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CXCR4 functions as an infection receptor of X4 human immunodeficiency virus type 1 (HIV-1) .
CXCR4 is glycosylated at the N-terminal extracellular region, which is important for viral envelope
(Env) protein binding. We compared the effects of CXCR4 glycan on the CD4-dependent and
—independent infections in human cells by X4 viruses. We found that transduction mediated by
Env proteins of CD4-independent HIV-1 strains increased up to 5.5-fold in cells expressing
unglycosylated CXCR4, suggesting that the CXCR4 glycan inhibits CD4-independent X4 virus
infection. Co-expression of CD4 on the target cell surface or pre-incubation of virus particles with
soluble CD4 abrogates the glycan-mediated inhibition of X4 virus infection, suggesting that
interaction of Env protein with CD4 counteracts the inhibition. These findings indicate that it will
be advantageous for X4 HIV-1 to remain CD4-dependent. A structural model that explains the
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glycan-mediated inhibition is discussed.

Infection by the X4-tropic human immunodeficiency virus
type 1 (HIV-1) requires interaction of two cellular surface
proteins, CD4 and CXCR4 (Berger et al, 1998; Dimitrov,
1997). CXCR4 is a multi-membrane-spanning protein that
possesses an N-glycosylation site in the N-terminal extra-
cellular region (Chabot et al., 2000). Since the glycosylation
site locates near the amino acid residues important for
HIV-1 entry (Brelot et al.,, 2000; Chabot & Broder, 2000;
Chabot er al, 1999; Picard et al, 1997), the glycan may
inhibit X4 virus infection. Consistently, previous studies
using mink or canine cells have indicated that the glycan
inhibits infections of HIV-1 and HIV-2 X4 viruses
(Potempa et al., 1997; Wang et al., 2004). However, it is
not known whether the glycan has the same effect in
human cells, in which glycan modification or other cellular
cofactors necessary for infection might be different from

Supplementary material is available with the online version of this paper.

those in non-human cells. Furthermore, studies using
human cells failed to observe such inhibitory effects (Brelot
et al, 2000; Chabot et al, 2000; Picard et al, 1997;
Thordsen et al., 2002). Thus, despite extensive studies, the
role of the CXCR4 glycan in X4 virus infection remained to
be determined.

As is the case for HIV-1, most simple retroviruses use
N-glycosylated multi-membrane-spanning proteins as their
receptors (Overbaugh et al, 2001; Sommerfelt, 1999). In
contrast to the HIV-1 studies, however, all the studies repro-
ducibly indicated that the N-glycan on the receptors can
efficiently suppress simple retrovirus infection (Kubo et al.,
2002; Marin et al., 2003; Tailor et al., 2000; Wilson & Eiden,
1991). Entry mechanisms of the simple retroviruses and
HIV-1 are similar in that they use multi-membrane-
spanning proteins, whereas they differ in that the simple
retroviruses need only a single type of receptor. Therefore, we
hypothesized that the initial binding of gp120 to CD4 might
counteract the glycan-mediated block of X4 virus infection.
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To examine this hypothesis, we established human NP2
and U87 cell lines (Soda et al, 1999) that express C-
terminally HA-tagged wild-type (wt) CXCR4 or N11A
mediated by a murine leukaemia virus vector as reported
previously (Kubo et al,, 2003). N11A is a CXCR4 mutant
lacking the N-glycosylation site by substitution of the
asparagine residue by an alanine (Fig. la). Western
immunoblot analysis using the anti-HA monoclonal
antibody showed that N11A migrated faster than wt
- CXCR4, consistent with the loss of the N-glycan by
mutation (Supplementary Figure S1, available with the
online version of this paper).

We examined if the lack of the glycan on CXCR4 could
affect transduction titres of an HIV-1 vector (Naldini et al.,
1996) having CD4-independent mNDK (Dumonceaux
et al., 1998) or 8X (Hoffman et al, 1999) HIV-1 gpl120.
The HIV-1 vector contains the lacZ gene as a marker
(Chang et al.,, 1999; Iwakuma et al, 1999), and transduc-
tion titre was estimated by counting blue cells after X-Gal
staining of the inoculated cells as reported previously
(Kubo er al, 2004). Infection of the NP2 and U87 cells
expressing N11A resulted in a moderate but statistically
significant increase in the mNDK transduction titres; titres
in NI1A-expressing cells were about 1.5 and 2.5-fold
higher than those in wt-expressing cells (Fig. 1b). Levels of
enhancement were greater with 8X vector; titres in N11A-
expressing cells were about 2.0 and 5.5-fold higher than
those in wt-expressing cells. In contrast, the lack of glycan
did not cause significant changes in titres of the VSV-G-
pseudotyped vector (Chang et al, 1999).

We analysed levels of cell-surface expression of wt and
NI1A CXCR4 in NP2 and U87 cells by FACS with an
anti-CXCR4 antibody (A80) that recognizes the third
extracellular loop of CXCR4 (Tanaka et al, 2001).

Fluorescence intensities of N11A-expressing NP2 and
UB87 cells were about 2 to 10-fold lower than those of
wt-expressing cells (Fig. 1lc). If wt and NI11A were
expressed at the same level, N11A could be 15 to 25 times
more susceptible to CD4-independent infection than wt in
NP2 cells. Similarly, N11A could be 4 to 11 times more
susceptible than wt in U87 cells. This indicates that the
CXCR4 glycan significantly inhibits CD4-independent
infection. However, treatment of wt CXCR4-expressing
cells with tunicamycin, an N-glycosylation inhibitor, had
severe cytotoxicity, especially in U87 cells, and did not
increase 8X vector transduction titre,

We examined whether the CXCR4 glycan could influence
X4 virus infection upon CD4-mediated infection. For this
purpose, we established NP2 and U87 cell lines that express
both CD4 and CXCR4. As was seen with the CD4-negative
cell lines, the size of N11A was smaller than that of wt
(Supplementary Figure S2, available with the online version
of this paper). Similarly, fluorescence intensities of N11A-
expressing NP2 and U87 cells detected by FACS analysis
were about 2 and 10-fold lower than those of wt-expressing
cells in CD4-positive cells, respectively (Fig. 2a and b).

We next measured the effect of CD4 expression on trans-
duction efficiency of various Env-pseudotyped vectors.
Transduction titres of the mNDK and 8X vectors in NP2
cells co-expressing CXCR4 and CD4 were about 100-fold
higher than in cells expressing CXCR4 alone (Supplement-
ary Figure S3, available with the online version of this
paper), suggesting that constitutive exposure of the
coreceptor-binding site in these CD4-independent gp120
is partial and that CD4-induced conformational changes
result in the full exposure. ’

We examined whether the CXCR4 glycan could influence
X4 virus infection upon CD4-mediated infection. The
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Fig. 1. Role of CXCR4 glycan in CD4-
independent infection of X4 viruses. (a)
Amino acid sequences of the N-terminal extra-
cellular regions of wt CXCR4 and the N11A
mutant. Hyphens indicate residues identical to
wt CXCR4. The glycosylation site is under-
lined. The Asn residue was changed to Ala in
the N11A mutant. (b) Relative transduction
titres of the vectors in human cell lines expres-
sing wt and N11A CXCR4. Relative titres to
the titre in cells expressing wt CXCR4 (X4) are
indicated. This experiment was repeated three
times. Asterisks indicate statistical significance
determined by Student's t-test, P<0.05. (c)
Cell-surface expression was analysed with a
flow cytometer and the anti-CXCR4 antibody
(ABO). The black area indicates control cells
stained with the AB0 antibody. The white area
indicates wt CXCR4- and N11A mutant-
expressing cells stained with the A80 antibody.
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Fig. 2. CD4 counteracts CXCR4 glycan-mediated inhibition of X4 virus infection. (a, b) Cell-surface expression of wt CXCR4
and N11A mutant in NP2/CD4 (a) or U87/CD4 (b) cells was analysed with a flow cytometer and the anti-CXCR4 antibody A80.
Black area indicates the control cells stained with ABO. White area indicates wt CXCR4- and N11A mutant-expressing cells
stained with A80. (c) Relative transduction titres of the vectors in human cells co-expressing CD4 and CXCR4. Relative titres to
the titre in cells expressing CD4 and wt CXCR4 (X4) are indicated. Asterisks indicate statistical significance determined by
Student’s t-test, P<0.05. (d) Relative transduction titres of the 8X vector in the absence or presence of sCD4 (20 pg mi™).
Relative titres to the titre in U87/X4 cells in the absence of sCD4 are indicated. These experiments were repeated three times.

vector solutions were diluted to obtain transduction titres
similar to those of CD4-independent vectors in CD4-
negative cells (about 5 x 10 infected cells per ml). Fig. 2(c)
shows the relative transduction titres of the various Env-
pseudotyped vectors in NP2 and U87 cells co-expressing
CD4 and CXCR4. In contrast to the results with cells
expressing N11A alone (Fig. 1), we could not detect a
statistically significant increase in transduction titre of the
vectors carrying the mNDK and the CD4-dependent HXB2
Env proteins in N11A-expressing cells. Similarly, removal
of the CXCR4 glycan induced only a moderate increase in
transduction titres of the 8X vector. These results showed
that the mNDK, 8X and HXB2 viruses infected cells
expressing wt CXCR4 as efficiently as cells expressing N11A
when the target cells co-expressed CD4. These results
suggest that the interaction of gp120 with CD4 counteracts
the glycan-mediated inhibition.

To confirm this conclusion, we examined if preincubation
of 8X vector particles with soluble CD4 (sCD4) could affect
the glycan-mediated inhibition. The preincubation of sCD4
(20 pg ml™") enhanced transduction efficiency of the 8X
vector approximately 3-fold in U87 cells expressing wt
CXCR4 (Fig. 2d), as reported previously (Schenten et al.,

1999). In the absence of sCD4, the transduction titre in
cells expressing N11A was about 5.5-fold higher than in
cells expressing wt, but in the presence of sCD4, this
difference was only 2.5-fold. This result indicates that sCD4
partially cancels the glycan-mediated inhibition of 8X virus
infection, supporting the contention that CD4-gp120
interaction counteracts the glycan-mediated inhibition.
The sCD4 treatment had lower efficiency to enhance the 8X
vector infectivity and to counteract the glycan-mediated
inhibition than the surface expression of CD4 on target
cells. This may result from the dissociation of Env proteins
from virus particles that is induced by the sCD4 treatment
(Moore et al., 1990; Hart et al., 1991).

To help understand the molecular mechanisms by which the
CXCR4 glycan affects the vector infectivity, we have built a
three-dimensional (3D) model of CXCR4 with the car-
bohydrate moiety at the N terminus (Ponder & Case, 2003)
(Fig. 3a). The crystal structure of the bovine rhodopsin [PDB
code: 1F88 at 2.80 A (0.28 nm) resolution] (Palczewski et al.,
2000) was used as a template for the homology modelling of
CXCR4. The high-mannose carbohydrate structure was used
as the N-glycan, so that we could examine minimum effects
of steric hindrance against ligand access.

http://virsgmjournals.org
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N-terminus

CXCR4

=2

Fig. 3. Structural model of glycosylated CXCR4 and a schematic illustration of interactions between gp120 and CXCR4
during CD4-dependent and -independent infections. (a) The 3D structure of CXCR4 was constructed by homology modelling
using the crystal structure of bovine rhodopsin. (b) Gp120 core with V3 (cyan, PDB code: 2B4C) was placed near the
extracellular loops of the CXCR4 model (white). The purple residue indicates the glycosylated Asn. Red, blue and green
residues indicate acidic, basic and uncharged polar amino acids, respectively. (c) Schematic illustration of a model of interactions
between gp120 and CXCR4 during CD4-dependent and -independent infections. (i) Before CD4 binding, the V3 can rarely
interact with CXCR4 due to low exposure of the CXCR4-binding moiety. (i) After conformational change of gp120 upon binding to
CD4, the V3 tip can reach the binding sites on CXCR4 due to the high level of V3 exposure. (iii) In case of the CD4-independent
infection, V3 exposure is constitutive but partial, which increases sensitivity to the steric hindrance of the glycan.

Ramachandran plot, y plot and energy minimization with
AMBER-99 force field showed that the 3D model was
physically and thermodynamically favoured and that it also
preserves the physico-chemical features of the CXCR4
structure that were reported previously (Huang et al,
2003). These features include high levels of negative
electrostatic potential along the top of the extracellular
surface region of CXCR4 (Fig. 3a, red residues). The
negative amino acids are located on the N-terminal end
and extracellular loops (ECL) 1, 2 and 3, and some of them
are indicated to play important roles in binding to gp120
(Brelot et al,, 1997, 2000; Chabot et al,, 1999; Doranz ef al.,
1999; Kajumo et al, 2000; Zhou et al, 2001). The 3D
model suggests that these residues can function as attract-
ing force via Coulombic interactions in the gp120 binding.
In addition, the model shows that the glycan at the N
terminus protrudes over this negatively charged region,
narrowing space for HIV-1 Env protein access.

We found that X4 virus infectivity increased 1.5 to 5.5-fold
when the virus infected human cells expressing N11A. Such
an increase can be achieved by two mechanisms. First,
N11A might have induced a conformation for increased
binding to gp120. However, this possibility is unlikely
because in silico structural analysis of the unglycosylated
CXCR4 was nearly identical to the glycosylated counter-
part. Furthermore, it is difficult to explain our results of the
CD4-co-expression experiments by this mechanism. Our
CXCR4 structural model supports the steric hindrance
mechanism by predicting that the glycan will narrow the
entry space of gp120 V3 (Fig. 3b). Unfortunately, a binding
assay (Kinomoto et al., 2005) did not show higher levels of
8X vector binding to N11A-expressing cells compared with
wt-expressing cells (Supplementary Figure S4, available
with the online version of this paper), due to the lower
sensitivity of the binding assay than the vector transduction
assay.
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Our findings have implications for the importance of the
CD4-dependent infection. CD4-independent variants are
attenuated variants that are sensitive to antibody neutral-
ization and that exist in nature only as a minor variant.
CD4-dependency seems to have evolved to protect from
neutralization antibodies (Bhattacharya er al, 2003;
Edwards et al, 2001; Hoffman er al, 1999; Kolchinsky
et al, 2001; Puffer et al, 2002; Thomas et al., 2003). Our
data suggest that the CD4-dependent infection confers
additional selective advantage other than a better defence
capability. CD4-dependent viral infection was about 100-
fold more efficient than CD4-independent infection. In
addition, the glycan-mediated block of infection was
counteracted by CD4-dependent infection. These data
indicate that the CD4-independent X4 virus gains much
better infectivity of human cells by CD4-mediated entry.
Thus, CD4-dependent viruses dominate in nature possibly
because they have a better defence capability against host
immune restriction and better infectivity.

On the basis of our data and those of others, we suggest a
model for the interactions between gp120 and CXCR4
upon CD4-mediated and -independent infections. Before
the virus binds to CD4, the V3 loop in gpl20 is less
exposed (Zhu et al, 2006) [Fig. 3c(i)]. Upon viral binding
to CD4, massive conformational changes in gp120 induce
full exposure of V3 (Huang et al., 2005) [Fig. 3c(iii)] so that
glycan-mediated inhibition is less efficient, leading to
increase in viral infectivity, as seen in this and other studies
(Brelot et al., 2000; Chabot et al., 2000; Picard et al., 1997;
Thordsen et al., 2002). In the case of CD4-independent
infection, however, V3 is constitutively but partially
exposed (Edinger et al, 1999; Edwards et al, 2001;
Hoffman et al., 2000; Martin et al., 1997), which increases
sensitivity to the glycan effect [Fig. 3c(ii)]. This in turn
decreases infectivity in cells expressing glycosylated CXCR4
(Potempa et al, 1997; Wang et al, 2004). Further bio-
chemical studies including structure—function analysis of
gp120 and receptors will help in our understanding of how
the glycan on the infection receptor affect HIV infection.
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Inhibiting lentiviral replication by HEXIM1, a cellular
negative regulator of the CDK9/cyclin T complex

Saki Shimizu®?, Emiko Urano®, Yuko Futahashi®, Kosuke Miyauchi?,
Maya Isogai®, Zene Matsuda®, Kyoko Nohtomi?®, Toshinari Onogi?,
Yutaka Takebe?®, Naoki Yamamoto®® and Jun Komano®

Objective: Tat-dependent transcriptional ‘elongation is crucial for the replication of
HIV-1 and depends on positive transcription elongation factor b complex (P-TEFb),
composed of cyclin dependent kinase 9 (CDK9) and cyclin T. Hexamethylene bisa-
cetamide-induced protein 1 (HEXIM1) inhibits P-TEFb in cooperation with 7SK RNA,
but direct evidence that this inhibition limits the replication of HIV-1 has been lacking.
In the present study we examined whether the expression of FLAG-tagged HEXIMT1
(HEXIM1-f) affected lentiviral replication in human T cell lines.

Methods: HEXIM1-f was introduced to five human T cell lines, relevant host for HIV-1,
by murine leukemia virus vector and cells expressing HEXIM1-f were collected by
fluorescence activated cell sorter. The lentiviral replication kinetics in HEXIM1-f-
expressing cells was compared with that in green fluorescent protein (GFP)-expressing
cells.

Results: HIV-1 and simian immunodeficiency virus replicated less efficiently in
HEXIM1-f-expressing cells than in GFP-expressing cells of the five T cell lines tested.
The viral revertants were not immediately selected in culture. In contrast, the replication
of vaccinia virus, adenovirus, and herpes simplex virus type 1 was not limited. The
quantitative PCR analyses revealed that the early phase of viral life cycle was not
blocked by HEXIM1. On the other hand, Tat-dependent transcription in HEXIM1-f-
expressing cells was substantially repressed as compared with that in GFP-expressing
cells.

Conclusion: These data indicate that HEXIM1 is a host factor that negatively regulates
lentiviral replication specifically. Elucidating the regulatory mechanism of HEXIMT1
might lead to ways to control lentiviral replication. ® 2007 Lippincott Williams & Wilkins

AIDS 2007, 21:575-582

Keywords: CDK9, cyclin T, HEXIM1, lentivirus, tat

Introduction

Activation of transcription elongation requires the
positive transcription elongation factor b complex (P-
TEFb) composed of cyclin dependent kinase 9 (CDK9)
and cyclin T1, T2, or K [1]. P-TEFb is essential for
efficient transcriptional elongation from the promoter of
human immunodeficiency virus type 1 (HIV-1), the long

terminal repeat (LTR) (reviewed in [2,3]). The functional
interaction between P-TEFb and the viral protein Tat has
been well studied. Immediately after viral transcription
starts at the LTR of the integrated proviral genome, the
nascent viral transcript forms a three-dimensional
structure called TAR. In the presence of P-TEFb, Tat
binds to TAR. Through the Tat—TAR interaction, Tat
activates P-TEFb and therefore assures the efficient
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completion of viral gene transcription and the propa-
gation of HIV-1.

Recently, the regulatory mechanisms of P-TEFb function
have been elucidated. In 2001, the interaction of P-TEFb
with 7SK RNA was found to be necessary to inactivate
the kinase activity of CDK9 within P-TEFb [4-6].
However, the binding of 7SK RNA alone is not
sufficient to inactivate P-TEFb. More recently, Yik
et al. ‘demonstrated that the inactivaton of P-TEFb
requires hexamethylene bisacetamide-induced protein 1
(HEXIMI; synonyms CLP1, MAQI1, and HIS1) [7-9].
The inactivation of P-TEFb by the HEXIM1-7SK RNA
complex appears to regulate the transcriptional elong-
ation of cellular genes.

The HEXIM1-7SK RNA complex has been shown to
physically compete with Tat for binding to P-TEFb [10].
In agreement with this finding, HEXIM1 was shown to
inhibit Tat-dependent transcription from the HIV-1 LTR
in transient transfection assays [8,11,12]). However, no
data demonstrating that HEXIM1 is able to limit HIV-1
replication has been provided. Here we provide direct
experimental evidence that the constitutive expression of
HEXIM1 specifically limits lentiviral replication.

Methods

Plasmids

The FLAG-tagged HEXIM1 expression constructs were
generated by reverse-transcription PCR using RNA
isolated from CEM cells as templates. The primers used
were 5'-CACCTCGAGCCACCATGGACTACAAA-
GACGATGACGACAAGGCCGAGCCATTCTTGT-
C-3' and 5-CAATTGCTAGTCTCCAAACTTGGA-
AAGCGGCGC-3" for amino terminus FLAG tagging,
and 5'-CACCTCGAGCCACCATGGCCGAGCCA-
TTCTTGTCAGAATATC-3 and5'-CAATTGCTAGT-
CGTCATCGTCTTTGTAGTCGTCTCCAAACTT-
GGAAAGCGGCGCTC-3 for carboxy terminus FLAG
tagging. The Xhol-Mfel fragments of the PCR. products
were cloned into the Xhol-Mfel sites of pPCMMP IRES
GFP, generating pCMMP f~HEXIM1 and pCMMP
HEXIM1-f{13]. The cytomegalovirus (CMV) promoter-
driven gag-pol expression vector psyngag-pol has been
previously described by Wagner et al. [14] and pLTR gag-
pol was constructed by cloning the Mlul-HindIII fragment
encodingthe LTR frompNL-luc [15]intothe Miul- HindIII
sites of psyngag-pol. The tax expressing plasmid pCGrax
and pHTLV LTR luciferase were kindly provided by
Dr. Watanabe (Tokyo Medical Institute). The tat-express-
ing plasmid pSVtat was a generous gift from Dr. Freed
(National Cancerlnstitute-Frederick, Frederick, Maryland,
USA). The plasmid pLTR-luc has been described previ-
ously (Miyauchi et al., Antiviral Chemistry and Chemotherapy,
in press). The following plasmids have been described

previously by Komano et al. {13]: pVSV-G, pMDgag-pol,
pTM3Luci, phRL-CMVand pSIVmac239AnefLuc.

Cells and transfection

All the mammalian cells were maintained in RPMI 1640
(Sigma, St Louis, Missouri, USA) supplemented with
10% fetal bovine serum (Japan Bioserum, Tokyo, Japan),
penicillin and streptomycin (Invitrogen, Tokyo, Japan).
Cells were incubated at 37°C in a humidified 5% CO,
atmosphere. Cells were transfected using Lipofectamine
2000 according to the manufacturer’s protocol (Invitro-

gen).

Western blotting

Cells were lysed with sample buffer, sonicated, and boiled
for 5 min. Samples were separated on 8% sodium dodecyl
sulfate-polyacrylamide gel electrophoresis gels and
transferred to polyvinylidene difluoride membranes
(Millipore, Billerica, Massachusetts, USA) for western
blotting according to standard techniques. Membranes
were blocked with Tris-buffered saline containing 0.05%
Tween-20 (TBS-T) containing 5% (w/v) non-fat skim
milk (Yuki-Jirushi, Tokyo, Japan) for 1h at room
temperature and incubated with primary antibodies
including the M2 anti-FLAG epitope monoclonal
antibody (Sigma), an anti-actin monoclonal antibody
(MAB1501R; Chemicon/Millipore, Billerica, Massa-
chusetts, USA), an anti-cyclin T1 rabbit polyclonal
antibody (H-245; Santa Cruz Biotechnology, Santa Cruz,
California, USA), an anti-cyclin T2a/b goat polyclonal
antibody (A-20; Santa Cruz), an anti-p24 monoclonal
antibody (183-H12-5C; NIH AIDS Research and
Reference Reagent Program), an anti-HIS1 chicken
polyclonal antibody (N-150; GenWay, San Diego,
California, USA), and an anti-Bip/GRP78 monoclonal
antibody (clone 40; BD Biosciences/Transduction
Laboratories, San Jose, California, USA) for 1 h at room
temperature. Membranes were washed with TBS-T and
incubated with appropriate second antibodies including
biotinylated anti-goat (GE Healthcare Bio-Sciences,
Piscataway, New Jersey, USA) or anti-chicken IgY
(Promega, Madison, Wisconsin, USA), and EnVision+
(Dako, Glostrup, Denmark) for 1 h at room temperature.
For a tertiary probe, we used horseradish peroxidase
(HRP)-streptavidine (GE Healthcare) if necessary. Signals
were visualized with an LAS3000 imager (Fujifilm,
Tokyo, Japan) after treating the membranes with the
Lumi-Light Western Blotting Substrate (Roche Diag-
nostics GmbH, Mannheim, Germany).

Reporter assay

Luciferase activity was measured 48 h after transfection or
infection using a DualGlo assay kit (Promega) according
to the manufacturer’s protocol. The beta-galactosidase
activity was measured using a LumiGal assay kit (BD
Biosciences/Clontech, San Jose, California, USA)
according to the manufacturers protocol. The
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chemiluminescence was detected with a Veritas lumin-
ometer (Promega).

Monitoring viral replication

To monitor HIV-1 replication, the culture supernantants
were subjected to either a reverse transcriptase assay [16]
or an enzyme-linked immunosorbent assay (ELISA) to
detect p24 antigens using a Retro TEK p24 antgen
ELISA kit according to the manufacturer’s protocol
(Zepto Metrix, Buffalo, New York, USA). For simian
immunodeficiency virus (SIV) a p27 antigen ELISA kit
was used according to the manufacturer’s protocol (Zepto
Metrix). The signals were measured with a Muluskan Ex
microplate photometer (ThermoLabsystems, Helsinki,
Finland). For vaccinia virus, adenovirus, and herpes
simplex virus (HSV)-1, the activity of reporter genes was
measured as previously described [13].

Generating viruses

To produce HIV-1 and SIV, 293T cells were transfected
with plasmids encoding proviral DNA of HIV-1
(PHXB2) or pSIVmac239AnefLuc and culture super-
natants containing viruses were collected at 48 h post-
transfection. Murine leukemia virus (MLV) and lentiviral
vectors pseudotyped with VSV-G were produced as
described previously by cotransfecting 293T cells with
either the pNL-Luc and pVSV-G vectors or the pMDgag-
pol, pVSV-G, and pCMMP vectors [13]. Green
fluorescent cells were sorted by fluorescence activated
cell sorter (FACS) Aria (Becton Dickinson, San Jose,
California, USA).

Reverse transcriptase-polymerase chain reaction
Total RNA was isolated with an RNeasy kit (Qiagen
GmbH, Hilden, Germany) according to the manufac-
turer’s instruction. The reverse transcriptase (RT)-
polymerase chain reaction (PCR) assay was performed
with a One Step RINA PCR Kit (Takara, Otsu, Japan),
imaged by a Typhoon scanner 9400 (GE Healthcare), and
quantified with Image Quant software (GE Healthcare).
For the amplification of endogenous HEXIMI, the
forward primer 5'-ACCACACGGAGAGCCTGCA-
GAAC-3' and the reverse primer 5-TAGCTAAA-
TTTACGAAACCAAAGCC-3' were used. For the
amplification of HEXIM1-f, the forward primer 5'-
GTACCTGGAACTGGAGAAGTGCCC-3 and the
reverse primer 5'-CAATTGCTAGTCGTCATCGTC-
TTTGTAGTC-3' were used. For cyclophilin A, the
forward primer 5-CACCGCCACCATGGTCAAC-
CCCACCGTGTTCTTCGAC-3' and the reverse
primer 5'-CCCGGGCCTCGAGCTTTCGAGTTGT-
CCACAGTCAGCAATGG-3' were used.

Quantitative real time polymerase chain reaction
The real time PCR reaction was performed in a DNA
Engine Opticon 2 Continuous Fluorescence Detection
System (Bio-Rad, Hercules, California, USA). The
cellular genomic DNA and total RNA were “extracted

48h post-infection with a DNeasy kit (Qiagen) and
RNeasy kit (Qiagen), respectively, according to the
manufacturer’s instruction. For the reagents, we used
QuantiTect SYBR Green PCR and RT-PCR Kits
(Qiagen). To estimate the amount of integrated HIV-1
DNA, Alu-LTR PCR was performed according to the

method described previously using the following primers: .

for the first PCR, 5'-AACTAGGGAACCCACTGCT-
TAAG-3' and 5-TGCTGGGATTACAGGCGTGAG-
3’ and for the second PCR, 5-AACTAGGGAACC-
CACTGCTTAAG-3 and 5-CTGCTAGAGATTT-
TCCACACTGAC-3' [17]. The beta-globin primers
have been described previously [18]. To estimate the
amount of HIV-1 RNA, the second PCR primers for the
Alu-LTR PCR were used. The primers for cyclophilin A
are described above.

Results and discussion

The HEXIM1 cDNA tagged with a FLAG epitope at
either the amino terminus (FHEXIM1) or the carboxy
terminus (HEXIM1-f) was cloned in a mammalian
expression plasmid (Fig. 1a). A luciferase assay revealed
that the Tat-dependent enhancement of transcription
from the HIV-1 LTR was reduced by co-transfecting
HEXIM1-expressing plasmids, whereas neither Tat-
independent basal transcription from the HIV-1 LTR
nor CMV promoter-driven transcription was affected
(Fig. 1b). An oncogenic retrovirus human T cell leukemia
virus type 1 (HTLV-1) encodes for tax, a functional
homologue of HIV-1%s tat, that utilizes P-TEFb to
enhance transcription from the LTR promoter [19].
However, tax-dependent enhancement of transcription
was not affected by HEXIMI1 in similar experimental
conditions (Fig. 1c). To monitor the effect of HEXIM1
on HIV-1 replication, we introduced HEXIM1-expres-
sing plasmids into HeLa-CD4 cells along with pNL4-3,
which produces replication-competent HIV-1, and
measured the RT activity in the culture supernatant
1 week post-transfection. Transfecting HEXIM1-expres-
sing plasmids decreased the RT activity in a dose-
dependent manner (Fig. 1d). Next, we asked whether the
inhibition of viral replication was specific to HIV-1 by
examining vaccinia virus, adenovirus, and HSV-1
replication. We found that the propagation of these
three viruses was not inhibited by HEXIM1-f expression
(Fig. le—g), suggesting that the inhibition of viral
replication by HEXIM1 was HIV-1-specific.

To examine whether HEXIM1 negatively affects
lentiviral replication in the physiologically relevant host,
we isolated human T cell lines constitutively expressing
HEXIM1-f. We cloned HEXIM1-f cDNA into a
pCMMP (MLV retroviral vector plasmid (Fig. 2a).
The plasmid encoded an internal ribosomal entry site
(IRES)-mediated green fluorescent protein (GFP)
expression cassette, so that MLV vector-infected cells
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Fig. 1. Expression of hexamethylene bisacetamide-induced protein 1 (HEXIM1) specifically inhibits HIV-1 replication.
(a) Detection of HEXIM1 cDNA tagged with a FLAG epitope at either the amino terminus (f-HEXIM1) or the carboxy terminus
(HEXIM1-f) by western blot analysis in transiently transfected 293 cells (upper panel, approximately 65 kD). A western blot against
actin is shown as a loading control (lower panel). (b) Expressing FLAG-tagged HEXIM1 decreased the luciferase activity driven by
HIV-1 long terminal repeat (LTR) promoter in the presence of Tat (lanes 4 and 6, LTR-Luc, solid bars). However, FLAG-tagged
HEXIM1 did not affect the expression of renilla luciferase from co-transfected plasmid driven by the cytomegalovirus (CMV)
promoter (CMV-Luc, open bars). Representative data from three independent experiments done in triplicate are shown. Cells were
transfected with 0.8 ng HEXIM1-expressing plasmid for the indicated lanes, 0.1 ug of pSVtat for the indicated lanes, and 0.1 pug of
PLTR-Luc and 0.5 p.g for phRL/CMV for all lanes. (c) Expressing FLAG-tagged HEXIM1 did not decrease the luciferase activity
driven by HTLV-1 LTR promoter in the presence of Tax (lanes 2 and 4, LTR-Luc, solid bars) as well as renilla luciferase driven by the
CMV promoter (CMV-Luc, open bars). Representative data from three independent experiments done in triplicate are shown. Cells
were transfected with 0.8 g of HEXIM1-expressing plasmid for the indicated lanes, 0.1 ug of pCGtax for the indicated lanes, and
0.1 pg of pHTLV LTR Luc and 0.5 pg for phRU/CMV for all lanes. (d) The dose-dependent reduction of HIV-1 production by
transfection of HEXIM1-encoding plasmids (0.1 ug for lanes 2 and 4, 0.4 ug for lanes 3 and 5) along with a plasmid producing
infectious HIV-1 (pNL4-3, 0.1 pg) in Hela-CD4 cells. (e~g) Expressing HEXIM1-f did not limit the replication of vaccinia virus
(e), adenovirus (f), or HSV-1 (g) in 293T cells. The y-axis represents the reporter gene activity, which reflects viral replication.
Representative data from three independent experiments are shown. GFP, green fluorescent protein; RLU, relative light unit.

could be readily identified by the green fluorescence. did not affect the cell surface levels of the HIV-1 receptors
Human T cell lines, including SUP-T1, MOLT-4, CEM, CD4 and CXCR4 as demonstrated by FACS analysis
Jurkat, and M8166 were infected with MLV pseudotyped (data not shown). These data indicate that the expression
with vesicular stomatitis virus glycoprotein (VSV-G), and of HEXIM1-f did not reach levels where the physio-
GFP-positive cells were collected with a FACS (Fig. 2a). logical regulation of P-TEFb blocked cellular gene
For the negative control, we used MLV expressing GFP transcription.

only. The successful introduction of HEXIM1-f into the

cells was verified by RT-PCR and Western blot analysis The replication kinetics of HIV-1 or SIV was monitored
(Fig. 2b and c). The total HEXIM1 protein expression in by measuring the accumulation of viral capsid antigen in
HEXIM1-f-transduced cells was approximately 3.7-, 1.5-, the culture medium. Strikingly, HIV-1 replicated more
2.0-, 4.8-, and 1.8-fold higher than in GFP-transduced slowly in cells of all four T cell lines expressing HEXIM1-
cells in the CEM, Jurkat, MOLT-4, SUP-T1, and M8166 f than in cells expressing GFP (Fig. 2d—g). Similarly,
cell lines, respectively (Fig. 2c). To our surprise, the HEXIM1-f-expressing M8166 cells supported SIV

HEXIM1-f-expressing T cell lines remained GFP- replication less efficiently than did GFP-expressing
positive, and therefore HEXIM1-f-positive, for more MB166 cells (Fig. 2h). Interestingly, the magnitude of
than 6 months and proliferated at rates almost indis- HIV-1 replication delay was the most substantial in SUP-

tinguishable from GFP-expressing cells. The expression T1 cells, in which the levels of endogenous HEXIM1
levels of cyclin T1, cyclin T2, actin, and Bip/GRK78 in were the lowest among the four cell lines tested for HIV-1

HEXIM1-f-expressing cells were almost identical to replication (Fig. 2c). Similar observations were made
those in GFP-expressing cells, suggesting that the gene when the HIV-1 infection experiments were repeated,
expression did not compensate the upregulated HEXIM1 indicating that the expression of functional HEXIM1-f
(Fig. 2b and c). Expression of cyclin T2 was undetectable did not change over the course of the replication

in M8166 cells (Fig. 2¢). Similarly, HEXIM1-fexpression monitoring. We tested whether the viruses emerged in
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Fig. 2. Lentiviral replication is inhibited in various T cell lines constitutively expressing hexamethylene bisacetamide-induced
protein 1 (HEXIM-1) cDNA tagged with a FLAG epitope at the carboxy terminus (HEXIM1-). (a) The genomic organization of the
retroviral vector expressing HEXIM1-f and a schematic representation of the experimental approach. (b) Detection of endogenous
HEXIM1 and murine leukemia virus (MLV)-transduced HEXIM1-f (exogenous) mRNA by reverse transcriptase-polymerase chain
reaction in green fluorescent protein (GFP)- and HEXIM1-f-expressing cells. The primer design is drawn schematically.
Amplification efficiency was examined by using a known number of templates as standards for HEXIM1. Cyclophilin A (CyPA)
was amplified to ensure the quality of the RNA. (c) Western blot analysis demonstrating expression of HEXIM1-f (denoted FLAG),
endogenous HEXIM1 (HEXIM1), Bip, cyclin T1, cyclin T2, and actin in isolated T cell lines. (d-g) Replication profiles of HIV-1
(HXB2) in SUP-TT (d), MOLT-4 (e), Jurkat (), and CEM (g) cells either expressing HEXIM1-f or GFP alone. Representative data from
two or three independent experiments are shown. (h) Replication profile of SIV in M8166 cells either expressing HEXIM1-f or GFP
alone. Representative data from two independent experiments are shown. (i) The replication profiles of HIV-1 recovered from SUP-
T1/HEXIM1-f cells (asterisk in Fig. 2d) in fresh SUP-T1/GFP or SUP-TI/HEXIM1-f. LTR, long terminal repeat.

HEXIM1-f-expressing cells were ‘revertants’ that might
be able to replicate in HEXIM!1-f-expressing cells as fast
as in GFP-expressing cells. To address this, we recovered
virus-containing culture supernatants from SUP-T1/
HEXIMI1-f cells at the peak of replication kinetics
(asterisk, Fig. 2d). Then, both fresh SUP-T1/GFP and
SUP-T1/HEXIM1-f were infected with the recovered
virus and the replication kinetics was monitored.
However, HIV-1 still replicated in SUP-T1/HEXIM1-
f cells more slowly than in SUP-T1/GFP cells (Fig. 2i),
akin to the original profiles (Fig. 2d), and the nucleotide
sequences of LTR and taf, the primary targets of
HEXIM1, remained unchanged (double asterisk in

Fig. 2i). In addition, no mutations were found in viruses
propagated in GFP-expressing SUP-T1 cells. Similar
observations were made in MOLT-4 cells (data not
shown). These data provide direct evidence that the
expression of HEXIM1 inhibits lentiviral replication in
human T cell lines.

Based on our experimental observations as well as the
reported functions of HEXIM1, we assumed that the
ability of HEXIM1 to limit HIV-1 replication was mostly
due to the inhibition of Tat/P-TEFb-dependent tran-
scriptional elongation. However, it was possible that
HEXIM1 might also have targeted other viral replication
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Fig. 3. Hexamethylene bisacetamide-induced protein 1 (HEXIM1) cDNA tagged with a FLAG epitope at the carboxy terminus
(HEXIM1-f) does not affect the efficiency of viral integration or post-translational processes. (a) The Alu-long terminal repeat
(LTR) and beta-globin polymerase chain reaction products from VSV-G-pseudotyped HIV-1-infected MOLT-4 and SUP-T1 cells
expressing either green fluorescent protein (GFP) or HEXIM1-f alone were separated in an agarose gel and photographed. (b) The
luciferase activities in SUP-T1/GFP or SUP-T1/HEXIM1-f cells electroporated with 10 p.g of a plasmid encoding LTR-driven firefly
luciferase plus 1 pg of phRL/cytomegalovirus (CMV). The firefly luciferase activity normalized to renilla luciferase activity in SUP-
T1/GFP cells was set to 100%. The error bars represent the standard deviation of three independent experiments. (c) Western blot
analysis showing Gag and its cleaved products expressed from either CMV promoter- or LTR promoter-driven gag-pol expression
plasmid in the presence of pSVtat (0.1 pg, ll lanes) and increasing amounts of HEXIM1-f (0.2 pg for lanes 2 and 6, 0.6 .g for lanes
3 and 7, and 2.0 g for lanes 4 and 8). (d) The amount of p24 produced in the culture supernatant from cells analyzed in Fig. 3c was
measured by enzyme-linked immunosorbent assay. Representative data from three independent experiments done in triplicate are

shown. SIV, simian immunodeficiency virus.

steps. To test this possibility, we examined the viral entry
and production processes separately. The efficiency of
viral entry was analyzed by measuring the efficiency of
viral integration. SUP-T'1/GFP or SUP-T1/HEXIM1-f
cells were infected with a replication-incompetent HIV-1
vector pseudotyped with VSV-G that expresses luciferase
upon successful infection. We conducted an Alu-LTR
PCR assay to detect the integrated viral genome. PCR
products were detected only from HIV-1-infected cells
(Fig. 3a). The signal intensities of Alu-LTR PCR
products from GFP- and HEXIMI1-f-experssing cells
were similar. To compare the efficiency of viral infection
as well as transcription quantitatively, we employed a real
time PCR technique. Some infected cells were collected
for an Alu-LTR PCR assay to quantify the amount of
integrated viral genome, and the rest were processed to
measure the amount of viral transcript as well as the
luciferase activity. The amount of Alu-LTR PCR
product from SUP-T1/HEXIM1-f cells was 3.5- and
3.3-fold more to that from SUP-T1/GFP cells from two

independent experiments, respectively (Table 1). These
data suggest that the efficiency of viral integration was not
inhibited in HEXIM1-f-expressing SUP-T1 cells. In
contrast, the relative abundance of HIV-1 transcript
expressed in SUP-T1/HEXIM1-f cells was substantially
decreased to 0.03 and 2.9% relative to SUPT1/GFP cells
(Table 1). Furthermore, the luciferase activities were 200-
fold lower in SUP-T1/HEXIM1-f cells than in SUP-T1/
GFP cells (Table 1). Similar data was obtained from
MOLT-4 cells infected with HIV-1 pseudotyped with
VSV-G (data not shown). The transfection of plasmids
encoding reporter viral DNA can bypass the viral entry
and make it possible to measure the effect of HEXIM1 on
LTR-driven transcription and translation. Consistent
with above data, transfecting pNL-Luc into SUP-T1/
"HEXIM1-f cells gave significantly lower luciferase
activities than SUP-T1/GFP cells (Fig. 3b, left). Similar
data were obtained using pSIVmac239AnefLuc (Fig. 3b,
right). These data strengthen the possibility that
HEXIMI1 targets post-integration processes.
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Table 1. Effect of hexamethylene bisacetamide-induced protein 1 (HEXIM1) cDNA tagged with a FLAG epitope at the carboxy terminus
(HEXIM1-f) on viral entry and transcription in SUP-T1 cells examined by quantitative real time polymerase chain reaction.

Integrated HIV-1 genome HIV-1 transcript Luciferase activity

Alu-tTR  B-globin  Normalized®  HIV-1 RNA CyPA Normalized® Normalized®
Exp.  Transduced gene (copy) (copy) (%) (copy) (copy) (%) RLUS (%)
i GFP 52x10° 6.7 x10° 100.0 1.6x10° 6.8x107 100.0 32x10° 100.0
HEXIM1-f 2.0x10° 7.4x10° 351.3 6.7 x 10 1.0x 108 0.03 1.5x10° 0.5
2 GFP 46x10° 1.8x10° 100.0 31x108  89x107 100.0 7.1x10° 100.0
HEXIM1-f 1.6x107 19x10’ 333.2 9.4x10%° 93x107 2.9 3.4x10° 0.5

“The number of Alu-long terminal repeat (LTR) products divided by the number of beta-globin products in SUP-T1/GFP is set to 100%. The
abundance of Alu-LTR products in SUP-T1/HEXIM1-f relative to SUP-T1/green fluorescent protein (GFP) is shown.
®The number of HIV-1 RNA transcripts in SUP-T1/GFP divided by the number of cyclophilin A (CyPA) transcripts is set to 100%. The abundance of

HIV-1 RNA in SUP-T1/HEXIM1-f relative to SUP-T1/GFP is shown.
“The luciferase activity is shown by relative light unit (RLU).

“The luciferase activity in SUP-T1/GFP is set to 100%. The luciferase activity in SUP-T1/HEXIM1-f relative to SUP-T1/GFP is shown.

To test this further, we analyzed the efficiency of post-
transcriptional processes with a transient transfection assay
measuring the amount of Pr55 Gag, a viral gene product,
and virus-like particles (VLPs) produced in the culture
supernatants. For this purpose, we used the CMV
promoter-driven gag-pol expression plasmid, because
HEXIM1-f did not affect CMV-driven transcription
(Fig. 1b). At the levels of HEXIM1-f where LTR ~driven
Tat-dependent transcription was drastically inhibited
(Fig. 3c, lanes 7, 8), the amount of CMV promoter-
driven Gag expression was almost identical to that in the
absence of HEXIM1-f (Fig. 3c, lanes 1~4). Furthermore,
the processing pattern of Pr55 Gag in the presence of
HEXIM1-f was identical to that in its absence (Fig. 3c).
These data indicate that HEXIM1-f did not inhibit the
transcription from a Tat-independent promoter, the
translation of viral protein, or the protease activity of
HIV-1. Finally, the potential effect of HEXIM1 on viral
budding was examined. To do this, the amount of p24 CA
in the culture supernatant of transfected cells was
quantified as a representation of the amount of VLP.
Expressing HEXIM1-f reduced VLP production from
cells co-transfected with pLTR gag-pol and pSVtat at levels
comparable to the protein expression levels (Fig. 3¢ and
d). In contrast, expressing HEXIM1-f did not reduce the
amount of VLP produced by cells co-transfected with
pCMVgag-pol and pSVtat in conditions in which Tat-
dependent LTR transcription was substantially inhibited
(Fig. 3c and d). Taken together, this indicates that

HEXIM1-f lowers the efficiency of Tat-dependent-

transcription from LTR. promoter but does not block
the efficiency of the late phase of the viral life cycle
including translation, Gag’s assembly, and budding. Thus,
it is likely that HEXIM1 primarily targets Tat/P-TEFb-
dependent transcription to inhibit HIV-1 replication. -

Our findings demonstrated that HEXIM1, a cellular P-
TEFb inhibitor, is a specific negative regulator of
lentiviral replication in human T cell lines. The
replication of vaccinia virus, adenovirus, and HSV-1
were not affected by HEXIM1-f expression; however, the
Tat-dependent transcription of the LTR promoter of both

HIV-1 and SIV was reduced by HEXIM1-f. HEXIM1
limited replication of HIV-1 dramatically at levels where
it did not visibly affect cell physiology (as little as a 5-fold
increase over the endogenous levels), nor were revertants
immediately selected in HEXIM1-f-expressing cells.
These data support the feasibility of developing HIV-1
inhibitors targeting the processes in which HEXIMI1 is
involved. For example, it is conceivable to hunt for a non-
toxic chemical inducer for HEXIM1 since expression of
HEXIM1 is induced by hexamethylene bisacetamide
(HMBA) that is considerably toxic for cells [20].

P-TEFb has been shown to support transcription of the ¢-
myc and CIITA transcription factors (reviewed in
[21,22]). The functions of these transactivators are critical
for cell proliferation, but in this study constitutive
expression of HEXIMI-f, which reduces P-TEFb
activity, did not affect the cell proliferation of human
T cell lines, the human epithelial cell lines HEK293 or the
NP2 glioblastoma cell lines (data not shown). How can
this be explained? Very recently, a high-molecular-weight
bromodomain protein, Brd4, was found to function as a
‘cellular tar’ [23,24]. Interestingly, it was shown that Brd4
binds not only to cyclin T'1 but also to cyclin T2, a widely
expressed variant of cyclin T, to which HEXIMI1 binds
but Tat does not [23-25]. We hypothesize that Brd4
might be able to recruit and activate P-TEFb more
efficiently than does Tat, leaving cellular transcription
unaffected by the upregulated expression of HEXIM1
from the retroviral vector. An alternative possibility
comes from the fact that HEXIM1 does not interact with
the ubiquitously expressed cyclin K, which functions as a
P-TEFb component. It is possible that Tat is not able to
utilize P-TEFb consisting of CDK9 and cyclin K but
Brd4 can, such that cyclin K may substitute for cyclin T'1
to support Brd4-mediated cellular gene transcription.
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Critical to the development of an effective
HIV/AIDS model is the production of an
animal model that reproduces long-last-
ing active replication of HIV-1 followed by
elicitation of virus-specific immune re-
sponses. In this study, we constructed
humanized nonobese diabetic/severe
combined immunodeficiency (NOD/SCIDY
interleukin-2 receptor y-chain knockout
(IL2Ry™) (hNOG) mice by transplanting
human cord blood-derived hematopoi-
etic stem cells that eventually developed
into human B cells, T cells, and other
monocytes/macrophages and dendritic

cells associated with the generation of
lymphoid follicle—like structures in lym-
phoid tissues. Expressions of CXCR4 and
CCRS5 antigens were recognized on CD4+
cells in peripheral blood, the spleen, and
bone marrow, while CCR5 was not de-
tected on thymic CD4* T cells. The hNOG
mice showed marked, long-lasting vire-
mia after infection with both CCR5- and
CXCR4-tropic HIV-1 isolates for more than
the 40 days examined, with R5 virus—
infected animals showing high levels of
HIV-DNA copies in the spleen and bone
marrow, and X4 virus—infected animals

showing high levels of HIV-DNA copies in
the thymus and spleen. Furthermore, we
detected both anti-HIV-1 Env gp120— and
Gag p24-specific antibodies in animals
showing a high rate of viral infection.
Thus, the hNOG mice mirror human sys-
temic HIV infection by developing spe-
cific antibodies, suggesting that they may
have potential as an HIV/AIDS animal
model for the study of HIV pathogenesis
and immune responses. (Blood. 2007;
109:212-218)
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Introduction

Current animal models for either human immunodeficiency virus
type 1 (HIV-1) or simian immunodeficiency virus (SIV) suffer
from the lack of a system precisely mirroring human HIV infection
and the progression to disease state.! In current animal models with
HIV infection, such as chimpanzees, animals do not develop
AIDS.! Past animal models for HIV infection have relied on
humanized severe combined immumodeficiency (hSCID) mice
models to study prospective anti-HIV drugs and vaccines. SCID-hu
(Thy/Liv) mice, engrafted with human fetal thymus and liver tissue
in the renal subcapsular region, were first reported as the small-
animal model.2 Because human T cells are generated within the
engrafted thymus, this model has been used for the study of
thymopoiesis*® and hematopoiesis® under the burden of HIV-1
infection. However, this model allows for a limited systemic HIV-1 .
infection, which is restricted mainly to the engrafted thymus.
Another HIV mouse model, hu-PBL-SCID mice engrafted with
human peripheral blood mononuclear cells (PBMCs),® has been
actively used as a tool in developing antiretroviral therapy.%-"
However, the infection persists for only a short time in association
with rapid loss of CD4* T cells because there is no active
hematopoiesis or thymopoiesis.>'2!3 Furthermore, these mouse

models fail to mirror certain key aspects of the human immune
response, lacking normal lymphoid tissue and functional human
antigen-presenting cells such as dendritic cells (DCs).!* Thus,
although these mouse models are valuable as animal models for
HIV infection, the development of a mouse model more analogous
to human HIV infection is needed if we are to better understand
HIV pathogenesis and develop successful anti-HIV therapies and
preventive vaccines. :

To solve the difficult issue about the development of an ideal
HIV mouse model, we initially selected a humanized nonobese
diabetic (NOD)/SCID interleukin-2 receptor (IL-2R) wy-chain
knockout (NOG) mouse'* as a model animal because it has been
suggested that multilineage cells, including human T, B, and
natural killer (NK) cells, differentiate in these mice when given
transplants of human CD34* hematopoietic stem cells.!51% In
the current study, we further reveal the kinetics of differentiation
of human B and T cells, monocytes/macrophages, and DCs in
the mice that received transplants, and we characterize the
animals by infection with both CCR5 (R5)- and CXCR4
(X4)-tropic HIV strains. Since our hNOG mice show stable and
systemic infection of both R5- and X4-tropic HIV for more than
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the 40 days studied, and HIV-specific antibodies are detectable
in the animals with high plasma viral loads and HIV-DNA copy
_numbers, we also discuss the suitability of HIV-hNOG mice as
an animal model for HI'V-1 infection.

Materials and methods

Transplantation of human CB-derived hematopoietic stem cells
in NOG mice

Human cord blood (CB) was obtained from Saiseikai Central hospital
(Minato-ku, Tokyo, Japan) and Tokyo Cord Blood Bank (Katsushika-ku,
Tokyo, Japan) after obtaining informed consent. All research on human
subjects was approved by the Institutional Review Board of each institution
participating in the project. CB mononuclear cells were separated by
Ficoll-Hypaque density gradient. CD34* hematopoietic stem cells were
isolated using a magnetic-activated cell sorting (MACS) Direct CD34
Progenitor Cell Isolation Kit (Miltenyi Biotec, Bergisch Gladbach, Ger-
many) according to the manufacturer’s instructions. More than 95% of
CD34* cells were positively selected after 2 time-enrichment manipula-
tions. Cells were either immediately used for the transplantation or frozen
until use. NOG mice were obtained from the Central Institute for
Experimental Animals (Kawasaki, Japan) and maintained under specific
pathogen—free (SPF) conditions in the animal facility of the National
Institute of Infectious Diseases (NIID; Tokyo, Japan). Mice used in these
studies were free of known pathogenic viruses, herpes viruses, bacteria, and
parasites. They were housed in accordance with the Guidelines for Animal
Experimentation of the Japanese Association for Laboratory Animal
Science (1987) under the Japanese Law Concerning the Protection and
Management of Animals, and were maintained in accordance with the
guidelines set forth by the Institutional Animal Care and Use Committee of
NIID, Japan. Once approved by the Institutional Committee for Biosafety
Level 3 experiments, these studies were conducted at the Animal Center,
NIID, Japan, in accordance with the requirements specifically stated in the
laboratory biosafety manual of the World Health Organization. Female
mice (6 to 10 weeks old) were irradiated (300 c¢Gy) and 1 X 10* to
1.2 X 10° CD34* cells were intravenously injected within 12 hours.

Filow cytometry

The purity of CB-derived CD34* cells after separation was evaluated by
double staining with FITC-conjugated anti~-human CD45 (J.33) and
PE-conjugated anti-human CD34 (Class NI 581) (all from Beckman
Coulter, Fullerton, CA). After transplantation (1-7 months), peripheral
blood, spleens, bone marrow (BM), and thymi were collected for flow
cytometric analysis following staining with the following monoclonal
antibodies (mAbs): FITC-conjugated anti-human CD45 (J.33), CD3
(UCHT?1), CD4 (13B8.2), CD19 (J4.119), CD45R0O (UCHLI1) (all from
Beckman Coulter), and CCR5 (2D7; BD Pharmingen, San Diego, CA);
PE-conjugated anti-human CD4 (13B8.2), CD8 (B9.11), CD19 (J4.119),
CD45RA (ALB11) (all from Beckman Coulter), and CXCR4 (44717; R&D
Systems, Minneapolis, MN); anti-mouse CD45 (YW62.3; Beckman
Coulter); ECD-conjugated anti~human CD45 (J.33; Beckman Coulter); and
PC5-conjugated anti-human CD8 (T8) and CDI4 (Rm052) (all from
Beckman Coulter). Flow cytometric analysis was conducted by 2- or
4-color staining using an EpicsXL (Beckman Coulter).

Immunohistochemistry

Organs were snap-frozen following embedding in OCT compound (Sakura
Finetechnical, Tokyo, Japan). Frozen sections were air-dried and fixed in
acetone. HIV-1-infected organs were fixed in 4% paraformaldehyde and
embedded in OCT compound following immersion in gradient sucrose
(5%-30%). Fixed samples were stained with the following mAbs: anti-
human CD45 (1.22/4014; Nichirei, Tokyo, Japan), CD3 (UCHT1; DAKO,
Glostrup, Denmark), CD20 (L26; DAKO), CD68 (KP1; DAKQ), CD205
(MG38; eBioscience, San Diego, CA), and DRC-1 (R4/23; DAKO) for
follicular dendritic cells (FDCs); anti-mouse FDC-M1 (BD Pharmingen)
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for murine FDCs; and HIV-] Gag p24 (DAKO) for detection of infected
cells. Biotin-labeled goat F(ab'); anti-mouse .immunoglobulin (Ig; ICN
Biomedicals, Aurora, OH)~ or biotin-labeled mouse F(ab'), anti-rat IgG
(Jackson ImmunoResearch Laboratories, West Grove, PA) was used as the
secondary antibody. Samples were treated with alkaline phosphatase (AP)
or horseradish peroxidase (HRP)-streptavidin conjugate (ZYMED Labora-
tories Inc, San Francisco, CA). BCIP/NBT, DAB, or AEC (all from DAKO)
was used for the visualization. Photographs were taken by light microscopy
(Leica DMRA; Leica Microsystems Wetzlar, Wetzlar, Germany) using
Leica HC PLAN APO lenses (10X/0.40 NA PH1). Leica Q550 was used for
image processing. )

Measurement of human Igs in mice plasma

Plasma concentrations of human IgM, IgG, and IgA in NOG mice that
received transplants of human stem cells were determined by conventional
human Ig quantitation assay at BML Inc (Tokyo, Japan).

Cells and viruses

Human embryonic kidney 293T cells and monkey kidney COS7 cells were
cultured in RPMI 1640 supplemented with 10% fetal bovine serum (FBS)
and antibiotics. The 293T cells and COS7 cells were used for transfection of
DNA plasmids containing HIV-1jpcse and simian/human immunodefi-
ciency virus (SHIV)-C2/1, respectively. The SHIV-C2/1 strain contains the
eny écne of pathogenic HIV-1 strain 89.6.!9 Cell-free supernatant was
collected and stored at —80°C before use. A primary clinical isolate,
HIV-Tpnp, was kindly provided by Dr J. Sullivan of the University of
Massachusetts Medical School (Worcester, MA). PBMCs isolated from
HI1V-1-seronegative individuals were cultured in RPMI 1640 supplemented
with 10% FBS and antibiotics with 5 pg of phytohemagglutinin (PHA)/mL
for 3 or 7 days (PHA-PBMCs). HIV-1yn, was propagated in PHA-PBMCs,
and cell-free virus stocks were stored at —80°C.

The 50% tissue-culture infectious dose (TCIDsy) was determined
using PHA-PBMCs and the endpoint dilution method. A 4-fold series of
dilution was prepared from the virus stock, and then cells were mixed
and cultured for 7 days for X4-HIV-1 and 14 days for R5-HIV-1 in
RPMI 1640 supplemented with 20% FBS and antibiotics. The endpoints
were determined by screening for the p24 antigen using Lumipulse
(Fujirevio, Tokyo, Japan).

HIV-1 infection

All procedures for the infection and maintenance of NOG mice were
performed in Biosafety Level 3 facilities at NIID under standard caging
conditions. On days 102 to 132 after stem cell transplantation, 16 mice were
inoculated intravenously with R5-tropic HIV-1jrese (65 000 TCIDsy) or
X4-tropic SHIV-C2/1 (50 000 TCIDsg). On days 18 to 43 after inoculation,
plasma was collected to determine HIV-RNA copy numbers, and spleen
cells were prepared as single-cell suspensions to analyze the CD4/CD8 ratio
using flow cytometry. A number (14) of other mice were inoculated
intravenously with R5-tropic HIV-1;pcse (200 or 65000 TCIDsp) or
X4-tropic HIV-1mnp (180 or 20 000 TCIDso) on days 126 to 146 after
transplantation. On days 18 to 40 after inoculation, plasma was collected for
the determination of HIV-RNA copy numbers, and single-cell suspensions
of the spleen, BM, and thymus were prepared for HIV-DNA measurement.
The CD4/CDS8 ratio in the spleen and percentages of human CD45* cells in
organs were analyzed using flow cytometry.

Virologic analysis

Plasma viral RNA copy numbers were measured using a real-time
quantification assay based on the TagMan system (Applied Biosystems,
Foster City, CA). Plasma viral RNA was extracted and purified using a
QIAamp Viral RNA Mini Kit (Qiagen, Valencia, CA). The RNA was
subjected to reverse transcription (RT) and amplification using a TagMan
One-Step RT—polymerase chain reaction (PCR) Master Mix Reagents Kit
(PE Biosystems, Foster City, CA) with HIV-1 gag consensus primers
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(forward, 5'-GGACATCAAGCAGCCATGCAA-3"; and reverse, 5'-
TGCTATGTCACTTCCCCTTGG-3') and an HIV-1 gag consensus Tag-
Man probe (FAM-5'-ACCATCAATGAGGAAGCTGCAGAA-3' -TAMRA).
For SHIV-C2/1 analysis, primers (forward, 5'-AATGCAGAGCCCCAA-
GAAGAC-3'; and reverse, 5'-GGACCAAGGCCTAAAAAACCC-3') and
a TagMan probe (FAM-5'-ACCATGTTATGGCCAAATGCCCAGAC-3'-
TAMRA) were designed for targeting the SIVmac239 gag region.? Probed
products were quantitatively monitored by their fluorescence intensity with
the ABI7300 Real-Time PCR system (PE Biosystems). To obtain control
RNA for quantification, HIV-1 gag RNA and STVmac239 gag RNA were
synthesized using T7 RNA polymerase and pKS460. Viral DNA was
extracted and purified using a QLAamp DNA Mini Kit (Qiagen). Determina-

. tion of HIV-1 DNA copy numbers was performed by real-time PCR assay
with TagMan Master mixture (PE Biosystems). Primers (forward, 5’-
GGCTAACTAGGGAACCCACTG-3'; and reverse, 5'-CTGCTA-
GAGATTTTCCACACT-3') and probes (FAM-5'-TAGTGTGTGC-
CCGTCTGTTGTGTGAC-3'-TAMRA) were designed for targeting the
HIV-1 long terminal repeat region, R/US5. The viral DNA was guantified
using LightCycler (Roche Diagnostics, Almere, The Netherlands). Viral
RNA and DNA were calculated based on the standard curve of control RNA
and DNA. All assays were carried out in duplicate.

HIV-antigen ELISA

Levels of anti-HIV-1 lgs against recombinant HIV-1gp Env gpl20,
recombinant HIV-1yy Env gp120, and recombinant HIV-1pp Gag p24 (all
from ImmunoDiagnostics Inc, Woburn, MA) in plasma from HIV-1-
infected and —uninfected control mice were determined using a standard
enzyme-linked immunosorbent assay (ELISA). Microplates (96-well) were
coated overnight with 200 ng/well antigens, and plasma diluted 1:20, 1:60,
and 1:180 with PBS were incubated for 1 hour. AP-labeled anti-human Igs
(¥, &, and p; Sigma-Aldrich, St Louis, MO) were used as secondary
antibodies. P-nitrophenylphosphate (pNPP) Solution (WAKQO Chemical
USA, Richmond, VA) was used for the visualization. The enzyme reaction
was stopped by addition of 0.1 M NaOH and read at 405 nm. All assays
were carried out in triplicate.

Statistical analysis

Data were expressed as the mean value * standard deviation (SD).
Significant differences between data groups were determined by 2-sample
Student ¢ test analysis. A P value less than .05 was considered significant.

Resuits
Reconstitution of human lymphoid systems in hNOG mice

The initial studies describing the construction of humanized
SCID mice used the human PBMC for infection of immunodefi-
ciency viruses.?!22! However, these hu-PBL-SCID mice showed
a partial infection to the RS virus and a relatively limited period
of viral replication. To construct a more suitable mouse model
mimicking-HIV-1 infection in humans, we selected human CB
stem cells as a transplant for NOG mice.- NOG mice were
inoculated intravenously with human CD34* hematopoietic
stem cells, and their development of human lymphoid systems
were then. monitored. After transplantation (2 months), human
CD45% leukocytes were recognized in both PB and the spleen,
but most of the cells were human B cells (Figure 1A). Human T
cells began to be recognized clearly in PB and the spleen 4
months after transplantation (Figure 1B) and gradually in-
creased in level, as did human B cells (Figure 1C).

In Figure 1D, we summarized percentages of human CD3+ T
cells in human CD45% cells from 38 mice from 39 to 213 days after
transplantation. Human CD3* T cells clearly increased 100 days
after transplantation in both PB and the spleen. After transplanta-

BLOOD, 1 JANUARY 2007 » VOLUME 108, NUMBER 1

B 4 months c

>
:
f

7 months
0 biood spleen blood spleen blood spleen
Stisarx - 155%  ‘Bam C13% 10.3% TR
ol RO P Cd . - .
g [ 188 F me% T i s in 7% Yy e10%
HT e B W ®m - a e
human CD45 -

» blood spleen blood spleen blood spleen
é 7E% T 150% 2% ie% 5%

—— = N . . . ..
Gl osx B, 07% % 3% g 5% - WE% . 283%
E {3 i & g’v e i-c'

human CD3
D 100 E" . -
22  lablood o . L 2% Of ! 4%
2 8 80 S Sl ' o
T 3 n

23 #spleen| ", . 2lia g 2
&Y ' QiiE._ 2 . ol
83 60" ——= —a Ol "A2B2%0 | B] HiB1%

[} . fl S .
§g W—— human CD3
g £ 20l k. R
EZ L. %~
fe o bl

0 50 100 150 20D 250

Days after transplantation

Figure 1. Flow cytometric analysis of human T cells in the peripheral blood and
spleen in NOG mice given intravenous transplants of human CB-derived
CD34+ cells. (A-C) Representative profiles of the mice 2 months (A}, 4 months (B),
and 7 months (C) after transplantation. The ratio of human to murine CD45* cells and
that of human CD3* to CD19* cells show an incremental increase in human CD45*
cells and human CD3* cells from 2 to 7 months. (D) Change of net percentages of
human CD3* T cells among human CD45* cells in peripheral blood and the spleen
from 38 mice 39 to 213 days after transplantation. (E) CD45RA Is more efficiently
expressed than CD45R0 on human CD3* T cells in spleen. A gate was set on the
human CD45* population. The fluorescence-activated cell sorting (FACS) profile is
representative of 1 in a group of 5 mice.

tion (4 months), human CD3* T cells in the spleen preferably
expressed CD45RA rather than CD45RO (70.8% * 13.4% and
27.3% * 38.8% in CD3* T cells, respectively; n = 5; Figure 1E),
demonstrating that most of the T cells were in a naive state. In
addition, plasma taken from 5 mice 113 to 143 days after
transplantation showed that all mice produced human IgM, with
concentrations ranging from 0.025 to 0.5 g/L, and that human IgG
and IgA was also detected in some of the mice (ranges, 0.015-0.18
g/L and 0.003-0.012 g/L, respectively) (data not shown).

By 7 months after transplantation, human CD45% leukocytes
comprised more than 80% to 90% of mononuclear cells in the
spleen (Figure 1C), and most of the mice showed symptoms of a
wasting condition and a hunched back. Based upon these results,
we determined that the suitable period for HIV inoculation would
be 4 to 5 months after transplantation.

Formation of lymphoid structures, including
monocytes/macrophages, DCs, and FDCs

Next, using the hNOG mice at 4 months after transplantation, we
investigated lymphoid structure formation and the development of
human monocytes, macrophages, DCs, and FDCs, which are very
important factors not only for elicitation of immune responses
against foreign antigens, but also for the spread of HIV-1 infection
in a body.222¢ Human CD14* monocytes were detected in PB, the
spleen, and BM using flow cytometry (Figure 2A). During
immunohistochemical analysis, human CD45* leukocytes gath-
ered in a form of follicle-like structures (FLSs) at the end of the
central artery in the spleen (Figure 2B). From a serial section of the
same region (Figure 2B-G), these structures consisted mainly of
human CD20* B cells (Figure 2C) admixed with a small number of
human CD3* T cells (Figure 2D). Hardly any human FDCs
positive for DRC-1 were detected (data not shown), whereas a
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Figure 2. Flow cytometric analysis and immunohistochemical analysis of the
expression of myelomonocytic markers in hNOG mice 4 months after transptan-
tation. (A) Human CD14* monocytes/macrophages are recognized in peripheral
blood, the spleen, and BM. (B-G) Immunohistochemical findings from serially
sectioned spleen for the expressions of human CD45 (B), human CD20 (C), human
CD3 (D), murine FDC (E), human CD205 (F), and human CD68 (G). (H) Human
CD68* macrophages are also detected in the medulla of the LN and lung.
Visualization was performed with BCIP (B-D, F-G}, DAB (E), and AEC (H). Original
magnlification, X100.

loose network of murine FDCs positive for FDC-M1 was recog-
nized in the distal portion of the FLSs (Figure 2E). Human CD205+
DCs were predominantly detected in a cluster form within the FLSs
(Figure 2F), while human CD68% macrophages were scattered
throughout the spleen (Figure 2G). Many human CD68* macro-
phages were also observed in various other organs, including the
lymph nodes (LNs) and the lungs (Figure 2H).

Expression of HIV-1 coreceptors on CD4* celis
in various tissues

Since the development of lymphoid tissues was recognized in
hNOG mice, we focused on the expressions of HIV-1 coreceptors
CXCR4 and CCRS on human CD4+* cells in these tissues. CXCR4
antigen was expressed in 36.5% * 4.2% (n = 4) of the CD4* cells
in PB (Figure 3A) and 78.1% * 17.1% (n =35) in the spleen
(Figure 3B). CCR5™ cells were detected in 15.5% * 1.8% (n = 4)
of CD4* cells in PB and 28.6% * 12.6% (n = 5) in the spleen
(Figure 3A-B). In the thymus, CD4*CD8* thymocytes existed in
82.9% * 4.4% (n = 5) as well as small numbers of CD4*CD8"
cells (6.4% £ 2.4%; n = 5) and CD4~CD8* cells (7.7% = 3.0%;
n =5), with the CXCR4 antigen expressed in 50.1% * 4.5%
(n = 5) of CD4* cells, while, as with normal human thymocytes,?
CCR5* cells were almost undetectable, with less than 1%
(0.6% % 0.1%; n = 5) (Figure 3C). Human CD3* T cells and
CD14* monocytes in BM were detected only in 3.2% % 2.1% and
5.8% % 3.8%, respectively, while CD4* cells were recognized in
18.1% * 6.5%,  with many expressing both CXCR4
(75.0% £ 23.1%) and CCRS (81.3% = 6.6%; n = 5; Figure 3D).
Thus, distributions of HIV-1 coreceptor—positive cells in these
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lymphoid tissues suggest that the ANOG mice allow for sufficient
development of human cells to make the study of HIV-1 pathogen-
esis possible.

Both R5- and X4-tropic HIVs efficiently infect and replicate
in hNOG mice

In our preliminary study, using low and high doses of challenge
virus, no viral infection was detected in any of the virus-inoculated
hNOG mice at 7 days after infection, while some showed detect-
able plasma viral loads at 14 days (data not shown). Then, we
prepared 16 hNOG mice that received transplants of stem cells and
inoculated them with a high dose of R5-tropic HIV-1 jpesr (65 000
TCIDsg) and X4-tropic SHIV-C2/1 (50 000 TCIDs,) intravenously
through the tail vein at 102 to 132 days after transplantation. Upon
HIV-1pcsk infection, viral copy numbers in plasma rose to a level
of 1.6 X105 to 5.8 X 105 copies/smL (n =4) on day 33 and
2.0 X 10° to 4.7 X 10° copies/mL on day 43 (n = 4) (Figure 4A).
Moreover, for SHIV-C2/1 infection, viral copy numbers in plasma
were 1.6 X 10% to 3.2 X 105 copies/mL on day 18 (n = 4) and
reached 5.4 X 10* to 1.1 X 105 copies/mL on day 42 (n = 4;
Figure 4B). In these mice, no significant decline in the CD4/CD8
ratio was observed throughout entire period of follow-up for the
R5-tropic virus infection, while CD4% cell decline was detected for
the X4-tropic virus infection on day 42 after infection (P = .044)
but not on day 18 after infection (Figure 4C). Four mice that did not
receive transplants of human stem cells showed no detectable
levels of plasma viral load (less than 500 copies/mL) following
HIV/SHIV inoculation (data not shown). )

To confirm HIV infection, we used immunochistochemistry to
detect the presence of the p24 antigen of the HIV-1 Gag protein in
various tissues of mice showing viremia. p24* cells were clearly
identified in the spleen, LN, and lungs (Figure 4D), which include
macrophage-like cells.

Different distributions of R5- and X4-tropic viruses
in lymphoid tissues

A number of mice (14) were further analyzed for HIV-1 infection
on days 126 to 146 after transplantation with a low dose (200
TCIDsyp) or a high dose (65 000 TCIDsp) of R5-tropic HIV-1resr
and a low dose (180 TCIDsp) or a high dose (20 000 TCIDsg) of
X4-tropic HIV-Ipy,. Consequently, 2 of the 4 mice given a low

blood spleen thymus BM
4575 0% Tagh 28k 26% Teow 37% T STR 4 Bein
| i ¢ gl
of ! L L AN W ! o . !
@y 37 W oo (G oon @S 7w Q - a1%
4 *
< =t
3 o
o S
x >
&) 3
b
2 2
38 3

cD14

Figure 3. Surface expression of HIV-1 coreceptors on CD4* cells in various
organs of mice 4 months after transplantation. A representative FACS profile of
human CXCR4 and CCR5 on CD4+ cells shows the existence of CXCR4*CD4* and
CCR5*CD4* cells in blood (A), spleen (B), and BM (D), but no CCR5+CD4* cells in
the thymus (C). BM results show that many CD4+ cells are neither CD3* T cells nor
CD14* monocytes. A gate was set on the human CD45+ population.
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Figure 4. The numbers of RNA viral copies in plasma, CD4+/CD8* T-cell ratios
in the spleen, and p24 detection in the immunohistochemistry of HIV/SHIV-
infected mice. (A) Viral copy numbers of 8 mice inoculated with a high infectious
dose of HIV-1 rcsr (65 000 TCIDso) and killed on days 33 and 43 after inoculation. (B)
Viral copy numbers of 8 mice inoculated with a high infectious dose of SHIV-C2/1
(50 000 TCID,) and kifted on days 18 and 42 after inoculation. Note that all the mice
showed high levels of viremia that lasted more than 40 days after inocutation. {C)
CD4/CD8 cell ratios in the spleens of 16 infected mice and 9 uninfected control mice.
Control mice were not inoculated with HIV/SHIV and were killed on days 105 to 166
after stem cell transplantation. There was no significant rapld loss of CD4* cells in
HIV-1 jresr—infected mice, while a decline of the CD4/CD8 ratio was detected in
SHIV-C2/1-infected mice on day 42 after infection compared with uninfected controt
mice (*P < .05). The short bars indicate the means of each group. (D) P24* cells are
clearly observed in the spleen, LNs, and lungs. Arrow indicates p24 positive for
macrophage-like cells. Original magnification, X100.

dose of HIV-1csr and 2 of the 3 mice given a low dose of
HIV-lyn, were successfully infected (Table 1), suggesting that
each dose represents an approximately 50% infectious dose of HIV
for hNOG mice. High HIV-DNA copy numbers were mainly
detected in the spleen and BM of the HIV-1csr —infected mice,
and in the thymus and spleen of the HIV-1yy,~infected mice, while
their BM showed lower copy numbers (Table 1).
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Generation of HIV-specific antibodies in hNOG mice at a high
multiplicity of infection

We then tested for generation of human antibodies against HIV-1
from these 14 mice by HIV antigen-specific ELISA. The sera of
mice no. 136-3 and no. 157-3 infected with HIV-1cer and
HIV- 1y, respectively, showed significant levels of human antibod-
ies specific for HIV-1ys-Env gpl120 (Figure 5A), HIV-1yy-Env
gp120 (Figure 5B), and HIV-1pp-Gag p24 (Figure 5C). In addition,
no. 157-4 sera from an HIV-lyy,-infected animal was also weakly
positive for their Env and Gag antigens. These animals showed
intense plasma viral loads and enhanced proviral DNA copies in the
spleen, BM, and thymus (Table 1), suggesting that hNOG mice
inoculated with high doses of HIV and showing high rates of viral
infection develop HIV-1-specific humoral immune responses that
are analogous to those seen in human anti-HIV B-cell responses.

Discussion

Current small-animal models fall short of accurately mirroring
human HIV-1 infection and thus have limited usefulness in
analyzing the natural course of its progression to the disease state
and in developing antiviral countermeasures. Although successful
HIV-1 infections in immunodeficiency mice humanized with
PBMCs have been reported,'?132! transplanted human cells are
soon depleted and do not elicit virus-specific immune responses,
shedding little light on pathogenesis and vaccine development. By
using NOG mice that received hematopoietic stem cell transplants
showing high rates of viral infection, we demonstrated HIV-
specific antibody responses and viral infection parameters, includ-
ing the following: (1) similar levels of susceptibility to both RS-
and X4-tropic HIV-1; (2) high levels of viremia stably observed
over 40 days; (3) immunohistochemical detection of infected cells
in various organs; and (4) a distinct tissue distribution for R5-
versus X4-tropic HIV-1s,

Among CD4* T cells, CXCR4 antigen is primarily expressed
on naive and CCRS on activated or memory cells.?6 hu-PBL-SCID
mice become susceptible to RS5-tropic HIV-] strains,?’ since T cells

Table 1. Comparison of viral RNA copies in plasma and HIV-DNA copiés in the spleen, BM, and thymus from hNOG mice receiving low- and
high-dose viral inoculations

Time after RNA viral CD4/CD8 HIV-DNA copies/10® human cells
Mouse ID no. HIV strain TCID5, [ lation, d pies/ml ratio Spleen BM Thymus
Low-dose viral inoculation group .
11341 HIV-1 jresr 200 18 6240 18 34177 11785 3495
112-2 HIV-1 rese 200 18 <500 1.2 <100 <100 < 100
113-2 HIV-1rcsk 200 40 6177 16 25 855 27 920 3473
112-3 HIV-1 jresr 200 40 <500 0.9 < 100 < 100 <100
1124 HIV-Tynp 180 18 72 477 1.3 18 873 100 - ND
1134 HIV-Tunp 180 40 70 667 0.3 4947 653 32163
1121 HIV-1ynp 180 40 <500 0.9 <100 < 100 < 100
High-dose viral inoculation group
136-3 HIV-1 qcse 65 000 25 252 381 0.8 958 871 1797 600 232 155
136-2 HIV-1 resr 65 000 29 50 167 0.7 41172 54 521 8 600
14141 HIV-1pcse 65 000 30 67 667 2.2 27735 52 430 429
161-3 HIV-1 jpesr 65 000 30 13 847 0.9 104 466 14 653 111 080
157-3 HIV-1ynp 20 000 31 1253 925 0.5 41 053 56 802 976 556
157-4 HIV-1ynp 20 000 31 147 973 0.6 3634 262 40 796
161-6 HIV-1ynp 20 000 31 108 073 1.7 4 991 < 100 3673

Seven mice inoculated with a low infectious dose of HIV-1 acsr (200 TCIDsp) or HIV-1yyp, (180 TCIDsg), and 7 mice receiving a high infectious dose of HIV-1,acsr (65 000
TCIDso) or HIV-1pnp (20 000 TCIDsy) were listed.
ND indicates not done.
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