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A highly attenuated LC16m8 (m8) smallpox vaccine has been
licensed in Japan because of its extremely low neurovirulence
profile, which is comparable to that of replication incompetent
strains of vaccinia virus. From 1973 to 1975, m8 was administrated
to >100,000 infants where it induced levels of immunity similar to
that of the originating Lister strain, without any serious side
effects. Recently, we observed that m8 reverts spontaneously to
large plaque forming clones that possess virulence equivalent to
that of LC16mO, a parental virus strain of m8. Here, we report that
the B5R gene is responsible for the reversion, and that we could
construct a more genetically stable virus by deleting B5R from m8.
The protective immunogenicity of the vaccine candidate proved to
be equivalent to that of the U.S.-licensed product Dryvax, and
much superior to modified vaccinia Ankara in a mouse model.
Furthermore, the vaccine strain never elicited any symptoms in
severe combined immunodeficiency disease mice, even at a dose
1,000-fold greater than that used in the immune protection exper-
iments, which is in contrast to the lethal pathogenicity induced by
Dryvax inoculation of severe combined immunodeficiency disease
mice. Our results suggest that this vaccine strain is a good candi-
date as a suitable smalipox vaccine and a vector virus, and that B5R
is not essential for protective immunity against smallpox.

B5R gene | reversion | Lister strain | extracellular enveloped virion

Although smallpox was eradicated >20 years ago (1), the
necessity of a smallpox vaccine has been reawakened by
concerns of bioterrorism using the smallpox virus (2) and
outbreaks of monkeypox (3). However, the current vaccine in the
United States, Dryvax, occasionally elicits serious adverse ef-
fects, including postvaccinal encephalitis (4). Accordingly, a
safer smallpox vaccine is much needed.

In Japan, a highly attenuated form of vaccine referred (o as
LC16m8 (m8) was administrated to >100,000 infants without
any serious adverse events and proved to be as immunogenic as
the Lister (LO) strain (5, 6), a once widely used vaccine. m8 was
indirectly isolated from LO through intermediate strains, such as
LC16mO (mO) and LC16, m8, a variant that forms small-sized
pocks, is a direct descendant of mO, which itself is a clone that
forms medium-sized pocks, isolated from the LCI6 strain (5).
LC16 was selected from LO based on its temperature sensitivity
{5,7,8). In rabbit and monkey models, the neurovirulence of m8
was markedly reduced in comparison with other vaceine strains
(5, 7-9), including LO and Dryvax (10, 11), and comparable to
the replication-defective mutant DIs (Dairen I-derived small-
sized pock variant) (12). Moreover, m8 exhibited a markedly
diminished dermal reaction in both rabbits and humans and a
lower fever ratio compared with mO in clinical trials (5, 6).
Therefore, m8 was finally adopted as a vaccine strain instead of
mO (6).

‘Takahashi-Nishimaki ef al. (13) first identified the vaccinia
virus (VV) gene B3R as responsible for large plaque formation
and proliferating ability in Vero cells. m8 has lost the BSR
function as the result of a frameshift mutation brought about by
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a single base deletion in the ORF. B5SR encodes a 42-kDa
glycoprotein that is involved in packaging the intracellular
matured virion with trans-Golgi membrane or endosomal cis-
ternae to form an intracellular enveloped virion (IEV) (14-16).
IEV is transported along microtubules to the cell periphery (17,
18) where it adheres to the cell surface as a cell-associated
enveloped virion (CEV). B5R, in cooperation with the A36R
and A33R proteins, also participates in the Src kinase-dependent
process of forming of actin-containing microvilli and releasing
CEV from the cell surface to form an extracellular enveloped
virion (EEVY) (19, 20). Despite its relative paucity of whole
progeny virions, EEV plays an important role in dissemination
within the host (21). Because anti-B5R antibodies can neutralize
EEV, expression of BSR has been proposed as an effective
smallpox vaccine (14, 22-25). In contrast, the results of the field
trial in Japan showed that neutralizing (NT) antibody titers
induced by m8 were similar to a conventional 1O vaccine (3, 6).
Recently, we found that m8 reverted spontaneously to large
plaque-forming clones (LPCs).f The content of LPCs seemed fo
increase rapidly in proportion to passage number of the virus.
Because LPCs emerged from plaque-purified m8, their gener-
ation appears to be an intrinsic property of m8. We were
concerned that LPC contamination might ruin the safety of the
m8 vaccine. Therefore, to improve the m8 strain, we tested
whether B5R was the gene responsible for the reversion, because
this gene has been correlated with large plaque formation. We
then constructed genetically more stable virus by deleting B5R.
Moreover, by using this virus, we were able to evaluate the
contribution of B5R to protective immunity against smallpox.

Methods

Virus Preparations. m8 was obtained from Chiba Serum Institute
(Chiba, Japan). m8rc (plaque-purified m8 to minimize contam.-
ination by revertants) and the revertant viruses (LPCs) were
isolated from the m§ stock by three serial plague purifications in
RK13 cells. The modified VV Ankara (MVA) (26, 27) and
Western Reserve (WR) viruses were obtained from S. Morikawa
(National Institute of Infectious Diseases, Tokyo). MVA was
propagated and titrated in chicken embryo fibroblasts, Other
viruses were propagated and titrated in RK13 cells, and purified
by sedimentation through a 36% sucrose cushion. A vial of
Dryvax vaccine, obtained from I. K. Damon and J. Becher
(Centers for Disease Control and Prevention, Atlanta), was

This paper was submitted directly {Track I) to the PNAS office.

Abbreviations: m8, LC16m8; LO, Lister; mO; LC16mO; VV, vaccinia virus; EEV, extracellular
enveloped virion; NT, neutralizing; LPC, large plaque-forming clone; MVA, modified Vv
Ankara; WR, Western Reserve; PRK, primary rabbit kidney; SCID, severe combined immu-
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plague-forming units.

*To whom correspondence should be addressed, E-mail: kidokoro@nih.go.jp.

SKidokoro, M., Eshita, K. & Horiuchi, K., Sixth Meeting of the Japanese Society for Vacci-
nalogy (Chiba, Japan), Nov. 30-Dec. 1, 2002, abstr. A-1.

© 2005 by The National Academy of Sciences of the USA

www.pnas.org/cgi/doi/10.1073/pnas.0406671102



<
vd
N

dissolved in the enclosed solvent, aliquoted, and stored at —80°C.  old) were purchased from Charles River Japan (Kanagawa,
Construction of m8B5R, which harbors the intact B5R gene,  Japan). Female Japan white rabbits (16 weeks old) were ob-
m8A, which lacks the entire B5R gene, and m8dTM, which  tained from Kitayama Labes (Nagano, Japan). All animal
expresses only the ectodomain of the B5SR protein, and charac- experiments were approved by the National Institute of Infec-
terization of their properties, including the structures of BSRin o5 Diseases Animal Experiment Committee and were per-
the viruses uscd, are dgscnbed in more detail (Supporting Text, formed in accordance with guidelines for animal experiments
Table 1, and Fig. 5, which are published as supporting informa- erformed at the National Institute of Infectious Diseases

tion on the PNAS web site). p -

Western Blotting. We performed immunoblotting by using an Skin Reaction Test in Rabhits. We conducted a skin reaction test
antiserum from rabbits that were immunized with baculovirus-  as described (10). Briefly, after inoculating tenfold serial
expressed recombinant BSR protein. The anti-BSR sera were  dilutions of VVs intradermally on rabbit backs, the diameters
used at a dilution of 1:200, and detected with a horseradish  of erythema were measured daily for 1 week. Two animals
peroxidase-labeled secondary antibody and an ECL Plus kit  were used for each viral strain, and each rabbit received two
(Amersham Pharmacia Biosciences, Piscataway, NJ). injections of the serial dilution series of a virus. Erythemas

. . e . >10 mm in diameter was scored as positive. The time at which

Evaluation of Genetic Stabilities of VVs. We passaged the VVs in erythemas reached their peak was determined for each animal,

primary rabbit kidney (PRK) cells that are used for vaccine 4" i1e 509 erythema dose (ErDsg) was calculated by the

production 7 times at 30°C or 34°C, then in Vero cells 2 times at [, 4 Kaib hod (38 0

34°C to amplify LPCs, or 10 times in PRK at 30°C or 34°C. We ~ Beherns and Karber method (28).

estimated the fraction of LPCs as the ratio of plaque counts on . . i . .

Vero cells to those on RK13 cells. SCID Mice Infection Test. To establish an index for pathogenicity
of VV against SCID mice, we defined a 50% rash expression dose

Animals. Severe combined immunodeficiency disease (SCID)  (REDsp), which indicates the virus dose needed to induce a rash

mice (female, 6 weeks old) and BALB/c mice (female, 6 weeks  in 50% of the animals. After inoculating 10-fold serial dilutions
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Fig.1. Biological properties of LPCviruses. (4) The plaque configurations of LPCs contaminating an m8 virus stock. LPC viruses make considerably larger plaques

than m8. (B) The mean plaque sizes of m8, mO, and plaque-purified LPCs. LPCs were isolated from an m8 stock solution. The data are presented as mean + SD
(P < 0.05). (C) The dermal reaction scores (ErDsg) of the LPCs intradermally inoculated in rabbits. (D and E) Pathogenicity of LPCs against SCID mice. The graphs
show temporal changes of REDsg (D) and LDs (£) for a 4-week period after inoculation. The m8 strain was asymptomatic even at the highest viral doses in this
experiment (107 pfu). If all mice are killed by inoculation of 108 pfu of m8, its LDsg is 107 pfu. Therefore, pathogenicity of asymptomatic group ought to be >107
pfu. (F and G) Alignment of the B5R nucleotide sequences {f} and amino acid sequences (G) of mO, m8, and three LPC viruses. Numbers at both ends of the
alignments indicate residue numbers. Dots, hyphens, and black triangles in the alignments show identical sequences, gaps, and the single-nucleotide deletion
of m8, respectively. The bar and asterisk in the alignments indicate the termination codon. (H) Western blots of BSR in VV-infected RK13 cell-lysates. Duplex bands
of B5R may be the result of differential glycosylation. Molecular weight markers are shown in kDa.
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temperatures (at 30°C or 34°C). The revertant contents of viruses that were passaged seven times in PRK cells and two times in Vero cells are shown in C, and
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[10% to 107 plaque-forming units (pfu)] of VVs i.p. into a series
of SCID mice, we calculated the viral doses required for inducing
rash (REDsg) or killing (LDsp) in 50% of the animals by the
Reed-Muench method, and followed both values for 4 weeks and
8 weeks.

BALB/c Protection Study. BALB/c mice (eight animals per group)
were injected intramuscularly with a single dose of 104 to 106 pfu
of VVs, bled at the tail artery 3 weeks later, and then challenged
intranasally with 10° pfu of the WR strain 4 weeks after
vaccination. Individual body weight was measured daily for 3
weeks, and animals with a weight loss of >30% were killed.

Neutralization Assays. Serial 4-fold dilutions (from 2~! to 277y of
heat-inactivated mouse serum were mixed with solution con-
taining ~200 pfu of the WR strain, incubated for 16 h at 37°C,
and inoculated on RK13 cells cultured in 48-well plates. Anti-
body titers were defined as the reciprocal of serum dilution that
reduces viral plaques by 50%. All assays were performed in
triplicate. The antibody titers of sera from a mock-immunized
group were <2 in our assay system.

Statistical Methods. We used Microsoft EXCEL and ORIGIN (Orig-
inLab, Northampton, MA) for statistical analysis. The differ-
ences in the mean plaque sizes and in body weight changes
measured 5 days after viral challenge in the mouse model were
determined by Student’s ¢ test, with P < 0.05 as the criterion for
statistical significance. The results are summarized in Table 2,
which is published as supporting information on the PNAS web
site.

Results

We isolated three LPC clones from an m$8 stock and compared
several biomarkers with m8 and mO (Fig. 1). All of the clones
exhibited phenotypical characteristics similar to mO, such as

4154 | www.pnas.org/cgi/doi/10.1073/pnas.0406671102

plaque size (Fig. 1B), dermal reactions in rabbits (ErDsp) (Fig.
1C), and pathogenicity to SCID mice (Fig. 1 D and E). Specif-
ically, 1.p. injection of 107 pfu of m8 elicited no overt symptoms
over a 4-week period, whereas mO and two LPC clones induced
a severe rash and then killed mice, even when administered at a
dose (10° pfu) 100-fold lower than that of m8 (Fig. 1 D and E).
The accelerated viral replication of LPCs in Vero cells (data not
shown) also supported the similarity of the mO and LPC clones,
Because the growth ability of mO has been linked to the BSR
gene product, we hypothesized that the BSR gene might be
involved in the reversion. Sequencing the LPC genomes revealed
that the BSR ORF was restored in all of the LPCs, by a one-base
insertion at sites just upstream of the deletion site in the m8 BSR
(Fig. 1 F and G). Western blotting confirmed the expression of
B5R proteins from these LPCs (Fig. 1H).

To prevent the reversion of the m8 B5SR gene, we constructed
B5R-knockout viruses (see Supporting Text). First, we con-
structed a BSR™ virus (named m8B5R ) from m8 by introducing
the complete B5R cloned from mO (Supporting Text, Fig. 5,
and Table 1). We then deleted the entire BSR sequence from
m8B5R to construct m8A (Supporting Text, Fig. 5, and Table
1). The resultant knockout virus formed plaques as small as the
m8rc plaques that were then plaque-purified from m8 stock to
minimize LPC contamination (Fig. 24), and did not express
the B5R protein in infected RK13 cells, whereas m8B5R and
mO did (Fig. 2B).

One method by which to augment the immunogenicity of VV
without increasing its pathogenicity may be the construction of
VV that overexpresses a BSR derivative, which is fully immu-
nogenic but loses its original function in the formation of EEV.
The ectodomain of BSR has been reported to possess all epitopes
necessary for induction of NT antibody production (22, 29),
whereas B5R must be anchored in the membrane for EEV
formation (30). We constructed a VV named m8dTM (Support-
ing Text, Fig. 5, and Table 1) that expresses only the ectodomain
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of the BSR protein by replacing the whole B5R region of m8BSR
with the B5R ectodomain sequence placed downstream of the
strong promoter PSFJ1-10 (31). m8dTM also formed as small
plaques as m8A, suggesting that this truncated BSR was not
functional for EEV formation. As expected, m8dTM expresses
a large quantity of a 38-kDa truncated protein in the culture
medium of infected cells (Fig. 2B).

To evaluate the genetic stability of the viruses and m8rc, we
serially passaged the viruses in PRK cells and Vero cells. Under
all conditions tested, including that for vaccine production
(passage in PRK cells at 30°C), detectable levels (i.e., levels of
>10-%) of LPCs failed to emerge from either m8A or m8dTM,
which is in contrast to the LPC generation from m8rc (Fig. 2 C
and D). Each of the three viruses propagated at similar levels in
the cultured cells. It should be noted that once LPCs appeared
in the cultures, the fraction of LPCs derived from m8rc rapidly
increased with the number of passages (Fig. 2D), suggesting it is
of vital importance to prevent the emergence of LPCs for
optimum quality control of the vaccine.

The protective immunogenicities of smallpox vaccine candi-
dates were compared with other vaccine strains by using a mouse
model challenged with a highly pathogenic VV, the WR strain
(32) (Fig. 3 and Table 2). All mice immunized with doses of m8A
or Dryvax survived, whereas all Sham-immunized mice, and 5/8,
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3/8, 1/8, and 1/8 mice immunized with 10 pfu of MVA,
m8B5R, m8rc, or m8dTM, respectively, died or were killed
because of a 30% weight loss (Fig. 3 A-F). At the lower doses,
the mice immunized with m8A or Dryvax did not exhibit any
significant differences in weight in a challenge after 5 days (¢ test,
P < 0.05, Table 2). Moreover, the m8A-immunized group lost
less weight than the Dryvax-immunized group at the highest dose
(Table 2). In contrast, the groups immunized with 104 pfu of
m8rc, m8B5R, and all mice immunized with MVA, experienced
a significant weight loss in comparison to m8A (P < 0.05, Table
2). The m8dTM-immunized group also showed significant
weight loss by days 4 and 6 (P = 0.012 and 0.038, respectively,
data not shown). Measurement of the NT antibody titers elicited
in the mice at 3 weeks after immunization (Fig. 3G) showed that
m8A induced the highest titers among the viral strains at lower
doses than the other immunizations. The next group, including
Dryvax, m8rc, m8B5R, and m8dTM, induced NT antibodies with
an efficiency intermediate between m8A and MVA. MVA was
the least immunogenic virus: 10% pfu of MVA was required to
induce significant NT antibodies.

The pathogenicity of the B5SR-defective viruses was examined
by ErDsg in rabbits (Fig. 44) and by REDsp and LDsg in SCID
mice (Fig. 4 B and C). m8A and m8dTM exhibited an ErDsg in
rabbits similar to that of m8rc, whereas m8B5R induced the most
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severe dermal reaction among the strains examined (Fig. 44).
The pathogenicity of m8A and m8dTM to SCID mice was
particularly weak, as demonstrated by the fact that 107 pfu of
m8A or m8dTM did not elicit any symptoms in SCID mice over
a period of 56 days (Fig. 4 B and C). It should be noted that this
dose is 1,000-fold higher than that conferring protective immu-
nity (see Fig. 3D). MVA and m8rc were also safe in SCID mice,
whereas mO, m8B5R, and Dryvax exhibited lethal pathogenic-
ities at lower doses (10%%, 1045, and 10** pfu, respectively) (Fig.
4 B and C).

Discussion

One of our goals is to develop a safe and effective smallpox
vaccine and vector virus. The m8 strain could be used as a
prototype because it has been proven to induce an effective
immune response without serious complications in humans (5,
6). Itisimportant to note that the neurovirulence of these strains
was separable from their dermal replicability, as suggested by

4156 | www.pnas.org/cgi/doi/10.1073/pnas.0406671102

previous experiments with LO-derived strains expressing the
envelope protein of human T cell Leukemia virus type 1 (10).

A major safety drawback of m8 is its spontaneous reversion to
the mO-like viruses. We identified the BSR gene as being
responsible for the reversion, and constructed the B35R-defective
viruses, m8A and m8dTM. These viruses are genetically stable
and evidently retain the properties of the highly attenuated m8.
Moreover, m8A shows a level of immunogenicity similar to that
of Dryvax.

A previous study (33) reported that the m8-derived recombi-
nant virus, which expresses the hepatitis B surface antigen,
maintained its plaque size during 10 passages in the cell culture.
The discrepancy between these data and our resulis in this study
may be due to differences in the cell types used to measure
plaque sizes. In the earlier study, plaque assays were performed
on PRK cell monolayers on which m8 and mO form plaques that
are indistinguishable in size, in contrast to the RK13 cell line
used in our study. This may be one reason why the reversion of
m8 has been previously undocumented.

Another purpose of this study was to evaluate the importance of
BSR in generating an immune response that confers protection
against smallpox infection. BSR protein and a DNA vaccine ex-
pressing B5R have been reported to induce production of NT
antibodies and achieve partial protection against the virus (22-25),
Therefore, we assessed the ability of B5R, which is expressed during
viral replication in mice, to induce protective immunity. The
B5R-defective virus (m8A) was able to elicit NT antibodies, leading
to protection comparable to that of the wild-type B5R-harboring
vaccine, Dryvax. Moreover, the protective efficacies of m8dTM and
m8B5R were, unexpectedly, never superior to the B5R-defective
virus (Fig. 3 and Table 2), and m8B5R was statistically inferior to
m8A. Western blotting confirmed that B5R proteins were expressed
by m8dTM, m8BSR, and Dryvax, and that these proteins were
immunogenic and could induce anti-BSR antibody production in
mice (data not shown). The subtle difference in protection between
m8rc and the B5R-knockout virus may be due to the 10-kDa
truncated BSR protein synthesized by m8rc (Fig. 2B). These data
indicate that BSR does not play a major role in inducing protective
immunity in response to live vaccinia inoculation in mice. The
clinical trial data on m8 in Japan (5, 6) also support our conclusion.

However, the NT antibody titers induced in mice were correlated
with body weight changes to some extent, but not completely.
Quantitation of antibody titers by ELISAs against the outer mem-
brane proteins of intracellular matured virion (34, 35), which
includes L1R, a major target of NT antibodies, showed a similar
tendency with NT antibody titers (data not shown). Moreover, the
levels of A33R EEV-specific antibodies in mice, which had been
suggested to be important for protective immunity (22, 23), did not
correlate with the protection level (data not shown). These results
may suggest that there may be a contribution of cell-mediated
immunities to the protection (36, 37).

Recently, several groups have reevaluated the available vaccinia
strains, including the replication-defective MVA, in a search for
safer smallpox vaccines (37-40). Although 10° pfu of MVA was
shown to be safe in monkeys (41), a large quantity of virus, 108 pfu,
an amount that is 1,000-fold more than a conventional vaccination
dosage, was necessary to induce protective immunity (40). Because
m8A can replicate in the host, it can induce protective immunity
comparable to that of the Dryvax strain at a 100-fold lower dose of
the virus, making it clearly more effective than MVA. Moreover,
m8A was not pathogenic in SCID mice at a dose 1,000-fold greater
than the lethal dose of Dryvax, a dose that was also 1,000-fold
greater than the dose required for its effective protective immunity.
m8A replicated at the injection site in rabbit skin and caused
temporary viremia in SCID mice (data not shown). The preliminary
experiments suggested that the viral loads of VV correlate with
their pathogenicity to SCID mouse. The virus seems to be elimi-
nated rapidly thereafter and seldom replicates in the CNS (5);
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therefore, the magnitude and the region of replication should be
restricted, which may explain its safety and efficacy. Therefore, m8A
should be eminently suitable as a safe and effective vaccine virus
and viral vector.
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Abstract

Rat ortholog of human CRM1 has been found to be responsible for the poor activity of viral Rex protein, which is essential for RNA export of
human T cell leukemia virus type 1 (HTLV-1). Here, we examined the species-specific barrier of HTLV-1 by establishing rat cell lines, including
both adherent and CD4" T cells, which express human CRM1 at physiological levels. We demonstrated that expression of human CRM1 in rat
cells is pot harmful to cell growth and is sufficient to restore the synthesis of the viral structural proteins, Gag and Env, at levels similar to those
in human cells. Gag precursor proteins were efficiently processed to the mature forms in rat cells and released into the culture medium as sed-
imentable viral particles. An HTLV-1 pseudovirus infection system suggested that the released virus particles are fully infectious. Our newly
developed reporter cell system revealed that Env proteins produced in rat cells are fully fusogenic, which is the basis for cell—cell HTLV-1 in-
fection. Moreover, we show that the early steps in infection, from post-entry uncoating to integration into the host chromosomes, occur effi-
ciently in rat cells. These results, in conjunction with reports describing efficient entry of HTLV-1 into rat cells, may indicate that HTLV-1
is unique in that its major species-specific barrier is determined by CRMI at a viral RNA export step. These observations will enable us to
construct a transgenic rat model expressing human CRM] that is sensitive to HTLV-1 infection.

© 2006 Published by Elsevier SAS.

Keywords: Human T cell leukemia virus type 1; CRM1,; Species barrier

1. Introduction

The human T lymphotropic virus type 1 (HTLV-1) is a type
C retrovirus, whose etiological role in adult T cell leukemia
(ATL) and tropical spastic paraparesis/HTLV-1 associated my-
elopathy (TSP/HAM) has been well established [1,2]. In its
small genome, the virus encodes not only viral structural
and enzymatic proteins, but also several regulatory proteins,
using alternative splicing and alternate codon usage. The ac-
tions of these regulatory proteins are critical for the virus

* Corresponding author. Tel./fax: +81 11 706 7543,
E-mail address: hshida@igm.hokudai.ac jp (H. Shida).
' Current address: Retrovirus Research Unit, RIKEN, Wako, Saitama
351-0198, Japan.
? Current address: Infectious Disease Laboratory, The Salk Institute for
Biological Studies, La Jolla, CA 92037, USA.

1286-4579/$ - see front matter ® 2006 Published by Elsevier SAS.
doi:10.1016/j.micinf.2005.10.009

life cycle. Tax, identified as a viral onco-protein, activates viral
and cellular transcription to promote T-cell growth and ulti-
mately, malignant transformation [3.4]. Rex, which is a nucle-
ocytoplasmic shuttling protein, mediates nuclear export of
unspliced or incompletely spliced viral mRNAs, which encode
the viral structural and enzymatic proteins, Gag, Pol and Env
[5—7]. In the nucleus, Rex interacts with the Rex response el-
ement (RxRE), which is located in the 3’ long terminal repeat
(LTR}) of the viral mRNA [8,9]. To form an export complex,
Rex binds to human CRM1 (hCRM1), a member of the karyo-
pherin family of nuclear transport receptors, in cooperation
with a GTP-bound form of the small G protein Ran (Ran-
GTP) and RanBP3 [10—12]. Moreover, multimerization of
Rex on the viral RNA is critical for its full biological activity
[13], since the Rex multimer may shield the viral RNA from
being spliced or down-regulated [14]. Previcusly, we reported
that hCRM 1 is dually involved in both the export of the target
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viral mRNA complex and the multimerization of Rex on the
cognate RNA [11]. This suggests that hCRM1 is the most crit-
ical cofactor guiding Rex function.

Several animal models to investigate the mechanisms un-
derlying the onset of HTLV-1 related diseases have been de-
veloped over the past years. Monkeys and rabbits have been
used to examine HTLV-1 infection, replication, disease mani-
festations, immune response, and vaccine development [15-
20]. However, rats and mice are more attractive models for
HTLV-1 study because of the ease with which they can be ge-
netically manipulated. HTLV-1 transmission to newborn mice
has been reported and the HTLV-1 provirus in mouse spleen
has been detected [21]. Nevertheless, no viral expression or
antibody production was detected in these mice and, further-
more, mouse cells seem to be less susceptible to HTLV-1 en-
velope fusion [22,23], even though some conflicting results
have been reported [24]. In contrast, HTLV-1 infection in
rats establishes a persistent infection and elicits specific anti-
body responses [25,26]. Moreover, HAM/TSP-like diseases
develop in HTLV-I-infected WKA/H rats [27,28]. However,
until now, efficient replication of HTLV-1 in rat cells has not
been reported.

To develop better rat models, it is essential to identify the
step at which viral replication is blocked and the host factor(s)
responsible. HTLV-1 has been reported to infect several types
of rat cells, which indicates that the rat cells possess receptors
for viral attachment and penetration [29—31]. Recent identifi-
cation of a highly conserved molecule, Glut-1, a glucose trans-
porter, as a receptor [32] is consistent with these observations.
Previously, we found the inability of the host factor rat CRM1
to support Rex function and thus that viral RNA export from
nucleus was a possible block in the viral life cycle. Rat
CRM1 induces minimal amount of Rex multimerization on
cognaie RNA, although it efficiently exports Rex protein to
the cytoplasm. This may cause the defect in viral RNA trans-
port [33]. Two residues (amino acids 411 and 414) in the cen-
tral region of human CRM] are crucial for multimerization
[34]. These results suggest that a transgenic (Tg) rat, which
expresses human CRM1, may be a model animal to support
replication of HTLV-1. Prior to constructing the Tg rat, we ex-
amined the effects of hCRMI, expressed at physiological
levels in rat cells, because the above results were obtained
by overexpression of human and rat CRMI and toxic effects
from overexpressed CRM1 and a dominant-negative influence
of rCRM1 over hCRM1 have been reported [33,35]. More-
over, an understanding of the entire viral life cycle is needed.
In the case of the human immunodeficiency virus (HIV), non-
human cells have been reported to contain inhibitors such as
Trim5a, and Apobec3G, which act at uncoating and reverse-
transcription steps, respectively [36,37].

In this study, we constructed rat cells expressing hCRM1 at
physiological levels and examined the effects on HTLV-1 rep-
lication. We investigated the early steps of the HTLV-1 life-
cycle, between entry and transcription, and the late steps,
including formation of infectious virus and cell to cell infec-
tion. To investigate these steps quantitatively, we used a pseu-
dovirus system [38] and our newly devised cell fusion assay,

because the extremely poor infectivity of free HTLV-1 virions
{38,39] makes it impractical to evaluate them by conventional
virological methods. Here, we show that expression of hCRM1
in rat cells may be sufficient to enhance production of HTLV-1
proteins and infectious viruses at levels similar to those in
human cells.

2. Materials and methods
2.1. Retro-vector preparation

To construct an hCRM1 expressing retro-vector, the 3 kb
fragment, which encodes the 3’ part of the hCRM1 coding
frame, was isolated from pSRehCRM! plasmid [11] by diges-
tion with AatIl and Xhol, and the left 5’ part was amplified by
PCR using the primer pair: hCrm15'F: CCG AAT TCT CTC
TGG TAA TCT ATG CCA GCA A; hCrml15'R: CAA GTT
GGG TCA GAT GAC GTC TT on pSRehCRM1 as a template.
The PCR was performed by a single step of 94 °C for 90 s and
10 cycles of a three-temperature PCR (94 °C for 30s, 56 °C
for 60's, and 72 °C for 30 s) followed by one step of 72 °C
for 5 min. The amplified fragment was then digested with
Aatll and EcoRI. The two fragments of hCRMI cDNA were
then ligated to retrovecior pMX-neo digested with EcoRI
and Xhol [40]. The resultant expression plasmid, named
pMXneohCRM1, was transfected to packaging PLAT-E cells,
the supernatants were collected, and stored at —80 °C.

2.2. Construction of stable cell lines

Rat mammary adenocarcinoma ER-1 cells, maintained in
Dulbecco’s modified Eagle’s medium (DMEM, Sigma, St.
Louis, MO) supplemented with 10% fetal bovine serum
(FCS), were seeded into 6-well plates at a density of

1 x 10° cells/well 1 day before infection. To construct stable -

rat cell lines which express hCRM1, ER-1 cells were incu-
bated with 0.5 ml of MXneohCRM!1 virus solution for 4 h in
the presence of 10 pg/ml polybrene, and then fresh medium
was added. The hCRMI expressing clones were selected in
the presence of 300 pg/ml neomycin. We picked two neomy-
cin resistant clones and designated them ER-1/hCRM1-1 and
ER-1/hCRM1-2, respectively. The control cells, designated
as ER-1neol, were infected with virus carrying the MX-neo
plasmid.

To construct an hCRM1 expressing rat T cell line, 1 X 10°
FPM1 cells, an HTLV-1 transformed rat CD4* T cell line,
were infected with MXneohCRM1 and selected with 100 pg/ml
neomycin. The resistant cells were then divided into 96-well
plates at 0.1 cells per well to clone the FPM1hCRM1-14 line.

To establish reporter cells for detection of HTLV-1-induced
cell fusion, 5 x 10° 293T cells in 10 cm petri dishes were
transfected with 2.5 ug of pLTR-GL3 [14] and 0.5 pg of
pTK-Hyg (Clontech, Palo Alto, CA) using Lipofectamine
Plus (Invitrogen, Carlisbad, CA), according to the manufactur-
er’s instructions. Forty-eight hours after transfection, the
medium was replaced with fresh DMEM supplemented with
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10% FCS and 300 pg/ml hygromycin B. Antibiotic resistant
colonies were picked with a cloning cylinder. A cell clone,
designated as 293T/LTR-Luc8, was used in this study.

2.3. Measurement of Rex activity

The cells (1 x 10°) were transfecied with 0.4 pg of
pDMI28RXRE [33], 0.05pug of pSRoRex, and 0. pg of
pCDMB-Gal. Twenty-four hours after transfection the cells
were lysed and the amount of CAT was quantified using
a CAT ELISA kit (Roche). The B-galactosidase (B-gal) activ-
ity was measured by standard colorimetric methods, to nor-
malize the transfection efficiency. The Rex activity was
represented by a ratio of CAT/B-gal for each sample as de-
scribed previously [33].

2.4. Measurement of HTLV-1 Gag production

The human and rat cell lines (1 x 10%) were transfected
with 0.5 ng of HTLV-1 infectious clone K30 and 0.] pg of
pCDMB-Gal. Forty-eight hours after transfection, the medium
of the cell culture was harvested and ‘centrifuged at low speed
to remove the cell debris. The transfected cells were washed
twice with PBS then scraped off and transferred to microcen-
trifuge tubes; the cells were suspended in 50 pl of lysis buffer
(10 mM Tris—HC], 140 mM NaCl, 3 mM MgCl,, I mM DTT,
0.5% NP-40, 1 pg/ml of aprotinin, leupeptin and pepstain).
Gag was quantified by a RETRO-TEK HTLV-1 pl9 Gag
ELISA kit according to the manufacturer’s protocol.

2.5. Immunoblor analysis

Immunoblot analysis was performed for detection of CRM]
using affinity purified chicken anti- hCRM1 and rabbit anti-
rCRM1 antibodies [33]. To detect HTLV-1 proteins, we used
rabbit anti Rex antisera, mouse anti-Tax MAb Lt-4, and mouse
anti-p24 Gag MAb NOR-1 [42]. To detect the HTLV-1 Env
protein, we concentrated the Env proteins using Concanavalin
A (Con-A) Sepharose and then detected with rat anti-gp46
MAb LAT-27 [43]. For detection of Gag in released virions,
the culture medium was ultracentrifuged at 40,000 rpm for
1 hin a Beckman TLA100.3 rotor at 4 °C. The pellets were
suspended in the sample buffer and processed for immunoblot-
ting. To detect the HTLV-1 Env protein in the cell lysate,
5 x 10° rat or human cells in 10 cm petri dishes were trans-
fected with 2.5 png of HTLV-1 K30. The cells were lysed
43 h after infection and applied to Con-A Sepharose. The con-
centrated glycoproteins were eluted using sample loading
buffer.

2.6. Quanrification of fusion activity of HTLV-]
infected cells

The infectious clone HTLV-1 K30 (0.5 png) was used to
transfect various rat and human cells, and 24 h later the cells
were trypsinized and suspended in fresh medium. The cells
were mixed with an equal number (1 x 105) of 293T/LTR-

Luc8 cells, and cultured for an additional 48 h. The cells
were lysed and luciferase expression measured using the
Steady-Glo luciferase assay system (Promega, Madison, WI)
to evaluate fusion activity.

2.7. Cell free infection and gene transduction analysis

The preparation of pseudotyped HTLV-1 virus and virus in-
fection were performed, as described previously, except that
the reporter plasmid, pHTC-GFP-Luc was used instead of
pHTC-Luc-tsa [38]. pHTC-GFP-Luc, a newly developed re-
porter vector by David Derse’s group, encodes a GFP-lucifer-
ase fusion protein, otherwise identical to pHTC-Luc-tsa.
Briefly, pCMVHT-Aenv and pHTC-GFP-Luc, which were
kindly provided by Dr David Derse, and pMD-VSV-G were
transfected into 1 x 10° cells. The culture supernatant, which
contains resultant viruses, was harvested 28 h after transfec-
tion and used to infect various cell types. Seventy-two hours
later luciferase activity in the infected cells was measured.
For AZT inhibition, 100 nM of 3'-azido-3'-deoxythymidine
(AZT) (Sigma) was used to treat the infected cells as described
[38].

3. Results

3.1. Effects of hCRM1 expressed in rat
adenocarcinoma cell lines

We first established the stable rat adenocarcinoma cell
lines, ER-1/hCRM1-1 and -2, which express hCRMI, by
transduction with MxneohCRM], a retro-vector encoding the
hCRM1 c¢DNA. A control cell line named ER-1Ineol, which
carries only the neomycin resistance gene, was also generated.
ER-1/hCRMI-1 and ER-1/hCRM1-2 expressed hCRM1 at
levels similar to human HeLa cells and CD4-HeLa cells, as
judged by immunoblotting. hCRM1 was not detected in the
parental ER-1 or control ER-Ineol cell samples (Fig. 1A).
Both cell lines expressing hCRM1 propagated similarly or a lit-
tle faster than parental ER-1 (Fig. I1B). It is conceivable that
double the amount of CRM1lin .the hCRM] expressing rat
cells, which also express rat CRMI, might facilitate rat
mRNA/protein export, leading to better growth. However, it
is less likely, because ER-1 neol grew equally well as the
hCRM1 expressing ER-1 cells. In any case our results suggest
that expression of physiological levels of hCRM]I does not
negatively affect the replication dynamics of cells.

Next, we examined whether the hCRMI fransgene can
restore Rex activity in rat cell lines. We co-transfected
a CAT expressing reporter, the pDMI128RxRE, pSRoRex,
and pCDM-gal plasmids, and quantified Rex activity based
on the amount of CAT protein production. In the parental rat
ER-1 and control ER-1neol cells, Rex activity was undetect-
able, while in the hCRMI-expressing cells Rex activity was
significantly augmented to levels found in HeLa and CD4-
HeLa cells (Fig. 1C). As predicted, CAT expression in cells
transfected only with pPCDM128RxRE was very low. These re-
sults clearly demonstrate that expression of hCRM1 in rat cells
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Fig. 1. Properties of RCRM 1 expressing adherent rat cell lines. (A) The rat mammary umor cell line. ER-1. was transduced with the retrovector Mx-neo-hCRM1 or
Mx-neo. The expression of hCRM1 and rCRMI in the selecied clones as well as the parental rat cell and control human cell lines was examined by immunoblot-
ting. The same amounts of the cell lysates were loaded on the SDS-PAGE. The expression of B-actin was also examined as a control to monitor the amounts of
samples applied in the assay. (B) The cell growth of hCRM I-transduced rat celi clones was compared with parental ER-1 The cells (1 x 1("/ml) were seeded into
a 6-well plate. and counted every 24 h. (C) hCRM1 expression enhances Rex activity in rat cells. The resulis are shown as the means of three independent ex-
periments. (D) hCRM1 augments HTLV-1 Gag production in the rat cells. The rat and human cell lines were transfected with the HTLV-1 K30 and Gag products
in the cell lysate and culture medium were quantified by HTLV-1 p19 ELISA. The results are shown as the mean of three independent experiments.

is sufficient to augment Rex aclivity to levels similar to those
found endogenously in human cells, regardless of the presence
of endogenous rCRMI.

The restoration of Rex activity may directly result in en-
hanced expression of the HTLV-1 viral structural protein. To
test this possibility, we transfected rat and human ceils with
the HTLV-1 molecular clone K30. Gag production was first
quantified using an HTLV-1 p19 antigen ELISA (Fig. D).
The p19 antigens were produced at similar levels in hCRM1
expressing rat and human cells, whereas very low levels of
p19 were detected in the parental ER-1 and control ER-
Ineol samples. The ratio of pl9 in the medium to that in
the cell lysate was 3—4 in both human and rat cells expressing
hCRM1. Approximately 30% of the secreted Gag protein,
which was produced in all types of hCRMI expressing cells,
could be pelleted by ultracentrifugation (Table ). Taken (o-
gether, (hese results suggest that viral particles budded from
rat cells as efficiently as human cells.

To lurther examine the expression of the HTLV-1 structural
proteins in rat cells expressing hCRM1, we performed a West-
ern blot analysis (Fig. 2). Gag proteins including p24 and its
precursor p35 were expressed equally well in human and rat
cells expressing hCRM1, but were not expressed in control
ER-1Incol rat cells. The efficiency of processing p55 to p24
was similar in human and rat cells and the p38 intermediate
was detected in both cell lines. Similar amounts of the HTLV-]

MICINEF2674_proof E

gpd6 Env protein and its precursor gp6l were delected in
both human and rat cells expressing hCRMI, but not in control
ER-Ineol rat cells. In contrast, the two trans-regulatory pro-
teins, Tax and Rex, were expressed at similar levels in all rat
and human cells upon HTLV-1 K30 transfection.

Since it is difficult to measure the infectivity of HTLV-] by
conventional methods, we applied a reporter virus assay [38],
in which the HTLV-1 pseudovirus harboring a luciferase gene
is coated with G proteins of vesicular stomatitis virus (VSV),
which shows a broad tropism. Luciferase is driven by the

Table |
Amount of HTLV-1 p19 Gag protein in K30-transfected rat and human cells®

P19 amount (pg) in

Cells Culture medium Concentrated pellet Lysate
ER-| up® uD up
ER-1/neol UD uD up
ER-1/hCRMI-1 412242 11645 89+ 6
ER-1/hCRM1-2 369 £27 122+9 87 4+ 13
CD4-HeLa 122 £ 18 ERIE=D 48 =5
HelLa 35517 96 £ 2 90 x5

* Cells (1 # 10%) were transfected with 0.5 pg of the HTLV-1 K30. Forty-
eight hours after transfection, the cells and medium of the culture were
harvested and applied to HTLV-1 p19 ELISA. The total amount of p19 was
calculated. The results are shown as the mean of three independent
experiments.

> UD. under detection limit.
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Fig. 2. hCRMI enhances expression of HTLV-1 structural proteins, but not
regulatory proteins, in rat cell lines. HTLV-1 K30-transfected cells and their
culture medium were harvested and immunoblot assays were performed to de-
tect the expression of viral proteins. The amount of samples was normalized
by transfection efficiency based on B-galactosidase activity before applying
to SDS-PAGE. The samples for detection of Gag in released virions and
Env protein in the cell lysate were prepared as described in Section 2.

strong CMV promoter, and used as a sensitive marker of the
gene expression from viral genomes, which have integrated
inio their host cells. We produced the pseudotyped viruses in
ER-1/neol, ER-1/hCRM1-2, HeLa and CD4-HeLa cell lines,
and compared their luciferase inducing capacily after infection

of 293 cells (Table 2). The pseudovirus produced in ER-1/

hCRM1-2 or CD4-HeLa induced similar levels of luciferase
activity, which was greater (han that produced by HeLa cell
derived pseudoviruses. The luciferase aclivity was positively
correlated to the amount of HTLV-1 p19 in the medium. The
luciferase activity from ER-1neol samples represents the
background. The luciferase activity was reduced to back-
ground levels by AZT, an inhibitor of the viral reverse tran-
scriptase, indicating that the infection occurred through the
normal retrovirus infection route. These results suggest that
HTLV-1 virions produced from the hCRM] expressing rat
cells are fully infectious.

3.2, hCRM1 expression converts rat CD4™ T cells into
high efficiency HTLV-1 producers

To examine the effect of hCRM1 expression in rat CD4™
T cells, we transduced MXhCRM]1 into FPMI, an HTLV-
I-transformed rat CD4" T cell line (Fig. 3). The FPM I-derived

Table 2

Infectivity of pseudotyped HTLV-1 produced in rat and human cells*

Cells Luciferase activity pi9 ELISA
in infected 293 cells titer (pg/ml)
Without AZT With AZT

ER-1/neol 239" 261 uD

ER-1/hCRM1-2 1654 265 638

HeLa 44 132 7

CD4-HeLa 1729 370 1219

" The pseudotyped viruses produced in various cells were quantified by p19
ELISA and infected to 293 cells in the absence or presence of AZT. Seventy-
two howss later Juciferase activity in the infected cells was measured. Repre-
sentative results of two independent experiments are shown.

" RLU. relative light units.

hCRMI expressing cells, FPM1-hCRM1-14, produced hCRM |
levels comparable to the Jurkat human T cell line and to MT-4,
an HTLV-1 producing human T cell line, FPM1-hCRM]1-14
grew as well as the parental FPM1 cells (Fig. 3A). FPM1 has
been reported to selectively express viral regulatory proteins,
such as Tax, but not structural proteins [44]. Our ELISA data
consistently showed very low levels of p19 expression (approx-
imately 25 pg/ml) in the culture medium of FPMI, whereas
FPM1-hCRM1-14 produced very high levels of secreted Gag
antigen (approximately 7400 pg/m}), comparable to MT-4 cells
(data not shown).

Western blotting showed that expression of hCRM1 in
FPMI did not affect the amount of Tax and Rex proteins,
which are encoded by mRNAs that are exported independently
of CRM1. In contrast, hCRM1 augmented the production of
Gag and Env proteins. The Gag precursor p55 was processed
lo mature p24 as efficiently as the human T cells (Fig‘. 3B).

3.3 Fusion ability of HTLV-]-infected rat cells

Efficient spread of HTLV-1 requires cell contact [45.46].
Lymphocytes naturally infected with HTLV-] produce very
few cell-free HTLV-1 virions, and one in 10% to 10° virions
is estimated to be infectious [38.39]. The cell-to-cell spread
of HTLV-1 is mediated through fusion of the two cell meni-
branes caused by Env proteins [23.47.48]. Certain integrins,
including the intercellular and vascular cell adhesion mole-
cules ICAM-1, ICAM-3, and VCAM, act as cofactors for
HTLV-1-induced cell fusion [49,50]. To quantify the fusion ef-
ficiency of HTLV-1-infected cells, we established a 293T de-
rived reporter cell, 293/LTR-luc8, which harbors an HTLV-1
LTR promoter-driven luciferase reporter gene. When cell fu-
sion occurs following co-culture of this reporter cell with
HTLV-1 producing cells, Tax protein is transferred from (he
donor cells and activates the LTR promoter. An alternative
route to activate the luciferase gene is through newly synthe-
sized Tax protein from an HTLV-1 genome, which has been
transferred from the donor cells, reverse-transcribed, and inte-
grated into a reporter cell chromosome. In either case. (he
fusion ability of the HTLV-1 infected cells can be evaluated
by luciferase expression. The reporter cells express very
low levels of luciferase under normal culture conditions,
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Fig. 3. NCRM1I enhanced viral structural protein expression in HTLV-l-infected rat T-cell lines. (A) The cell growth of hCRMI-transduced rat T cell clones was
compared with parental FPM1 cells. The cells (1 x 10%/ml) were seeded into a 6-well plate, and counted every 24 h. (B) HTLV-I-infected and uninfected rat and
human T cells (1 x 10° cells) were harvested in their log growth phase. Immunoblotting was performed as in Fig. 1A and Fig. 2. The expression of f-actin was also

examined as a control to monitor the amounts of samples applied in the assay.

but have a very sensitive LTR response upon Tax stimulation,
as demonstrated by transient expression of a Tax encoding
plasmid (data not shown), or co-culture with as few as
1 » 10 HTLV-1 producing MT-2 cells. Luciferase activity in-
creased linearly with the number of MT-2 cells, up to 5 x 10*
cells. In contrast, co-culture with 5 x 10* Jurkat cells did not
induce luciferase activity (Fig. 4A).

To compare the fusion capability of virus-producing cells,
we first transfected various rat and human cells with HTLV-]
K30, incubated the cells for 24 h after transfection, and then
co-cultured them with 293T/LTR-luc8 cells for a further
72 h. As shown in Fig. 4B, the luciferase activity induced by
co-culture with ER-1/hCRM1-1 and ER-1/hCRMI-2 was as
high as that resulting from co-culture with HeLa or CD4-
Hela cells, as well as the HTLV-1 high producing line C77,
suggesting that K30-infected rat cells could be highly infec-
tious. In contrast, the luciferase expression in reporter cells
co-cultured with ER-1neol was close to the basal level. As
a control, rat and human cells transfected with a Tax express-
ing plasmid pSRoTax in the absence of Env expression were
also unable to increase luciferase expression when co-cultured

MICINF2674_proof =

with 293T/LTR-1luc8 cells (data not shown), indicating that
luciferase expression depends on cell fusion mediated by
Env proteins.

The fusion ability of HTLV-1-infected rat T cells was also
investigated. The luciferase level in reporter cells co-cultured
with both human T cells (MT-4) and FPM1-mxhCRM]1-14
were unexpectedly lower than the adherent cells described
above. Nevertheless, the hCRM1 expressing rat T cells stimu-
Jated luciferase activity more cfficiently than MT-4 cells
(Fig. 4C). Luciferase activity was proportional (o the amount
of Bnv gpd6 expressed (see Figs. 3 and 4). These results
clearly demonstrate that the Env protein induced by hCRM]1
in the rat cells is fully fusogenic, supporting HTLV-1 infectiv-
ity in rat cells.

To discriminate whether a Tax protein transferred from the
donor cells or Tax protein produced from the HTLV-1 genome
which had infected the reporter cells was the primary inducer
of luciferase, we co-cultured the infected and reporter cells in
the presence of AZT. The former alternative would be insensi-
tive to AZT, while the latter would be sensitive to AZT. AZT at
100 nM had a negligible effect on luciferase activity (data not
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Fig. 4. Env proteins expressed in the rat cells are fusogenic. (A) Various num-
bers of MT-2 cells were co-cultured with 1 x 10° of (he reporter cell 2937/
LTR-Luc8. One-fourth of the cell lysate was for the luciferase assay. RLU. rel-
ative light units. (B) Luciferase activity induced in reporter cells co-cultured
with the HTLV-1 K30-transfected rat and human cells. The results are shown
as the mean of three independent experiments. (C) Luciferase activity in the
reporter cells co-cultured with HTLV-1 producing rat and human T cells.
The results are shown as the mean of two independent experiments.

shown), consistent with poor formation of HTLV-1 infectious
virus.

34, Efficient early events of HTLV-] replication in
rat cells

To determine the efficiency of early replication events,
from entry to the genome integration step, human and rat cells
were infected with VSV G-pseudotyped HTLV-1 virus con-
taining the GFP-luciferase gene. ER-1/neol and ER1/
hCRMI-2 cells produced luciferase signals similar to 293
and 293T cells (Table 3, Experiment 1). Unexpectedly, HeLa
and CD4-HeLa cells produced much weaker signals. Lucifer-
ase aclivity was inhibited by the reverse transcriptase inhibitor
AZT, indicating that luciferase expression occurred as a result
of retrovirus replication, implying reverse-transcription and in-
tegration. We next compared the efficiency of the early events

MICINF2674_proof @
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Table 3
Transduction efficiencies of pseudotyped HTLV-1 o various cells

Cells Luciferase activity (RLU)
Without AZT

With AZT

Experiment 1*

ER-1/meol 3320 228
ER-1/hCRM -2 2798 126
Hel.a 98 103
CD4-HelLa 175 308
293 1946 197
293T 4485 293
Experiment 2"
FPMI 995 275
FPMI/hCRM1-14 465 132
Nb2 860 156
MT-4 2908 116
Jurkat 758 ’ 307
Molt-4 §84 300

* Filtered supernatant of 293T cotransiected with PCMVHT-Aenv, pHTC-
GFP-Lue, and pMD-VSV-G were applied to infect | » 10° adherent cells.
The p19 in the supernatant was 19 ng/ml. Representative results of two inde-
pendent experiments are shown.

" The filtered supernatant was ultra-centrifuged at 14.000 rpm for 90 min.
The pellet resuliant was suspended in 100 wl of fresh medium. and used (o
infect the rat and human cells.

inrat T cells with those in human T cells. As shown in Table 3
Experiment 2, both HTLV-1-uninfected (Nb2) and infected rat
T cells (FPM1) induced luciferase as much as the human
T cells. These results suggest that the early events of HTLV-1
infection indeed occurred in the rat cells at the same or slightly
higher levels than in human cells. Free HTLV-1 viruses pre-
pared from feline HTLV-1 producing C77 cells were used to
infect activated primary T cells prepared from human PBMC
or rat spleen. PCR was used to detect the pX region of
HTLV-1 in genomic DNA, extracted from the cells 3 days after
infection. We found more intensive signals in the rat T cell
samples than the human samples (data not shown). This result
supports the above notion, although it is not a guantitative
method.

4. Discussion

Previously, we have shown that rCRM 1, even though it is
able to export Rex protein from the nucleus, does not support
Rex multimerization, resulting in poor export of HTLV-]
RNAs in rat cells {33.34]. In this study, we demonstrated
that the expression of hCRM! at physiological levels in rat
cells, including epithelial and CD4™ T cells, is not harmful
to cell growth, but augments the synthesis of HTLV-I Gag
and Env proteins to levels similar to (hose seen in human
cells. The endogenous rCRM1 does not inhibit the function
of Rex, although rCRM1 overexpressed by transfection has
been reported 1o act as a dominant negative inhibitor of
hCRMI1 function [33]. The Gag precursor synthesized in
hCRM! expressing rat cells is normally processed to the ma-
ture p24 and possibly other Gag proteins and then released
into the culture medium as sedimentable viral particles, with
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an efficiency comparable to human cell lines. The fact that
only 25—30% of the Gag protein detected in the medium of
both human and rat cells was sedimentable suggests that
only a fraction of the Gag proteins may be incorporated into
virions, or that the non-sedimentable Gag proteins may reflect
the fragility of the virus. Finally, the results using the HTLV-1
pseudovirus [38] suggest that HTLV-1 virions released from
the rat cells may have the same infectivity as those released
from human cells.

A major route for the spread of HTLV-1 is cell to cell infec-
tion mediated by cell fusion caused by the Env proteins in co-

-operation with the cell adhesion molecules ICAM-1, ICAM-3,

and VCAM [48,49]. Some reports suggest that the main func-
tion of the Env protein is to mediate cell fusion. These data led
us to develop a reporter cell line to quantify Env-mediated cell
fusion, based on activation of an HTLV-1 LTR-driven lucifer-
ase gene. This system can detect fusion events between as
little as approximately 1 x 10°> MT-2 cells and 1 x 10* K30-
infected cells. Given that this fusion has been shown to be
dependent on the Env protein, quantitation of functional Env
proteins by this system should be much more sensitive than
Western blotting, which requires Env protein concentrated
by Con A Sepharose from at least 5 x 10° K30-infected cells.
Using this system, we demonstrated that hCRM1 expressing
rat cells infected with HTLV-1 mediate cell fusion as effi-
ciently as human cell lines. The results suggest that the fusion
capacity of human and rat cells is proportional to the amount
of the Env gp46 protein detected by Western blotting (compare
Figs. 2, 3 and 4), and indicates that the Env expressed on rat
cells is fully fusogenic, which is the basis for HTLV-1 cell
to cell transmission.

The poor replication of HTLV-1 in rat cells is unlikely to be
rélated to efficiency of viral entry, since HTLV-1 has a broad
host range of infection using Env-coated virus systems [29—
31]. The results of our cell fusion-dependent reporter assay
(Fig. 4) are consistent with these observations and with the
data suggesting that the ubiquitously expressed Glut-1 acts
as a HTLV-1 receptor [32]. The post entry steps, including re-
verse-transcription, nuclear entry, and integration of the
HTLV-1 genome, should not be severely inhibited in rat cells
since our results using the HTLV-1 pseudovirus system [9] in-
dicate that the infected rat cells induced luciferase, a quantita-
tive marker for successful integration of the viral genome, at
levels similar to human cells. Moreover, the early viral pro-
teins, such as Tax and Rex, which are expressed independently
of Rex function, are efficiently synthesized in rat cells (Figs. 2
and 3) [44]. Our results suggest that rat cells do not have se-
rious blockages in viral replication other than rCRMTI in the
late stage.

In conclusion, rCRM1 can be considered a major species-
specific barrier for HTLV-1 replication in rat cells. This barrier
is unique to HTLV-1, since, for many viruses, this restriction is
determined by species-specific receptor interactions. The fact
that expression of hCRM1 allows rat cells to produce high
amounts of fully functional Gag and Env proteins and assem-
ble infectious HTLV-1 suggests the feasibility of constructing
a fransgenic rat expressing hCRMI, which could present

a better animal model to study HTLV-1 infection and develop
preventive and therapeutic intervention strategies.
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We established human peripheral blood mononuclear cell (PBMC)-transplanted RS human immunodefi-
ciency virus type 1 isolate JR-FL (HIV-1yp y;)-infected, nonobese diabetic-SCID, interleukin 2 receptor
~-chain-knocked-out (NOG) mice, in which massive and systemic HIV-1 infection occurred. The susceptibility
of the implanted PBMC to the infectivity and cytopathic effect of RS HIV-1 appeared to stem from hyperac-
tivation of the PBMC, which rapidly proliferated and expressed high levels of CCRS. When a novel spirodike-
topiperazine-containing CCRS inhibitor, AK602/ONO4128/GW873140 (molecular weight, 614), was adminis-
tered to the NOG mice 1 day after RS HIV-1 inoculation, the replication and cytopathic effects of RS HIV-1 were
significantly suppressed. In saline-treated mice (n = 7), the mean human CD4%/CD8™ cell ratio was 0.1 on day
16 after inoculation, while levels in mice (n = 8) administered AK602 had a mean value of 0.92, comparable
to levels in uninfected mice (n = 7). The mean number of HIV-RNA copies in plasma in saline-treated mice
were ~105ml on day 16, while levels in AK602-treated mice were 1.27 X 103/ml (P = 0.001). AK602 also
significantly suppressed the number of proviral DNA copies and serum p24 levels (P = 0.001). These data
suggest that the present NOG mouse system should serve as a small-animal AIDS model and warrant that

AK602 be further developed as a potential therapeutic for HIV-1 infection.

Highly active antiretroviral therapy has brought about a
major impact on the AIDS epidemics in the industrially
advanced nations (5, 22). However, eradication of human
immunodeficiency virus type | (HIV-1) is thought to be
currently impossible, due in part to the viral reservoirs re-
maining in blood and infected tissues (6). The limitation of
antiviral therapy of AIDS is exacerbated by complicated
regimens, the development of drug-resistant HIV-1 variants
(11), and a number of inherent adverse effects (2, 31).
Tlence, the identification of new antirctroviral drugs that
have unique mechanisms of action and produce no or min-
imal adverse effects remains an important therapeutic ob-
jective. In regard to development of potential anti-HIV
therapies or vaccines, experimental animal models for AIDS
which allow the determination of the possible efficacy of
antiviral agents or vaccines have been sought since scvere
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combined immunodeficiency (SCID) mice engrafted with
human fetal thymus, liver, or peripheral blood mononuclear
cells (PBMC) were first exploited to examine antiretroviral
agents (19, 25). Tlowever, @ number ol mouse models have
suffered from false-positive and false-negative results in de-
tecting or quantifying HIV-1 infection and replication and
have required a large number of samples and mice for test-
ing (25, 29).

In the present work, we established human PBMC-trans-
planted RS TIV-13g g -inflccted, nonobese diabetic (NOT)-
SCID, interleukin 2 receptor vy (IL-2R<y)-chain-knocked-out
(NOG) mice, in which massive and systemic HIV-1 infection
occurs, human CD4*/CD8™ cell ratios significantly decrease,
and high levels of R5 HIV-1 viremia reaching as high as i0¢
copies/ml are achieved. Furthermore, we demonstrated that
this unprecedented susceptibility of the implanted human
PBMC to the infectivily and cytopathic effects of RS HIV-1
infection stems from hyperactivation of the PBMC. Here, we
also report a novel small nonpeptide CCRS antagonist,
AK602/ONO4128/GW873140, which exerts potent anti-HIV-1
activily in vitro against laboratory and clinical strains of HIV-T,
including highly multidrug-resistant (MDR) variants.
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FIG. 1. Structure of AK602.

MATERIALS AND METHODS

Transplantation of human PBMC in NOG mice. NOD-SCID (NOG) mice
(10, 33) were maintained in the Central Institute for Experimental Animals
(Kawasaki, Japan). Mice were 4 to 6 weeks old at the time of transfer of human
PBMC. The human PBMC-transplanted NOG (hu-PBMC-N OG) mice were
generated by methods previously described (23, 24). Briefly, PBMC (107) were
freshly prepared from heparinized blood of a single healthy HIV-1-seronegative
donor by Ficoll-Hypaque density gradient centrifugation, resuspended in RPMI
1640-based culture medium (0.5 ml), and infused intraperitoneally to each
mouse. The experimental protocol was approved by the Ethics Review Commit-
tees for Animal Experimentation of the participating institutions.

Assay for proliferation and CCRS expression of transplanted human PBMC
recovered from hu-PBMC-NOG mice. Freshly isolated human PBMC 2 x 107
cells/ml) were incubated in phosphate-buffered saline (PBS) containing 10 uM
5-carboxyfluorescein diacetate succinimidyl ester (CFSE; Molecular Probes, Eu-
gene, Oreg,) for 15 min at 37°C for CFSE labeling as previously described by
Lyons (16), washed, and resuspended in RPMI 1640. One part of the labeled
PBMC preparation was intraperitoneally injected (10’ PBMC) to each NOG
mouse, and human PBMC were recovered from peritoneal lavages and spleen.
The other part of the preparation was immediately stimulated with 10 pg of
phytohemagglutinin (PHA)/ml, cultured, and harvested. PBMC samples thus
obtained were labeled with phycoerythrin (PE)-conjugated anti-CCR5 monodo-
nal antibody 3A9 or peridinin chiorophyll protein-conjugated anti-HLA-DR
antibody (BD Pharmingen, San Diego, Calif.) and subjected to flow cytometric
analysis with a Becton Dickinson FACscan cytometer: the data were analyzed by
Cell Quest software (Becton Dickinson, Franklin Lakes, N.L). A quantitative
fluorescence-activated cell sorting (FACS) assay that relies on a series of preca-
librated beads that bind to a fixed number of mouse immunogiobulin G mole-
cules (Quantum Simply Cellular Kit; Sigma, Saint Louis, Mo.) to determine the
absolute number of CCR35s on the cell surface was also conducted according to
the manufacturer’s instructions (15).

Cells and viruses. The HeLa-CD4-LTR-B-gal indicator cell line expressing
human CCR5 (CCRS* MAGI) (18), a kind gift from Yosuke Maeda, was used
for the present study. 293T cells (a human embryonic kidney cell line) were
cultured in Dulbecco’s modified Eagle medium supplemented with 10% fetal calf
serum (FCS) and antibiotics and used for transfection of DNA plasmid contain-
ing the RS HIV-1;g gy, genome (13). PBMC isclated from HIV-1-seronegative
individuals were cultured with 10% FCS and antibiotics with 10 pg of PHA/ml
for 3 days prior to anti-HIV-1 activity assay in vitro (PHA-PBMC). A panel of
HIV-1 strains was employed for the drug susceptibility attempt: HIV-1g, 1 (7),
HIV-1;p g (13), HIV-1y145 (32), a wild-type HIV-1y05cw isolated from a
drug-naive AIDS patient (17), and MDR primary HIV-1 (HIV-1ypr) strain
(HIV-1;5; and HIV-1p4,0) (35). All primary HIV-1 strains were passaged once or
twice in PHA-PBMC cultures and the culture supernatants were stored at —80°C.
until use. Antiviral assays using PHA-PBMC were conducted as previously re-
ported (12, 17, 35).

Antiviral agents and assay for inhibition of RS HIV-1 infectivity and replica-
tion. A series of different spirodiketopiperazine (SDP) derivatives were newly
designed, synthesized, and tested for their activity against in vitro infectivity and
replication of RS HIV-1 as previously described (17). AK602 was chosen for this
study based on its CCR5-specific, potent activity against RS HIV-1. A method for
the synthesis of AK602 will be published elsewhere. The structure of AK602 is
illustrated in Fig. 1. An approved drug for therapy for HIV-1 infection, 2'3'-
dideoxyinosine (ddI) (20, 21), was kindly provided by Ajinomoto Co., Inc, Tokyo,
Japan. TAK779 and SCH-C were synthesized according to previously published
data (1, 30). The MAGI assay using CCR5* MAGI cells was conducted as
previously described (17) with minor modifications. Briefly, CCR5* MAGI cells
were seeded in 96-well, flat-bottomed microculture plates (10 cellsfwell) for
24 h, exposed to 0.1 or 1 pM AK602 for 30 min, washed three times, exposed to
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RS HIV-1 (100 50% tissue cuiture infectious doses) at various time points after
AK602 removal, and cultured in Dulbecco’s modified Eagle medium containing
15% FCS for 48 h. Following the removal of supernatants and lysis of the cells
with PBS (100 ul) containing 1% Triton X-100, a solution (100 pl) containing 10
mM chlorophenol red-B-D-galactopyranoside, 2 mM Mg(l,, and 0.1 M KH,PO,
was added to each well; the mixture was incubated at room temperature in the
dark for 30 min; and the optical density (wavelength, 570 nm) was measured with
a microplate reader (Vmax, Molecular Devices, Sunnyvale, Calif). All assays
were perforined in triplicate.

Pharmacokinetic analysis of AK602 in hu-PBMC-NOG mice. Pharmacoki-
netic analysis of AK602 in hu-PBMC-NOG mice was peiformed as previously
described (28). In brief, plasma samples were collected periodically over 12 h,
following a single AK602 administration at a dose of 60 mg/kg of body weight
dissolved in 400 pl of 4% hydroxypropyl-B cyclodextrin (HPBC). Each plasma
sample (150 pl) was centrifuged at 3,000 rpm for 10 min, and the supematant was
vacuum concentrated and injected into the high-performance liquid chromatog-
raphy (HPLC) system. The cluent was monitored at 255 nm of UV, and the
AK602 concentration in plasma was determined.

Determination of amounts of AK602 persistently bound to CCR5 in hu-
PBMC-NOG mice. Blood samples were collected from the tail vein of each
hu-PBMC-NOG mouse at various time points following a single intraperitoneal
administration of AK602 at a dose of 60 mg/kg. PBMC were isolated by density
gradient centrifugation and stained with fluorescein isothiocyanate-conjugated
monoclonal antibody 45531 (R&D Systems, Minneapolis, Minn.) specific for the
C-terminal half of the second extracellutar loop (ECLZB) of CCRS (15) known
1o be competitively replaced by SDP derivatives (17) or with PE-conjugated
monoclonal antibody 3A9, which binds to the N-terminus extracellular domain of
CCRS (17). PBMC were then subjected to FACS analysis.

Treatment of RS HIV-1-infected hu-PBMC-NOG mice with anti-HIV-1 agents.
Sixteen days after PBMC infusion, the mice were bled from the tail vein, and
three-color flow cytometric analysis was performed to confirm positive engraft-
ment of human HLA, CD4, and CD8§ antigens on the cells recovered. HIV-
Lir-p1 (2,000 50% tissue culture infectious doses) was intraperitoneally inocu-
lated to each mouse in which PBMC engrafiment was confirmed. Twenty-four
hours after the RS HIV-1 inoculation, administration of AK602 (120 mg in 4%
HPBC/kg/day, twice a day), ddl (50 mg in 4% HPBC/kg/day, twice a day), or
saline was implemented and continued by day 16. On days 5 and 9 after the RS
HIV-1 inoculation, blood samples were collected from mouse tail veins for
immunologic and virological monitoring (see below). On day 16, blood samples
were collected by cardiocentesis, and the mice were sacrificed, The experimental
protocol for the treatment is illustrated in Fig. 2.

Immunclogic and virological menitoring, Human PBMC recovered from mice
were subjected to immunologic and virological monitoring as previously de-
scribed (23, 24). The CD4*/CD8* cell ratios were determined by FACS analysis
with PE-conjugated mouse anti-CD4 and peridinin chlorophyll protein-conju-
gated mouse anti-CD8 (BD Pharmingen) monoclonal antibodies. Determination
of HIV-1 DNA copy numbers in recovered human PBMC was performed by
real-time PCR assay with Tagman Master mixture (PE Biosystems) and HIV
long terminal repeat-specific primers M667 (5'-GGC TAA CTA GGG AAC
CCA CTG-3") and AAS5 (5'-CTG CTA GAG ATT TTC CAC ACT GAC-3').
HIV-1-specific products were quantified with the ABI 7700 detection system
(Applied Biosystems, Foster City, Calif.), and cell numbers were determined with
the RAG-1 gene. The numbers of CD4* cells were calculated based on the
percentage of CD4* values obtained from the FACS analysis of each test PBMC
sample, and RS HIV-1 proviral DNA copy numbers were expressed as copy
numbers per 16° CD4™ cells. In some experiments, CD4* and CD4™ cells were
separated before real-time PCR assay with the rapid immunomagnetic CD4-
positive cell isolation kit (Dynabeads M-450 CD4; Dynal Biotech, Inc., Lake

hu-PBMC RE-HIV-1 sactifice /
transplantation infection test test test
N | Y Y
4q i T L
day -16 01 5 9 16

' AK802 (120 mg/kg/day) ip, bid l

I ddl (50 mg/kg/day) ip, bid I

FIG. 2. Protocol for drug administration and immunological and
virologic monitoring,
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Success, N.Y.). The amounts of p24 antigen in murine sera were determined
using a fully automated chemiluminescent enzyme immunoassay system (Lumi-
pulse F; Fujirebio, Inc., Tokyo, Japan) as previously described (12). Plasma viral
load was quantified with the AMPLICOR HIV-1 monitor test kit, version 1.5
(Roche Diagnostics, Branchburg, N.J.).

Statistical analyses. Nonparametric statistical analyses were performed by
using the Mann-Whitney U test (Statview, version 5.0; Abacus Concepts, Berke-
ley, Calif.). The difference between viremia levels in two groups of mice was
determined by the Wilcoxon rank sum test. For each mouse, the value of logo
RNA copies was calculated, and the slope corresponding to the rate of increase
per day was determined by simple linear regression for the days (5, 9, and 16) of
blood collection. The resulting slopes for all mice in the untreated groups were
compared to the slopes of mice in each of the other two groups.

RESULTS

Transplanted PBMC in hu-PBMC-NOG mice are intensely
activated and express high levels of CCR5. When we examined
the proliferation profile of PBMC stimulated with PHA in vitro
by treatment with the vital dye CFSE, which allows the analysis
of cell proliferation as the CFSE’s fluorescence intensity is
halved per each cell division, there was only a slight shift to the
left in the flow cytometric profile on days 1 and 2 of culture
(Fig. 3A). On day 4 of culture, a discrete shift to the left was
identified, suggesting that the PHA-PBMC underwent up to
four cycles of proliferation in vitro by day 4. In contrast, PBMC
transplanted and recovered on day 2 had apparently under-
gone ~4 cycles of proliferation; by day 4, a majority of cells had
undergone up to 10 cycles and beyond in proliferation (Fig.
3B). It was possible that the CFSE-negative and weakly CFSE-
positive cells which accumulated on days 2 and 4 (Fig. 3B) were
murine cells that engulfed and degraded CFSE. We therefore
conducted experiments in which the cells with CFSE dilution
were directly confirmed to be human CCRS5-positive cells. As
can be seen in Fig. 3C, when cells were recovered from the
spleen of an NOG mouse into which CFSE-labeled PBMC had
been transplanted and stained with monoclonal antibody
45531, which is specific for the C-terminal half of the second
extracellular loop (ECL2B) of CCRS5 (15), the majority of such
human CCRS5™ cells proved to be CFSE negative. We also
examined the levels of cellular activation by the expression of
HLA-DR on cell surface. The levels of HLA-DR expression in
PBMC recovered from uninfected NOG mice 3 days after
transplantation were much greater than those in 3-day-cul-
tured PBMC following PHA stimulation (Fig. 3D). The fluo-
rescence intensity in the same donor’s PHA-PBMC examined
on three different occasions was 21 = 4, while that of the
PBMC recovered from mice was 91 = 25 (Fig. 3D). When we
further assessed the levels of CCR5 expression, the PBMC
recovered from the mice on day 3 proved to be strongly posi-
tive for CCRS (Fig. 3E). The CCR5-positive fraction in the
PBMC recovered was 49.7%, while that in PHA-PBMC was
27.3%. The mean fluorescence intensity of the CCRS™ cell
population was 141, compared to the CCR5™ cell population
in PHA-PBMC with a mean fluorescence intensity of 51. The
estimated number of CCRS5 expressed on the PBMC recovered
on day 3 was 25,348 (as antibody binding sites per cell) while
that on PHA-PBMC on day 3 in culture was 8,981 antibody
binding sites as examined by quantitative FACS assay. These
data indicate that the transplanted human PBMC were in-
tensely activated and rapidly proliferating and expressed high
levels of CCRS5 on their cell surfaces.
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Potent activity of AK602 against RS HIV-1 in vitro. Among
SDP derivatives we designed and synthesized, AK602 was
identified to be highly potent against a broad spectrum of RS
HIV-1 strains, including MDR clinical RS HIV-1 isolates in
vitro with 50% inhibitory concentration (ICs,) values of 0.3 to
0.6 nM, although two previously published CCR5 antagonists
(TAK779 and SCH-C) were substantially less potent than
AK602 (Table 1). AK602 and other CCRS antagonists failed to
inhibit the replication of an X4 HIV-1 strain, HIV-1yp4.5.

Pharmacokinetics of AK602 in hu-PBMC-NOG mice. We
examined the pharmacokinetics of AK602 in hu-PBMC-NOG
mice by intraperitoneally administering the compound at a
dose of 60 mg/kg. Plasma samples were collected periodically
up to 12 h and subjected to HPLC analysis. As shown in Fig.
4A, the concentration of AK602 reached the maximal concen-
tration immediately after intraperitoneal adminisiration and
decreased rapidly. The calculated plasma half-life in the
a-phase of the concentration curve was as short as 29 min.

AK602 persists on cell surface CCR5. As shown above, the
plasma half-life of AK602 turned out to be short; however,
considering that AK602 possesses such a high affinity to CCRS
and potent activity against RS HIV-1 in vitro, it was thought
possible that AK602 would remain attached on cellular CCR5
for an extensive period of time and exert anti-R5 HIV-1 activ-
ity even when the compound was depleted from circulation. To
examine this possibility, we used two monoclonal antibodies,
45531 and 3A9. When human PBMC were recovered from a
hu-PBMC-NOG mouse 2 and 6 h after AK602 administration
(60 mg/kg) and stained with 45531, AK602 proved to block the
binding of 45531 to CCR5 (Fig. 4B), while AK602 failed to
block 3A9 binding to CCRS5 (Fig. 4C), suggesting that AK602
did not elicit CCR5 internalization or shedding at all at least
for 6 h. We subsequently examined whether AK602 remained
on cellular CCR5 with the 45531 monoclonal antibody. When
the cells were recovered from mice 2, 6, and 14 h after the
AK602 administration, the mean values of the percentage of
AXK602 occupancy were 85 (four mice), 54 (three mice), and 16
(three mice), respectively. It was calculated that it took about
9 h for AK602 occupancy to be reduced by 50% (Fig. 4D).

Anti-R5 HIV-1 activity of AK602 persistently seen after its
removal from culture medium. In another depletion experi-
ment, we exposed CCR5* MAGI cells to AK602 for 30 min,
depleted the compound from the culture by thorough washing,
incubated the cells for various lengths of time, exposed the
cells to HIV-1g, 1, further cultured the cells for 48 h, and
determined whether HIV-1g,; infection was blocked by
AKG602 exposure (Fig. 4E). When the CCR5™ MAGI cells
were exposed to 0.1 and 1 pM AK602 and exposed to HIV-
1p,... immediately afterward, the values for protection were 68
and 85%, respectively. When the cells were exposed to HIV-
1pay 4 h after depletion, 49 and 72% of the cells were pro-
tected by 0.1 and 1 pM AK602. When the cells were exposed
to HIV-1g,. 12 and 24 h after depletion, 57 and 45% of the
cells were seen protected by 1 uM, respectively (Fig. 4E).

Effects of AK602 on CD4" and CD8* cell counts in RS
HIV-1-infected hu-PBMC-NOG mice. PBMC were recovered
from murine blood samples collected on days 5, 9, and 16 after
RS HIV-1 inoculation and subjected to flow cytometric anal-
ysis for determination of CD4*/CD8™ cell ratios. As shown in
Fig. 5A, in PBMC recovered on day 16 from a representative
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FIG. 3. Transplanted PBMC are intensely activated and express high levels of CCRS. (A and B) Proliferation profiles of PHA-PBMC and
transplanted and recovered PBMC. Freshly prepared PBMC were incubated with the vital dye CFSE, and one part of such PBMC preparation was
stimulated with PHA, while the other part was intraperitoneally transplanted to mice. On days 1, 2, and 4, the cells were harvested and the
fluorescence intensity of CFSE was determined. Note that transplanted PBMC recovered on day 2 had undergone ~4 cycles of proliferation; by
day 4, a majority of cells had undergone ~10 cycles and more of proliferation. (C) CCRS expression level and CFSE intensity in human PBMC
harvested from a spleen of hu-PBMC-NOG mouse on day 4. (D) Intense activation of PBMC after transplantation. PBMC stimulated with PHA
and cultured for 4 days (panels 1 to 3) and transplanted PBMC recovered from the uninfected mice on day 4 (panels 4 to 6) were stained with
an anti-HLA-DR monoclonal antibody. Note that HLA-DR expression levels in transplanted PBMC were much higher than those in PHA-PBMC.
(E) CCRS expression profiles of PHA-PBMC and transplanted PBMC. PBMC stimulated with PHA and cultured for 3 days and transplanted
PBMC recovered from the uninfected mice on day 3 were stained with PE-conjugated anti-CCR5 monoclonal antibody 3A9 and subjected to flow

cytometric analysis. SCID-PBMC, PBMC transplanted and recovered.

1.84 (Fig. 5B) was seen in PBMC recovered from an AK602-
treated mouse, and the size of this CD4™" cell population was
comparable to that seen in a ddI-treated mouse (53.2% [3.8%
+ 49.4%]) and that in an uninfected mouse (48.9% [3.8% +

R5 HIV-1-infected, saline-treated mouse, there were only few
CDA4" cells (3.9% [1.4% + 2.5%)) resulting in a CD4*/CD8*
cell ratio of 0.05. However, a distinct CD4" cell population
(55.1% [44% + 50.7%]) resulting in a CD4*/CD8* ratio of
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