ited by 99% in the HIV-1 LTR-driven PKR cDNA-transduced
U1/106-4:27 clone, without cytotoxicity (Fig. 2 and 3). In this
clone, following TNF-« induction of HIV-1, we have demon-
strated that the overexpression of PKR occurred concomi-
tantly with increases of eIF-2a phosphorylation, NF-kB nu-
clear expression, and NF-kB-DNA binding activity (Fig. 4, 5,
and 6). The experiments reported here were conducted for
96 h, on the basis of the observation that maximal elF-2a
phosphorylation occurred at 72 h p.i. and subsequently de-
creased at 96 h p.i. (Fig. 5). Similarly, the maximum expression
of the nuclear transcription factor NF-kB was at 72 h with a
marked decrease at 96 h (Fig. 6). The role of NF-«B in this
system must be complex in that there is competition for tran-
scription of the HIV-1 genome, normal cellular genes, and the
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HIV-1 LTR-driven PKR c¢cDNA. The inhibition of replication
of reactivated HIV-1 by the overexpression of PKR resulted in
the inhibition of HIV-1 protein synthesis and, therefore, the
decrease in HIV-1 infectious particles. These results support
the report that, in cells which express PKR, virus replication is
inhibited and infection of neighboring cells is prevented (54).
Finally, an examination of the effect of the HIV-1 protease
inhibitor SQV on TNF-a-induced HIV-1 replication in the
PKR-transduced Ul clone demonstrated a 100% inhibition of
syncytium formation at 250 nM SQV, compared to a 63%
inhibition in the U1 control cells (Fig. 7). In the control Ul
cells, a 10-fold-higher SQV concentration (2,500 nM) was in-
sufficient for complete inhibition (92%). In a related study
from this laboratory, we reported a 90% inhibition of HIV-1
replication in SupT1 cells transduced with HIV-1 LTR-PKR
cDNA constructs. The addition of 250 nM zidovudine com-
pletely inhibited the replication of the remaining HIV-1 (2).

Current anti-HIV-1 strategies which include HIV-1 RT in-
hibitors (nucleoside analogs) and protease inhibitors have had
limited success as evidenced by the evolution of resistant ret-
roviral strains and the inability to suppress HIV-1 replication
following maintenance regimens after an initial response to
combination antiretroviral therapy (29, 45). Several laborato-
ries have reported the existence of reservoirs (sanctuaries)
which contain either latent HIV-1 in resting cells, slowly rep-
licating HIV-1, hidden HIV-1 virions, HIV-1 in compartments
that are not accessible to anti-HIV-1 drugs, or latently infected
memory CD4™" cells that carry integrated provirus (11, 14, 15,
17,21, 24). Recent estimates of the decay rates of reservoirs of
resting CD4" T cells infected with HIV-1 indicate that an
individual would need to receive HAART for over 60 years
before eradication of the virus would occur (23). Further, while
these reservoirs are not comprised of HIV-1 drug-resistant
variants, the possibility of their reactivation poses a problem at
the time of termination of treatment of HIV-1-infected indi-
viduals (29, 45, 58, 59). Latently infected cells have been iso-
lated from antiretroviral therapy-naive patients, as well as
those receiving HAART (11, 14, 15, 24, 58, 59). Because of the
predominance of these HIV-1 reservoirs in the microenviron-
ment of the lymphoid tissue, they are subject to activation by a
variety of endogenous cytokines (12). Thus, the discontinua-
tion of HAART may allow for the reactivation of HIV-1 and
reestablishment of productive HIV-1 infection. Recent studies
have shown that induction of latent reservoirs to a productive
HIV-1 replicative state with a combination of proinflammatory
and immunoregulatory cytokines allows these reservoirs to be
targeted and effectively removed with HAART (12, 13). How-
ever, the potential disadvantages of this approach cannot be
overlooked. The success of this therapeutic strategy is contin-
gent upon the removal of HAART, to allow the reactivation of
HIV-1 in the latent compartments to take place. Allowing the
reestablishment of productive HIV-1 infection may have seri-
ous consequences, in that it does not consider other compart-
ments of latent infection, such as macrophages or dendritic
cells (11). Furthermore, the use of cytokines (e.g., interleu-
kin-2) can have toxic effects and therefore may not be amena-
ble to an in vivo therapy regimen (9, 18).

Regardless of the mechanism of reactivation of latent HIV-1
(i.e., by long-range transmission from infected T cells or by
proximal activation, transmission, and interaction with an an-
tigen-presenting cell), latently infected cells play an essential
role in sustaining HIV-1 infection, even if they do not contrib-
ute substantially to viral load (27). We present here an alter-
native approach to the inhibition of HIV-1 replication, namely,
prevention of the reactivation of latently infected cells by the
strategy of intracellular immunization. The studies with la-
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tently infected Ul cells described are in agreement with a
previous report from our laboratory in which PKR is overex-
pressed in SupT1 cells transduced with HIV-1 LTR-PKR
cDNA constructs (2). We have also reported that transduction
of an HIV-1 LTR-driven cDNA construct containing the nat-
ural antiviral gene product 2-5A synthetase into the chromo-
some of SupT1 cells effectively inhibits HIV-1 replication (30,
31). The complete inhibition of the replication of HIV-1 in the
U1/106-4:27 clone by the combination of overexpressed PKR
and a low-dose antiretroviral compound (SQV) is especially
significant. The strategy of intracellular immunization coupled
with decreased dosages (and associated toxicities) of approved
antiretroviral drugs may have great potential in achieving com-
plete inhibition of HIV-1 in latent reservoirs, as well as reduc-
ing the risk of generating viral escape mutants.
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