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swollen in hypotonic buffer containing protease inhibitors followed
by homogenization. Then, the post-nuclear supernatants were
fractionated by ultracentrifugation on discontinuous sucrose
gradients. All steps were carried out on ice. The fractions obtained
were subjected to Western blotting with antibodies to Hck
(clone 18; Transduction Laboratories), desmoglein (clone 62;
Transduction Laboratories), annexin Il (C-10; Santa Cruz), or
calnexin (H-70; Santa Cruz).

Flow cytometry

Human myeloid TF-1-fms cells expressing Nef-ER fusion protein
were maintained as described previously (Suzu et al., 2005; Hiyoshi
et al.,, 2008). To activate the Nef-ER fusion protein, we used the
estrogen analog 4-HT (Sigma) at a final concentration of 0.1 uM.
The cells were stained with PE-labeled anti-Fms antibodies (Santa

Cruz), and the level of cell surface Fms was analyzed by flow
cytometry on a FACS Calibur using Cell Quest software (Becton
Dickinson, Mountain View, CA).

Resuits
Analyses with Src kinase inhibitor and Hck mutant

As reported, Nef induces Fms maturation arrest when
co-expressed with Hck in HEK293 cells (Fig. | A). HEK293 cells
do not express Hck endogenously, and the upper and lower
band was the fully N-glycosylated and under-N-glycosylated
Fms, respectively (Hiyoshi et al., 2008). The low

molecular weight Fms was sensitive to Endo-H
(Endo-B-N-acetylglucosaminindase H), which selectively
cleaves high-mannose type oligosaccharide, and their increase
was clearly associated with the intense staining of Fms mainly at
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Abilities of different Nef alleles to bind/activate Hck and to induce Fms maturation arrest. A: The NL43 Nef, SF2 Nef, and NL43 Nef-TR

mutant used are schematically shown. B: The resins, to which the control GST or indicated GST-Nef proteins were bound, were incubated with
the lysates of HEK293 cells expressing Hck or Lyn. The amount of Hck or Lyn bound to the resins was determined by Western blotting (Pull-down).
Theamount of GST and GST-Neffusion proteins bound to the resins was verified by the elution from the resins followed by SDS-PAGE/Coomassie
brilliant blue (CBB) staining. C: HEK293 cells were co-transfected with the wild-type Hck and indicated Nef alleles. The amounts of Nef plasmids
usedareshown (0.4r 0.6, 0r 0.8 pg/well). Total cell lysates were subjected to Western blotting with antibodies against phosphotyrosine (total pTyr),
active-Hck (pTyr*' 'Hck), total Hck, CD8-Nef (Nef), or ERK by Western blotting. The quantified Hck activation is shown in the bar graph. D: Cells
were transfected with Fms plasmid alone (None) orin combination with the plasmids for Nefand Hck, asindicated. Westernblotting wasdone asin
(C). E: Cells were transfected with indicated GFP-Nef plasmid (green). Nuclei were stained with DAPI (blue). [Color figure can be viewed in the
online issue, which is available at www.interscience.wiley.com.]
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the perinuclear region, which overlapped well with the signal of
GMI30 or Vtila, the markers for the Golgi (Hiyoshi et al,,
2008). These results strongly suggested that the low molecular
weight Fms was the immature under-N-glycosylated form. The
increase of the lower molecular weight species was obvious in
the cells co-expressing Nef and Hck (Fig. 1A, left blot), and this
Fms maturation arrest was blocked by a Src kinase inhibitor PP2
(Fig. 1A, right blot). However, the expression of a constitutive-
active Hck mutant (Hck-P2A; Lerner and Smithgall, 2002) was
not sufficient to induce Fms maturation arrest when expressed
alone (Fig. 1B, Fms blot), despite its strong kinase activity (total
pTyrand pTyr*'! Hck blots). In this study, we monitored kinase
activity of Hck by overall protein tyrosine-phospho?'lation
(total pTyr) and auto-phosphorylation of Hck (pTyr " Hck)
(reviewed in Korade-Mirnics and Corey, 2000). Nonetheless,
Hck-P2A/Nef co-expression induced more severe Fms
maturation arrest than wild-type Hck/Nef co-expression

(Fig. 1B), and Nef did not enhance the kinase activity of Hck-P2A
(Fig. 1C), confirming our previous finding that Hck activation
was necessary but not sufficient for Nef-induced Fms
maturation arrest.

Analyses with different Nef alleles and their mutants

In this study, we first found that Nef derived from SF2 strain of
HIV-1 induced more severe Golgi-localization of Hck-P2A than
Nef derived from NL43 strain. Hck-P2A signal at the plasma
membrane was still observed in some NL43 Nef-transfected

cells, whereas such signal was not observed in SF2
Nef-transfected cells (Fig. 2A). The Nef-induced skewed
Golgi-localization of Hck-2PA was confirmed by a quantitative
analysis, that is, subcellular fractionation on sucrose gradients.
Based on a previous report (Matsuda et al., 2006), we used
desmoglein, annexin |l and calnexin as marker proteins for
the plasma membrane, both the plasma membrane and the
Golgi, and the endoplasmic reticulum, respectively. As shown
(Fig. 2B), the plasma membrane was recovered in light fractions
whereas the Golgi and the endoplasmic reticulum were
recovered in heavy fractions, and the peak of Hck-P2A shifted
to heavy fractions by the co-expression with NL43 Nef but not
a Nef-AxxA mutant defective in the binding to Hck (Saksela
et al., 1995). The peak shift was also associated with the
appearance of many tyrosine-phosphorylated proteins in these
fractions (Fig. 2B).

Both NL43 Nef and SF2 Nef had intact PxxP motif (Fig. 3A),
but SF2 Nef showed much higher affinity to Hck than NL43 Nef
(Fig. 3B). In the control experiments, we confirmed that the
binding of both Nef to Lyn remained low and the PxxP
motif-disrupted SF2 Nef mutant (AxxA) bound neither Hck nor
Lyn. Reflecting the higher affinity to Hck, SF2 Nef induced
stronger Hck activation (Fig. 3C) and more severe Fms
maturation arrest (Fig. 3D). As expected, even SF2 Nef failed
to induce Fms maturation arrest when co-expressed with Lyn
(data not shown). However, SF2 Nef and NL43 Nef showed no
obvious change in the pattern of predominant Golgi-localization
(Fig. 3E). It was therefore likely that SF2 Nef bound Hck at
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Fig. 4. Abilities of SF2 Nefmutantsto activate Hckandtoinduce Fms maturationarrest. A: The SF2Nefmutantsused (RT,YF,RT/YF,and AxxA)
are schematically shown. B: HEK293 cells were transfected with Fms plasmid alone (None) orin combination with the plasmids for Nefand Hck, as
indicated. These cells were then analyzed for the expression of Fms, phosphotyrosine (total pTyr), active-Hck (pTyr '""Hck), total Hck, GFP-Nef
(Nef), or ERK by Western blotting. The quantified Fms maturation arrestand Hckactivation are shownin the bar graphs. C: Cells were transfected
with indicated GFP-Nefplasmid (green). Nuclei were stained with DAPI (blue). [Color figure can be viewed in the online issue, which is available at

www.interscience.wiley.com.]
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the Golgi with higher affinity and thereby induced stronger Hck
activation and more severe Fms maturation arrest.

There was a single amino acid difference within the PxxP
motif, Thr”' in NL43 Nef and Arg’® in SF2 Nef (Fig. 3A). We
found that an NL43 Nef with Thr”'Arg substitution (NL43
Nef-TR) showed higher affinity to Hck than wild-type NL43 Nef
(Fig. 3B), and induced stronger Hck activation (Fig. 3C) and
more severe Fms maturation arrest (Fig. 3D) than wild-type
NL43 Nef. We also performed a complementary experiment
with SF2 Nef mutants (Fig. 4A; Ueno etal., 2008). As a result, we
found that mutants with Arg”*Thr substitution (SF2 Nef-RT and
SF2-RT/YF) induced moderate Hck activation/Fms maturation
arrest (Fig. 4B). However, both showed no obvious change
in the pattern of predominant Golgi-localization (Fig. 4C).
These results indicated that the single amino acid difference
(Thr to Arg) within the PxxP motif governed the higher
ability of SF2 Nef to induce Golgi-localization and activation of
Hck, and Fms maturation arrest.

Although PxxP motif is essential for Nef to bind Hck, a recent
study showed that an acidic region of Nef facilitated Nef-Hck
binding at the Golgi (Hung et al., 2007). Although an NL43 Nef
mutant lacking this region (AE; Fig. 5A) bound GST-Hck SH3
fusion proteins as with wild-type NL43 Nef (Fig. 5B), AE mutant
was indeed less active than wild-type in transfected HEK293
cells, that is, in both Hck and activation Fms maturation
arrest (Fig. 5C). Another mutant (M20; Fig. 5A), which was
defective in the down-regulation of MHC |, another hallmark
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function of Nef (Akari et al., 2000), retained the ability to
induce Hck activation and Fms maturation arrest (Fig. 5C).
Both AE and M20A mutants showed no obvious change in
the pattern of predominant Golgi-localization (Fig. 5C). The
result further supported the idea that stronger Hck
activation, which took place at the Golgi, induced severe
Fms maturation arrest.

Analyses with a newly discovered Nef-Hck
binding blocker

To directly show that the Golgi-localization of active Hck
determines Nef-induced Fms maturation arrest, we sought to
discover Nef-Hck binding blockers. In this study, we focused on
UCSI5A and its analogs 2b and 2c (Fig. 6A), because these
small-molecule compounds were shown to block several
proline-rich motif-SH3 domain binding such as Samé8-Fyn
binding (Oneyama et al., 2003) and AMAP-cortactin binding
(Hashimoto etal., 2006). As they have not been used before for
HIV-1 studies, we tested their capability to block Nef-Hck
binding by the GST pull-down assay. As shown (Fig. 6B), all
compounds blocked the binding of Hck to NL43 Nef or NL43
Nef-TR mutant (more potent than the wild-type, see Fig. 3),ina
dose-dependent manner. Like the case of Samé8-Fyn binding
(Oneyama et al., 2003), 2c was the most effective in blocking
Nef-Hck binding (Fig. 6B), and showed no obvious toxicity to
HEK293 cells (Fig. 6C). As shown (Fig. 6D), 2c indeed inhibited
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Abilities of NL43 Nef mutants to activate Hck and toinduce Fms maturation arrest. A: The NL43 Nef mutants used (M20A, AE, and AxxA)

are schematically shown. B: The resin, to which GST-Hck SH3 fusion proteins were bound, were incubated with the lysates of HEK293 cells
expressing the indicated Nef proteins. Theamount of Nef proteins in the lysates (Input) or bound to the resins (Pull-down) was verified by Western
blotting. C: HEK293 cells were transfected with Fms plasmid alone (None) orin combination with the ?Iasmids for Nefand Hck, asindicated. These
cells were then analyzed for the expression of Fms, phosphotyrosine (total pTyr), active-Hck (pTyr*' 'Hck), total Hck, CD8-Nef (Nef), or ERK by
Western blotting. The quantified Fms maturation arrest and Hck activation are shown in the bar graphs. D: Cells were transfected with indicated
GFP-Nef (green). Nuclei were stained with DAPI (blue). [Color figure can be viewed in the online issue, which is available at

www.interscience.wiley.com.]
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Hck activation by NL43 Nef and more potent SF2 Nef (see
Fig. 3). Importantly, 2c had little inhibitory effect on kinase
activity of the constitutive-active Hck P2A mutant, even when
used at a concentration as high as 50 uM (Fig. 6E). These results
indicated that 2c was not a kinase inhibitor but inhibited Nef-
induced Hck activation by blocking Nef-Hck binding.

This unique feature of 2c prompted us to examine whether
2c blocks Nef/Hck-induced Fms maturation arrest and Nef-
induced skewed Golgi-localization of Hck. As shown (Fig. 7A),
2c completely blocked Fms maturation arrest induced by
Nef and wild-type Hck as expected. However, of particular
importance was that 2c also completely blocked severe Fms
maturation arrest induced by Nef and the constitutive-active
Hck P2A (Fig. 7B). Because 2c had little inhibitory effect on
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kinase activity of Hck-P2A (see Fig. 6E), these results strongly
supported that the presence of Hck-P2A at the Golgi caused by
its binding with Nef (see Fig. 2) was a direct cause of severe Fms
maturation arrest. We therefore sought to verify that 2cindeed
blocked Nef-induced skewed Golgi-localization of Hck-P2A.
To this end, we employed the quantitative analysis, that is,
subcellular fractionation on sucrose gradients (see Fig. 2B).
The peak of Hck-P2A shifted to heavier fractions by the
co-expression with Nef, and such change in the intracellular
localization of Hck-P2A was restored to normal by the addition
of 2c (Fig. 7C). We also tested whether 2c blocked Nef-induced
Fms abnormality in another culture system. We previously
showed that the cell surface expression of Fms was impaired in
human myeloid TF--fms cells expressing a conditionally active
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cells was analyzed by flow cytometry with PE-labeled anti-Fms. The mean fluorescence intensity (MFI) of Fms expressionisindicated. [Color figure
can be viewed in the online issue, which is available at www.interscience.wiley.com.]

Nef-ER fusion protein when the Nef-ER in the cells was Hck induced by Nef was indeed the direct cause of Fms
activated by the estrogen analog 4-HT (Hiyoshi et al., 2008). maturation arrest.

This impaired cell surface Fms expression was highly likely due

to intracellular Fms maturation arrest (Hiyoshi et al., 2008).

Finally, we found that the Fms down-regulation in Nef-active Discussion

TF-1-fms-Nef-ER cells was also restored to normal by the

addition of 2c (Fig. 7D). All taken together, our present study M-CSF is a cytokine essential not only for the survival of
clearly demonstrated that skewed Golgi-localization of active macrophages but also for the maintenance of macrophages atan
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anti-inflammatory state (reviewed in Chitu and Stanley, 2006;
Hamilton, 2008). Thus, the inhibitory effect of Nef on M-CSF
signal through Fms maturation arrest at the Golgi is a possible
trigger to worsen uncontrolled immune systems in patients
(Suzu et al., 2005; Hiyoshi et al., 2008). In this study, we
therefore sought to define molecular basis of this important
function of Nef, by using different Nef alleles, various Nef
mutants, constitutive-active Hck mutant, and Nef-Hck binding
blocker 2¢. The study with various Nef proteins supported the
idea that high affinity Nef-Hck binding and subsequent stronger
Hck activation, both of which took place mainly at the Golgi,
determined Fms maturation arrest at the Golgi (Figs. 2-5).
Moreover, the study with 2c enabled us to conclude that
skewed Golgi-localization of active Hck by Nef was indeed the
direct cause of Fms maturation arrest (Figs. 6 and 7). By analogy
with the Samé8-Fyn binding inhibition (Oneyama et al., 2003),
the inhibitory effect of 2c on Nef-Hck binding was supposed
to be mediated by its interaction with Nef PxxP motif.

As mentioned earlier, it has been known for a long time that
most members of Src kinases including Hck localize to the Golgi
as well as to the plasma membrane. For example, it was shown
that newly synthesized Lyn initially localized and accumulated
to the Golgi, and then moved toward the plasma membrane
(Kasahara et al., 2004). Importantly, Pulvirenti et al. (2008)
recently revealed that coordinated regulation of activity of the
Golgi-locatized Src kinases is crucial to maintain intra-Golgi
trafficking of proteins. Our present finding that skewed Golgi-
localization of active Hck leads to Fms maturation arrest at the
Golgi is in line with the new concept. It appears that long-lasting
and dys-regulated activation of the Golgi-localized Src kinases
disturbs glycosylation and/or trafficking of proteins, exemplified
by Fms maturation arrest. Indeed, N-Src, a ¢-Src isoform with a
higher basal tyrosine kinase activity (Brugge et al., 1985),
showed more obvious perinuclear localization than the
constitutive-active Hck-P2A and induced Fms maturation
arrest even in the absence of Nef (unpublished result).
Moreover, Mitina et al. (2007) reported that over-expression of
an active form of Hck disturbed N-glycosylation of another
cytokine receptor Fit3 even in the absence of Nef. These results
may further support the idea that long-lasting and dys-regulated
activation of the Golgi-localized Src kinases per se affects
protein glycosylation and/or trafficking at the Golgi. Anyhow,
our system with Nef provides a useful model to elucidate how
Src kinases regulate the Golgi structure/function. It will be
important to identify which Golgi proteins are phosphorylated
directly or indirectly by Hck activated at the Golgi and to clarify
how such phosphorylation cascade leads to Nef-induced Fms
maturation arrest.

Nef has been shown to affect protein trafficking and a
well-characterized target is major histocompatibility complex
class [ (MHCI). Nef reduced the cell surface expression of MHC
[, which diminishes the recognition of infected cells by cytotoxic
T cells (reviewed in Fackler and Baur, 2002; Peterlin and Trono,
2003). However, it is still in intense debate whether Nef
requires SH3 domain-containing proteins such as Hck to
reduce the cell surface level of MHC | (Schwartz et al., 1996;
Greenberg et al., 1998; Mangasarian et al., 1999; Akari et al,,
2000; Chang et al., 2001; Roeth and Collins, 2006; Hung et al.,
2007; Atkins et al., 2008). In this regard, Fms is not the direct
target of Nef. However, as shown, Nef disturbed the cell
surface expression of Fms, which is triggered by skewed
Golgi-localization of active Hck. Moreover, it was shown that
Nef disturbed the cell surface expression of another
macrophage-specific protein HFE, an iron homeostasis
regulator, which was blocked by a dominant-negative Hck
(Drakesmith et al., 2005). Although whether the reduced cell
surface level of HFE by Nef relates to skewed Golgi-localization
of active Hck is unclear, it is conceivable that Nef acquires
an additional machinery to manipulate protein trafficking in
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macrophages by exploiting the Golgi-localized Hek. Of interest,
the N-glycosylation of Fit3, which is structurally related to Fms,
was also impaired in Nef/Hck-expressing HEK293 cells, but the
degree of maturation arrest of FIt3 was quite weak when
compared to that of Fms (data not shown). The finding may
imply that Fms maturation arrest is not necessarily due to the
general disruption in the Golgi structure or function. Future
studies, in which we determine to what extent overall protein
N-glycosylation and trafficking are affected by Nef-Hck binding,
will further clarify pathological significance of the molecular
binding in macrophages. The newly discovered Nef-Hck binding
blocker 2c will be useful in such studies and may provide a
strategy to complement current anti-HIV-| therapy for better
treatment outcomes.

In this study, we showed that SF2 Nef had much higher
affinity to Hck than NL43 Nef and thereby induced stronger
Hck activation/severe Golgi-localization of Hck (Figs. 2 and 3)
and that the single amino acid difference (Thr”"in NL43 Nefand
Arg’”® in SF2 Nef) within PxxP motif largely governs the higher
ability of SF2 Nef (Figs. 3 and 4). This difference might reflect
that the Thr’' Arg substitution in NL43 Nef (NL43 Nef-TR, see
Fig. 3) altered the flexibility of a loop containing the PxxP motif
(Fackler et al., 2001). Importantly, for reasons not clearly
understood, NL43 Nef-TR was more pathogenic in HIV-1 Tg
mice than wild-type NL43 Nef and the pathogenicity of SF2 Nef
in Tg mice was evident despite very low levels of expression
(Priceputu et al,, 2007). It is therefore possible that more
severe Golgi-localization of active Hck followed by perturbed
N-glycosylation and trafficking of proteins including Fms
account for the high pathogenicity of SF2 Nef in Tg mice.

In summary, our present study clearly demonstrated that
skewed Golgi-localization of active Hck was the direct cause
of Fms maturation arrest by Nef. Our findings establishes an
intriguing link between the pathogenesis of HIV-1 Nef and the
newly emerging concept that the Golgi-localized Src kinases
regulate the Golgi function. The identification of Golgi proteins
phosphorylated by the Golgi-localized active Hck will provide
novel insights into molecular mechanisms by which Nef
functions as an HIV-1 pathogenetic factor through Hck and
the Gogi-localized Src kinases regulate the Golgi function.
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The previously reported CXCR4 antagonist KRH-1636 was a potent and selective inhibitor of CXCR4-using
(X4) human immunodeficiency virus type 1 (HIV-1) but could not be further developed as an anti-HIV-1 agent
because of its poor oral bioavailability. Newly developed KRH-3955 is a KRH-1636 derivative that is bioavail-
able when administered orally with much more potent anti-HIV-1 activity than AMD3100 and KRH-1636. The
compound very potently inhibits the replication of X4 HIV-1, including clinical isolates in activated peripheral
blood mononuclear cells from different donors. It is also active against recombinant X4 HIV-1 containing
resistance mutations in reverse transcriptase and protease and envelope with enfuvirtide resistance mutations.
KRH-3955 inhibits both SDF-1a binding to CXCR4 and Ca®* signaling through the receptor. KRH-3955
inhibits the binding of anti-CXCR4 monoclonal antibodies that recognize the first, second, or third extracel-
lular loop of CXCR4. The compound shows an oral bioavailability of 25.6% in rats, and its oral administration
blocks X4 HIV-1 replication in the human peripheral blood lymphocyte-severe combined immunodeficiency
mouse system. Thus, KRH-3955 is a new promising agent for HIV-1 infection and AIDS.

The chemokine receptors CXCR4 and CCRS serve as major
coreceptors of human immunodeficiency virus type 1 (HIV-1),
along with CD4 as a primary receptor for virus entry (2, 15, 18,
19). SDF-1a, which is a ligand for CXCR4, blocks the infection
of CXCR4-utilizing X4 HIV-1 strains (7, 34). On the other
hand, ligands for CCR5 such as RANTES inhibit CCR5-uti-
lizing R5 HIV-1 (10). These findings made chemokines, che-
mokine derivatives, or small-molecule inhibitors of chemokine
receptors attractive candidates as a new class of anti-HIV-1
agents. Many CCRS antagonists have been developed as anti-
HIV-1 drugs. These include TAK-779 (Takeda Pharmaceutical
Company) (5), TAK-652 (6), TAK-220 (45), SCH-C (Schering-
Plough) (43), SCH-D (vicriviroc) (42), GW873140 (aplaviroc;
Ono Pharmaceutical/Glaxo Smith Kline) (28), and UK-427,857
(maraviroc; Pfizer Inc.) (17). Of these, maraviroc was approved
by the U.S. FDA in 2007 for the treatment of R5 HIV-1 in
treatment-experienced adult patients, combined with other an-
tiretroviral treatment. Several classes of CXCR4 antagonists
have also been reported. The bicyclam AMD3100 showed an-
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tivirus activity against many X4 and some R5X4 HIV strains in
peripheral blood mononuclear cells (PBMCs) but not against
RS strains (16, 40). The pharmacokinetics and antiviral activity
of this compound were also evaluated in humans (21, 22). T22,
[Tyr-5,12, Lys-7]polyphemusin II, which is an 18-mer peptide
derived from horseshoe crab blood cells, was reported to spe-
cifically inhibit X4 HIV-1 strains (30). Studies on the pharma-
cophore of T140 (a derivative of T22) led to the identification
of cyclic pentapeptides (46).

In 2003, we reported that KRH-1636 is a potent and selec-
tive CXCR4 antagonist and inhibitor of X4 HIV-1 (23). Al-
though the compound was absorbed efficiently from the rat
duodenum, it has poor oral bioavailability. Continuous efforts
to find more potent CXCR4 antagonists that are bioavailable
when administered orally allowed us to develop KRH-3955 by
a combination of chemical modification of the lead compound
and biological assays. In this report, we describe the results of
a preclinical evaluation of KRH-3955, including its in vitro
anti-HIV-1 activity, its in vivo efficacy in the human peripheral
blood lymphocyte (hu-PBL)-severe combined immunodefi-
ciency (SCID) mouse model, and its pharmacokinetics in rats
in comparison with those of AMD3100.

MATERIALS AND METHODS

Compounds. The synthesis and purification of KRH-3955, N,N-dipropyl-N'-[4—v

({[(1H-imidazol-2-yl)methyl)[(1-methyl-1H-imidazol-2-yl)methyl]amino }methyl)benzyl]
-N'-methylbutane-14-diamine tri-(2R 3R)-tartrate, were carried out by Kureha Corpo-
ration. The chemical structure of KRH-3955 is shown in Fig. 1. The CXCR4 antagonist
AMD?3100 and zidovudine (AZT) were obtained from Sigma. Saquinavir was obtained
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FIG. 1. Chemical structure of KRH-3955.

from the NIH AIDS Research and Reference Reagent Program, NIAID, Bethesda,
MD. AMD070 and SCH-D were synthesized at Kureha Corporation.

Cells. Molt-4 no. 8 cells (24) were maintained in RPMI 1640 medium (In-
vitrogen, Carlsbad, CA) supplemented with 10% fetal bovine serum (Sigma, St.
Louis, MO) and antibiotics (50 ng/ml penicillin, 50 ng/ml streptomycin, and 100
ng/ml neomycin; Invitrogen), which is referred to as RPMI medium. Chemokine
receptor-expressing human embryonic kidney 293 (HEK293) cells (ATCC CRL-
1573) and Chinese hamster ovary (CHO) cells (ATCC CCL-61) were maintained
in minimal essential medium or F-12 (Invitrogen) supplemented with 10% fetal
bovine serum and antibiotics (50 ng/ml penicillin, 50 ng/ml streptomycin, and 100
ng/ml neomycin). PBMCs from HIV-1-seronegative healthy donors were isolated
by Ficoll-Hypaque density gradient (Lymphosepal; IBL, Gunma, Japan) centrif-
ugation (31) and grown in RPMI medium supplemented with recombinant hu-
man interleukin-2 (rhIL-2; Roche, Mannheim, Germany) at 50 U/ml.

Viruses. Viral stocks of HIV-1xy 4.3, HIV-1jr.csp, and HIV-1g5 ¢ were each
produced in the 293T cell line by transfection with HIV-1 molecular clone
plasmids pNL4-3 (1), pYK-JRCSF (25), and p89.6 (11), respectively, by the
calcium phosphate method. The 50% tissue culture infective dose was deter-
mined by an end-point assay with PBMC cultures activated with immobilized
anti-CD3 monoclonal antibody (MADb) (33, 51). Subtype B HIV-1 primary iso-
lates 92HT593, 92HT599 (N. Hasley), and 91US005 (B. Hahn) and AZT-resis-
tant HIV-1 (A018) (D. D. Richman) (26) were obtained from the AIDS Re-
search and Reference Reagent Program, Division of AIDS, NIAID, NIH. These
clinical isolates were propagated in the activated PBMCs prepared as described
above.

Anti-HIV-1 assays. Human PBMCs activated with immobilized anti-CD3
MAD (OKT-3; ATCC, Manassas, VA) in RPMI medium for 3 days were infected
with various HIV-1 strains, including primary clinical isolates, at a multiplicity of
infection of 0.001. After 3 h of adsorption, the cells were washed and cultured in
RPMI medium supplemented with rhIL-2 (50 U/ml) in the presence or absence
of the test compounds. Amounts of HIV-1 capsid (p24) antigen produced in the
culture supernatants were measured by an enzyme-linked immunosorbent assay
kit (ZeptoMetrix Corp., Buffalo, NY) 7 to 10 days after infection. The cytotox-
icities of the compounds were tested on the basis of the viability and proliferation
of the activated PBMC:s, as determined with Cell Proliferation Kit II (XTT) from
Roche (36).

Susceptibility of multidrug-resistant HIV-1 to CXCR4 antagonists was also
measured by using recombinant viruses in a single replication cycle assay (9, 49).
HIV-1 resistance test vectors (RTVs) contain the entire protease (PR) coding
region and the reverse transcriptase (RT) coding region, from amino acid 1 to
amino acid 305, amplified from patient plasma and a luciferase expression cas-
sette inserted in the env region. The RTVs in this study contain patient-derived
PR and RT sequences that possess mutations associated with resistance to PR,
RT, or both PR and RT. Env-pseudotyped viruses were produced by cotrans-
fecting 293 cells with RTV plasmids and expression vectors encoding the Env
protein of well-characterized X4-tropic laboratory strain HXB2, NLA4-3, or
NLA4-3 containing the Q40H enfuvirtide (T20) resistance mutation introduced by
site-direct mutagenesis. The virus stocks were harvested 2 days after transfection
and used to infect U87 CD4™ cells (kind gifted from N. Landau, NYU School of
Medicine) expressing CXCR4 in 96-well plates, with serial dilutions of CXCR4
antagonists. Target cells were lysed, and luciferase activity was measured to
assess virus replication in the presence and absence of inhibitors. Drug concen-
trations required to inhibit virus replication by 50% (ICs,) were calculated.

Immunefluorescence. Molt-4 cells or CXCR4-expressing HEK293 cells were
treated with various concentrations of KRH-3955 or AMD3100 in RPMI me-
dium or phosphate-buffered saline containing 1% bovine serum albumin and
0.05% NaN; (fluorescence-activated cell sorting [FACS] buffer). In washing
experiments, cells were washed with RPMI medium or FACS buffer. The cells
were Fc blocked with 2 mg/ml normal human immunoglobulin G (IgG) in FACS
buffer and then stained directly with mouse MAbs 12G5-phycoerythrin (PE) and
44717-PE (R&D Systems, Inc., Minneapolis, MN) or rat MAb A145-fluorescein

CXCR4 ANTAGONIST KRH-3955 INHIBITS HIV-1 INFECTION 2941

isothiocyanate (FITC) and indirectly with MAb A80. The A145 and A80 MAbs
were produced in ascitic fluid of BALB/c nude mice, and IgG fractions were
obtained from ascitic fluid by gel filtration chromatography with Superdex G200
(Amersham Pharmacia). Goat anti-rat IgG (heavy and light chains) labeled with
FITC was purchased from American Corlex (47). After washing, the cells were
analyzed on a FACScalibur (BD Biosciences, San Jose, CA) flow cytometer with
CellQuest software (BD Biosciences).

DNA construction and transfection. Chemokine receptor-expressing CHO
cells were generated as reported previously (23). Human CXCR4 cDNA was
cloned into the pcDNA3.1 vector. Mutations were introduced by using the
QuikChange II site-directed mutagenesis kit (Stratagene, La Jolla, CA). All
constructs were verified by DNA sequencing and transfected into 293 cells by
using the Lipofectamine reagent (Invitrogen) (48). Stable transfectants were
selected in the presence of 400 pg/ml G418 (Invitrogen). The COOH-terminal
intracellular domain of CXCR4 (residues 308 to 352) was deleted in all mutants
and the wild type. This deletion has no influence on HIV-1 infection or on
SDF-1a binding and signaling but abolishes ligand-induced endocytosis (3).

Ligand-binding assays. Chemokine receptor-expressing CHO cells (5 x10%
0.2 ml per well) were cultured in a 24-well microtiter plate. After 24 h of
incubation at 37°C, the culture medium was replaced with binding buffer (RPMI
medium supplemented with 0.1% bovine serum albumin). Binding reactions
were performed on ice in the presence of '*I-labeled chemokines (final con-
centration of 100 pmol/iter; PeproTech Inc., Rocky Hill, NJ) and various con-
centrations of test compounds. After washing away of unbound ligand, cell-
associated radioactivity was counted with a scintillation counter as described
previously (23).

CXCR4-mediated Ca”* signaling. Fura2-acetoxymethyl ester (Dojindo Labo-
ratories, Kumamoto, Japan)-loaded CXCR4-expressing CHO cells were incu-
bated in the absence or presence of various concentrations of KRH-3955 or
AMD3100. Changes in intracellular Ca®* levels in response to SDF-1a (1 pg/ml)
were determined by using a fluorescence spectrophotometer as described previ-
ously (30).

Detection of KRH-3955 in blood after oral administration. The plasma con-
centration-time profile of R-176211 (distilled water was used as a vehicle), the
free form of KRH-3955, was examined after a single oral administration of
KRH-3955 at a dose of 10 mg/kg or intravenous administration at a dose of 10
mg/kg to male Sprague-Dawley rats (CLEA, Kanagawa, Japan). R-176211 in
plasma was measured by liquid chromatography-tandem mass spectrometry.
Pharmacokinetic parameters were calculated by using WinNonlin Professional
(ver. 3.1; Pharsight Co.).

Infection of hu-PBL-SCID mice. Two groups of C.B-17 SCID mice (CLEA,
Kanagawa, Japan) were administered a single dose of either KRH-3955 or
tartrate (2% glucose solution was used as the vehicle) as a control orally (p.o.)
and fed for 2 weeks. These mice were then engrafted with human PBMCs (1 X
107 cells/animal intraperitoneally [i.p.]) and after 1 day were infected ip. with
1,000 infective units of X4 HIV-1ny 4.3. IL-4 (2 pg per animal) was administrated
i.p. on days 0 and 1 after PBMC engraftment to enhance X4 HIV-1 infection.
After 7 days, human lymphocytes were collected from the peritoneal cavities and
spleens of the infected mice and cultured in vitro for 4 days in RPMI medium
supplemented with 20 U/ml rhIL-2. HIV-1 infection was monitored by measuring
p24 levels in the culture supernatant. We used a selected donor whose PBMCs
could be engrafted at an efficiency of >80% in C.B-17 SCID mice. Usually, 5 X
10° to 10 X 10° human CD4* T cells can be recovered from each hu-PBL-SCID
mouse. Mice with no or low recovery of human CD4* T cells at the time of
analysis were omitted. For ex vivo cultures, we used a quarter of the cells
recovered from a mouse. The protocols for the care and use of the hu-PBL-
SCID mice were approved by the Committee on Animal Research of the Uni-
versity of the Ryukyus before initiation of the present study.

RESULTS

Anti-HIV-1 activities of KRH-3955 in activated PBMCs. The
inhibitory activity of KRH-3955 against X4 HIV-1 (NL4-3),
R5X4 HIV-1 (89.6), and R5 HIV-1 (JR-CSF) was examined in
activated human PBMCs from two different donors. KRH-
3955 inhibited the replication of both X4 and R5X4 HIV-1 in
activated PBMCs with 50% effective concentrations (ECsg) of
0.3 to 1.0 nM but did not affect RS HIV-1 replication, even at
concentration of up to 200 nM (Table 1). In contrast, the
CCRS antagonist SCH-D (vicriviroc) inhibited RS HIV-1 rep-
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TABLE 1. Anti-HIV-1 activity of KRH-3955 in activated PBMCs*
EC;s (nM)b
Virus Donor

KRH-3955 AMD3100 AMDO070 SCH-D AZT SQv
NLA4-3 A 1.1 41 35 >1,000 11 9.0
X4 B 033 15 15 >1,000 8.0 29
89.6 A 0.38 44 55 >1,000 7.4 9.9
R5X4 B ND* ND ND ND ND ND
JR-CSF A >200 >200 >200 0.37 0.96 2.6
RS B >200 >200 >200 1.2 6.2 8.0
A018H (X4) (pre-AZT) C 14 38 ND ND 1.9 ND
A018G (X4) (post-AZT) C 1.3 32 ND ND 87,000 ND

« PBMCs from two different donors were used in each assay. Anti-HIV-1 activity was determined by measuring the p24 antigen level in culture supernatants.

b Assays were carried out in triplicate wells. The average of two to four experiments is shown.

€ ND, not determined.

lication but inhibited neither X4 nor R5X4 HIV-1 replication
(Table 1). The anti-HIV activity of KRH-3955 against the 89.6
virus from donor B was not determined because the virus did
not replicate enough for calculation of the anti-HIV activity of
KRH-3955 and other drugs. Notably, the anti-HI'V-1 activity of
KRH-3955 was much higher than that of AMD3100, a well-
known X4 HIV-1 inhibitor, or AMDO070, the other X4 inhibitor
that is bioavailable when administered orally. KRH-3955 also
inhibited the replication of clinical isolates of X4 HIV-1
(92HT599) and R5X4 HIV-1 (92HT593) with ECs, ranging
from 4.0 to 4.2 nM (data not shown). Although both KRH-
3955 and AMD3100 were effective against at least some R5X4
HIV-1 strains in activated PBMCs, neither KRH-3955 nor
AMD3100 inhibited the infection of CD4/CCRS cells by R5 or
R5X4 HIV-1, even at a concentration of 1,660 nM (data not
shown). Importantly, the 50% cytotoxic concentration of
KRH-3955 in activated PBMCs (donor A) was 57 pM, giving
a high therapeutic index (51,818) in the case of NL4-3 infec-
tion, which was higher than that of AZT (8,000 in the case of
donor A). These results indicate that the compound is a selec-
tive inhibitor of HIV-1 that can utilize CXCR4 as a coreceptor.
Since a CXCR4 antagonist should be used in combination with
a CCR5 antagonist in a clinical setting, we next examined
whether the combined use of both antagonists efficiently blocks
mixed infection with X4 and R5 HIV-1. Combination of KRH-
3955 and SCH-D at 4 plus 4 nM and 20 plus 20 nM blocked the
replication of 50:50 mixtures of NL4-3 and JR-CSF by 91 and
96%, respectively (data not shown). Thus, KRH-3955 is a
highly potent and selective inhibitor of X4 HIV-1.

Anti-HIV-1 activities of KRH-3955 in activated PBMCs
from different donors. It has been observed that the anti-
HIV-1 activity of compounds in PBMCs varies from donor to
donor. Therefore, the anti-HIV-1 activity of KRH-3955 against
X4 HIV-1 was examined in activated PBMCs from eight dif-
ferent donors. The levels of p24 antigen in NL4-3-infected
cultures ranged from 17 to 120 ng/ml (Table 2). KRH-3955
inhibited the replication of NL4-3 with EC, ranging from 0.23
to 1.3 nM and with EC,, ranging from 2.7 to 3.5 nM (Table 2),
demonstrating that the anti-HIV-1 activity of KRH-3955 was
independent of the PBMC donor.

Anti-HIV-1 activities of KRH-3955 against drug-resistant
HIV-1 strains. To further assess the efficacy of KRH-3955, we
used a single-cycle assay to evaluate the activity of KRH-3955
against a panel of recombinant viruses that express an X4-

tropic envelope protein (HXB2) but contain PR and RT se-
quences containing a wide variety of mutations associated with
resistance to PR inhibitors (PIs), nucleoside RT inhibitors
(NRTIs), and non-NRTIs (NNRTIs). This assessment was also
performed with recombinant viruses that express an X4-tropic
envelope protein (NLA-3) that contains the Q40H mutation
and displays resistance to T20 (an entry inhibitor). The results
of these experiments demonstrate that both KRH-3955 and
AMD3100 inhibited the infection of CD4/CXCR4 cells by
these recombinant drug-resistant viruses, including viruses re-
sistant to PIs, NRTIs, or NNRTIs; multidrug-resistant viruses;
and T20-resistant viruses (Table 3). We also observed that
KRH-3955 inhibited the replication of A018G, a highly AZT-
resistant strain, in activated PBMCs with an EC,, of 1.3 nM
(Table 1).

KRH-3955 selectively inhibits ligand binding to CXCR4. To
investigate whether KRH-3955 specifically blocks ligand bind-
ing to CXCR4, the inhibitory effect of the compound on che-
mokine binding to CHO cells expressing CXCR4, CXCR1,
CCR2b, CCR3, CCR4, or CCRS was determined. KRH-3955
efficiently inhibited SDF-1a binding to CXCR4 in a dose-
dependent manner (Fig. 2 and 3b), and the IC,, for SDF-1a
binding was 0.61 nM, which is similar to its ECs, against
HIV-1. Similar results were obtained when we used a Molt-4 T
cell line as the CXCR4-expressing target cell (Fig. 3a). Inter-
estingly, the inhibitory activity of AMD3100 against SDF-1a
binding was much weaker than its anti-HIV-1 activity (Fig. 3),
suggesting that the binding sites of these two compounds are
different. In contrast, the compound did not affect the binding

TABLE 2. Anti-HIV-1 activity of KRH-3955 against NI4-3
infection of PBMC:s from eight different donors

Donor p(2n4g/l:1\;§l EC5y (nM) ECy (nM)
1 31 1.30 32
2 25 1.20 32
3 17 1.20 33
4 40 0.70 29
5 120 0.77 29
6 58 1.50 35
7 49 0.23 2.7
8 53 1.00 3.0

Mean * SD 49 = 32 0.99 + 0.40 3.1+030
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TABLE 3. KRH-3955 susceptibilities of drug-resistant viruses”

ICsp (nM)*
Virus®
KRH-3955 AMD3100
NL4-3 0.50 4.6
HXB2 0.60 6.2
NRTI-Res (HXB2-env) 0.60 9.0
NNRTI-Res (HXB2-env) 0.80 7.0
PI-Res (HXB2-env) 0.70 9.2
MDR (HXB2-env) 0.70 53
T20-Res (NL4-3-env) 0.40 23

4 Susceptibility of drug-resistant HIV-1 was measured by using a single-cycle
recombinant virus assay (see Materials and Methods).

® The pseudoviruses containing X4-tropic envelope (HXB2 or NLA-3) and patient-
derived PR and RT sequences containing mutations associated with resistance to PR
(PI-Res), RT (NRTI-Res or NNRTI-Res), or both (MDR) (the mutations are not
shown). T20-Res contains a site-directed mutation (Q40H) in the NLA4-3 envelope.

€ IC50, 50% inhibitory concentration of CXCR4 antagonists.

of *Llabeled SDF-1a, '*’I-labeled RANTES, '*I-labeled
MCP-1, ?%I-labeled TARC, '*I-labeled RANTES, or **I-
labeled IL-8 to CXCR4, CCR1, CCR2b, CCR4, CCRS, or
CXCRI, respectively (Fig. 2). Thus, KRH-3955 selectively
blocks the binding of SDF-1a to CXCR4.
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KRH-3955 exhibits inhibition of Ca®>* signaling through
CXCR4. We next examined whether KRH-3955 acts as an
agonist or antagonist of CXCR4 by using CXCR4-expressing
CHO cells. The addition of KRH-3955 inhibited the SDF-1a-
induced increase in the intracellular Ca®>* concentration in a
dose-dependent manner, whereas 100 nM AMD3100 did not
affect Ca** mobilization (Fig. 4). KRH-3955 itself did not
affect Ca* mobilization at up to 1 pM (data not shown). We
performed the Ca®* mobilization assay with human PBMCs
but could not detect an SDF-1a-induced Ca®* signal mainly
due to low expression of CXCR4 (data not shown). Thus,
KRH-3955 inhibits Ca®" signaling through CXCRA4.

Effect of KRH-3955 on anti-CXCR4 antibody binding to
CXCR4-expressing cells. To localize the binding site(s) of
KRH-3955, the effects of KRH-3955 and AMD3100 on the
binding of four types of anti-CXCR4 MAbs were first exam-
ined. We used MAbs A145, 12GS5, 44717, and A80, which are
specific for the N terminus, extracellular loop 1 (ECL1) and
ECL2, ECL2, and ECL3, respectively. Neither KRH-3955 nor
AMD3100 inhibited Al45 binding to CXCR4-expressing
Molt-4 cells (Fig. 5). Both compounds inhibited the binding of
MAbs 12G5, 44717, and A80 to Molt-4 cells in a dose-depen-
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FIG. 2. Inhibitory effects of KRH-3955 on chemokine binding to CXCR4-, CCR1-, CCR2b-, CCR4-, CCR5-, or CXCR1-expressing CHO cells.
Chemokine receptor-expressing CHO cells were incubated with various concentrations of KRH-3955 in binding buffer containing 1] Jabeled
chemokine. Binding reactions were performed on ice and were terminated by washing out the unbound ligand. Cell-associated radioactivity was

measured with a scintillation counter. Percent binding was calculated as 100 X [(binding with inhibitor — nonspecific binding)/(binding without

inhibitor — nonspecific binding)]. The data represent the means in duplicate wells in a single experiment.
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FIG. 3. Concentration-dependent inhibition by KRH-3955 of
SDF-1a binding to (a) Molt-4 and (b) CXCR4-expressing CHO cells.
CXCR4-expressing CHO cells were incubated with various concentra-
tions of KRH-3955 (H) or AMD3100 ((J) in binding buffer containing
1251 labeled SDF-1a. Binding reactions were performed, and percent
binding was calculated as described in the legend to Fig. 2. The data
represent the means * standard deviations of three independent ex-
periments.

dent manner. The inhibitory activity of KRH-3955 is similar to
its anti-HIV-1 activity, whereas the inhibitory activity of
AMD3100 is much weaker than its anti-HIV-1 activity. Similar
data were obtained when activated human PBMCs were used
as target cells (data not shown). KRH-3955 itself did not in-
duce internalization of CXCR4 at concentrations of up to 1
M (data not shown), as KRH-1636 did (23). These results
suggest that the binding sites of KRH-3955 are located in a
region composed of all three ECLs of CXCR4.

Long-lasting inhibitory effects of KRH-3955 on the binding
of MAb 12GS5. The inhibitory effect of KRH-3955 on the
binding of MAb 12GS5 was examined with or without wash-
ing of the compound from the cells. Molt-4 cells were
treated with 10 nM KRH-3955 or 1,000 nM AMD3100 for
15 min. With or without washing, the cells were stained with
MADb 12G5-PE and the amount of bound antibody was
analyzed by flow cytometry. KRH-3955 strongly inhibited MAb
12G5 binding to Molt-4 cells irrespectively of washing (Fig.
6a). In contrast, AMD3100 efficiently inhibited MAb 12G5
binding without washing away of the compound but lost its
inhibitory activity after washing away of the compound (Fig.
6a). The long-lasting inhibitory effect of KRH-3955 on the
binding of MAb 12G5 was further tested. Molt-4 cells were
preincubated with or without KRH-3955 at 10 nM. The com-
pound was washed away, and the cells were further incubated
at 37°C in compound-free growth medium. At 0, 3, and 6 h
after compound removal, the cells were stained with MAb
12G5-PE and analyzed by flow cytometry. Even at 6 h after
washing away of the compound, KRH-3955 inhibited MAb
12GS5 binding by approximately 40% (Fig. 6b). These results

ANTIMICROB. AGENTS CHEMOTHER.
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FIG. 4. Inhibitory effects of KRH-3955 on SDF-1a-induced Ca®*
mobilization in CXCR4-expressing CHO cells. Fura-2-acetoxymethyl
ester-loaded CXCR4-expressing CHO cells were incubated in the
presence or absence of various concentrations of KRH-3955 or
AMD?3100. Changes in intracellular Ca®* levels in response to SDF-1a
(1 pg/ml) were determined with a fluorescence spectrophotometer.
The data show representative data for two independent experiments.

suggest that KRH-3955 has a strong binding affinity for
CXCR4 and a slow dissociation rate, although competition
assays with the two molecules (KRH-3955 versus MAb 12G5
with radioactive, nonradioactive, or different labeling) are nec-
essary to provide definitive conclusions.

Inhibition of MAb 12GS5 binding to CXCR4 mutants by
KRH-3955. The effects of different CXCR4 mutations on the
inhibitory activity of KRH-3955 against MAb 12GS5 binding to
CXCR4 were examined. HEK293-CXCR4 transfectants were
preincubated with various concentrations of KRH-3955 and
AMD3100, after which the compound was washed away. The
binding of PE-conjugated MAb 12G5 was measured by flow
cytometry. As reported previously, AMD3100 substantially lost
its blocking activity against MAb 12G5 binding for D171A
(TM4), D262A (TM6), and E288A/L.290A (TM7) mutants, as
shown by previous reports (Table 4) (20, 37, 38). In contrast,
the blocking activity of KRH-3955 against MAb 12G5 binding
was not affected by the above mutations. In contrast, the
H281A (ECL3) mutant displayed decreased inhibition of MAb
12G5 binding by KRH-3955 (Table 4). These data further
support the hypothesis that the CXCR4 interaction sites of
KRH-3955 are different from those of AMD3100.

Pharmacokinetic studies of KRH-3955 in rats. In pharma-
cokinetics studies, KRH-3955 was orally or intravenously ad-
ministrated to Sprague-Dawley rats at a dose of 10 mg/kg. The
plasma concentration of R-176211, the free form of KRH-
3955, was monitored by liquid chromatography-tandem mass
spectrometry. In these studies, KRH-3955 was found to be well
absorbed and the absolute oral bioavailability in rats was cal-
culated to be 25.6% based on the area under the plasma
concentration-time curve (Table 5). However, KRH-3955 also
showed a long elimination half-life after single-dose adminis-
tration to rats, suggesting long-term accumulation of the com-
pound in tissues (Table 5). KRH-3955 was found to be stable
in human hepatic microsomes, and no significant inhibition of
CYP450 liver enzymes by this compound was observed (data
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FIG. 5. Effect of KRH-3955 on the binding of four different MAbs to the CXCR4 receptor. Molt-4 cells were incubated with various
concentrations of KRH-3955 (H) or AMD3100 ((J). The cells were stained directly with MAbs 12G5 (recognizes ECL1 and ECL2 of CXCR4)-PE,
44717 (recognizes ECL2 of CXCR4)-PE, and A145 (recognizes the N terminus of CXCR4)-FITC or indirectly with MAb A80 (recognizes ECL3
of CXCR4). The mean fluorescence of the stained cells was analyzed with a FACScalibur flow cytometer. Percent binding was calculated with the
equation described in the legend to Fig. 2. The data represent the means * standard deviations of three independent experiments.

not shown). Thus, orally administered KRH-3955 is bioavail-
able in rats.

KRH-3955 efficiently suppresses X4 HIV-1 infection in hu-
PBL-SCID mice. We then examined whether KRH-3955 can
interfere with X4 HIV-1 infection in vivo by using hu-PBL-
SCID mice. Mice were administrated a single dose (10 mg/
kg) of either KRH-3955 or tartrate (as a control) p.o. and
fed for 2 weeks. These mice were then engrafted with human
PBMCs, and after 1 day, these “humanized” mice were
infected with infectious X4 HIV-1 (NL4-3). After 7 days,
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FIG. 6. Long-lasting inhibitory effects of KRH-3955 on the binding
of MAD 12GS. (a) Molt-4 cells were treated with 10 nM KRH-3955 or
1,000 nM AMD?3100 for 15 min. With (M) or without ((J) washing, the
cells were staining with MADb 12G5-PE and analyzed by flow cytometry.
(b) Long-lasting inhibitory effect of KRH-3955 on the binding of MAb
12G5. Molt-4 cells were preincubated with or without KRH-3955 at 10
nM. The compound was washed away, and the cells were further
incubated at 37°C in compound-free RPMI medium. At 0, 3, and 6 h
after removal of the compound, the cells were staining with MAb
12G5-PE and analyzed by flow cytometry. The data represent the
means of triplicate wells in a single experiment.

human lymphocytes harvested from the peritoneal cavities
and spleens of the infected mice were cultured for 4 days in
vitro in the presence of rhIL-2 in order to determine the
level of HIV-1 infection by the p24 enzyme-linked immu-
nosorbent assay. The maximum concentration of KRH-3955
in blood after p.o. administration was estimated to be 100
nM (data now shown). Under these conditions, four of five
mock-treated mice were infected whereas only one of five
mice treated with KRH-3955 was infected (Table 6). The
one infected mouse in the KRH-3955-treated group (no. 5)

TABLE 4. Affinity of KRH-3955 and AMD3100 for wild-type
CXCR4 and various mutant forms of CXCR4“

CXCR4 KRH-3955 AMD?3100
(location) ICso 1Cop ICso 1Csp
Wild type 28*05 82+x04 289.1%255 971.1 312

V99A (ECLI) 15+02 74+02  2585%259 >1,000
VI12A (TM3) 22x02 >10 196.6 * 28.5 8213154
H113A (TM3) 08*03 63+02 2964 * 1122 >1,000
D171A (TM4) 32+01 >10 >1,000 >1,000
D181A (ECL2) 05+01 51+03 143.7 £ 293 795.6 =799
H203A (TMS5) 0501 53=x01 2590+ 115 860.6 =224
D262A (TM6) 1.6+ 0.3 8105 >1,000 >1,000
E275A (ECL3) 1.0+0.2 64 =01 2356 +302 9302 *26.1
E277A (ECL3) 31x01 87x01  469.5+*19.2 >1,000
V280A (ECL3) 1.0+0.2 61x01 1753+ 10.3 821.2 £473
H281A (ECL3) 141%x52 2483*749 72.7+429 5722+ 1181
W283A (ECL3) 1302 6.9 £ 0.2 300.2 = 105 >1,000
1284A (TM7) 12+02 6805 265.8 + 20.8 >1,000
E288A/L290A 1.6 0.1 77x03 >1,000 >1,000

(T™M7)

“The data shown, which represent means = SDs (1 = 3) of nanomolar
concentrations, were obtained from competition binding on HEK293 cells ex-
pressing the wild-type or mutant CXCR4 receptors with MAb 12GS5.
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TABLE 5. Pharmacokinetic parameters of KRH-3955 after single
oral administration in rats®

ANTIMICROB. AGENTS CHEMOTHER.

TABLE 6. Inhibition of infection of hu-PBL-SCID mice with X4
HIV-1 by KRH-3955¢

Value when given

Parameter iv.or p.o.at 10
mg/kg
Bioavailability (%6)F.....wweeercnrermerneercnnrereessesssenessanennnns 25.6
Lv. half-life (h)........ .. 99.0%131
Iv.CL (liters/h/k§)c. .. 39=x007
V, (ss) (literskg)©..... ..374.0 £ 14
P.o. Cp oy (ng/ml)°. .. 8631236
Tonax (BY o . 23%1353
P.o. AUC 33, (ng - h/mlY s 325.0 £ 38

% The data shown are means * SDs (n = 3).

b Bioavailability = (AUC,,/JAUC;,) X (dose;,/dose,,.;) % 100.

¢ CL, clearance.

4V, (ss), volume of distribution in central compartment at steady state.

€ Comax, TNaximum concentration of drug in serum.

I Tpuxo time to maximum concentration of drug in serum.

8 AUC,.33¢, area under the plasma concentration-time curve from time zero to
336 h.

showed low levels of p24 production. These results indicate
that single-dose p.o. administration of KRH-3955 was very
effective in protecting against X4 HIV-1 infection in an in
vivo mouse model.

DISCUSSION

In this study, we clearly demonstrate that KRH-3955, a
KRH-1636 derivative that is bioavailable when administered
orally, is a potent inhibitor of HIV-1 infection both in vitro and
in vivo. KRH-3955 selectively inhibited X4 HIV-1 strains, in-
cluding clinical isolates, as we have previously shown with
KRH-1636. Furthermore, KRH-3955 is approximately 40 times
more potent than KRH-1636 in its anti-HIV-1 activity in acti-
vated PBMCs (Table 1). The anti-HIV-1 activity of KRH-3955
was independent of the PBMC donor (Table 2). KRH-3955
also inhibited the infectivity of recombinant viruses resistant to
NRTIs, NNRTIs, PIs, and T20 (Table 3). Pharmacokinetic
studies of KRH-3955 indicated that the compound is bioavail-
able in rats when administered orally (Table 5). In addition,
oral administration of the compound efficiently inhibited the
replication of X4 HIV-1 in the hu-PBL-SCID mouse model
(Table 6). Although we could show that KRH-3955 is a potent
inhibitor of subtype B HIV-1 isolates, we need to examine the
efficacy of this compound against non-subtype B HIV-1 iso-
lates because of the global nature of the HIV/AIDS epidemic
and the regional diversity of HIV-1 subtypes.

R5 HIV-1 is isolated predominantly during the acute and
asymptomatic stage (12) and is also believed to be important for
virus transmission between individuals. In contrast, X4 HIV-1
strains emerge in approximately 50% of infected individuals and
their emergence is associated with a rapid CD4" T-cell decline
and disease progression (35, 50). One recent report also indicated
that detection of X4 HIV-1 at baseline independently predicted
disease progression (13), although it s still not known whether the
emergence of X4 HIV-1 is a cause or outcome of disease pro-
gression. These findings strongly support the need for highly po-
tent CXCR4 inhibitors that are bioavailable when administered
orally such as KRH-3955.

Inhibition of ligand binding to chemokine receptors by KRH-
3955 was specific for CXCR4 (Fig. 2), as we observed previously

p24 produced
(pg/ml)

Group and mouse no.

Control

“Two groups of C.B-17 SCID mice (n = 5) were administrated a single dose
of either KRH-3955 or tartrate (as a control) p.o. and fed for 2 weeks. These
mice were then engrafted with human PBMCs (1 X 107 per animal i.p.), and after
1 day, these “humanized” mice were infected with 1,000 infective units of X4
HIV-1py4.3. IL-4 (2 mg per animal) was administrated i.p. on days 0 and 1 after
PBMC engraftment to enhance X4 HIV-1 infection. After 7 days, human lym-
phocytes were harvested from the infected mice and cultured in vitro for 4 days
in medium containing 20 U/ml IL-2. HIV-1 infection was monitored by measur-
ing p24 levels. Means from duplicate determinations are shown. <5, below
detection level.

for KRH-1636. This specific inhibition of SDF-1la binding to
CXCR4 by KRH-3955 is absolutely necessary for developing an
anti-HIV agent to avoid immune dysregulation by nonspecific
inhibition of binding by other chemokines. It is of note that the
inhibitory activity of the compound against SDF-1a binding is
similar to that against HIV-1 infection, which is different from
that of control compound AMD3100. Where on the CXCR4
molecule is the binding site(s) of KRH-3955? Experiments to
examine the effect of KRH-3955 on the binding of several anti-
CXCR4 MADbs suggest that the binding sites of KRH-3955 are
located in all three ECLs of CXCR4 (Fig. 5). To further define
the binding site(s) of KRH-3955, we examined the effects of
CXCR4 point mutations on the inhibitory activity of KRH-3955
against MAb 12GS5 binding to the receptor. AMD3100 was used
as a control. The inhibitory activity of AMD3100 against MAb
12G5 binding to the receptor was greatly reduced by the muta-
tions D171A (TM4), D262A (TM6), and E288A/L290A (TM7),
as reported previously (Table 4) (20, 37, 38). Of note, these
mutations also affect SDF-1a binding and/or CXCR4 coreceptor
activity (8). Unexpectedly, none of these three mutations affected
the inhibition of MAb 12GS5 binding by KRH-3955 (Table 4).
Only the H281A (ECL3) mutant showed decreased inhibition of
MAD 12G5 binding by KRH-3955 (Table 4). Interestingly, the
same mutant modestly increased the blocking activity of
AMD?3100 against MAb 12GS5 binding. In addition, the H281A
mutation markedly impaired inhibition of MAb 12GS5 binding by
AMD?3463, one of the prototype monocyclams (37). Further ex-
periments with different CXCR4 mutants are necessary to iden-
tify the exact site(s) on CXCR4 targeted by this compound.
Pharmacological tests of KRH-3955 were performed with rats,
and the compound was found to be bioavailable when adminis-
tered orally (Table 5), which is favorable for anti-HIV drugs.
However, the compound also indicated a long half-life after sin-
gle-dose administration to rats, suggesting long-term accumula-
tion of the compound in tissues, which can be either advantageous
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in terms of inhibiting HIV-1 infection in hu-PBL-SCID mice
(Table 6) or disadvantageous in terms of toxicity. Further studies
are ongoing to determine the safety and pharmacokinetics of the
compound in other animals such as dogs and monkeys. To eval-
uate the in vivo efficacy of KRH-3955, we used the hu-PBL-SCID
mouse model and showed that oral administration of the com-
pound strongly protected against X4 HIV-1 infection in this
model system (Table 6). To achieve substantial replication of X4
HIV-1 in this system, recombinant IL-4 was added after human
PBMC engraftment as described previously (23). Notably, KRH-
3955 was administered only once 2 weeks before PBMC engraft-
ment and was effective enough to block X4 HIV-1 infection,
suggesting that the compound can be used as a preexposure
prophylaxis agent to prevent HIV infection. This long-lasting an-
tiviral effect of KRH-3955 can be partly explained by the strong
affinity of the compound for CXCR4 (Fig. 6) and long-term
accumulation of the compound in tissues.

In terms of safety of anti-HIV drugs, CCRS5 antagonists are
considered to be relatively safe because of the lack of obvious
health problems in individuals homozygous for the CCRS5 delta32
allele (27, 39). Indeed, maraviroc, a CCR5 antagonist, was
approved by the U.S. FDA in 2007. In contrast, CXCR4
antagonists, which inhibit SDF-1a-CXCR4 interactions, may
cause severe adverse effects because knocking out either the
SDF-1a or the CXCR4 gene in mice causes marked defects
such as abnormal hematopoiesis and cardiogenesis, in addition
to vascularization of the gastrointestinal tract (32, 44, 52).
However, no severe side effects have been reported for either
AMD?3100, a well-characterized CXCR4 antagonist, or AMDO070,
an oral CXCR4 antagonist, in human volunteers and/or HIV-
infected patients. Milder side effects, including gastrointestinal
symptoms and paresthesias, were common at higher doses of
AMD3100. These results indicate the feasibility of using CXCR4
antagonists as anti-HIV-1 drugs in a clinical setting (21, 22, 41).

Besides the physiological roles mentioned above, the
CXCR4-SDF-1 axis is also involved in various diseases such
as cancer metastasis, leukemia cell progression, rheumatoid
arthritis, and pulmonary fibrosis. CXCR4 antagonists such as
AMD?3100 and T140 have demonstrated activity in treating
such CXCR4-mediated diseases (14, 46). In addition, AMD3100
is considered to be a stem cell mobilizer for transplantation in
patients with cancers such as non-Hodgkin’s lymphoma. Re-
cently, AMD?3100 has been shown to increase T-cell trafficking
in the central nervous system, leading to significant improve-
ment in the survival of West Nile virus encephalitis (29). Given
its highly potent and selective inhibition of SDF-1-CXCR4
interaction and its bioavailability when administered orally, it
is important to address whether KRH-3955 can also be used
for such clinical applications.

One important issue to be addressed is whether HIV-1
strains resistant to other CXCR4 antagonists show cross-resis-
tance to KRH-3955. In our preliminary studies, AMD3100-
resistant HIV-1 (kindly provided by M. Baba, Kagoshima
University) (4) showed ~19-fold resistance to KRH-3955
compared with parental NL4-3, whereas the resistant virus
showed ~40-fold resistance to both AMD3100 and AMDO070
in MT-4 cells (data not shown). Interestingly, the AMD3100-
resistant HIV-1 strain was relatively sensitive to T22, another
prototype CXCR4 antagonist. Thus, KRH-3955 target sites on
CXCR4 seem to partially overlap those of AMD3100, although
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experiments with CXCR4 mutants do not support this idea.
It is important to establish KRH-3955-resistant mutants and
investigate whether they also show cross-resistance to other
CXCR4 antagonists. Long-term culture experiments with PM1/
CCRS5 cells that express both CXCR4 and CCRS infected with
X4 HIV-1 in the presence of KRH-3955 are in progress.

In conclusion, KRH-3955 is a small-molecule antagonist of
the CXCR4 receptor that is bioavailable when administered
orally. The compound potently and selectively inhibits X4
HIV-1 infection both in vitro and in vivo. Thus, KRH-3955 is
a promising antiviral agent for HIV-1 infection and should be
evaluated for its clinical efficacy and safety in humans.
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Abstract The availability of highly active anti-retroviral
therapy (HAART) has greatly improved the outcome of
human immunodeficiency virus type-1 (HIV-1) infection
and disease. We report here on a case of an HIV-1-sero-
positive patient with acute myelogenous leukemia who
underwent a successful allogeneic unrelated bone marrow
transplantation following HAART. A 40-year-old Japanese
HIV-seropositive man underwent allogeneic unrelated
bone marrow transplantation using a myeloablative pre-
transplant-conditioning regimen. Neutrophil engraftment
occurred on day +18, and donor chimerism was achieved
on day +27. During pre- and post- transplantation, the
HAART was not interrupted. Over 1 year after transplan-
tation, the patient is alive and in continuous complete
remission with undetectable levels of HIV-1 RNA. HAART
can lead to a successful hematopoietic stem cell trans-
plantation without severe opportunistic infections.
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1 Introduction

Highly active anti-retroviral therapy (HAART) has
greatly improved the outcome of human immunodefi-
ciency virus type-1 (HIV-1) infection and disease [1].
Before the introduction of HAART, a high rate of
unsuccessful autologous and allogeneic hematopoietic
stem cell transplantation (HSCT) for HIV-1-seropositive
patients was reported [2-5]. Thus, HIV-1-seropositive
patients had been generally excluded from HSCT, even
if they had hematological malignancies that would have
been treated with HSCT in HIV-1-negative patients.
However, successful autologous HSCT for hematological
malignancies following HAART with a reduction in
HIV-1 load and control of the CD4+ cell count has been
reported, especially for HIV-1l-associated lymphoma
[6, 7]. On the other hand, allogeneic HSCT is an
established therapy for some kinds of hematological
disorders with curative potential; however, only a few
cases of allogeneic HSCT for HIV-1-seropositive patients
have been described since HAART became available
[8-12].

HIV-1-seropositive patients have an increased risk of
developing various kinds of malignancies, including non-
Hodgkin’s lymphoma and Kaposi’s sarcoma [13, 14].
There are a few reports on the relationship between acute
myeloid leukemia (AML) and HIV-1 infection. Sutton
et al. [15] reported that the estimated risk of AML among
HIV-1-infected adults was twice as that in the general
population. We report here on an AML patient infected
with HIV-1, who underwent unrelated bone marrow
transplantation and is alive and well over one year after the
transplant. To our knowledge, this is the first report on
unrelated bone marrow transplantation for an AML patient
with HIV-1.
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2 Case report

In December 2006, a 39-year-old Japanese man was
diagnosed with AML (FAB classification: M4). The white
blood cell count of the patient was 131,000/ul. Bone
marrow examination revealed that myelomonoblasts were
expanded to 94%, which expressed CD13, CD33, CD34,
and HLA-DR. Chromosomal analysis showed a normal
karyotype. Screening for HIV-1 antibody by enzyme-
linked immunosorbent assay (ELISA) was not performed at
diagnosis. The patient underwent induction and consoli-
dation chemotherapy in accordance with the JALSG AML
97 protocol [16] and achieved complete remission (CR).
Because FLT3 internal tandem duplication of the bone
marrow sample at the onset was positive, and it had con-
tinued to be detected, we planned an allogeneic bone
marrow transplantation (BMT) during the first CR [17].
The patient had no HLA-identical sibling donor, so was
registered for the Japan marrow donor program (JMDP)
and underwent a screening test for HSCT. In October 2007,
we found out that the patient was seropositive for HIV-1 by
ELISA using his blood after obtaining informed consent.
He described that he was a gay. We confirmed the presence
of HIV-1 antibody by Western blot analysis, which
detected bands against HIV-1 gp160, gp110/120, p68, p55,
p52, gp 41, p34, and p24/25. At that time, the patient’s
HIV-1 load and CD4+ cell count were 2.9 x 10* copies/
ml and 374/pl, respectively. The patient did not have any
opportunistic infections. We started HAART consisting of
emtricitabine (FTC) 200 mg, tenofovir (TDF) 300 mg, and
efavirenz (EFV) 600 mg, which was determined with
antiviral effects. The HIV-1 RNA load rapidly decreased to
61 copies/ml by December 2007. Retrospective analysis of
the bone marrow sample showed that the patient had been
infected with HIV-1 since he was diagnosed with AML
(Fig. 1) [18, 19]; however, during standard chemotherapies
before transplantation no severe infections were
complicated.

In January 2008, an allogeneic BMT was performed
during the first CR, using an unrelated HLA-matched male
donor (Fig. 2). The number of transplanted nucleated cells
was 3.1 x 10%kg. The patient was conditioned with a
myeloablative regimen consisting of 12 Gy total body
irradiation, 30 mg/kg intravenous etoposide, and 120 mg/
kg intravenous cyclophosphamide. As prophylaxis for
acute graft-versus-host disease (GVHD), administration of
3 mg/kg of cyclosporine A (CSP) was started on day —1,
and short-term methotrexate was given on days +1, 43,
+6, and +11. On HAART it was concerned that the patient
could not take medication due to the pretransplant regimen-
related toxicity. EFV shows a slow turnover (half time over
50 h); thus, in such a case only EFV was remaining in
blood, which might lead to an induction of drug-refractory
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Fig. 1 Genomic PCR analysis. Total genomic DNA was isolated
using Qiagen DNA blood mini kit (Qiagen Inc., Valencia, CA), and
was subjected to PCR amplification. HIV-1 proviral gene sequence
was amplified using nested PCR to generate gag products [18, 19].
Hot start was employed for the first and second PCR by incubating the
reaction mixtures at 95°C for 2 min. Then, 35 cycles of amplification
(94°C for 30 s, 60°C for 30 s, 72°C for 30 s) followed by a final
incubation at 72°C for 2 min was applied for the first PCR. The
second PCR involved the same conditions except for the amplification
temperature (62°C). The primer pairs were: outer forward primer (5'-
AAATCTCTA GCAGTGGCGCCCGAACAG-3'; positions 623—-649
on HXB2); and reverse (5-TAACCCTGCGGGATGTGGTATTCC-3;
positions 2849-2826); and inner forward primer (5'-GCGGCG
ACTGGTGAGTA CGCC-3', positions 734-754 on HXB2); and
reverse (5-TCCTTTAG TTGCCCCCCTATC-3', positions 2314—
2294 on HXB2). Lane 1 MW marker, Lane 2 bone marrow samples
taken at diagnosis of the patient, Lane 3 bone marrow samples at first
CR and soon after the start of HAART (Dec. 2007), and Lane 4
negative control. PCR products were analyzed by 2.5% TBE gel
electrophoresis

HIV-1. We exchanged EFV for lopinavir (LPV) and riton-
avir (RPV) referred to a half time.

Polymyxin-B sulfate was administered orally as pro-
phylaxis for bacterial infection when the pretransplant
conditioning started. 200 mg Fluconazole was given as
prophylaxis against fungal infection. Acyclovir was used
against herpes simplex virus infection until day +35. For
the prophylaxis of Pneumocystis Jiroveci, trimethoprim-
sulfamethoxazole was used. Cytomegalovirus (CMV)
prophylaxis was started with 5000 mg of globulin every
week from day —1. Ganciclovir as prophylaxis was not
administered. Surveillance for CMV was performed by
taking blood samples every week. The patient was received
5 pg/kg of granulocyte colony-stimulating factor (G-CSF)
by continuous drip injection from day +1.

Febrile neutropenia developed requiring antibiotic ther-
apy on day +6. Neutrophil, reticulocyte, and platelet
engraftment was achieved on days +18, 418, and +22,
respectively. Donor chimerism was achieved on day +27 in
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Fig. 2 Counts of HIV-1 viral load, CD4+ T-cells, and total white
blood cells observed in the patient pre- and post-transplantation. FTC
emtricitabine, TDF tenofovir, EFV efavirenz, LPV lopinavir, RPV

whole blood. Mild impairment of renal function developed
(serum creatinine (Cr) level of 0.73 mg/dl on day 10, and
0.93 mg/dl on day 18). Owing to the rapid elevation of the
serum level of CSP (971 ng/ml on day 10), which was
probably due to interaction between CSP, LPV, RPV, and
TDF, the administered dose of CSP was reduced. However,
the patient’s renal function worsened (Cr 1.14 mg/dl on day
20), and administration of CSP was stopped on day +21.
Serum Cr level was 1.66 mg/dl on day 31, and the level was
decreased thereafter. On day +53, CMV viremia developed
without any evidence of CMV disease. We started intrave-
nous administration of 10 mg/kg of ganciclovir, which
promptly resolved the CMV viremia. On day +37, the
patient developed acute skin GVHD (stage 2) and high fever
without evidence of infection, and 0.5 mg/kg of predon-
isolone (PSL) was administered. After PSL treatment, the
patient gradually recovered and was discharged on day +84.

Despite severe nausea, the patient could take all anti-
HIV-1 drugs orally during pre- and post-transplantation.
HIV-1 has not been detectable from day +31 until day
+650. Although CD4+ cell count decreased to 114/ul on
day +31, CD4+ cell count remained above 200/ul from
day +202. Immunoglobulin level was sustained at the
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lower level (600700 mg/dl after 6 months to 21 months
after the transplantation). After 6 months from the trans-
plantation, chronic extensive GVHD was observed, and
PSL (1 mg/kg) with CSP was continued to be adminis-
tered; however, no severe opportunistic infections were
observed. At 21 months post-transplantation, the patient is
alive and in continuous CR with undetectable levels of
plasma HIV-1 RNA.

3 Discussion

In the HAART era, high-dose chemotherapy and autolo-
gous HSCT for HIV-1-seropositive patients can be suc-
cessful [5-7]. Krishnan et al. [20] reviewed autologous
transplantation for HIV-1-positive patients with lym-
phoma, and concluded that high-dose therapy with autol-
ogous stem cell rescue is feasible in HIV-1-infected
patients with lymphoma following HAART. During che-
motherapy, in combination with HAART, prompt reduc-
tion of HIV-1 load was reported [21, 22]. In our case, when
HAART was introduced, prompt disappearance of HIV-1
was observed at PCR level (lane 3 of Fig. 1).
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There are a few reports about allogeneic HSCT for
HIV-1 carrier patients {8-12], and a brief summary is
shown in Table 1. Recently, the Center for International
Blood and Marrow Transplant Research (CIBMTR)
reported allogeneic hematopoietic cell transplantation in
human immunodeficiency virus-positive patients with
hematological disorders [23]. Some problems are unre-
solved in allogeneic HSCT for HIV-1-seropositive patients
treated with HAART, such as engraftment, GVHD pro-
phylaxis and drug interaction, and opportunistic infection,
in which the most important point is to check HIV-1 when
a new patient suffering from a hematological malignancy is
administered. In our case we fortunately found out his
HIV-1 infection. CIBMTR reports that 31% of the HIV-
l-infected patients with hematological malignancy who
underwent HSCT were diagnosed before or at the onset of
hematological malignancy. After this case we check HIV-1
antibody in all the new patients with hematological
malignancies.

Among HIV-1-negative allogeneic BMT patients at our
institute, the median time of myeloid, erythroid, and
platelet engraftment is day +17.5, +21, and +23, respec-
tively (unpublished). In this HIV-1-seropositive case,
myeloid, erythroid, and platelet engraftments were similar
to those of HIV-1-negative allogeneic BMT recipients.
Tomonari et al. described a successful second unrelated
cord blood transplantation for an HIV-1-seropositive
patient using HAART, although the first cord blood

transplantation showed prolonged bone marrow suppres-
sion and probable engraftment failure [10], in which
HAART might have influenced the engraftment. Other
reports describe similar engraftment periods for HIV-1-
positive and negative patients who received allogeneic
HSCT [8-12, 23, 24].

Previously, before the HAART era, some reports
describing life-threatening opportunistic infections that
often occur upon HSCT were published [2, 3]. Nowadays,
HAART can lead to successful HSCT without severe
opportunistic infections, control of the CD4+ cell count,
and a decreased HIV-1 load. In our patient, cytomegalo-
virus reactivation was observed, which was promptly
resolved by the administration of ganciclovir without CMV
disease; other opportunistic infections did not occur. Sutton
et al. [15] reported that a CD4+ cell count above 200/ul at
the onset of AML was predictive of longer survival. Also,
there are reported that before HAART era CD4 recovered
very slowly after chemotherapy, and autologous and allo-
geneic transplantation [2-5, 23]. In HSCT, it seems likely
that CD4+ cell count is as an important predictor of
survival.

The optimum conditions for HAART before and during
transplantation have not been established. Referred to the
previous treatment-guidelines, no indication of HAART
was determined to our case if he was not suffering from
AML, because CD4+ cell count was above 350/ul; how-
ever, for the treatment of AML we used chemotherapy,

Table 1 Reported allogeneic HSCT cases for HIV-1-seropositive patients following HAART

Diagnosis Disease status HAART Transplant  Pretransplant Engraftment  Outcome
. graft conditioning
Kang et al. [8] t-AML CR LS, L Sibling PB CY/Flu Alive in CR: 2 years
Kang et al. [8] HD Primary Nf, ABC, L Sibling PB CY/Flu Death: day +180 due to
refractory relapse
Sora et al. [9] AML CR S,L,I-L, AZT, R Sibling PB BU/CY Day +9 Alive in CR: 39 months
Tomonari Ph ALL CR S,L,E Unrelated TBI/CY Engraftment To second CBT
et al. [10] CB failure
Tomonari Engraftment (-) Unrelated  Flu Day +27 Alive in CR: 15 months
et al. [10] failure CB
Wolf et al. AA ABC, L, SQV, Unrelated CY/Flu Day +18 Alive: 8 months
[11] R — paused PB
Woolfrey et al. AML N/A E, ABC, T Unrelated TBI/Flu Death: day +301 due to
[12] PB GVHD/BO
Woolfrey et al. AML N/A E, ABC,L Sibling PB TBI/Flu Alive: day +180
[12]
Our case AML CR FTC/TDF, LPV/R  Unrelated TBI/ETP/CY Day +18 Alive in CR: 12 months
BM

I inducates indinavir, S stavudine, L lamivudine, Nf nelfinavir, ABC abacavir, AZT zidovudine, R ritonavir, E efavirenz, SQV saquinavir, T
tenofovir, ALL acute lymphocytic leukemia, Pk Philadelphia, AA aplastic anemia, AML acute myelogenous leukemia, t-AML treatment-related
AML, HD Hodgkin’s lymphoma, CR complete remission, N/A not described, CB umbilical cord blood, PB peripheral blood stem cell, TBI total
body irradiation, CY cyclophosphamide, Flu fludarabine, ETP etoposide, BU busulfan, GVHD graft-versus-host disease, BO bronchiolitis
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