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Fig. 2. S0CS1 interacts with HIV-1 Gag. (A} Ex- A 1]

tracts of 2937 cells transfected with either empty

vector of Gag-FLAG were subjected to pull-down gt GET pub-gown J

analyses uaing glutathione-agarosée beads with Gag- _T jgs

GST-SOC51 in the presence of 10 ng/mi ANase fol Ve maG O8T  SOCH

lowed by immuncbiotting with anti-FLAG antibod - -:G»ma
Te s M - GagFLAn e

s, (B) Extracts of 2937 cells transiently expressing —

myc-S0CST and Gag-FLAG were subjected to im- ’ " _i' S0CST

munoprecipitation (IF) with anti- FLAG monocional

antibodies in the presence of 10 ng/mi ANase fol- D 5pc800n E

lowed by immunobiotting (i8] analysis with either
anti-FLAG or anti-myc polycional antibodies. (C)
2937 cells were transiently transfected with Gag-
FLAG, and cell lysates were then subjected to im
munoprecipitation with anti-FLAG antibodies fol-
lowed by immunoblotting with an antibody
directed against endogenous SOCS1. (D and E)
2593T cully exprewing various myc-tagged SOCS1
mutarnts (schematically depicted in D) were ana-
iyzed by GST pull-down analysis with either GST or
G87-Gag recombunant protein (£}, (F) GST fusion
proteins of the indicated regions of Gag were
bound 1o glutathione beads and incubated with
cell lysates from 2937 cells expressing myc-SOCS 1 in
the presence of 10 ng/mi RNase followed by immu
noblotting with anti-myc antibodies. (G) 50C51
binds p5% Gag via either its MA or NC domains
2937 cells were trarsfected with myc-50CS1 and
cotransfected with Gag-FLAG, GagAMA-FLAG,
GagANC-FLAG, or GagAMAJNC-FLAG, At 24 h af
ter transfection, cell lysates treated with 10 wg/mi
ANase were subjected 10 Ccommunoprecipitation
with anti-myc monocional antibodies followed by
immuncblotting with anti-FLAG or anti-myc poly-
clonal antibodies. (M) Functional interaction of
SOCS1 with MA but not NC, 2937 cells were trans-
fected with wild-type Gag., AMA-src, or ANC-LZ
(2 -p6) and cotransfected with either control vec
ror of SOCS1. Supernatant virus particles were then
callected after 24 h and subjected to immunoblot-
ting with anti-p24 antibody. Numerical values be-
low the blots indicate fold induction of superna-
tant pS5 signal intensities derived by densitometry
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{h Colocalization of SOCS1 with Gag. HeLa cells were transiently transfected with Gag-GFP. After 24 h, the cells were fixed, p
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with anti-50C51 polyclonal antibody followed by fluorescently labeled secondary antibodies befare confocal microscopy. (Scale bar: 10 um )

sion of wild-type SOCSI, but neither its SH2 nor SOCS box mutant
counterparts, resulted in a marked and dose-dependent increase in
the level of intracellular Gag protein, particulirly in the case of CA
(p24) and intermediate cleavage products corresponding to
MA-CA (p41) and CA-NC (p39). This increase was found to be
uccompanied by an enhanced level of HIV-1 particle production in
the supernatant (Fig. 1 € and D Lower). These results together
indicated that SOCS] facilitates HIV-1 particle production in
infected cells and that this role of SOCSI requires the function of
both its SH2 and SOCS box domains. For further details about
SOCS! imeraction with MA and NC and SOCS 1-enhanced particle
production, see supporting information (S1) Fexr,

To examine the morphological aspects of HIV-1 particle pro-
duction, transmission electron microscopy (TEM) \m!s performed.
293T cells that had been cotransfected with pNL4-3, and either a
control vector or a SOCS] expression construct, were subjecu:d to
TEM analysis after fixation in glutaraldehyde. In SOCS]-
transfected cells, a significantly increased number of mature virus
particles was observed on the surfaces of PM compared with the
control vector-transfected cells (Fig. 1E). There were also no
obvious malformations of the virus particles in SOCS1-expressing
cells, such as doublet formation or tethering to PM, which are
characteristic of particle budding arrest (14) (Fig. 1E). Consistent
with this observation, virions from SOCS]-transfected cells were
found to be infectious as control viruses in Jurkat cells when the
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same amounts of virus were infected (Fig. 1F). These results
together indicate that SOCS1 enhanves mature and infectious
HIV-1 particle formation.

To elucidate the specific step in HIV-1 production that is
enhanced by SOCS1, we next performed gene reporter assays using
cither luciferase expression constructs under the control of wild-
type HIV-LTR (pLTR-luc), or a full-length provirus vector (pNL4-
3-luc) (15). Interestingly, SOCS] overexpression was found not o
alfect the transcription of these reporter constructs (data not
shown), indicating that SOCS1 enhances HIV-1 replication via
posttranseriptional mechanisms during virus production.

SOCS1 Interacts with the HIV-1 Gag Protein. The results of our initial
experiments indicated that SOCS1 enhances HIV-1 production
via a postiranscriptional mechanism. We therefore next tested
whether SOCSI1 could bind directly to HIV-1 Gag. GST pull-
down analysis using C-terminal FLAG-t1agged p55 Gag (codon-
optimized) and GST-fused SOCSI revealed that p35 Gag un-
dergoes specific coprecipitation with GST-SOCS1 (Fig. 24).
Furthermore, both ectopically expressed myc-tagged SOCS| and
endogenous SOCS] were found to undergo coimmunoprecipi-
tation with Gag-FLAG in 293T cells (Fig. 2 B and C). Addi-
tionally, GST pull-down analysis with various SOCS1 mutants, as
depicted in Fig. 2D, further demonstrated that a mutant lacking
the both N-terminal and SH2 domain (AN-SH2) could not bind
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Fig. 3. 50C51 enhances both the
stability and trafficking of HIV-1
Gag (A) Hela cells cotranstected
with pNid-3 and either control
vector (EV) or SOCST were immu
nostained with antibodies tar-
geting anti-p24 (CA). Confocal
microscopy with differential inter
ference contrast (DIC) was then
performed. (Scale bars: 10 um.) (8)
2937 cells were transfected with
either a control empty vector (EV)
(Left) or myc-20CS1 (Righn and
cotransfected with pNL4-3. After
48 h, cells were pulse-labeled with
["$]methionine or [*S]cysteine
for 15 min and chased for the du.
rations indicated Cell lysates and
pelleted supernatant virions were
immunoprecipitated with anti C
p24 antibodies followed by auto
radiography. (C and D) Hela celly
seeded on poly-i-lysine coated
cover slides were transfecied with
either vector control or SOC5 1. At
ter 24 h, cells were again trans-
fected with Gag-GFP for 3 h and
then treated with 100 ug/ml CHX
for 5 h 1o Inhibit protein synthesis
This treatment was followed by
incubation with fresh medium;
then 150 min after the CHX re
lease, cells were flxed and sub-
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jected to confocal micrescopy () (Scale bars: 10 um.) Cells with Gag protein on the plasma membrane were scored out of 200 transfected cells (D)

P55 Gag, whereas an N-terminal or a SOCS box deletion did noi
affect the binding of SOCS1 1o Gag in 2937T cells (Fig. 2F). This
finding indicates that the SH2 domain is important [or the
interaction of SOCS1 with HIV-1 Gag. Interestingly, the R1USE
mutant of SOCS1, which disrupis the function of the SH2
domain, still binds Gag (Fig 2ZE). indicating that the Gag-
SOCS1 association is independent of the tyrosine phasphoryla
tion of Gag, as is the case for both HPV-ET and Vav (16, 17).

To elucidate the SOCS]1-binding region of the Gag protein, GST1
pull-downs with various GST-fused Gag domain constructs were
performed. SOCS1 was detected in glutathione bead precipitates
with GST-wild-type Gag, GST-Ap6, GST-MA. and GST-NC, but
not with other domain constructs (Fig. 2F), indicating that SOCS]
imeracts with Gag via its MA and NC domains. Consistent with
these results, the deletion of both the MA and NC domains of p55
Gag (AMAANC) completely abolishes its interaction with SOCS]
in coimmunoprecipitation experiments (Fig, 267). Furthermore, in
vitro analysis with purified proteins also demonstrated that SOCS1
can indeed interact with both the MA and NC regions of HIV-1
Gag in the absence of nucleic acids or other proteins (S1 Fig. 5).

We next wished to determine the functional interaction domain
in HIV-1 Gag through which SOCST functions in terms of virus-like
particle production. To this end, we used a MA-deleted Gag mutant
with an N-terminal mynistoyl tag derived from src (AMA-src) (18)
and also an NC-deleted Gag mutant with a GONA leucine #ipper
in place of NC, which we herein denote as ANC-LZ but which has
been described as Zy -pb (19). Both of these mutants have been
shown still to assemble and bud (18, 19). We found that SOCSI
overexpression can still augment the particle formation of both
wild-type Gag and ANC-LZ but not AMA-src (Fig. 2H), indicating
that the lunctional interaction between SOCS] and HIV-1 Gag is
in fact mediated through MA

To confirm further the direct interaction between SOCS1 and
Gag in cells, we examined the intracellular localization of these two
proteins. Confocal microscopy revealed that endogenous SOCS1

HRyo et al.

forms doited filamentous structures in the cytoplasm and that Gag
localizes in a very punclate pattern with SOCS1 from the perinu-
clear regions to the cell periphery (Fig. 20, These data indicate that
SOCS! interacts with HIV-1 Gag in the cytoplusm during HIV-1
particle production,

SOCS1 Promotes hoth the Stability of Gag and Its Targeting to the
Plasma Membrane. Because we had found from our initial data that
SOCS] increases HIV-1 particle production as a result of its direct
interaction with intrucellular Gag proteins, we next addressed
whether SOCS1 positively regulates Gag stability and subsequent
trafficking to PM. Our immunofluorescent analysis with the anti-
p24 (CA) antibody initially revealed that SOCS| overexpression
increases the levels of Gag at PM when cotransfected with pNL4-3
ar 48 hafter transfection, although it was detected a1 PM in both
control and SOCS1-expressing cells (Fig. 34). Furthermore, the
levels of cytoplusmic Gug were found to be much lower in the
SOCS1-expressing cells compared with the control cells (Fig. 34).
These results indicate that SOCS1 enhances Gag trafficking 1o PM.

To examine next whether SOCS| affects the stability and traf-
ficking of newly synthesized Gag proteins, we performed pulse—
chase anlysis. This experiment revealed that SOCSI significantly
increases the stability of the intracellular p55 Gag polyprotein as
well as the levels of p24 in the supernatant (Fig. 38). Importantly,
P24 was detectable at an earlier time point and reached maximum
levels in & shorter period in the cell supernatant of SOCSI-
transfected cells compared with control vector-transfected cells
(Fig. 3R). This finding again suggests that SOCS| facilitates the
intracellular trafficking of newly synthesized Gag proteins to PM.

To confirm this hypothesis further, we performed cycloheximide
(CHX) analysis with Hela cells transfected using either vector
control or SOCS1. After 24 h, cells were again transfected with
Gag-GFP for 3 h and treated with CHX for 5 h 1o inhibit protein
synthesis. Cells were then cultured in fresh medium without CHX
for an additional 150 min and subjected 1o confocal microscopy. At
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this time point, Gag-GFP was found to localize predominantly in a
perinuclear region in the control cells (Fig. 3C), whereas almost half
of the SOCS |-transfected cells exhibited Gag-GFP localization on
PM (Fig. 3D). These results a ate that SOCS] efficiently
enhances the rafficking of newly synthesized Gag protein to PM

The Targeted Disruption of SOCS1 Inhibits Gag Trafficking and HIV-1
Particie Production. To delineate further the role of SOCS1 in the
trafficking of Gag and in subsequent HIV-1 particle production, we
depleted cellular SOCS1 by siRNA. The significant depletion of
SOCST expression by two different SOCON1-specific sSiIRNA con
structs was confirmed by immunoblotting analysis (Fig. 4 4 and B)
Significantly, in cells cotranslected with pNL4-3 and SOCSI-
specific siRNAs, both HIV-1 panticle release and the levels of
intracellular Gag protein are significantly decreased compared with
the control cells (Fig. 4 A and B). Furthermore, the effects of
SOCS1-5iRNA on the inhibition of HIV-1 particle production was
diminished by reexpression with a codon-optumized SOCS] con
struct that is resistant to these siIRNAs (Fig. 40), indicating that the
SOCS1 siRNA suppression of HIV-1 particle production
on the ous SOCS].
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Consistent with these observations, immunofluorescent analysis
further revealed that the expression of SOCS1-siRNA dramatically
inhibits Gag trafficking such that Gag protems accumulate in the
perinuclear regions as large solid .ngnl-{:_;z‘nr‘-. as his been reported
{20) (Fig. 40)). This finding indicates that SOCS1 plays an essential
the Gag trafficking from perinuclear cluslers to PM.
Interestingly, these discrete perinuclear clusters of Gag were found
to colocalize with lysosome markers, lysozyme, and partly with
AP-3, but neither with the late endosome MVB marker CD63 nor
the trans-Golgi marker TGNA6, indicating that Gag is targeted for
degradation by lysosomes when the function of SOCS] i1s inhibited
(Fig. 4£). In support of this notion, the levels of intracellular Grag
were found to be significantly increased by treatment with a
iw.mn-u inhibitor NHyCl but not by a proteasome inhibitor
MGi132 in SOCS1-siIRNA cells (Fig. 4F), further indicating that the
perinuclear clusters of Gag will undergo lysosomal degradation
rather than proteasomal degradation when optimal Ciag transport
to PM is suppressed by the inhibition of SOCS1

We next addressed whether targeted SOCS] inhibition would
affect HIV-1 particle production in human T cells. The effect of
SOCS] depletion was clearly evident in both HIV-1x 4 w-infected

role
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Jurkat cells and human primary CD4" T cells, which demonstrated
pronounced decreases in virus particle production in SOCS1-
siRNA-expressed cells compared with the controls (Fig. 4 G and
H). These results together indicate that the specific inhibition of
SOCS1 suppresses the optimal trafficking of Gag to PM, resulting
in the degradation of Gag in lysosomes, which in turn leads to the
elficient and reproducible inhibition of HIV-1 particle production
in various types of human cells.

Discussion

In this work, we report that SOCS | s an inducible host factor during
HIV-1 infection and plays a key role in the late stages of the viral
replication pathway via an IFN-independent mechanism (S Fig. 6),
These results represent evidence that SOCS1 is a potent host factor
that facilitates HIV-1 particle production via posttranscriptional
mechanisms.

SOCS] has been shown to be a suppressor of several cytokine
signaling pathways, and like all SOCS family members it has a
central SH2 domain and a conserved C-terminal domain known as
the SOCS box (21. 22), Structure-function analyses have further
demonstrated that the SOCS1 SH2 domain is required for the
efficient binding of its substrates (23, 24). Indeed, our currem
analyses have also revealed that the SH2 domain of SOCSI is
required for its interaction with the HIV-1 Gag protein. We have
shown from our present data that the SOCS box is also required for
SOCS] to function during HIV-1 particle production.

The SOCS box-mediated function of SOCS1 is chiefly exerted
vin its ubiquitin ligase activity (21, 25). Biochemical binding
studies have shown that the SOCS box of SOCS] interacts with
the elongin BC complex, a component of the ubiquitin/
proteasome pathway that forms an E3 ligase with Cul2 (or Culs)
and Rbx-1 (21, 26, 27). We show from our current experiments
that the SOCS box is required for HIV-1 particle production,
indicating the involvement of the ubiguitin/proteasome pathway,
However, it is still unknown whether SOCSI promotes the
ubiquitination of Gag and, if so, whether the mono- or poly-
ubiquitination of Gag would affect its trafficking and protein
stability. Further studies will be necessary to clarify the biological
significance of Gag ubiquitination.

Perlman and Resh (20) recently reported that newly synthesized
Gag first appears 1o be diffusely distributed in the cytoplasm,

Sorin M, Kalpana GV (2006) Curr HIV Res &:117-130

Freed ED (2004) Trenas Microbiol 12.170-177.

Peterlin BM, Trono D (2003) Nat Rev fmwnol 397107,

Triols A (2004) Curr Opin Microbiol 75555

Freed EO (1998) Virology 25111-15

Adarmson C5, lones IM (2004} Rev Med Virol 14:107-121.

VerPlank L, Bouamr F, LaGrassa T), Agresta B, Kikonyogo A Len L Carter CA (2001} Proc

Natl Acad Sci US4 SB.TT24-772%.

Garrut JE. von Schwedier UK Pornifios OW, Morham 5G, Zawitz KH, Wang HE,

Werttstein DA, Stray KM, Cote M, Rich RL. et o/ (2001) Cell 107.55-65.

3. Strack B, Calistri A Craig 3, Popova E. Gottiinger HG (2003) Celf 114:689- 699,

10, Dong X, LiH, Derdowtki A, Ding L, Burnett A, Chen X, Peters TR, Dermody TS, Woodruff
E, Wang J, et al (2005) Cell 120:663-674

11, Alrey |, Tuvia 5, Greener T, Gordon D, Barr MM, Taglicht D, Mandii-Levin R, Ben
Avraham D, Kerfarty D, Nir A, et al. (2005) Proc Natl Acad Sof USA ln?m's-lm

T2 Ryo A, Suzuk Y. kKhiyams K Wakatsuki 7, Xondoh N, Hada A, Yamamoto M,
Yamamoto N (1999) FEBS Lert 462:182-186

13 Adachi A, Gendelman HE, Koenig §, Folks T, Willey R, Rabson &, Martin MA (1986)
J Virgl 59284291,

14 Demirow DG, Ong A, Orenstein IM, Freed EO (2002} Proc Natl Acad $ef USA
F9.555-500

15 Chang TL Mosolan A, Pine R, Kiotman ME, Moore JP [2002) J Virol 76.569-581.

18 Dfm;lmkrWugk.lmJg Hawley RO, Dubrew| P, Rottape! A (1995 EMBO
118 X

17 Eamiao M, Yenhida 7, Ogata M, Douchi T, Nagata Y, Inous M, L3

NEwe W -

accumulates in perinuclear clusters, passes transiently through &
MVB-like compartment, and then traffics to PM. Consistent with
these observations, our current work also shows that Gag is
accumulated at perinuclear clusters as solid aggregates when its
targeting to PM is impaired because of the SOCSI inhibition.

Another aspect of SOCS] function during HIV-1 infection was
proposed recently, Song ef al. (28) reported that SOCS1-silenced
dendritic cells broadly induce the enhancement of HIV-1 Env-
specific CD8™ cytotoxic T lymphocytes and CD4° T helper cells as
well as an antibody response. The induction of the SOCS1 gene in
HIV-1 infected cells might therefore disrupt a specific intracellular
immune response to HIV-1 in infected host cells.

Based on the strong evidence that we present in our current
work that SOCS1 positively regulates the late stages of HIV
replication, we conclude that SOCS1 is likely 10 be a valuable
therapeutic target not only for future treatments of AIDS and
related diseases, but alo for a postexposure prophylaxis against
disease in HIV-T-infected individuals,

Materials and Methods

Antibodies and Fi nt Reagents. Antibodies and fluorescent reagents
were obtained from the foll g sources. Anti-CDE3, anti-AP-3. anti-myc
(A-14), and anti-50C51 (H.93) were from Santa Cruz Biotechnology. Anti-
SOCS! was from 2ymed Laboratories. Anti-FLAG (M2} and anti-HA {12CAS)
were from Sigma and Roche Diagnostics, respectively. AnthHIV-p24 (Dako:
Cytomation), anti-STAT1, and anti-phospho-STAT1 (Y701) were from BD
Transduction Laboratories. Sheep polyclonal anti- TGNAB was from GeneTex

Plasmid Constructs. Expression constructs for SOCS1 have been described in
ret, 29, GST fusion constructs with specitic regions derived from the codon-
optimized gag were generated (MA, CA, NC, p6, Ap6, full-length Gag) by
cloning into pGEX-2T (GE Healthcare Bio-Sciences) as described inref. 30 For
retrovirus-mediated siRNA expression, pSUPER.retro.puro vector was dis
qested, a5 described in ref. 31, with the following sequences: SOCS1-siRNAL
TCGAGCTGCTGGAGCACTA; SOCST-siRNAIL, GGCCAGAACCTTCCTCCTCTT,
control siRNA, TCGTATGTTGTGTGGAATT,

Electron Microseopy. Transfected 2937 cells were tined with 2.5% glutaralde-
hyde and subjected to TEM, as described (14, 32),
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Non-Cleavage Site Gag Mutations in Amprenavir-Resistant Human
Immunodeficiency Virus Type 1 (HIV-1) Predispose HIV-1 to Rapid
Acquisition of Amprenavir Resistance but Delay Developmt.m of
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In an attempt to determine whether mutations in Gag in human immunodeficiency virus type 1 (HIV-1)
variants selected with a protease inhibitor (P1) affect the development of resistance to the same or a
different Pl(s), we generated multiple infectious HIV-1 clones carrying mutated Gag and/or mutated
protease proteins that were identified in amprenavir (APV)-selected HIV-1 variants and examined their
virological characteristics. In un HIV-1 preparation selected with APV (33 passages, yielding HIV (000,
we identified six mutations in protease and six apparently critical mutations at cleavage and non-cleavage
sites in Gag. An infectious recombinant clone carrying the six protease mulations but no Gag mutations
failed to replicate, indicating that the Gag mutations were required for the replication of HIV (5 40, An
infectious recombinant clone that carried wild-type protease and a set of five Gag multations
(PHIV,yy | 279722004050 coplicated comparably to wild-type HIV-1; however, when exposed to APV,
rHIVyrp. Varrsananswammae capidly uequired APY resistance. In contrast, the five Gag mutations signifi-
cantly :lela;ml the acquisition of HIV-1 resistance to ritonavir and nelfinavir (NFV). Recombinant HIV-1
clones containing NFV resistance-associated mutations, such as D3ON and N88S, had increased suscep-
tibilities to APV, suggesting that antiretroviral regimens including both APV and NFV may bring about
favorable antiviral efficacy. The present data suggest that the preexistence of certain Gag mutations
related to PI resistance can accelerate the emergence of resistance to the Pl and delay the acquisition of
HIV resistance to other Pls, and these findings should have clinical relevance in the therapy of HIV-1

infection with Pl-including regimens.

Combination antiretroviral therapy using reverse transcrip-
tase inhibitors and protease inhibitors (PIs) produces substan-
tial suppression of viral replication in human immunodefi-
ciency virus type | (HIV-1)-infected patients (3, 27, 28, 42).
However, the emergence of drug-resistant HIV-1 variants in
such patients has limited the efficacy of combination chemo-
therapy. HIV-1 variants resistant 1o all of the currently avail-
able antiretroviral therapeutics have emerged both in vitro and
in vivo (6, 16, 27, 30). Of note, a number of Pl resistance-
associated amino acid substitutions in the active site of pro-
tease have been identified, and such substitutions have consid-
erable impact on the catalytic activity of protease, This impact
is reflected by impaired processing of Gag precursors in mu-
tated-protease-carrying virions and by decreased catalytic effi-
ciency of the prolease 1oward peptides with natural cleavage
sites (7, 29, 31, 43).

However, the highly Pl-resistant viruses frequently have
amino acid substitutions at the p7-pl and pl-po6 cleavage
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sites in Gag. These mutations have been identified in PI-
resistant HIV-1 variants selected in vitro (2, 5, 8, 29) and in
HIV-1 isolated from patients with AIDS for whom chemo-
therapy including Pls was failing (26, 40, 47, 48), These
mutations are known to compensate for the enzymatic im-
pairment of protease, per se, resulling from the acquisition
of PI resistance-conferring mutations within the protease-
encoding region, Moreover, certain mutations at non-cleav-
age sites in Gag have been shown previously to be essential
for the replication of HIV-1 variants in the presence of Pls
(14, 15). Although a few amino acid substitutions at cleav-
age and non-cleavage sites in Gag have been shown to be
associated with resistance to Pls, the roles and impacl of
amino acid substitutions in Gag for the HIV-1 acquisition of
P1 resistance remain to be elucidated.

In the present study, we identified novel Gag non-cleavage
site mutations in addition to multiple mutations in the protease
gene during in vitro selection of HIV-1 variants highly resistant
to amprenavir (APY), We show that the non-cleavage site
mutations were important for not only the replication of the
mutated-protease-carrying HIV-1 but also the accelerated ac-
quisition of HIV-1 resistance to APV and an unrelated PL.
nelfinavir (NFV), We also show that recombinant HIV-1
clones containing NFV resistance-associated mutations, such
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as D30N and N88S, had increased suscepubility 1o APV, sug-
gesting thut antiretroviral regimens including both APV and
NFV may bring about favorable antiviral efficacy.

MATERIALS AND METHODS

Cells and antiviral agents. MT-2 and MT-4 cells were grown in RPMI 1620
based culture medium, and 293T cells wére g goted in Dulb s modified
Eagle’s medium, These media were aupplemented with 10% fetal calf serum
(HyClone., Logan. UT). 50 W/ml penicillin, and 50 wg/ml streptomycin, APV was
kindly provided by GlaxoSmithKline. R h Trangle Park. NC. Saquinavir
(SOV) und momavie (RTV) were provided hy Reoche Products Lad, (Welwyn
Garden City, United Kingdom) and Abboti Laboratonies (Abbott Pask, [L),
respectively. NFY and indinavir (TDV) were kindly provided by Japan Energy
Inc., Tukya.

Generation of Pl-resistant FIV-] in vitra, For the generation of PLresistan
HIV-L, various Pl-regstant HIV-1 straing wers propagated in the presence of
Increasing concentrations of & drug in u cell free fashion as descnbed proviously
(44, 45). In brief. on the fira passage, MT-2 or MT-4 cells (5 % 10") were exposed
10 500 307 ussue culture infective doses (TCID 1 of each infectious molecular
HIV. 1 clone and cultured in the presence of vanaus Pls a1 mitial concentrations
of 0,01 to 0.06 M. On the last day of each passage (approamately day 74, | mi
of the cell-free wipernatant was harvested uuu.l transferred to a culture of fresh
uninfected cells w the y af [ af the drug for the
following round of u.rhnae_ In this round of culture, three drug mlltra!lum.

1. Vinol.

enEyme y system (Lumipulse F: Fugirehio Inc., Tokyo) The drug
conce thar | the prod of p24 Gag protem by S05 (50%
mhibitory :nmcnlrnurm 1€ 4] ) were determined by comparning the levels of p24
production with that in a drug-free control cell culture, ANl assays were per-
formed in triplicate.
Replicarion kinetic assay. MT-7 or MT cells (107) were exposed 1o each
mlcmom HIV-1 clone (5 ng of p24 ﬁl; proteinmi) for 3 h, washed twice with
hate-buffered wline, and e d m 10 ml of complete medium as de-
seribed previousdy (1, 14). Culture supematants (30 ul) were harvested every
other day. and the p24 Gug smounts were determined as described above.
CHRA. Two tiirated infectious clones 10 be compared for their replicative
capabilitics or fitness in the competitive HIV-| rephcanion assay (CHHA)
were combined and added 1o freshly prepared MT-4 cells (2 = 107) 10 the
of ab of various ¢ of Pls as describved previously
lm Hriefly, a fixed amount (200 TCID,) of one infectious clone was
bined with three (100, 200, and 200 TCID,,) of the
other infectious clone. and the mixture was added to the culture of MT.4
cells. On the following day. une-thind of infected MT-4 cells were harvested
and washed twice with phosphate-buffered saline, and cellular DNA was
extracied and subjected to nested PCR and sequencing as described above.
The HIV-l coculture that best app d & S50 on day | was
further propagated. and the 2 cul were discarded Every 7doys.
the cell-free supematant of the virus cocubure was transmiited 10 fresh
uninfected MT-4 cells. The cells harvested at the end of each passage were
subjected o divect DNA ing, and viral pop changes wete
determined. The persistence of the bnginal amino acid substitutions was
comfi § tor all infectious clones vsed in this assay.

(increased by one-, two-, and threefold compared to the previous

Statistical analysis of sel profiles of infectious HIV-1 clones. The selec-

were employed. When the repli of HIV-1 in the culture was confi i h\'
substanual Gag protein production (greater than 200 ng/mi), the highest drug
concentration among the three wah used o the sl

flor the next round oh‘ullurt'l l".'lli protocol was repetitively used untl the drug

tion profiles of sanous infectious HIV-1 clones were compared as follows
The loganthms of the ¢ ations were modeled as noemally distribuned
hles with possible el ¢ g The mean was assumed 1o be g qua-
dratic flsmllun uf tl\r passape number, The difference between two curves wis
1 by i the d ¢ e-weighted diff es of the

cone hed the rarg Proniral DNA from the ly-
wures of infected cells at vanous p was suly $ 1o nuh
1] i ol d Molecular clonmg and the nl:lrﬂm

natian of nucleotide sequences of HIV-1 passaged in the presence of each PI
were performed as described previously {44, 45). [n briel, high-molecular-weight
DNA was entracted from HIV-Janfected MT-2 and MT-4 cells by usang the
InstaCrene matrx (Bio-Rad Laboratones, Hcrculm. CA} and was subjected 1o
molecular cloning, followed by 3 The prmers used for
the first-tound PCR llﬂpliflcilllol\ ol the entire Gag- and protease-encoding
regions of the MIV-1 genome were LTR F1 (8-GAT GCT ACA TAT AAG
CAGCTGC-Y jand PRI (3CTC GTG ACA AAT TIC TAC TAA 1GC-2).
The fi und PCR d of § ul of pi | DNA soll 200
of premix Tag {(Fx Tag version; Takara Bio Inc.. Otsu. Japan). and 125 pmol ot
each of the first-round PCR primers moa ol volume of 50 wl. The PCR
comditions used were an initial 2-min step ar 94°C, followed by 30 cycles of 30 s
al W, 30 5 ar S8'C, and 3 min st T2°C, with a final 8 min of extension at 72°C
The firstoround PCR products (1 ) were used directly in the second round of
PCR with primers LTR F2 (3-GAG ACT CTG GTA ACT AGA GAT C-3') and
Ksmal | (8-CCA TCC CGG GCT TTA ATT TTA CTG GTA C-3') under the
sme PCR conditions described above. The second-round PCR products were

purified with spin columns (MicroSpin S-400 HR: A ham Biosci Corp..
Piscataway, N1), cloned directly, and subjected 10 vequencing with a model 377
§ DNA sequencer (Applicd Biosy Foster City, CA)

Generation of recombinant HIV-1 clones. The POR products obmined as
described ahove were dlsemd with twi of the Ihm.- enzymes BssHII, Apal, and
Smal. and the ol | were | fuced into pHIV-1y, 5., designed
10 have a Smal site by dmn;mg wo nur.lnrlilln (2590 nnd 2‘93]0!;!!{!\!" It
(15, 19). To generate HIV-1 clones carry € the it -
tagenesis using the QuikChange site-di age kit (Stratag La
Jolla, CA) was pert d. and the i B B frag) were
introduced into pHIV-1g 4., D

of the nucleotid of
plasmidy confirmed thar each clone had the desired mutations but no unintended
mutations 2937 cells were tramsfected with each meeombinant plasmid by using
Lipofectamine 2000 reagent (Invitrogen, Cardsbad, CA), and the thusobtained
infectious vitions were harvested 48 I after transfection and stored nt ~RI°C
until use.

Drug sensitivity assays. Assavs for HIV-1 p24 Gag proten production were
performed with MT-4 cells as described previously (1. 20, 24). In bref, MT4
cells (10 ml) were exposed to 100 TCID,, of infections molecular HIV-1 dones
in the 1 or ab ol vatious of drugs and were incubated
at ATC On day 7 of culture. the supermatant was harvested andd the amounts of
pad Gag protein were determined by using a fully automated chemiluminescent

linear and quadratic cmﬁc\rrm and comparmg the result 1o computer sim-

1 for the same g y generated under 1he specific null hypothesis for
that difference. SAS 9.0.3 (SAS Insivtute, Cary, NCI was used for all the
computations. All P values are two talled, and for figures with more than two
curves. the values were comrected by the Hocliberg method for multiple
Palrwise Compansons.

RESULTS

Amino acid sequences of Gag and protease of HIV-1 pas-
saged in the presence of APV. A wild-type HIV-1 stramn
(HIVy;) was propagated in MT-2 cells in the presence of
increasing concentrations of APV, and the proviral DNA se-
quences in those MT-2 cells were determined at passages 3, 12,
and 33 (Fig. 1). By passage 3, when HIV-1 was propagating in
the presence of 0.04 uM APV (yielding HIV .., ), no amino
acid substitutions in protease were identified but 3 of 10 clones
had acquired the substitution of arginine for leucine at position
75 (L75R) in Gag. By passage 12 (at (.18 pM APV), wo
APV-related resistance mutations (L10F and M46L) in pro-
tease had emerged and one mutation (H219Q) in Gag had
been added. By passage 33 (at 10 pM: yielding HIV gy a4, SIX
APV-related amino acid substitutions, one primary mutation
(184V) and five secondary mutations (L10F, V321, M4el,
154M, and ATIV), in protease had emerged (Fig. 1A). In
addition, & pl-p6 cleavage site mutation in Gag (L449F) was
identified in all 10 HIV-1 clones of HIV 4y, examined. and
five non-cleavage site mutations (E12K, L75R. H2190,
V390D, and RA0IK) were seen in Gag of HIV 4,4 (Fig. 1B}
Cleavage site mutations have been known to emerge when
amino acid substitutions in protease are accumulated and
HIV-1 develops resistance to Pls both in vitro and in vivo (5,
8). Intriguingly, the present data suggest that certain amino
aucid substitutions in non-cleavage sites of Gag (i.e., L75R and
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at the indicated passages (p3. p12, and p33) from HIV-1y . , variants selected in the presence of APY. The amino acid sequences of the protease
and Gag proteins of wild-type HIV-1, . are shown at the top as a reference. Identity to the sequence ab individual amino acid positions is
indicated by dots. The numbers of clones with the given amina acid substitutions among a total of 10 clones are listed.

H2190Q) may cmerge carlier and in greater numbers than
amino acid substitutions in protease, at least in the case of
HIV-1 selection with APV, The amino acid substitutions that
emerged in the virus and the pattern and order of such sub-
stitutions were largely in agreement with the data in the pre-
vious report by Gatanaga et al. (15). The present results sug-
gested that the non-cleavage site mutations observed may play
a key role in the development of HIV-1 resistance against Pls
and that especially the two Gag mutations H219Q and R409K
may be required for the development of Pl resistance.
Mutations in Gag are required for the replication of
HIV \yvgase In order to examine the effects of the mutations
identified in Gag as described above on the replication pro-
file of HIV-1, we generated infectious recombinant HIV-1
clones containing the six mutations (L10F, V3Zl, Mdel,
[54V, ATIV, and I84V) in protease seen in HIV ypp 00 A
recombinant HIV-1 clone containing the protease of
HIV ypypas plus a wild-type Gag (HIV cimpsspm. P8 .0F
the L449F cleavage site  mutation-containing  Gag
(PHIV gy sipro - 18%) failed to replicate in MT-2 cells over
the 7-day period of culture (Fig. 2A), indicating that these
Gag species do not support the growth of HIV (.
Therefore. we next generated a recombinant HIV-1 clone con-
taining the protease of HIV sy 1, and the Gag protein with
the five non-cleavage site mutations (EI12K, L75R, H2190,
V390D, and RA09K; rHIV ypypuage,' =7 9 340%), which
replicated moderately under the same conditions (Fig. 2A).
The addition of the cleavage site mutation L349F, gencrating
tHIV g gy OAMAISANAE further improved the rep-
lication of the virus, In MT-4 cells, in which HIV-1 generally
replicates more quickly and efficiently than in MT-2 cells,

FHIV ppvpssore™ 2% and THIV s pypaspro =% replicated mod-
erately; however, both tHIV ypypape 0044 and
THIV gy a0 VISR replicated comparably to
HIVy, (Fig. 2B), due presumably to the greater replication of
HIV-1 in MT-4 cells, making the difference relatively indis-
tinct. These data clearly indicate that both non-cleavage site
and cleavage site mutations in Gag contribute to the robust
fitness of HIV ypyy, s We also attempted to examine the effects
of combined Gag mutations on the replication of HIV-1 con-
taining wild-type protease und generated three recombinant
HIV clones, rHIVypon 28, tHIVirpe e, and
THIV gy - 21X The replication rates of these
three recombinant clones turned out to be comparable to that
of HIV,,; when examined in MT-2 and MT-4 cells (Fig. 2C
and D), unlike the finding by Doyon and his colleagues that the
cleavage site mutation L449F compromised the replication of
HIV-1 containing wild-type protease (8).

Gag mutations predispose HIV-1 to rapidly acquire APV
resistance. The appearance of two non-cleavage site mutations
(L75R and H219Q) in Gag prior to the emergence of muta-
tions in protease (Fig. 1) prompted us to examine whether
these two Gag mutations predisposed the virus to the acquisi-
tion of APV resistance-associated mutations in protease. We
thus attempted to select APVeresistant HIV-1 by propagating
HIV iy s (HIV ) and rHIV p 9% in the presence of
increasing concentrations of APV (Fig. 3). When we compared
the selection curves of these two viruses, there was no signifi-
cant difference (P, 0.53 and 0.65 for propagation in MT-2 and
MT-4 cells, respectively). We then examined the eflects of two
mutated Gag species containing two and five mulations
(H219Q and R409K and E12K, L75R, H219Q, V39D, and
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FIG. 2. Replication kinetics of Gag mutant clones with or without protease mutations, MT-2 cells (A and ©) and MT-4 cells (B and 1) were
exposed to Gag mutant clones with (A and B) or without (€ and D) protease mutations. Virus replication was monitored by the amounis of p24
Gag produced in the culture supernatants, The results shown are representative of results from three independent experiments. HIV o na variants
had six mutations (L10F, V321, M6, [54M. A7IV, and 184V) in the viral proiease.

RAVK [yielding mGag'* 75217005800 ogpectively) on the
selection curves. The selection profile of a newly generated
recombinant HIV clone (rHIV q,,,,,*'**%%) was not differ-
ent from that of HIV - in MT-2 cells (P = 0.22); however,

FIG. 3. Inwvitro selecbon of APV-resistant vanants using HIV-1 cammyang

Gag  mutations. HIVy,, (M) and
THIV oy e, 08 (&), THI Vg, P (2, and
THIV | 7RI () were propagated in the presence of
increasing concentrations of APV (starting al 0.03 uM) in MT-2 cells
(A) or MT-4 cells (B). The selection was carried oul in a cell-free
manner for a total of 14 to 29 passages. The resulls of statistical
cvaluation of the selection Fmﬁlcs are us follows: pancl Al
HIVy, versus rHIV, e p o= (53 HIVy, versus

three  mfectious HIV  clones.

FHIV o, 27m0000a0id ™ p 2 0 g 00u: HIVyy  versus
tHIVgyy, W WN0s, . p = 0.22; rHr\«".W,,"-="'m
versus “wa‘- JATSWIS B — () 065; fTIV Valbeug yer.

L‘Wnl. P=0.15 and r"lvwm“l:.‘..\.:.’ﬂl':'\wm.mu ver-
A poo— 0018, and panel B, HIVyy,
versus  tHI Wi HEwEE p = 065 HIVey o versus
THIV 272000 p o 0O00L IV  versus
THIV iy 2 Mg, r < 0.0001; :Hlvww\,""-“*"
VErsus r _"\.r“'l III::‘.'.‘.’:W-."AL Jln;q' f’ - U.[ml: li'"\"wr “.‘ = 1 iyay ver-
SUS. THIV gy V4855, < 0.0001; 4N THIV g g 21021030 4
versus tHIV . JW7 p — ) 088

sus tHIVy o
sus  rHIVy,

rHl\-’,,.,-,-3,,‘,"'""’""""‘*r acquired resistance: to APV much earlier
than HIV ., when propagated in MT-4 cells (7 < 0.0001), The
recombinant clune with five non-cleavage site mutations
(PHIV gy, | 270908 Started 1o propagate in both cell
lines in the presence of APV significantly earlier than HIV.,
with P values of 0.0080 and <0,0001 for MT-2 and MT-4 cells,
respectively (Fig. 3).

We then asked whether additional amino acid substitutions
oceurred and accelerated the acquisition of APV resistance hy
the virus when the Gug mutations were present. To investigate
this issue, we determined the nucleotide sequence of the pro-
tease-encoding gene of each virus, Only one protease mutation
(L10F) was seen by passage 20 when HIVy, and
tHIV ™™ were propagated in MT-2 cells in the pres-
ence of APV (Fig. 4A and B). In contrast, two mutations
(MA46L and I84V) had been acquired by rHIV ., 2140708y
passage 20. Of note, when rHIV g, 127800000 g
propagated in MT-2 cells in the presence of APV, & mutation
(L10F) had occurred by an early passage (passage 5) and four
mutations (L10F, V321, M461, and 184V) had emerged by
passage 17 (Fig. 4D). When examined in MT-4 cells, HIV
and rHIV gy, 7™ had acquired two mutations (L1OF and
184V and M46L and I84V. respectively) by passage 10, al-
though tHIV yr,, 4% and tTHIV gy, /275250090
had acquired three and four mutations (L10F, M461, and 184V
and LIOF, V321, Md6l, and 184V, respectively) by the same
passage (Fig. 4E 10 H). These data, taken logether, indicate
that the two sets of Gag mutations (H2190 and R409K and
E12K. L75R, H2190, V390D, and R409K) clearly predisposed
the virus to rapidly acquire APV resistance-associated muta-
tions in protease and begin to propagate in the presence
of APV.

Gag mutations in HIV ;1 delay viral acquisition of re-
sistance to other PIs. We next asked whether the presence of
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FIG. 4. Number of amino acid substitutions corresponding to the protease-encoding region of cach infectious HIV-1 clone selected in the
presence of APV, Nucleotide sequences of proviral DNA of HIVy; (A and E) and three infectious HIV-1 clones, THIV e, % (B and F),
PHIV g 5109 (C and G, and tHIV gy, 57571990488 (1 and H), were determined using lysates of HIV-1-infected MT-2 cells (A o D)
and MT-4 cells (E to 11) at the termination of each passage and compared to the nucleotide sequence of HIV-1y, o, The number within each
symhbol represents the number of mutations identified in the protease when each infectious HIV-1 clone was selected in the presence of APV,

the five Gag mutations (E12K, L75R, H219Q, V390D, and
R409K) accelerated the viral acquisition of resistance to
other currently available Pls (SQV, IDV, RTV, and NFV)
(Fig. 5). To this end, we propagated two HIV-1 strains
(HIVyp and tHIV /2757 19709040%888) g MT-4 cells in
the presence of increasing concentrations of each PI and
compared the replication profiles. The initial drug concen-
trations used were 0.01 pM for SQV, 0,03 uM for IDV and
NFV, and 0.06 pM for RTV, and each virus was selected by a
concentration of up to 5 pM. The selection was carried out in
a cell-free manner for a total of 13 to 32 passages as described
previously (44, 45), There was no significant difference in the
selection profiles of the two strains when they were passaged in
the presence of SOV (P = 0.8) or IDV (P = 0.22) (Fig, 5A and
B). However, rHIV g, /&7 giarted to replicate sig-
nificantly later in the presence of RTV (P = 0.0001 (Fig. 5C). The
selection profiles of HIV g, and rHIV,,,,, 577 #100ar i
the presence of NFV were examined in two independent ex-
periments. Both curves in the first and second sets depicted in
Fig. 5D showed statistically significant difference, with P values
of <0.0001 and 0.0016, respectively. These data strongly sug-
gest that the Gag mutations seen in HIV ypy, 40 predispose
HIV-1 1o the rapid acquisition of APV resistance; however,
such Gag mutations delay the viral acquisition of resistance to
other Pls.

Gag mutations seen in HIV ;.\, do not affect viral suscep-
tibilities to Pls. Since the Gag mutations seen in HIV jy 4
were found 1o contribute to the rapid acquisition of viral
resistance to APV but they delayed the emergence of viral
resistance to other Pls, we examined whether such Gag
mutations affected the susceptibilities of HIV-1 to various
Pls in the HIV-1 drug susceptibility assay. As shown in
Table 1, none of three sets of Gag mutations, as examined in
the context of THIV yyp 5 %, tHIVwppe 8%, and

51 A 5r 8
4 4
3 3
2 2

Concentrations of areg (M)
2
2
-]

S C 5
4 4
3 3
2 2
1 1
0 o
1 10 20 1 10 20 20
Passage

FIG. 5. In vitro selection of Pl-resistant variants using HIV-1 carrying
Gag mutations. HIV ., (Mand ) and tHIV 27370880088 (0 ang
&) were ted in MT-4 cells in the presence of increasing concen-
trations ol SQV (A), IDV (B), RTV (C), or NFV (I2). The initial drug
concentrations used were 0.01 uM for SOV, 0.03 uM for IDV und NFV,
and 0.06 M for RTV, and cach virus was selected by up to o § pM
concentration of each PL The selection was carried out in a cell-free
manner for a total of 13 1o 32 passages. NFV selection was performed
twice, Data from the first selection are shown with a solid line: the second
selection was started using the HIV-1 from passage 10 of the first selection
{with NFV a1 0.7 uM), and the data are shown with a dashed line. The
results of statistical evaluation of the selection profiles are as follows:
panel A, P = (.80; panel B, P = 0.22 pane| C. P = 0.0001: and panel D,
first selection, P < 00001, and second selection, P = 0.0016.
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TABLE 1. Sensitivities of infectious HIV-1 clones with Gag mutations to various Pls
1€ (uM) of:
Infectious HIV-1 clone
APV S0V v RTV NFV
HIV o 0.031 = 0.0008 0.021 = 0.002 0.032 = 0.002 0.032 = 0.0005 0,028 = 0,002
rl'll\"w,',,""""’"" 0,031 = 0.003 0.017 = 0.003 0.032 = 0.003 0,031 = 0.0007 0.029 = 0,003
FHIV,;r 1 W e 0.029 = 0.003 0.020 = 0.01 0,032 = 0,001 0.031 = 0.004 0.028 = 0.002
VTV e o) YRR 0.032 = 0.0001 1,023 = 0,005 0,032 = 0.003 0,032 = (.0001 (1028 = 0,002

“ Data shown are mean values (with | standard deviation) denved from the results of three mdependen expenments conducted in triplicate. The IC, 8 were

MT4 cells

de
A an end poimt

Pioying

THIV oy, 73500908 affected the susceptibility of
HIV-1 to any of five PIs (APV. SQV. IDV, RTV, and NFV).
Indeed, the IC s for HIVy, were highly comparable to
those for any of the three recombinant clones carrying com-
bined Gag mutations.

Replication rate difference is not the cause of the contrast-
ing resistance acquisition patterns, Our observations ol the
contrasting resistance acquisition  patterns, in  which
tHIV gy, 799N gequired resistance 1o APV
more rapidly than HIV ., when selected with APV (Fig. 3)
and rHIV gy, | P70 Gonificantly delayed the ac-
quisition of resistance to other Pls compared to HIV
(Fig. 3). prompied us 10 ask whether the replication rates of
tHIV gy TR g0 HIV . were differentially
affected by the presence of Pls, We therefore compared the
replication rates of rHIV 73R8 gnd HIV

100
7%

3 1o each infectiows HIV-T clone (50 TCID, ) i the presence of cach PL with the inhibitien of p24 Gag protein produchion

in the presence or absence of APV, SOV, 1DV, RTV, or
NFV by using the CHRA (21). As shown in Fig. 6,
THIV g, 7002000 quigrew HIVy,, regardless of
the absence or presence of Pls. Comparing the divergence
patterns of the curves for rHIV ' 279319390806 40
HIV .y in the absence and presence of APV (Fig. 6A and B)
revealed that those for growth in the presence of APV
diverged more quickly than those for growth in the absence
of APV (Fig. 6B). However, similar divergence patterns
were seen with SOV, IDV, RTV, and NFV (Fig. 6C. D, E,
and F), suggesting that the replication advantage of
THIV gy, |27V WOAI ge0n i the CHRA was not the
cause for the observed contrasting resistance acquisition
patterns,

NFV resist conferring prot mutations  increase
HIV-1 susceptibility to APV, There have heen reports that an

-
3

FIG. 6. Results from the CHRA for HIVy, and rHIVq ' 2724988 g the absence or presence of each drug. Replication profiles of
HIV ., (W) and rHIV .y, 2753190904008 (03) in the absence (A) or presence of 0.03 WM APY (B), 0.02 uM SQV (C), 0.03 uM IDV (D), 0.03
uM RTV (E), or 0.03 uM NFV (F) were cxamined by the CHRA. The cell-free supernatant was transferred (o fresh MT-4 cells every 7 daye,
High-molecular-weight DNA extracted from infected cells at the end of each passage was subjected to nucleotide sequencing, and the proportions

of Arg and Lys at position 409 in Gag were determined.
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TABLE 2. Phenotypic sensitvities of ree
passaged with NFV*

b HIV-1 clones

ICw (uM) = SD (change. n-fold) of:
Infectious HIV-1 clone
APV NFV
0.031 = 0,000 (1) 0028 = 0002 (1)

0,0015 = (L0007 (0.05F 0028 = 0001 (1)

0.0031 = 00001 (0.17  0.045 = 0.001 (1.6)
0.014 = 0.0021 (0.45)  0.26 = 0.03(9)
o 0.020 = 0.002 (0.62) D32=003(11)
THIV o o '1"' 0.0069 = 00024 (0.22) 025 =004 (9)
AV, I et o (L0046 = 0.0019{0.15) 021 = 0.06 (8)

‘Rccam'lhnnnl v clones HIV s sipn, and
THIV a0 e were generated 1o have 4 et of four pro-
lease muintions {I 10F, D30N, K451, and ATIV) and wild-type (_nq; or Gag
with five mutations, while other clones, tHIV iy, wiesr and
THIV e VR eed yare generated with three protease muta-
tons (D30N, M46L and V7T1) and wild-type Gag or Gag with five mutations.
Both sets of protease mutations were seen when HIV-1 was propagated in the
p:mnce af NFV. The IC,s were determined by employing MT-4 cells

d 1o each recomb HIV-1 clone (30 TCIDy,) in the presence aof
each P1. with the inhibition of p24 Gag protein production as an end point,
All values were determined in triplicare. and the data are shown as mean
values =1 standard deviation of results from two or three independent ex-
penments. The numbers in g b are ch (n-fold) 410 the
1Ca, of each P for HIV

NFV-related resistance mutation, N88S, renders HIV-1 sus-
ceptible to APV (33, 49), Since the acquisition of viral resis-
tance 1o Pls such as NFV was significantly delayed when HIV-]
had the Gag mutations seen in HIV 45y 1, We asked if another
NFV-related resistance mutation (D30N) would render HIV-1
more susceptible to APV. We also asked whether the presence
of multiple NFV resistance-associated mutations (D30N,
M46l, and V771) would make HIV-1 susceptible to APV,
Moreover, we examined the effects of the Gag mutations seen
in HIV \yrysa 0n HIV-1 susceptibilities to APV and NFV.

As shown in Table 2. the N88S5 mutant clone
THIV ispr 5 was more susceptible to APV than
HIV . by a factor of 20, in agreement with the reports by
Ziermann et al. and Resch et al, (33, 49). We found that the
D3N mutation in tHIVgnp . #** also made HIV-1
more susceptible to APV, by a factor of 10. Interestingly,
tHIV jynassmiprn - %, with the four mutations LI1OF,
D30ON, K451, and AT1V, was more resistant to NFV than
HIVyr by a factor of 9, however, the recombinant virus
remained more susceptible 1o APV than HIV,, (Table 2).
The introduction ol the five Gag mutations (EI12K, L75R,
H219Q, V390D, and R409K) into tHIV,yassipre Wheas,
generating  tHIV,  guamipe, 2 PRARERE  did ot
change the susceptibility profile (Table 2). Annlhcr recom-
binant HIV-1 clone with three protease mutations (D30N,
M461, and VIT), THIV a0 rmpp ' ¥%, Was also more resis-
tant to NFV (by a factor of 9) and more susceptible to APV
than HIV . The introduction of the five Gag mutations,
generating rHIV . '_mrmﬂ"-‘-'ll'u.'m"‘""’", did nor affect
the susceptibility of rHIV yuammpm  ©F 10 APV or NFV
(Table 2).

Taken together, the data suggest that, as seen in the case
of the lamivudine (3TC) resistance-associated mutation
MI184V that restores aidovudine (ZDV) sensitivity (37), NFV
resistance-associaled mutations paradoxically render HIV-1
more susceptible 10 APV,
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DISCUSSION

Certam amino acid substitutions in Gag are known to occur
in common with resistance to Pls (11, 15, 32, 36); however, no
salient features such as patterns and orders of the occurrence
have been identified for a number of amino acid substitutions
seen in Gag in Pl-resistant HIV-1 variants. The roles and
impact of such amino acid substitutions in Gag for the repli-
cation of HIV-1 have not been delineated, either. These lim-
itations have been worsened since the functions and tertiary
structures of entire HIV-1 Gag proleins remain to be deter-
mined, although some structures of certain parts of Gag pro-
teins have been lately elucidated (13, 34, 41),

In the present study, we attempted to determine the effects
of non-cleavage site mutations in Gag which emerged during
the in vitro selection of HIV-1 in the presence of APV on the
viral acquisition of resistance 1o APV and other currently ex-
isting Pls. When we selected HIV-1 in vitro in the presence of
increasing concentrations of APV, six amino acid substitutions
apparently critical for the development of APV resistunce
emerged. Such substitutions included five non-cleavage site
mutations ( E1ZK, L75R, H219Q, V390D, and R409K) and one
cleavage site mutation, L449F (Fig. 1B).

HIV-1 variants containing P1 resistance-conferring amino
acid substitutions in protease plus wild-type Gag often have
highly limited replicative abilities (7, 31). Indeed. in the
present study, the recombinant HIV-1 clone containing
the protease of HIV, o plus a  wild-type Gag
(FHIV g pypaapn ™ T¥%) or the L449F cleavage site mutation-
containing Gag {rHlen.,,,‘, ) failed to replicate in
MT-2 cells (Fig. 2A), indicating that neither of the wo Gag
species supported the growth of HIV ypy 0. However, a re-
combinant HIV-1 clone containing the protease of HIV ypvpa
and the five Gag non-cleavage site mutations,
THIV gpypaape 1900498 replicated moderately under
the same conditions (Fig. 2A). an observation in agreement
with reports by others that some PI resistance-associated mu-
tations compromise the catalytic activity of protease and/or
alter polyprotein processing, often leading to slower viral rep-
lication (29, 36, 43), Since some of the five non-cleavage site
mutations emerged before mutations in protease developed,
we examined the effects of three sets of non-cleavage site
amino acid mutations upon the emergence of APV resistance.
Interestingly, HIV-1 with either of two sets of Gag mutations
(THIVyppo? %8 gind  sHIV oy, 2752 V0RIAE) - g
quired APV resistance significantly faster than HIV . (Fig. 3),
while such mutations alone did not alter the susceptibilities of
HIV 1o the Pls examined (Table 1), a finding providing the first
report that Gag mutations expedite the emergence of Pl-resis-
tant HIV-1 variants. At this time, it is apparently unknown
whether certain Gag mutations associated with viral resistance
to Pls persist when highly active antiretroviral therapy
{(HAART) regimens including a Pl(s) are interrupted or
changed 1o regimens containing no Pls. However, the non-
cleavage site mutations in Gag examined in this study did not
reduce the viral fitness (Fig. 2 and 6), suggesting that Gag
mutations may persist longer in circulation and/or in the HIV-1
reservoir in the body than mutations in protease when antiret-
roviral therapy including a PI{s) is interrupted. Such persisting
Ciag mutations may enable HIV-1 to rapidly acquire resistance
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to that very Pl when treatment with the PLis resumed. 1t 15 of
note that on the other hand, two sets of Gag non-cleavage site
mutations seen in HIV py,5 (H2190 and R409K and E12K.
L75R, H2190, V390D, and R409K) significantly delayed the
emergence of resistance to other Pls such as RTV and NFV
(Fig. 5). These data suggest that if « HAART regimen includ-
ing APV is changed to an alternative regimen, the inclusion of
a differemt PI in the alternative regimen is likely w delay the
emergence of resistance to the different PL

It is known that the L449YF cleavage site mutation renders
recombinant HIV-1 carrying a protease mutation (I50V)
maore resistant to APV (25). In the present study, a recom-
binant HIV-1 clone containing the protease of HIV pypea
plus the L449F cleavage site mutation-containing Gag
(FHIV g pypasgro | #*¥) failed to replicate (Fig. 2A). These
data strongly suggest that the L449F mutation alone pre-
vents HIV gy paa from replicating, although HIV 45y 00 did
nol contain the 150V mutation. The observation in the
present study that the addition ol five non-cleavage site
mutations 1t tHIV 4y “_‘pm-uwuu. generating
FHIV gy I YASIAOIEINAE Crestored the replicative
ability of the virus indicates that the presence of non-cleav-
age site Gag mutations plays an important role in the rep-
lication of APV-resistant HIV-1 variants,

Since rHIV 't 7000800 gequired resistance to
APV more rapidly than HIV,, (Fig. 3). while
THIV yy ., 2773 020A0%8 gionificantly delayed the acqui-
sition of resistance to other Pls (Fig. §), we examined
whether the replication rates of tHIV,,,, 127
and HIV . were associated with the observed contrasting
resistance acquisition patterns by using the CHRA (21), We
found that rHIV . fEFHE0RIE gyigrew HIVy, re-
gardless of the presence or absence of Pls (Fig. 6), suggest-
ing that the difference in the replication rates of
THIV gy, 578 gnd HIV g was not the cause
for the contrasting resistance acquisition patterns. As for
the reason why rHIVy,, f3753 108080008 gugrew
HIVyy s it is well explained by the presence of the H219Q
mutation. His-219 is located within the cyclophilin A
(CypA) binding loop of p24 Gag protein, It is thought that
CypA plays an essential role in the HIV-1 replication cycle
(4. 35) by destabilizing the capsid (p24 Gag protein) shell
during viral entry and uncoating (12) and/or by performing
an additional chaperone function, thus facilitating correct
capsid condensation during viral maturation (17, 39). CypA
is also known to support the replication of HIV-1 by binding
to the Ref-1 restriction factor and/or TRIMSe, the human
cellular inhibitors that impart resistance to retroviral infee-
tion (18, 38). It has also been demonstrated previously that
the effect of CypA on HIV-1 replicative ability is bimodal:
both high and low CypA contents limit HIV-1 replication
(14). We have demonstrated previously that certain human
cells, such as MT-2 and HY cells, contain large amounts of
CypA (14). We have determined more recently that MT-2
cells contain more CypA by about fivefold and that MT-4
cells contain about three times more than peripheral blood
mononuclear cells (PBMCs) (unpublished data), In fact,
HIV-1 produced in MT-4 cells contains large amounts of
CypA, presumably resulting in compromised replication of
the HIV-1. However, the H219Q mutation apparently re-
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duces the incorporation of CypA into the virions through
significantly distorting the CvpA binding loop and restores
the replicative ability of virions produced in MT-4 cells (14).
Therefore, H219Q should contribute al least in part 1o the
replication advantage of rHIV 7 @MR0eE s
noteworthy that of 156 different HIV-1 strains whose se-
quences were compiled in the HIV Sequence Compendium
2008 (22), 95 and 45 sirains had histidine and glutamine,
respectively, at position 219, Hence, position 219 is a poly-
morphic amino acid site, and it is thought that this polymor-
phic position is associated with the acquisition of resistance
to  certnin Pls.  Indeed, we have observed  that
rII[\’“--lr_,_,“""“‘ overgrew rl-ll\-'w,pr”w"'"" in the CHRA
using fresh phytohemagglutinin-stimulated PBMCs (14).
Since HZ190Q confers a replication advantage on HIV-1 in
PBMCs, it is likely that HIV-1 with H219Q may acquire
resistance more rapidly than HIV-1 without H2190Q.

Two groups, Ziermann ¢t al. and Resch et al, have re-
ported that an NFV-related resistance mutation, N88S, ren-
ders HIV-1 susceptible to APV (33, 49), and indecd, Za-
chary e1 al. have reported an anecdotal finding that the
infection of an individual with HIV-1 containing N88S was
suceessfully managed with an ensuing APV-based regimen
(46), Therefore, we examined the effect of another NFV
resistance-associated mutation, D30N, in addition to that of
the N8BS mutation on HIV-1 susceptibility to APV, It was
found that the mutations (D30ON and N88S) clearly in-
creased the susceptibility of HIV-1 1o APV by 10- and 20-
fold, respectively. These data are reminiscent of the obser-
vation that the 3TC resistance-associated mutation M184V
in a background of mutations conferring resistance to ZDV
restores ZDV sensitivity (37) and that ZDV-3TC combina-
tion therapy has proven to be more beneficial than ZDV
monotherapy in patients harboring HIV-1 with the M184V
mutation (9, 23), although the structural mechanism of the
restoration of ZDV sensitivity by M184V is not clear. When
a set of four protease mutations (LI0F, D30N, K451, and
AT1V), which had emerged by passage 10 when HIVy, . was
selected with NFV, were introduced into HIV ., generat-
ing tTHIV, i asmipn %, the recombinant HIV-1 clone
wis more resistant ta NFV than HIV by a factor of 9
while the clone was slightly more sensitive 10 APV (Table 2).
When we introduced mGag' 27471900 g HIV-1
containing a set of three NFV resistance-associated pro-
tease mutations (D30N, M4el, and V771), generating
THIV g g =7 HAA09638 the recombinant clone was
more resistant to NFV by a factor of 8 but more sensitive to
APV by a factor of 6.7 (Table 2).

There has been a report that dual P therapy with APV plus
NFV is generally safe and well tolerated and that the combi-
nation of APV with NFV may have the most benelicial phar-
macokinetic interactions, based on the results of a phase 11
clinical trial of dual PI therapies, APV in combination with
IDV, NFV, or 50V, although this phase Il trial was handi-
capped by the presence of substantial Pl resistance at the
baseline and the small number of patients in the study, pre-
cluding conclusions aboul the relative activities or toxicities of
the dual PI combinations (10). The hypothesis that a HAART
regimen combining APV with NFV may bring about more
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favorable antiviral efficacy

for HIV-l-infected individuals

should merit further study.
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Characterization of a CD4-independent clinical

through chemokine (C-X-C motif) receptor 4

Peng Xiao™”, Osamu Usami®, Yasuhiro Suzuki®, Hong Ling",
Nobuaki Shimizu®, Hiroo Hoshino®, Min Zhuangb, Yugo Ashino?,

Hongxi Gu® and Toshio Hattori?

Objective: HIV-1 isolates are prominently CD4-dependent and, to date, only a few
laboratory-adapted CD4-independent strains have been reported. Therefore, whether
CD4-independent viruses may exist in HIV-1-infected patients has remained unclear,
Here, we report the successful isolation of a CD4-independent clinical HIV-1 strain,
designated SDA-1, from the viral quasispecies of a therapy-naive HIV-1 and Pneuno-
cyslis firovecii pneumonia patient in the late-stage of AIDS with extremely low CD4 cell
count (CD4 = 1/ul). We characterized this virus and further explored whether it could
infect or induce pathological effects in human hepatocytes.

Design and methods: To determine coreceptor usage and CD4-independent infection,
the HIV-1 envelope (Envi-pseudotypes and Env-chimeric viruses were used.

Results: SDA-1 was able to infect CD4 cell lines through either chemokine (C-X-C
motif) receptor 4 or CCR5. It still maintained the ability to infect CD4 " cells through
multiple coreceptors of chemaokine (C-X-C motii) receptor 4, chemokine (C-C motif)
receptor 5, chemokine (C-C motif] receptor 3 and chemokine (C-C motif) receptor 8.
Productive infection by SDA-1 was noted in both CD4-negative hepatoma cells and
primary cultured human hepatocytes. Moreover, we demonstrated that SDA-1 could
efficiently infect human hepatocytes on both static and mitotic phases through
chemokine (C-X-C motif) receptor 4, without inducing apoptotic cell death.

Conclusion: The present study provides evidence that emergence of CD4-independent
HIV-1 virus in vive may oceur in HIV-1-infected patients. In addition, these results shed
light on the mechanisms involved in liver damage in HIV-1-infected individuals, which
could have important implications concerning the range of mutability and the patho-
genesis of AIDS, & 2008 Wolters Kluwer Health | Lippincott Williams & Wilkins

AlDS 2008, 22:1749-1757

Keywords: CD4-independence, HIV-1, human hepatocytes, human hepatoma
cells

coreceptor  [1,2].  Macrophage-tropic HIV-1

The entry of HIV-1 into target cells requires interaction
of the viral envelope (Env) with CD4 and a chemokine viruses use chemokine (C-X-C mof)

recepror

viruses
primarily use chemokine (C-C monf) receptor 5
(CCRS5) (R3) as a coreceptor, whereas T-cell-rropic
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(CXCRH) (X4). Dual-tropic viruses (R3X4) use both
coreceprors [3]. A few rare viruses can also use alternative
coreceptors such as chemokine (C-C motif) receptor |
(CCR 1), chemokine (C-C morif) receptor 2b (CCR2b),
chemokine (C-C motif) receptor 8 (CCRS), chemokine
(C-X-C monif) recepror 6 (CXCR6), G protein-coupled
receptor 1 (GPR1) or GPR15/Beb for entry into
corecepror-transfected CD4 ™ cell lines [4]. Whatever the
corecepror specificity of an HIV-1 isolate. an interaction
with CD4 is always the first step in a chain of events
leading to fusion of the viral envelope with the cellular
membrane. However, previous studies have shown that
SIV [5] and HIV-2 [6] can also infect cells independently
of CD4.

In contrast to SIV and HIV-2, HIV-1 CD4-independent
viruses are rarely isolated, To date, only a few hboratory
CD4-independent HIV-1 wvariants [7-10] have been
reported. Therefore, whether such viruses may exist in
HIV-1-infected patients has remained unclear. However,
several studies [11-14] have shown that HIV-1-DNA and
p24, a core HIV-1 anngen, were detected in CD4-
negative cells or tissues such as brain, kidney and liver in
HIV-infected individuals, suggesting the possibility that
low levels of CD4-independent variants exist in vivo,
Among such CD4™ cells or tissues, liver is an important
organ i determining the prognosis of HIV-1-infected
patients. End-stage hiver disease is becoming a frequent
cause of death in HIV-1-infected hospialized patients
[15=17]. Although the cause of liver injury in HIV-1
patients might be mulnfactorial, such as hepatitis B virus
(HCV) and hepanus B virus (HBV) coinfection and the
side effects of anaretroviral therapy, a number of reports
have documented that histological liver abnormalities
oceurred solely as a result of HIV-1 infecnion [13,18,19].
Nonetheless, few attempes have been made o elucidate
the mechamsms of the liver damage in HIV-1-
infected mdividuals,

In this study, we successfully isolated a CD4-independent
chnical HIV-1 strain, designated SDA-1, from the viral
quasispecies of a therapy-naive HIV-1 and Prenmocystis

Jirovedii pnevmonia (PJP) paaent in the late stage of AIDS

with extremely low CD4 cell numbers. We characrerized
the phenotype of this virus and further explored whether
it could infect or induce pathological effects in
human hepatocyres.

Materials and methods

Patient’s information

A 53-year-old Japanese man infected with HIV-1 was
admirted to Tohoku University Hospital owing to
prolonged fever and severe dyspnea in 2000. His plasma
viral load and CD4 cell count at the time of adnussion was
220000 copies/ml and 1 cell/pl, respectively. He was

diagnosed with PJP. and his clinical stage was classified as
IV-C3 [20]. The onser and route of HIV=1 mfection were
unknown. No evidence of comnfection with HBV or
HCV in this panent was found. The patient was treated
with trimethoprim and sulfamethoxazole (TMP-SMX)
and highly acnve annrerroviral therapy (HAART). His
condition deteriorated rapidly and he died 33 days atter
admission. Consent for autopsy was denied by the
patient’s family.

Before HAART. plisma samples and peripheral blood
mononuclear cells (PBMC) were collected from this
patient and cryopreserved in liquid merogen untl use,
The msutunonal Ethics Commuittee approved this study
and  written informed consent was obtained from
the patent.

Virus isolation

HIV-1 isolation was achieved by using an in-vitro short-
term  phytohemagglunnin (PHA)-PBMC  coculture
method. Briefly, cryopreserved PBMC (2 % 10" from
the panent were coculovated with PHA-stmulated
PBMC (5 x 10°%) from an HIV-1 seroncgative healthy
donor. The culture was maintamed in REMI-1640
(Invitrogen, California, USA) containing 10% fetal calf
serum and 5 U/ml of recombinant mterleukin-2 {1L-2)
(Sigma, St. Louis, Missouri, USA). Proliferation of HIV-1
was examined by measuring p24 anngen in the cell
culture supernatant using a p24 ELISA kit (RETRO-
TEK, ZeptoMertrix Corp., New York, USA). The virus
stocks were kept at —80°C until use.

Amplification of env and sequence analysis

The full-length HIV-1 env genes were amplified by
limiting dilution nested PCR. from proviral PBMC DNA
or plasma RNA as previously described [21,22]. To avoid
artificial recombination and resampling of the viral
genomes, independent nested PCR  reactions were
carried out per specimen [23,24].

The first round PCR was conducted with a F3852-
R8935 primer pair (F5852, 5'-TAGAGCCCTGGAAG
CATCCAGGAAG, HIV-1 HXB2 nucleotide position
5852-5876: R8935, 5-TTGCTACTTGTGATTGCT
CCATGT, HXB2 nucleotide position 8912-8933). The
second round PCR was performed with a F5957-R8903
primer pair (F3957, 5-GATCGAATTCTAGGCATC
TCCTATCGGCAGGAAGAAG, HXB2 nucleotide pos-
iwon 5957-5982, containing an additional EcoRI site
(underlined) to facilitate cloning; R8903, 5'-AGCT CTC
GAGGTCTCGAGATACTGCTCCCACCC, HXB2
nucleotide position 8881-8903, containing an additional
Xhol site (underlined)). The purified PCR products were
subcloned 1nto the EwRI and Xhol sites of the pSM-
HXB2 plasrmd. All correctly oriented env clones were
then screened for biological function [22] followed by
sequencing and phylogenetic analysis as  previously
described [25,26],
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Cell lines and cell culture

All the cell lines, unless otherwise specifically mentioned,
were cultured in Dulbecco’s moditied Eagle’s medium
(DMEM, Invitrogen) contaiming 10% feral calf serum.
Human ghoma NP-2-CD47 cells transfected with a
vanety of chemokine receprors as indicated [27] were
mainiained i medium contaimng 500 pg/ml of G-418
(Promega, Wisconsin, USA) and 1 pg/ml of puromyein
(Sigma). Human CD4-neganve osteosarcoma (HOS)
cells expressing esther CXCR4 or CCRS [28] were
cultured in medium contining 1 pg/ml of puromycin,
Human hepatoma cells Huh-7 and Hep-G2 [29] were
obtained through the Cell Resource Center for
Biomedical Research, Tohoku Universicy, Japan. Human
primary cultured hepatocytes  (p-hepatocytes, B
Bioscience, Califorma, USA) were mantaned on BD
Matngel with Hepato-STIM hepatocyte culture medium
(B Bioscience).

Reagents and antibodies

The CXCR4 antagonist AMD3100 [30}, and the CCR35
antagonist TAK-779 [31] were provided by the NIH AIDS
Reesearch and Reference Reagent Programme and Takeda
Chemical Industries, Ltd., Osaka, Japan, respectvely.
Recombinant human soluble CD4 (sCIM) was from
ImmunoDiagnostics, Inc, (Woburn, Massachusetts, USA).
Antalbumin-fluorescein 1sothiocyanate (FITC) antibody
was from Cedarlane Laboratones Lid. (Hornby, Ontario,
Canada). Antcytokeratin-18—phycoerythrin and annal-
pha fetoprotein (AFP)—FITC antibodies were from Santa
Cruz Biotechnology, Inc. (Santa Cruz, California, USA).
Ann-HIV-1-p24 (clone KC57)-FITC antibody was from
Beckman Coulter. All other antibodies were from BD
Pharmingen (San Diego, Califorma, USA).

Pseudotyped virus infection assay

The HIV-1 Env-pseudotypes were generated as pre-
viously described [32]. Briefly, 2937 cells (5 x 10° cells/
10 em-dish) were transfected with 5pg of luciferase-
expressing pNL4-3-Luc-RE™ [33] or green Huorescent
protein (GFP)-expressing pNL4-3-GFP [34] plasmid in
combination with 10 pg of one of the env-expressing
plasmids, pSM-SDA-1, pSM-HXB2 (X4), pSM-ADA
(R5), or pSM-89.6 (R5X4). The vesicular stomatitis
virus-G pseudotypes were also prepared [35].

For infection asays of luciferase-pseudotypes (luc-p).
10 ng p24 of luc-p were added into each well of 24-well
plates (3 x 10" cells/well). After 12h infection, the cells
were washed and incubated for an addinional 36h ac
37°C. The cells were then lysed using a Luciferase Assay
kit (Promega) and the luciferase actuvity was examined by
a luminometer (Lumar 9507, Germany). To determine
the effects of various reagents related to the viral
receptors, target cells were preexposed for 1h with the
indicated concentration of the antagomsts, or the
antibodies, For GFP-pseudotypes (GFP-p) infection,
trget cells were mfected with 10ng p24 of GFP-p virus

for 48 h and fixed by 3% paraformaldehyde. Infectvines
were visualized under a Zeiss LSM510  confocal
microscopy and DIC images with a 5312 x 312 resolunon
were acquired.

Chimeric viruses

All enr recombinant chimeric viruses in this study were
generated in the background of pNL43, an Xd-tropic
HIV-1 infecnious clone [36|. Brefly, the fragment of
pNL43 contining EoR1 (nt 5743-5748) and Kpnl (ne
6343 -6348) was amphified by PCR with a F3671-R 6472
primer pair  (F5671, 3'-GGCTCCATAACTTAGGA
CAAC, pNL43 nudeotide posiion 5671-5691; R6472,
S-TACTTCTTGTGGGTTGGGGTC, pNL43 position
6452-6472), followed by insertion into the pSM-SDA-1
using EcoR1 and Kpul. The new EwRI-Xhol fragment
(3155 bp) covering the entire SDA-1 env gene was then
replaced with the equivalent region of pNL43 to construct
the Env-chimeric virus NL43_SDA-1. Similarly, Env-
chimeras of ADA (NL43_ADA), 89.6 (NL43_8%.6) or
truncated env (NL43_env (-)) were created, respectively.
All Env-chimeric viruses were prepared by transfecting
293T cells as descnibed above. For infection assays, 100 ng
p24 of the chimeric viruses or virus stock supernatants
were added in each well of 24-well plates (5 x 1 ) cells/
well). After 2h adsorpoon. the cells were washed and
incubated tor 48 h. Viral rephcation was momtored by p24
antigen producton.

Flow cytometry and apoplosis assay

We performed cell-surface staiming for CD4, CXCR4
and CCR5 by flow cytometry. To determine the
purification and differentiation of p-hepatocytes, we
ested the specific markers vsing anvalbumin—=FITC,
ann-AFP-FITC and antcytokeratin-18—phycoerythrin
antibodies. Appropriate class marched antibodies were
used in each experiment. To detect the proliferanion and
intracellular p24, p-hepatocytes were fixed and permea-
bilized using a Cytofix-Cyroperm kir (BD Bioscience).
Subsequently, the cells were stamed with antn-Ki-67-
phycoerythrin and antip24-FITC antibodies. Apoptosis
of the p-hepatocytes was determined using the Apoprosis
Detection kit 1 (BD Pharmingen). Flow cytometry
analysis was performed using FACSCalibur (Becton
Dickinson, New Jersey. USA). All Data were acquired
and analyzed using Cell Quest software (BD Bioscience).

Nucleotide sequence accession number
The GenBank accession number for the sequence
determined in this study i1s AY902478 (SDA-1).

Results

Evaluation of SDA-1 viral quasispecies
In an attempt to solate CD4-independent clinical
HIV-1 strain(s), we performed virus isolanon from a
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Fig. 1. Evolution of SDA-1 env quasispecies in plasma and
PBMC. Phylogenetic analysis of newly characterized, SDA-1
gp120 env nucleotide sequences obtained from plasma
{n=101 and PBMC (n=15) with representative sequences
of HIV-1 subtype B. Numbers at branch nodes refer to the
percentage of bootstrap values and symbols indicate individ-
ual clones.

therapy-naive HIV-1 and PJP patient with extremely low
CD4 cell number, and successfully isolated the virus (peak
of p24, 500 ng) from this patent and designated it SDA-1.
To assess the quasispecies diversity present in vive, we
analyzed the SDA-1 env clones derived from plasma RINA
and PBMC. As shown in Fig. 1, SDA-1 is grouped within
the HIV-1 subtype B reference sequences. Within
SDA-1 sequence cluster, three phylogenetic forms were
identified. Supported by a significant bootsmap value
(96%), form 1 was the predominant quasispecies,
representing 70% of all sequences. Two minor quasis-
pecies (forms 1 and T11) had sinular structures but differed
in the position of the first breakpoint. The mean distances
between major and munor quasispecies did not differ
significantly from the sequence heterogeneity. Further-
more, the quasispecies diversities between plasma and
PBMC were similar within each form. and were all below
5.0%.

Multicoreceptor usage and CD4-independent
entry of SDA-1

To determine the receptor usage of SDA-1, we randomly
selected five clones from the predominant quasispecies
and  generated  Env-pseudotypes and  Env-chimeric

viruses as representatives. As a control, the Envs from a
variety of HIV-1 subtypes with X4 (HXB2), R5 (ADA),
and R5X4 (89.6) tropism were used. Unlizing luciferase-
pseudotypes (luc-p), we first examined the coreceptor
usage of SDA-1. We found that in the presence of CD4,
all representative SDA-1 Env-pseudotypes were able to
use efficiently both CXCR4 and CCRS3, with additional
moderate usage of CCRJ3 and CCRS (Fig. 2a).

We next investigated whether SDA-1 Envs are capable of
mducing CD4-independent infecnion. We found thar
SDA-1 Envs mediated entry into both HOS-CXCR4
and HOS-CCRA. However, the infectivities of SDA-1
tor HOS-CXCR4 were approximarely 2.5-fold higher
than that for HOS-CCRS5 (Fig. 2b). In stark contrast,
none of the other types of luc-p viruses entered either of
those cells. Furthermore, we evaluated the ability of SDA-
I Envs in mediating cell—cell fusion, a dye-transfer cell-
cell fusion assay [37] was used with HOS-CXCR4 and
HOS-CCRS5 cells. Only in the cells expresang SDA-1
Envs (effector cells) did cell—-cell fusion with CD4-
negative, CXCR4- or CCR5-posinive HOS cells (target
cells) occur (data not shown),

In addinon rto the resules with HOS=CXCR4 and
CCRS, preexposure of HOS cells 1o Leu-3A, a CD4
monoclonal annbody (mAb) that recogmzes the gpl20
binding site on CD4 [38], faled to block SDA-1
mfecnon. In contrast, pretrearment with antagonists
for CXCR4 or CCRS effectvely inhibited infecnion
(Table 1). Furthermore, the infectivinies of SDA-1 on
HOS-CXCR4 and HOS-CCRS5 were enhanced by
preexposure of the virus ro sCD4 indicaning that the
binding of SDA-1 Env to CD4 induces further
conformational changes m gpl120 to fully expose the
chemokine recepror binding domain. Collectively, SDA-
1 Envs mediated the CD4-independent infection via borh
CXCR4 and CCRA.

Having clarified that SDA-1 is a CD4-independent
isolate, we next invesngated what types of CD4 ™ cells are
able to support SDA-17% entry. We focused first on human
liver-derived cell lines, as the mechanisms of the liver
damage in HIV-1-infected individuals are stll unclear.

Two hepatoma cell lines, Huh-7 and Hep-G2, were used
as targets. We first examined the expression of the
receptors on the cell surface by fow cytometry and found
that both CXCR4 and CCRS5 were expressed on Huh-7
and Hep-G2 eells. In contrast, CD4 was not detected on
cither, which was confirmed by RT-PCR (data not
shown). We then evaluated whether SDA-1 can enter
into hepatoma cells with luc-p viruses. We found that
only SDA-1 luc-p viruses efficiently infected Huh-7;
however, its infectvity was marginal in Hep-G2 (Fig. 2c¢).
Previous studies have shown that few HIV-1 variants can
infect CD8Y cells using CD8 as receptor [10.39].
Therefore, we further explored receprors used by
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Fig. 2. Mullicoreceplor usage and CD4-independent entry of SDA-1. (a) SDA-1 Envs mediate entry of CD4 " cells using multiple
coreceptors, NP-2-CD4 " cells coexpressing one of the indicated chemokine receptors were exposed to SDA-1 luc-p viruses for
48 h and the luciferase activities were measured. (b) SDA-1 Envs mediate entry of CD4 ™ cell lines through either CXCR4 or CCRS.
The HOS cells (CD47) expressing either CXCR4 or CCR5 were exposed to the indicated HIV-1 luc-p viruses or VSV-G for 48 b,
after which the infectivities were determined. (c) Entry of SDA-1 into CD4™ human hepatoma cells. Huh.7 and Hep-G2 were
exposed 10 the indicated HIV-1 luc-p viruses or VSV-G. Infectivities were determined at 48 h. (d] Effects of receptor-related
antagonists or antibodies on the entry of SDA-1 entry into Huh-7 cells. Interaction of SDA-1 luc-p viruses with Huh-7 cells was
tested in the absence or presence of AMD3100 (1.0 pM), TAK-779 (100 nM), anti-CD8 Leu-2A antibody (30 pg/ml) or class-
matched control antibody (30 pg/ml). Results shown (a—d) are means of triplicate experiments. Bars, standard deviation. 18G,
immunoglobulin G; VSV, vesicular stomatitis virus.

SDA-1 for entry into hepatoma cells. As shown in Fig. 2d,
preexposure of Huh-7 to anti-CDB8 Leu-2A mAb, as well
as the CCR5 antagomst, TAK-779, faled o block
SDA-1 infection of Huh-7, whereas anti-CXCR4 with
AMD3100 effectively suppressed the infectivity. These
resuls  suggested  that SDA-1 enters Huh-7
principally via CXCR4

\'L'll'u

Replication of SDA-1 in human hepatoma cells
Although SDA-1 luc-p wviruses infected some cells
independently of C14 cells, it was necessary to determine

whether SDA-1 can rephcate 1 those CD4 cells,

particularly in hepatoma cells. For this purpose., we
constructed NL43-based Env-chimeric viruses described
above. We then examined whether the chimeric viruses
were dble to replicate in CD4™ cells. Asshown in Fig. 3a,
the SDA-1 Env-chimeric viruses replicated efficiendy in
HOS—-CXCR4 and HOS-CCRS5 cells to simular levels.
In contrast, none of the other Env-chimeric viruses
infected either of those cells lines. Furthermore, we
examined whether SDA-1 Env-chimeric viruses could
replicate in hepatoma cells. As shown in Fig. 3b, high
levels of NL43-SDA-1 replication were observed in
Huh-7 cells. However, marginal replication was detected
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Table 1. Inhibition of SDA-1 by blocking reagents in CD4™ cells.

% Inhibition

We next explored whether SDA-1 can enter p-heparocyres
by using GFP-p. As shown in Fig. 4a, only SDA-1 GFP-p
viruses gave GFP-positive cells in p-hepatocytes, whereas

Reagent HOS-CXCR4 HOS-CCRS other HIV-1 GFP-p viruses did nor. The GFP-positive

_ cells showed spindle-like shapes suggesting that the
?:?I%T'mnh 30 ug/mi) 3 3 infection occurred in the p-hepatocytes but not in the
Leu-3A (30 pg/ml) 10 12 contaminating lymphocytes. Furthermore, we studied
TNI‘I‘!]?I;JKH‘J.I;);‘I t(]In;::-.}'{'fm” ?_gg‘ ”[‘T whether SDA-1 can replicate i the p-hepatocytes. As
AL 77 1100n|;1}J 0 o shown in Fig. 4b, the p-hepatocytes were productively

CCRS, chemaokine (C-C motif) receptor 5; CXCR4, chemokine (C-X-C
mutif) receptor 4; HOS, Human CD4-negative osteosarcoma; mAb,
maonaclonal antibody,
“Enhancement of entry

in Hep-G2 cells. Although both Huh-7 and Hep-G2 cells
are derived from human hepatoma, many potential host
factors [40] could mfuence HIV replicanon. which for
the most part remain unknown. Similarly, only Huh-7
cells, but not Hep-G2 cells, were susceptible to HCV
[41,42]. These reasons may be related to the difference
between Huh-7 and Hep-G2 regarding the level of
replicatton by SDA-1.

SDA-1 replicates in both proliferating and static
hepatocytes

To nvestigate further whether normal human hepato-
cytes could sustain entry and replicavon of SDA-1,
p-hepatocytes were used for the following experiments.
Among the three specific markers of human hepatocytes,
both albumin and cytokeratin-18, but not alpha-
fetoprotein were detected in the p-hepatocytes suggesting
that the hepatocytes we used were well differentiated
(data not shown). We also found that CXCR4 was
expressed on the surface of p-hepatocytes. In contrast,
neither CD4 nor CCR3 was detected on the
p-heparocyte surface or by real-ime PCR (RT-PCR)
(dara nort shown).

infected by the SDA-1 Env-chimeric viruses and SDA-1
virus stock itself but not by the other HIV-1 Env-
chimeric viruses. Moreover, we found thar AMI3100
inhibited the replication of SDA-1 1n p-hepatocytes in a
dose-dependent manner (Fig. 4¢) indicating that the
infection of p-hepatocytes by SDA-1 was mediaced

through CXCR4.

A previous study [19] reported that the HIV-1 gp 120 enp
directly caused hepatocyte death by signaling through
CXCR4 in vitro; however, most studies were performed
using the hepatoma Huh-7 cells not  heparocytes,
therefore, it may not really reflect the nature of liver
damage. To explore the pathological effects of HIV-1
CD4-independent infection on hepatocyres, we exposed
p-hepatocytes to the SDA-1 and analyzed cell viability,
We found that the viability of the p-hepatocytes in cells
cultured with or without SDA-1 Env-chimeric viruses
was comparable (96%, P was not significant) indicating
that HIV-1 CD4-independent infection rarely induces
hepatocyte death via an apoprotc process (data not
shown). To further examine whether the infection or
replication of SDA-1 is hmired only to a certain number
of p-hepatocytes or whether the infectivity or replication
1s influenced by the cell cycle, we studied the intracellular
expression by flow cytomerry of p24 and Ki-67 [43], a
marker strictly associated with cell proliferadon, in the
HIV-1-infected p-hepatocytes. As shown in Fig. 4d. we
found that 32.49% of p-hepatocytes were infected by
SDA-1. However, there was no significant difference in
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Fig. 3. CD4-independent infection of SDA-1 Env-chimeric viruses, The HOS cells (CD4 ) expressing either CXCR4 or CCRS (a)
and two CD4~ human hepatoma cells (b) were incubated with the indicated HIV-1 Env-chimeric viruses. Virus replication was
then monitored by p24 antigen production on day 3. Results shown (a, b) are means of triplicate experiments. Bars, standard
deviation.



