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Despite recent progress in anti-human immunodeficiency virus (HIV) therapy, drug toxicity and emergence
of drug-resistant isolates during long-term treatment of HIV-infected patients necessitate the search for new
targets that can be used to develop novel antiviral agents. One such target is the process of nuclear translo-
cation of the HIV preintegration complex. Previously we described a class of arylene bis(methylketone)
compounds that inhibit HIV-1 nuclear import by targeting the nuclear localization signal (NLS) in the matrix
protein (MA). Here we report a different class of MA NLS-targeting compounds that was selected using
computer-assisted drug design. The leading compound from this group, ITI-367, showed potent anti-HIV
activity in cultures of T lymphocytes and macrophages and also inhibited HIV-1 replication in ex vivo cultured
lymphoid tissue. The virus carrying inactivating mutations in MA NLS was resistant to ITI-367. Analysis by
real-time PCR demonstrated that the compound specifically inhibited nuclear import of viral DNA, measured
by two-long terminal repeat circle formation. Evidence of the existence of this mechanism was provided by
immunofluorescent microscopy, using fluorescently labeled HIV-1, which demonstrated retention of the viral
DNA in the cytoplasm of drug-treated macrophages. Compounds inhibiting HIV-1 nuclear import may be

attractive candidates for further development.

The step of nuclear translocation of the human immunode-
ficiency virus type 1 (HIV-1) preintegration complex (PIC) is
essential for viral replication, as it allows the PIC to get into
contact with the cellular chromatin. A characteristic feature of
HIV-1 is its ability to replicate in nondividing cells (14, 35, 60).
Replication in nonproliferating cells depends on the aptitude
of the virus to transport its PIC into the cell’s nucleus through
an intact nuclear membrane by an active, energy-dependent
mechanism (8). This feature is not shared by oncogenic retro-
viruses such as murine leukemia virus, which does not use the
active nuclear translocation mechanism but relies on the
breakage of the nuclear membrane during mitosis to gain ac-
cess to the nuclear compartment (35, 51). Initially it was pre-
sumed that this unusual feature of HIV-1 would manifest itself
only in nondividing cells such as macrophages (29, 58). How-
ever, recent experiments demonstrated that HIV-1 employs its
active nuclear import mechanism for infection of proliferating
cells as well (3, 34). Since only a small proportion of T cells in
the body divide, the capability to enter the cell nucleus during
interphase would be extremely beneficial for the virus and may
account for its very high replication rate observed in HIV-
infected patients (31, 59).
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There is still no consensus about the mechanisms that govern
nuclear import of the HIV-1 PIC (43). Three HIV-1 proteins,
matrix protein (MA), integrase (IN), and viral protein R (Vpr),
have been proposed as karyophilic agents that recruit the cellular
nuclear import machinery to the PIC. Another factor that may
regulate HIV nuclear import is the specific structure of the viral
cDNA intermediate termed “central DNA flap” (62). However,
none of these factors appears to be essential for HIV-1 nuclear
import, which seems to be regulated by a plethora of redundant
determinants (46). While elimination of each individual determi-
nant might have only a partial negative effect on viral nuclear
entry, together they ensure the efficiency of this extremely impor-
tant step for the virus. This redundancy in the regulation of the
HIV nuclear import process explains the controversy surrounding
this issue. The story of MA is a good example of this controversy.
Historically, MA was the first protein implicated in HIV-1 nuclear
import (7, 58). However, several later reports questioned the role
of MA in HIV-1 nuclear import (18, 19). The main argument
against MA being the principal HIV nuclear-targeting protein
was the finding that the virus lacking most of the MA was still
capable of infecting nondividing cells, albeit with a greatly re-
duced efficiency (49). As with other HIV proteins involved in PIC
nuclear import, MA, while clearly required for efficient nuclear
import, appears to be only one of several factors regulating this
process (6).

Whereas most of the MA in the virion localizes outside the
core and forms the layer between the viral capsid and the
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envelope (hence its name), some MA molecules are found in
tight association with the HIV core and the PIC (9, 41). The
MA protein contains two well-defined basic-type nuclear lo-
calization signals (NLSs) with the core amino acid sequences
of 2°KKKYK (NLS-1) and "'°KSKKK (NLS-2) (25, 42). Sub-
stitutions of selected lysine residues in the MA NLSs resulted
in significant reduction in replication of mutated virus (25).
NLS-1, 2°KKKYK, exhibited less tolerance for such mutations.
Import of cellular proteins containing such NLSs across the
nuclear pore complex is mediated by special transport proteins
called importins or karyopherins, which bind NLS-containing
proteins in the cytosol and target them to the nucleus (37).
Importin « is an adaptor that ensures binding of a basic NLS
substrate to importin (3, which is then responsible for docking
of importin-NLS protein complexes to nucleoporins (a collec-
tive term for nuclear pore complex proteins) and translocation
through the pore (50).

Targeting MA NLS-dependent nuclear import by using excess
NLS mimetics was shown to inhibit HIV replication (7, 20, 24).
The NLS mimetics presumably worked by competing with the
MA NLS for binding to importin a. A class of small molecule
inhibitors of HIV nuclear import, arylene bis(methylketone)
compounds, which directly target the MA NLS, has also been
described (12). The lead compound from this group, ITI-002,
inactivated the NLS by forming Schiff bases with lysine resi-
dues (1), thus neutralizing the positive charges critical for NLS
activity. ITI-002 demonstrated potent anti-HIV activity in pri-
mary macrophage and peripheral blood mononuclear cell cul-
tures (26).

In this report, we describe another class of small molecule
compounds targeting MA NLS. These compounds were se-
lected using a computer-assisted drug design (CADD) ap-
proach and are predicted to bind to MA within a structural
groove in NLS-1 generated by the inward orientation of the
tyrosine 29 residue. The compounds show potent anti-HIV
activity and may be good candidates for further preclinical
development.

MATERIALS AND METHODS

Computer assisted drug design. Computational docking of ~145,000 Avail-
able Chemical Directory (ACD) compounds (Available Chemical Directory,
2000 release, MDL Information Systems, San Leandro, CA) was conducted
against a solution structure of HIV-1 matrix protein (39) and determined with
the aid of crystallographic data (36). Docking calculations were carried out using
version 4.0.1 of the DOCK program (15). For these calculations, the putative
binding site was converted into an arrangement of six docking spheres and a
docking grid was generated from a 23-A cube covering the site. The ACD
compounds were flexibly docked into this site using anchored search (15) and
were initially scored using a scheme combining contributions from molecular
contacts and force field energy terms. The putative complexes of the top-scoring
1,000 compounds were stored and subjected to visual inspection. On the basis of
this analysis, 259 plausible complexes were selected. The 259 compounds were
sorted according to their contact scores, and from this list a total of 87 com-
pounds were chosen for acquisition.

HIV-1 strains. The primary isolate HIV-1y,, was described previously (33). Tu-
mor necrosis factor alpha (TNF-a)-stimulated OM10.1 cells produce HIV-1; 4; (10),
which is a T-cell line-adapted virus isolate that uses CXCR4 as an entry core-
ceptor (X4 strain). HIV-1,, and HIV-Igg 4, are macrophage-tropic CCR5-
using (R5) strains. NHLXADA is a recombinant RS strain constructed using
components of NL4-3, HLXB2, and ADA viruses (61).

Cells and infection. CEM CD4" T cells were infected with human T-lympho-
tropic virus 1 (HTLV-1) or HIV-1 by cocultivation with gamma-irradiated donor
MT-2 cells (28) or TNF-stimulated OM10.1 cells (10), respectively, as previously
described (40). The initial ratio of donor to CEM cells was 1:10.
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Monocyte-derived macrophages were prepared from peripheral blood mono-
nuclear cells, using adherence to plastic and differentiation in the presence of
macrophage colony-stimulating factor essentially as previously described (52).
T lymphocytes were isolated from tonsil tissue received through the National
Disease Research Interchange (NDRI; Philadelphia, PA) 20 to 28 h postremoval
from patients. The tissue was minced and ground between two frosted glass slides
with just enough pressure to break the tissue structure and release the cells from
the tonsils. The cell homogenate was sequentially filtered through a 100-pm and
40-pm cell strainer to remove any large clumps or aggregates of tissue and cells.
The cells were pelleted by centrifugation and resuspended in serum-free media
for cryogenic storage until use.

Macrophage cultures were inoculated with HIV-1 (4 X 10° cpm of reverse
transcriptase (RT) activity per 10° cells) in the presence of the drug. After an
overnight incubation, cells were washed and cultured in the presence of the drug
in Dulbecco modified Eagle medium supplemented with 10% heat-inactivated
human serum. Every 3 days, half the medium was replenished, and the drug
concentration was maintained. Tonsil-derived T lymphocytes were thawed
and cultured without exogenous stimulation in Iscove’s media with 2 mM
L-glutamine, 100 U/ml penicillin, 100 wg/ml streptomycin, and 8% heat-inacti-
vated human serum. Cells were treated with ITI-367 for 2 h prior to challenge
with the patient HIV-1 isolate M1. Four hours after infection, the cells were
washed to remove the virus inoculum and cultured in the presence of ITI-367.

Analysis of HIV-1 infection in ex vivo cultured lymphoid tissue. Human tonsils
were obtained from patients undergoing tonsillectomy. Tissues were dissected
into 2-mm blocks and incubated on the top of collagen gels at the air-liquid
interface (histoculture) as previously described in detail (21-23). The drugs were
added to the medium 3 h prior to infection and were replenished with each
medium change. Tissue blocks were infected by slowly applying 3 pl of clarified
virus-containing medium on the top of each tissue block. For each experiment,
supernatants from 20 tissue blocks (this number was found empirically to pro-
duce statistically reliable data [21]) obtained from the same donor were pooled
and used for p24 analysis (measured by enzyme-linked immunosorbent assay
[ELISA]). All experiments involving ex vivo cultured lymphoid tissue were per-
formed in the laboratory of Leonid Margolis at the NIH/NICHD.

Analysis of PIC-importin « interaction. Preparation of cytoplasmic PICs and
binding to glutathione S-transferase (GST)-importin « fusion protein immobi-
lized on glutathione-coated beads were performed essentially as previously de-
scribed (26). The beads were then assayed for the presence of HIV-1-specific
DNA by real-time PCR, using FOR-LATE (5'-TGTGTGCCCGTCTGTTGT
GT-3') and REV-LATE (5'-GAGTCCTGCGTCGAGAGAGC-3") primers spe-
cific for the late reverse transcription products (11) and the DyNAmo SYBR
Green qPCR kit (Finnzymes, Espoo, Finland).

Analysis of HIV-1 reverse transcription and nuclear import. Macrophages
were infected with HIV-1 ADA and cultured in the presence of anti-CD4 mono-
clonal antibody (MAD) (to block secondary infection) with or without ITI-367
(1 pM) or zidovudine (AZT) (1 pM). Seventy-two hours after infection, total
DNA was extracted and analyzed by real-time PCR using the TagMan method
with primers and probes specific for late reverse transcripts (57) or two-long
terminal repeat (2-LTR) circle forms (32).

Fluorescent labeling of HIV-1 DNA. HIV-1 DNA was labeled using endoge-
nous reverse transcription as previously described (2). Briefly, HIV-1 ADA was
resuspended at an RT activity of 90,000 cpm/ul in 200 wl of 100 mM Tris-HCl
(pH 7.5), 10 mM NacCl, 2.5 mM MgCl,, 100 pM deoxynucleoside triphosphate
(dA, dG, and dC), 100 pM ChromaTide Alexa Fluor 488-5-dUTP (Molecular
Probes, Eugene, OR), 3 mM Spermine, 0.1 mM Spermidine, and 50 uM Melittin
in phosphate-buffered saline (PBS) and incubated for 4 h at 37°C. The virus was
then centrifuged at 60,000 X g for 2 h at 4°C, resuspended in 200 pl of PBS, and
used for infection and analysis.

Fluorescent microscopy. An aliquot (5 pl) of fluorescently labeled virus was
spotted on Poly-L-Lysine-coated coverslips (Becton Dickinson), air dried, fixed
in 4% Formalin, treated with 0.2% Triton-PBS for 15 min at room temperature,
washed in PBS, and incubated in 4% goat serum-PBS for 1 h at 4°C. p24 was
stained by incubation with mouse anti-p24 MADb (18, 54) diluted 1:250 in 4% goat
serum-PBS for 1 h at room temperature, followed by Cy5-labeled goat anti-
mouse secondary antibody (Jackson Immunoresearch Lab) in 1% goat serum-
PBS for 1 h at room temperature. After being washed and air dried, the slips
were mounted on a glass slide, using a ProLong Antifade kit (Molecular Probes),
and analyzed on a BX-60 Olympus Epi-fluorescence microscope (Melville, NY)
with an Evolution MP digital camera using Image-Pro Plus version 4.5 acquisi-
tion software (Media Cybernetics, Silver Spring, MD).

For analysis of HIV-infected cells, monocyte-derived macrophages were
plated on Poly-L-Lysine-coated coverslips, preincubated with 10 mM ITI-367 for
2 h, and infected with fluorescently labeled HIV-1 in the presence of the drug.
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Twenty-four hours after infection, the cells were washed and either analyzed or
incubated for an additional 48 h with the drug. For immunofluorescent analysis,
cells were fixed with 4% Formalin for 20 min, washed, and permeabilized by
incubation in 0.1% Triton X-100 for 15 min at room temperature. Nuclei were
stained by incubation with TOPRO-3 iodide (Molecular Probe) diluted 4,000
times in PBS for 15 min. After being washed and air dried, the slips were
mounted on a glass slide and analyzed as described above.

RESULTS

The oxadiazol class of compounds was selected using CADD
by modeling a 145,000-compound library on the crystal struc-
ture of the HIV-1 matrix protein (30, 38). The oxadiazols were
predicted to bind to MA within a structural groove in NLS-1
generated by the inward orientation of the tyrosine residue in
position 29 and involving the amino acids arginine 22, lysine
27, and histidine 33 (Fig. 1A). The chemical structure of the
lead compound from this class, 3-(2-methoxyphenyl)-4-[3-
(trifluoromethyl)phenyl-1,2,4-oxadiazol-5(4H)-1] (ITI-367), is
shown in Fig. 1B. The hypothetical orientation of ITI-367
within the structural groove generated by tyrosine 29 is dis-
played in Fig. 1C.

Inhibition of HIV replication by ITI-367. We first tested the
effect of ITI-367 on spreading infection of CEM cells by HIV-1
and HTLV-1. CEM cells were cocultured at a ratio of 1:10 with
gamma-irradiated MT-2 cells (a source of HTLV-I) or TNF-
a-stimulated OM10.1 cells (a source of HIV-1), and viral rep-
lication was followed by measuring p19 (for HTLV-I) or p24
(for HIV-1) in the culture supernatant. ITI-367 at a concen-
tration of 10 wM potently inhibited infection by HIV-1, but not
by HTLV-L, as measured by ELISA specific for viral proteins
p24 (HIV-1) or p19 (HTLV-I) (Fig. 2A). This result indicates
that ITI-367 specifically targets HIV-1 replication.

We next tested the effect of ITI-367 on HIV-1 replication in
its physiological targets. Replication of an R5 HIV-1 ADA
strain in primary monocyte-derived macrophages was inhibited
by ITI-367 in a dose-dependent manner (Fig. 2B, left panel),
with a 50% inhibitory concentration (ICs,) of about 0.05 M
(Fig. 2C, left panel). A similar experiment was performed with
T-lymphocyte cultures. To approximate in vivo conditions, we
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used T lymphocytes isolated from tonsil tissue 24 h after sur-
gical removal. Similar to their behavior in the tissue (21), such
cells support HIV-1 replication without unnatural exogenous
stimulation, due to the endogenously activated state at the
time of isolation. Cells were infected with the patient-derived
HIV-1 R5 isolate M1. Results presented in Fig. 2B (right
panel) demonstrate a dose-dependent inhibition of virus rep-
lication with an ICs, of about 0.7 uM (Fig. 2C, right panel).

To determine whether ITI-367 inhibited a pre- or postin-
tegration step in the HIV-1 life cycle, we tested the effect of the
drug on HIV-1 production from the PMA-activated T-cell line
ACH-2 (17) and the promonocytic cell line Ul (55), which
carry latent integrated provirus. No inhibitory effects of the
drug were observed in these experiments (results not shown),
suggesting that inhibition occurred at a step preceding inte-
gration.

Due to solubility constraints for ITI-367 in aqueous solu-
tions, the maximum concentration tested for cell toxicity by the
Alamar Blue assay (27) was 50 wM. At this concentration, cell
proliferation in T-cell cultures was inhibited by approximately
5% (data not shown). The same level of toxicity was measured
in macrophage cultures, using the MTT assay. Therefore, al-
though we were unable to calculate the exact selectivity index
for ITI-367, it appears to be >100 in T-cell cultures and
>1,000 in macrophages.

ITI-367 exhibits an additive effect when combined with
drugs used in highly active antiretroviral therapy (HAART).
The inhibitory potential of ITI-367 was tested in an HIV-1
infectivity assay in combination with FDA-approved drugs.
Tonsil-derived T lymphocytes were used as target cells for
this experiment, and the primary RS isolate M1 was used for
infection. Drugs from each of the following groups were studied
(Fig. 3): nonnucleoside reverse transcriptase inhibitors (NNRTT,;
efavirenz, panel a), nucleoside reverse transcriptase inhibitors
(NRTIL AZT, panel b; d4T, panel c), and protease inhibitors (PI;
saquinavir, panel d; nelfinavir, panel e). Virus replication was
assayed by measuring p24 in the culture supernatant on day 7
after infection. Analysis of the data presented in Fig. 3 suggests

FIG. 1. CADD of ITI-367. (A) Hypothetical structural pocket within the N-terminal NLS of HIV-1 MA protein. The amino acids shown (R22,
K27, Y29, and H33) participate in the formation of the hypothetical binding pocket for ITI-367. (B) The chemical structure of ITI-367. (C) ITI-367
in its docked (hypothetical) conformation and orientation within the “tyrosine pocket” of HIV-1 MA. In this molecular model, the protein is
rendered as a solid molecular surface (light gray/light blue) and ITI-367 is shown in space-filling representation (standard atom coloring: gray,
carbon; blue, nitrogen; red, oxygen; green, fluorine).



VoL. 79, 2005

m no drug
E= DMSO
. [T1-367
- HIV-1 500 HTLV-1
E 25
g%
10
e 5 3
D T —
0 10
Days after initiation of co-culture
-0
B - U.IilM_\«'l
- |
macrophages S R lymphocyles
8 N 16

6 SN F . ¥
’ AN

R —" ¥ %
0 P ey 1 [ T |
4 7 11 14 18 3 6 10 13 17

Days Post-Infection

p24 (ngfml)
2

=R

RT (cpm/ml 10%)
oY

macrophages T lymphocytes

= 100

T £ 80 -t
(=]

] — =

§5 LG—F | —

25 40 //

‘ECIC 20;//_ -

= 0

3 0 000100101 1 100 01 05 1 5 10

ITI-367 (uM)

FIG. 2. ITI-367 inhibits HIV-1 replication. (A) HIV-1-producing
OMI10.1 cells (left panel) and HTLV-I-producing MT-2 cells (right
panel) were gamma irradiated and cocultured with CEM cells without
any drug or in the presence of 0.1% dimethyl sulfoxide (DMSO) or
10 pM ITI-367 (prepared from 10 mM stock in DMSO). Samples
were collected for ELISA at the indicated time points after initiation
of cocultures (p19 for HTLV-1 and p24 for HIV-1). Results for one
representative experiment out of two performed are presented.
(B) Primary monocyte-derived macrophages (left panel) or tonsil-
derived T lymphocytes (right panel) were infected with R5 isolates
ADA or M1, respectively, and cultured in the presence of the indicated
concentrations of ITI-367. Analysis of virus replication, as measured by
RT activity or p24 concentration in culture supernatant, is presented.
Results are shown for one representative experiment out of three
performed. (C) Dose-response analysis plotted from the results of
three independent experiments.

that the drug combinations had at least an additive inhibitory
effect on HIV-1 replication. Therefore, ITI-367 does not appear
to counteract the anti-HIV activity of these approved drugs, sug-
gesting that it can be used as an addition to a multidrug HAART
cocktail.

ITI-367 inhibits HIV-1 replication in lymphoid tissue in-
fected ex vivo. A system for culturing human tonsil tissue ex
vivo (21, 22) provided an opportunity to test the anti-HIV
activity of the compound in the context of intact lymphoid
tissue, which is believed to be the main reservoir of replicating
HIV-1 in the body of infected individuals (13, 44, 45). We
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infected tissue blocks with RS (SF-162) or X4 (LAI) strains of
HIV-1 and monitored viral replication by measuring p24 in the
supernatant. Results presented in Fig. 4 demonstrate a potent,
dose-dependent anti-HIV effect of ITI-367 in this system. Im-
portantly, this anti-HIV activity was not associated with cyto-
toxicity of the compound, as demonstrated by flow cytometric
analyses of cells shaken out of tissue blocks of ITI-367-treat-
ed and untreated, uninfected lymphohistocultures (data not
shown). The inhibitory effect was smaller than that observed
in macrophages using the same drug concentrations and was
similar to the effect in T cells, consistent with predominant
replication of HIV-1 in CD4" T lymphocytes in lymphoid tis-
sue (23).

Mutations in MA NLS-1 make HIV-1 resistant to ITI-367.
ITI-367 was designed to bind to MA within a structural groove
in NLS-1 with R22, K27, Y29, and H33 predicted as contact
amino acids. This binding is expected to alter the conformation
of NLS-1 and thus impair its activity. Therefore, viruses carry-
ing substitutions of the contact amino acids and/or inactiva-
ting mutations of NLS-1 are expected to acquire resistance to
ITI-367 inhibitory activity. To test this inference, we used the
NLHXADA strain of HIV-1, carrying substitutions of isoleu-
cine residues for lysines in positions 26 and 27 of MA (these
amino acids are critical for activity of NLS-1; see references 25
and 48). As reported previously (48), replication of this mutant
virus in monocyte-derived macrophages was substantially at-
tenuated (Fig. 5A). The sensitivity of this virus to ITI-367 was
also greatly decreased compared to the virus carrying the wild-
type NLS-1 (Fig. 5B). This result supports the notion that
inhibitory activity of ITI-367 is targeted towards NLS-1 of MA.

ITI-367 inhibits binding of the HIV-1 PIC to human impor-
tin .. Binding to importin « is essential for nuclear import
mediated by basic-type NLSs, and arylene bis(methyl-
ketone) compounds have been shown to inhibit importin
a-PIC interaction (26). We therefore tested the effect of
ITI-367 on binding of the HIV-1 PIC to human importin a.
Jurkat cells were infected with HIV-1, ,; and lysed 6 h after
infection, and the postnuclear cytosolic fraction containing
the PIC was incubated with increasing concentrations of
ITI-367 for 2 h prior to binding to the GST-hSRP1a fusion
protein. The GST-hSRP1a-PIC complexes were sedimented
with glutathione-coated Sepharose beads, and the amount
of viral cDNA in the sedimented fractions was evaluated by
real-time PCR. As shown in Fig. 6, ITI-367 inhibited binding
of HIV-1 PICs to importin « in a dose-dependent fashion.
This result is consistent with the proposed mechanism of
action of this group of compounds.

ITI-367 inhibits HIV-1 nuclear import. Based on the ability
of ITI-367 to inhibit binding of the HIV-1 PIC to importin a,
we expected it to also inhibit PIC nuclear import. To test this
prediction, we analyzed the effect of the drug on the formation
of late reverse transcripts (to measure the effect on reverse
transcription) and 2-LTR circle forms of HIV-1 DNA. 2-LTR
circular forms are commonly used as a marker for successful
nuclear import of retroviral DNA (4, 8), although a recent
report demonstrated that, at least in the case of murine leu-
kemia virus, 2-LTR junctions can be detected in the cytoplasm
of infected cells, albeit in rather small numbers (53). Prelimi-
nary analysis of late reverse transcripts in cells harvested 24 h
and 48 h after infection did not reveal any inhibitory effect of
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FIG. 3. Anti-HIV activity of combinations of ITI-367 and approved anti-HIV drugs. Cultures of tonsil-derived T lymphocytes were infected
with a primary RS HIV-1 isolate M1 and cultured in the presence of the indicated concentrations of ITI-367 in combination with various
concentrations of the nonnucleoside reverse transcriptase inhibitor (NNRTT) Efavirenz (panel a), the nucleoside reverse transcriptase inhibitors
(NRTIs) AZT (panel b) or d4T (panel c), or the protease inhibitors (PIs) Saquinavir (panel d) or Nelfinavir (panel e). Virus replication was
analyzed by measuring p24 in the culture supernatant on day 7 after infection. The data are presented as means of the results for three independent

wells.

ITI-367 (data not shown). The final analysis was performed at
72 h after infection, as 2-LTR circles could be consistently
detected only at that time (56). To limit viral replication to one
cycle, macrophages were cultured in the presence of anti-CD4
MAD, added after virus absorption. As shown in Fig. 7A, treat-
ment with ITI-367 dramatically reduced the amount of 2-LTR
circle forms without affecting the amount of late reverse tran-
scripts. As expected, AZT had a similar inhibitory effect on
both HIV-1 DNA forms (Fig. 7A). This result indicates that
ITI-367 specifically targets HIV-1 nuclear import in macro-
phages, rather than an earlier step, such as virus entry or
reverse transcription.

To visualize intracellular localization of the HIV-1 DNA in
infected macrophages, we fluorescently labeled viral DNA us-
ing Alexa Fluor 488 5-dUTP added during endogenous reverse
transcription (2). Analysis of untreated and drug-treated mac-
rophages 72 h after infection with fluorescently labeled virus

revealed substantially less nuclei-localized fluorescence in
ITI-367-treated macrophages (Fig. 7B). This result supports
the notion that ITI-367 inhibits HIV-1 nuclear translocation.

DISCUSSION

In this study we explored the anti-HIV activity of ITI-367, a
drug selected by CADD to target the first NLS of the HIV-1
MA. Our results demonstrate that the drug inhibits the prein-
tegration step of HIV-1 replication, blocks HIV-1 PIC binding
to importin o (Fig. 6), and reduces nuclear import of HIV-1
DNA (Fig. 7). This activity is specific for HIV-1, as replication
of another human retrovirus, HTLV-I, was not affected by the
compound (Fig. 2). The drug was identified from a final list
of 87 compounds predicted by CADD to bind within a
structural groove generated by tyrosine 29 present in the
first (N terminal) NLS of the matrix protein (25). The notion
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FIG. 4. Anti-HIV activity of ITI-367 in histocultures of human
tonsils. Blocks of human tonsils were infected with X4 virus LAI or R5
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suring p24 in culture medium. Results (mean = standard deviation)
are presented as percent inhibition of virus replication in drug-treated
cultures. The results for one representative experiment out of three
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that ITI-367 targets NLS-1 of the MA is supported by our
finding that the virus carrying inactivating mutations in NLS-1
is resistant to the drug (Fig. 5B). Some inhibition by high
ITI-367 concentrations (1 uM and higher) may be due either
to residual activity of the NLS-1 in the NLHXADAANLS-1
virus or to an additional activity of the drug that has not been
revealed in other tests. The final proof for the target site of
ITI-367 will require X-ray crystallography. Potential contact
amino acids (R22, K27, Y29, and H33) are very well conserved
in HIV-1 strains, suggesting that they are critical for viral
fitness. The conserved nature of ITI-367 contact amino acids
makes it harder for the virus to obtain resistance to this drug
through mutation of the drug-binding site. Consistent with this
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FIG. 6. ITI-367 inhibits HIV-1 PIC binding to importin «. Cyto-
plasmic lysates of HIV-1-infected cells were incubated with importin o
immobilized on Sepharose beads in the presence of the indicated
concentrations of ITI-367. The amount of importin a-associated
HIV-1 DNA was quantified in triplicate by real-time PCR. Results are
presented as means = the standard errors of the means of the numbers
of HIV-1 DNA copies. Empty Sepharose beads retained less than 15
DNA copies. The graph shows results of one representative experi-
ment out of two performed.

notion, our efforts to generate ITI-367-resistant virus in vitro
produced only a partially resistant virus after prolonged culti-
vation in the presence of suboptimal concentrations of the
drug (data not shown).

We show that ITI-367 effectively inhibited virus replication
in macrophages and T lymphocytes (Fig. 2) and in ex vivo
cultured lymphoid tissue (Fig. 4). The T lymphocytes were
approximately 10-fold-less sensitive to the effects of the drug
than primary macrophage cultures. This difference may be due
in part to the proliferative capacity of tonsil-derived lympho-
cytes, which limits anti-HIV activity of nuclear import inhibi-
tors (26), as well as poor uptake of the compound by T cells

Days after infection

1007 (W ANLS-1

Inhibition of HIV-1 replication (%)

ITI-367 (uM)

FIG. 5. HIV-1 carrying mutations in MA NLS-1 is resistant to ITI-367. (A) Monocyte-derived macrophages were infected with the wild-type
NLHXADA virus (wt) or NLHXADAANLS-1 (ANLS-1) carrying substitutions of isoleucine residues for lysines in positions 26 and 27 of MA (48)
and cultured for 11 days. Half of the medium was changed at days 4 and 8. Virus replication was assessed according to p24 levels in the culture
supernatant and is presented as means * the standard error of the means of the results for three independent wells. The zero time point sam-
ple was taken after the viral inoculum was washed away. (B) Triplicate cultures of macrophages were infected as for panel A, except that cells were
cultivated in the presence or absence of the indicated concentrations of ITI-367. Analysis of viral replication was performed on day 8 after infection
by measuring p24 in the culture medium. Inhibition of HIV-1 replication by ITI-367 was calculated for each test well by dividing the p24 value in
that well by the mean p24 value of the corresponding untreated culture, expressing the result as a percent and subtracting from 100%. Results are

presented as the means = the standard errors of the means.
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FIG. 7. ITI-367 inhibits HIV-1 nuclear import. (A) HIV-1 DNA was analyzed 72 h after infection of macrophages with HIV-1 ADA in the
presence or absence of ITI-367 (10 wM) or AZT (3 wM), using primers specific for the late-reverse transcription product or 2-LTR circle DNA.
Results were normalized according to -actin signals and are presented as means = standard errors of the means of the reduction in DNA copy
numbers from three independent experiments. (B) Monocyte-derived macrophages were infected with Alexa Fluor 488-labeled HIV-1 in the
presence or absence of ITI-367 (10 wM) and were analyzed by fluorescent microscopy 72 h after infection. Nuclei were stained with TOPRO-3
iodide. Arrows point to HIV-infected cells. Two independent fields are shown for each treatment. The scale bar is 10 pm.

compared to that by macrophages (unpublished observation).
Importantly, ITI-367 did not antagonize the activity of anti-
HIV drugs currently used for treatment of HIV-infected pa-
tients (Fig. 3), suggesting that this class of compounds can be
used as a combination therapy in HAART.

The expected mode of action of ITI-367 is inhibition of MA
NLS-dependent nuclear import of the HIV-1 PIC. The same
activity has been described for ITI-002, an arylene bis(methyl-
ketone) compound (12). However, these two drugs inhibit
nuclear import by different mechanisms: ITI-002 inactivates
basic-type NLSs by forming Schiff bases with adjacent lysine
residues (1), whereas ITI-367 is expected to disrupt the con-
formation of NLS-1.

The fact that such a potent inhibition of HIV-1 infection can
be achieved by a drug targeting MA NLS is not surprising,
since mutations within MA NLSs are sufficient to inhibit HIV
replication (25). However, given that several other factors (i.e.,
DNA flap, IN, Vpr) likely contribute to HIV-1 nuclear import
(43), the data we present may point to a paradox in the regu-
lation of this necessary step in the virus life cycle. One possible
explanation that would reconcile this paradox is that these
factors (i.e., DNA flap, IN, MA, Vpr) work either sequentially
or synergistically to regulate PIC nuclear import. Alternatively,
the contribution of some of these factors might be in the
amplification of the nuclear import process, as proposed for
Vpr (47). The possibility that MA may be shed upon matura-
tion of the PICs (16) suggests that MA might be required
during the earliest phase of the PIC nuclear import, possibly
even at the step of translocation towards the nucleus. This
model is supported by a demonstrated role of MA in PIC
interaction with actin (5), an important step in formation of the
HIV-1 reverse transcription complex and its subsequent trans-
port to the nuclear pore (43).

In conclusion, our study introduces a novel class of com-
pounds that inhibit nuclear targeting of the HIV-1 preinte-
gration complexes. These inhibitors may supplement our
inventory of anti-HIV therapeutic agents and further improve
the potency of HAART. The step of nuclear import follows
reverse transcription and precedes integration, and the prod-
uct of each reaction is the immediate substrate for the subse-
quent one. Therefore, one can expect a cooperative effect of
RT, IN, and nuclear import inhibitors. Addition of the latter
two classes of compounds to currently used anti-HIV drug
cocktails may help achieve a complete long-term suppression
of viral replication. As a class, nuclear import-blocking com-
pounds may be useful not only against HIV, but also against
other viruses that require nuclear import for replication, such
as hepatitis B virus or herpesviruses. As the development of
such compounds progresses, they are likely to provide a valu-
able enrichment of our arsenal of antiviral drugs.
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