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vaccinia virus DIs generates both CD4™ and CD8" T cell re-
sponses specific for SIV Gag, resulting in protection of the immu-
nized macaques from pathogenic SHIV. However, it remains to be
elucidated whether the gag/pol-encoding vaccine may elicit a pro-
tective effect against various viral challenges, such as CCR5-tropic
viruses and other primary viruses. Nonetheless, this new regimen’s
twin merits of safety and efficacy position it as a promising vaccine
candidate against HIV-1 infection as well as against HIV-induced
disease progression.
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Introduction

The epidemic of human immunodeficiency virus type 1 (HIV-
1) infection and AIDS (HIV/AIDS) continues to spread world-
wide, particularly in Asia and Africa. Globally, 40 million
people are now living with HIV/AIDS [1]. In 2003, there were
five million new HIV-1 infections, over 90% of them in
developing countries [1] where rapid disease progression is
more likely to occur due to co-infection with both HiV-1 and
Mycobacterium tuberculosis. The best hope for individuals
living in these countries is the development of a safe,
effective and affordable vaccine to prevent HIV-1 infection.
Despite recent advances in medical treatments for HIV-1,
including highly active anti-retroviral therapy (HAART), most
therapeutic drugs remain prohibitively expensive and inac-
cessible to people living in countries hardest hit by the
epidemic [1].

With this dilemma in mind, our group has developed a
recombinant BCG (rBCG) vector system designed to address
both the problem of HIV-1 and M. tuberculosis co-infection
and the issue of cost facing those in developing countries.
The rBCG vector system has been shown to induce immune
responses against both HIV-1 and M. tuberculosis, and its
use is supported by a number of studies demonstrating
efficacy in the induction of antigen-specific immunity. For
example, it has been reported that BCG and its cell wall

components possess adjuvant properties for enhancing the «
immunogenicity of an antigen when administered to'
animals [2—4]. Moreover, rBCG expressing HIV-1 anhgens,,
can act simultaneously as both an adjuvant and a.vehicle

to induce antigen-specific immunity [5]. Our own g'roup has
previously demonstrated that rBCG containingia 19: ammo
acid insert from the HIV-1 Env V3 region (rBCG EnV'V3)
expressed sufficient V3 antigen to mduce “HIV-1-specific
cell-mediated and humoral immune responses in a small-
animal model [6—9]. In addition, severaligrotps have also
shown the induction of cellulapand/or*humoral immune
responses by inoculation with rBCG expressing HIV or simian
immunodeficiency virus (SIVY:proteins (10—14). However,
10- to 100-fold higher ioses ‘than that needed for a
common BCG vaccination against tuberculosis in humans,
or repeated inoculations, were needed to effectively elicit
HIV- or SlV-spec;ﬁc‘ 'mmumty in animal models [6-14].
Moreover, previous, studies often used intravenous or
us rouites of inoculation; however, vaccination
regimens sueh asthese are not practical for use in humans
in terfas of safety Furthermore, these BCG recombinants
contained; a smgle epitope from HIV or SIV; however, it was
reported that rBCG expressing a SIV gag single epitope
failed to protect macaques against intravenous challenge
with SIV [15].

One of the strategies to practically use a rBCG-based HIV
vaccine is to inoculate 0.1 mg of the vaccine into humans
via intradermal (i.d.) route as a priming or boosting
immunogen because the dose and route of immunization is
commonly used for BCG vaccination in humans. For this
purpose, we sought to construct a novel rBCG capable of
effectively inducing long-lasting, virus-specific immunity by
a single i.d. vaccination with 0.1 mg. To elicit antigen-
specific immunity with a multi-epitope rBCG vaccine, we
chose to target HIV-1 Gag based on evidence of several
cytotoxic T lymphocyte (CTL) epitopes in this region [16],

some of which are MHC linked and known to be immuno-
dominant and relatively conserved among various HiV-1
clades [16—19]. Recently, it was shown that Gag-specific T
helper cells and CTL correlate inversely with the level of
plasma HIV-1 RNA [20-22]. These findings suggest that the
HIV-1 Gag region is strongly immunogenic and may induce
effective anti-viral responses.

In the present study, we inserted the full-length gag gene
of SIV into BCG to create rBCG-SIVGag. We then investigated
its ability to elicit antigen-specific immune responses in
guinea pigs immunized either intradermally (i.d.) or orally
with rBCG-SIVGag at human doses and gissessed the possibility
of the replacement of common BCGvagéination (0.1 mg by
i.d. inoculation) by administrationo G-based vaccine.

Subjects and methpds

Animals

Female gumea‘"p' 5 -0f.. the Hartley strain (Shizuoka
Laboratory Center, hxzuoka, Japan), weighing 200 to 250
g each, were used fn a P2-level animal facility at the
National Ins ftute of Infectious Diseases (NHD), Tokyo,
Japap#the anithals were fed in a specific pathogen-free
el 2 famhty according to NHD animal care guidelines.

4The tudy:was conducted in the experimental animal area

“a bmsiafety level 2 NIID facility under the guidance of
Jdhstitutional committee for biosafety and animal

" Construction of a plasmid containing the

full-length SIV gag gene

Arecombinant Mycobacterium bovis BCG substrain Tokyo was
produced by transfection of BCG—Tokyo strain cells with
either the plasmid pS0246 [23] or pS0246SiVGag. The
SiVmac239 gag gene [24] was amplified by PCR from simian
immunodeficiency virus DNA [25] using primers 5 -
CCCGGATCCATGGGCGTGAGAAACTCC-3 (forward) and 5 -
CCGCCCGGGLTACTGGTCTCCTCCAAAGAG-3  (reverse). The
resulting PCR product was inserted into the multi-cloning
site of pS0246 under control of the hsp60 promoter of BCG
[26]. BCG was transformed with the recombinant plasmid by
electroporation and selected on Middlebrook 7H10 agar (BBL
Microbiology Systems, Cockeyville, MD) containing 10% OADC
enrichment (BBL Microbiology Systems) and 20 ug/mt kana-
mycin. The resulting recombinant clones containing either
pS02465IVGag or pS0246 were designated rBCG-SIVGag and
rBCG-pS0246, respectively.

Western blot and ELISA detection of expressed SIV
Gag

Expression of the SIV Gag protein by rBCG-SIVGag was
determined by both Western blot and ELISA. rBCG-SIVGag
was harvested from Middlebrook 7H9 broth containing ADC
(BBL Microbiology Systems) 3 weeks after initiation of the
culture, when the growth curve of the transformant had
reached its peak. The harvested rBCG-SIVGag was sonicated
completely and centrifuged, and the superpatant was
heated at 95°C for 5 min in sample buffer (10% 2-
mercaptoethanol, 20% glycerol, 123.9 mM Trizma base,
138.7 mM SDS, 3.0 mM bromphenol blue). SDS-polyacryl-
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amide gel electrophoresis (PAGE) was performed with a 4
20% gradient polyacrylamide gel (Daiichi Pure Chemicals
Co., Ltd., Tokyo, Japan). The separated proteins were
transferred to nitrocellulose membranes at 144 mA for 30
min, after which the membranes were probed with mouse
anti-SIV p27 (kindly supplied by Dr. Sata of NIiD) followed by
anti-mouse lgG-atkaline phosphatase conjugate (New Eng-
land Biolabs, Inc., Beverly, MA). Proteins were visualized by
reactivity with NBT/BCIP (Roche Diagnostics Co., indiana-
polis, IN). The concentration of SIV Gag p27 antigen in the
cell extract was determined by a commercial antigen ELISA
(SIV Core Antigen Assay kit, Coulter Corporation, Miami,
Florida) as per the manufacturer’s instructions.

Immunization of guinea pigs with rBCG-5IVGag

Guinea pigs were inoculated with either rBCG-5IVGag or BCG
by the i.d. or oral route. For i.d. immunization, six guinea
pigs were given a single inocutation of 0.1 mg of rBCG-
SiVGag. Three separate control groups consisting of three
animals each received i.d. inocutation with either (1) rBCG-
pS0246 as a plasmid vector control, {2) BCG—Tokyo as a BCG
vector control or (3) saline alone. Prior to oral immunization,
fifteen guinea pigs were deprived of food and water
overnight. The following day, 1 ml of 3% sodium bicarbonate
was administered orally to each animal via a micropipette to
neutralize stomach fluid, after which 500 ul of saline
containing either 80 mg of rBCG-SIVGag (n

administrated by the same route. To flush the remaining

antigens in their mouths and esophagi, saline (500 pl) was_
given orally to the animals after antigen ingestion: These:

procedures were ‘performed on the animals:tinder non-
anesthetic conditions. Oral immunization was, perfomed
once a week for 2 consecutive weeks, providing a totai dose
of 160 mg of either rBCG- SlVGag, rBCG p50246 or BCG~
Tokyo per animal.

Induction of a delayed type hypersens:twrty
{DTH) skin reaction :

To investigate antigen: speciﬁc T cell immunity, DTH skin
tests were performedat 8 and 50 weeks after immunization
with either rBCG- S}VGag, rBCG-pS0246 or BCG~Tokyo. To
evaluate SIV Gag-speciﬂc DTH responses, 10 ug of SV Gag
ivanced Biotechnologies Inc., Columbia, MD)
per 100 i of salme was injected 1.d. into both immunized
and non»wmmumzed guinea pigs. To evaluate tuberculosis-
specific DTHiresponses, 0.5 pg of PPD was administered by
the same procedure. Saline (100 ul) was used as a negative
control. After 24, 48 and 72 h, the diameter of each area of
induration was measured.

Isolation of peripheral blood mononuclear cells
(PBMC), spleen cells, intestinal intraepithelial
lymphocytes (i-IEL) and lamina propria
lymphocytes (LPL)

PBMC were separated from heparinized blood using Lympho-
separ according to the manufacturer’s instructions {Immuno-
Biological Laboratories Co., Ltd., Gunma, Japan). To isolate
spleen cells, guinea pigs were sacrificed while under anesthe-
sia with ketamine hydrochloride (Sankyoe Co., Ltd., Tokyo,

= 6), rBCG- .
psO246 (n = 3), BCG~Tokyo (n = 3) or saline alone (n = 3) was:

Japan), and their spleens were harvested. Spleen cells were
prepared by gentle dispersion through a 70-um nylon mesh
(Becton Dickinson, Franklin Lakes, NJ). The preparations
were treated with ACK lysing buffer (0.15 M NH,CL, 10 mm
KHCO;, 0.1 mM Na,EDTA) for 1 min at room temperature to
remove red blood cells, and the remaining cells were washed
three times in PBS. Preparation of i-IEL was performed as
previously described [27-29]. Briefly, large or small intes-
tines were opened longitudinally and washed with PBS
containing 1T mM DTT. The tissues were then placed in 20 mi
of RPM! 1640 containing 1 mM EDTAin a 50-mi centrifuge tube
and incubated for 20 min at 37°C with shaking. After
incubation, the tube was shaken vigorously for 15 s, and the
cell-containing medium was remoyedand saved. This process
was repeated three times. To dsolate LPL, the remaining
intestinal tissues were treated with 0.5'mg/ml collagenase
(Sigma Chemical Co., St. Louis, MO) and 1.0 mg/ml hyaluron-

idase (Sigma) for 30 min at 37°C with shaking, and the cell-

containing medium was removed and saved. This process was
repeated twice, and the harvested cells were then purified
through a discontinuous 40/75% percoll gradient (Pharmacia,
Uppsala, Sweden).

Antigennspeciﬁc’r cell proliferative responses

PBMC. were ﬁre -suspended in RPMI 1640 supplemented with

;406 fetal galf serum (FCS) and 10 pg/mi gentamicin. The
‘cells were cultured in triplicate wells at a density of 2 x

106‘sgellslml in the presence or absence of antigen (20 pg/

“e.ml of either PPD or SIV Gag p27) in 96-well U-bottomed

plates (Costar, Cambridge, MA) for 3 days at 37°C under 5%
C0,. The cells were then pulsed with 0.5 uli [*H]
thymidine (Amersham, Arlington Height, IL) for the last 6
h of incubation and harvested onto filter paper disks.
Uptake of [*H] thymidine was determined by scintitlation
counting, and the results were expressed as the stimulation
index {S.1.), which was calculated as a ratio of the counts
per minute in the presence or absence of antigen.

RNA extraction from PBMC, spleen cells, i-IEL
and LPL

Isolated PBMC, splenocytes, i-IEL and LPL were adjusted to a
concentration of 0.5 x 107 to 1.0 x 107/ml in RPMI 1640
supplemented with 10% FCS, 50 pg of streptomycin, 50 U of
penicillin and 10 pg of gentamicin/mi, and then cultured
with either 20 pg/mi of PPD or SIV Gag p27 at 37°C for 4
days. Non-stimulated cells were used as controls. Following
culture, total cellular RNA was extracted according to the
instructions provided with the RNeasy Mini Kit (QIAGEN,
Valencia, CA} and stored at —80°C.

To investigate Gag-specific IFNy responses in T cell
subsets, CD4" and CD8® T cell populations from the
immunized guinea pigs were obtained from PBMC and spleen
cells using magnetic cell sorting (autoMACS) (Miltenyi Bio-
tec, Bergisch Gladbach, Germany) according to the manu-
facturer’s instructions. Briefly, after in vitro stimulation of
total PBMC and spleen cells with 20 pg/ml of SIV Gag p27 at
37°C for 4 days, the cells were incubated with FITC-
conjugated anti-guinea pig CD4 (Serotec Lid., Oxford UK)
or CD8 antibodies (Serotec Ltd.) followed by anti-FITC
MicroBeads (Miltenyi Biotec). Non-stimulated cells were
used as controls. CD4" T cell or CD8* T cell subpopulations
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were negatively selected, and then total RNA was extracted
with the RNeasy Mini iit (QJIAGEN).

Amplification of guinea pig IFNy by reverse
transcription (RT) and fluorogenic PCR

To examine antigen-specific IFNy mRNA expression in PBMC,
spleen cells, i-IEL and LPL, RT-PCR was performed using a
TagMan EZ RT-PCR kit according to the instructions provided
(Applied Biosystems, Foster City, California). The reaction
mixture consisted of 3 ul of appropriately diluted RNA
sample; 5 ul of 5 x TagMan EZ buffer; 3 pl of 25 mM
manganese acetate; 0.75 pl each of dATP, dCTP, dGTP and
dUTP; 0.25 ul of primer for IFNy at 100 pM; 1 ul of fluorogenic
probe; 2.5 U of recombinant Tth DNA polymerase; 0.25 U of
AmpErase uracil-N-glycosylase; and 8.25 ul of RNase-free
water in a final volume of 25 pl. Thermal cycling conditions
consisted of 2 min at 50°C, 30 min at 60°C and 5 min at 95°C,
followed by 50 cycles of 10 s at 95°C and 45 s at 62°C. The ABI
Prism 7700 sequence detection system (Perkin-Elmer, Applied
Biosystems, Inc.) was employed for PCR cycling, real-time
data collection and analysis.

Ribosomal RNA (rRNA) was used as an internal control,
and its expression level was quantitatively determined using
the TagMan rRNA control reagent (Applied Biosystems) under
the same conditions as described above,

The level of cytokine expression was determined in three
independent samples for each animal. Quantification wag

normalized by dividing the amount of IFNy mRNA in the
target sample by the amount of rRNA in the same sample
Data are shown as fold induction of mRNA and expressed as
the ratio of values obtained for antigen- stxmulated cells to
non-stimulated cells; ratios <1 indicate down- reguiatmn
ratios >1 indicate up-regulation. Ohgonucteotide primers
(5" -CATGAACACCATCAAGGAACAAAT-3 5-TTTGAAT-
CAGGTTTTTGAAAGCC-3') and a ﬂuomgemoiabeled probe
{5 -6-carboxyfluorescein-TTCAAAGALAACAGCAGCAA-
CAAGGTGC-é-carboxy-N,N,N" ;' - tetramethylrhodamme‘
3 ) specific for guinea pig IFNy. mRNA were used for detection
and quantification [30]. Thé RNA standard template used for
quantitative determination.of guinea pig-specific IFNy mRNA
was prepared as described by s elsewhere [30].

Antigen-specific serum antlbody titration by
ELISA

Sera were coilectﬁd from each guinea pig at 50 weeks after
immunization and stored at —80°C. Antigen-specific antibody
titers weré determmed by ELISA. Maxisorp plates (Nunc A/S,
Roskilde, Denmark) were coated with either PPD (0.5 g/
well) or SIV Gag p27 (0.1 ng/well} and incubated overnight at
4°C, Serially diluted sera were added to the wells and
incubated for 2 h at 37°C. After three washes, rabbit anti-
guinea pig lgG-horseradish peroxidase (HRP) conjugate
(Zymed Laboratories, Inc., San Francisco, CA) was added to
the wells and incubated for 2 h at 37°C, and the plates were
then washed and visualized by adding TMB substrate (Moss,
Inc., Pasadena, MD). After 30 min at room temperature, rates
of absorbance were measured at 450 nm with an ELISA reader.
Endpoint titers for antigen-specific 1gG were calculated using
Microsoft Office Excel and expressed as the last dilution
giving an OD4o of 0.1 U above pre-immunization serum
samples,

Statistical analysis

Data analysis was carried out with the Statistica program
(StatSoft, Tulsa, OK). Data are expressed as the mean +
standard deviation ($D), and P values <0.05 were considered
significant. DTH responses for the i.d. and orally immunized
groups were compared using the unpaired ¢ test, and the
responses at week B and week 50 for each group were
compared using the Student’s paired ¢ test. Levels of
antigen-specific proliferative responses and IFNy mRNA
expression for the two groups were compared using the
Mann—Whitney U test because of varwabmty in values among
animals in each group.

Results

Construction of a rBCG SIVGag vector
expressing full- length SIV Gag

To achieve expre sion of the complete 51V Gag protein, we
inserted thefull-length gag DNA fragment of SIVmac239 into
the plasmid: p50246 yielding a rBCG clone. The resulting
recombinant “clones (pS0246SIVGag and pS0246) were
de51gnated as rBCG-SIVGag and rBCG-pS0246, respectively.
Transformatmn of cells with rBCG-5IVGag and analysis of the

.;:’icell lysates by Western blot revealed a single band

corresponding to 55 kDa consistent with the expected
lgcular weight of the SIV Gag protein (Fig. 1). The
concentration of SIV Gag in the cell lysates was determined

» 5 by SIV Gag p27 antigen ELISA and found to be 0.5 ng/1 mg of

rBCG-S5IVGag.

DTH skin responses to PPD and SIV Gag p27
antigen

For each vaccine, DTH skin tests for PPD and SIV Gag p27
antigens were performed at 8 and 50 weeks after immuni-
zation. DTH responses to PPD and Gag p27 antigens peaked
24 h after antigen injection. At week 8, DTH responses to
PPD were detected in all six guinea pigs immunized i.d. with
rBCG-5IVGag with a mean area of induration of 15.0 mm
{Fig. ZA). The magnitude of induration in this group was
similar to that seen in both the rBCG-pS0246- and BCG—
Tokyo inoculation groups (mean indurations = 15.5 and 15.0
mm, respectively). In contrast, only three of six animals
orally immunized with rBCG-SIVGag exhibited a PPD-specific
DTH response, and that response of six animals had a mean
induration of 4.1 mm {Fig. 2A). Thus, it appeared that
immunization with rBCG-SIVGag induced stronger DTH
responses via the i.d. than the oral route (Fig. 2A). The
three guinea pigs that showed no PPD-specific DTH
responses were also included in further analyses of prolif-
eration, levels of IFNy mRNA expression and antibody
production. Evaluation of animals receiving rBCG-pS0246
and BCG—Tokyo by the oral route also showed similar levels
of PPD-specific DTH reactions (4.6 and 4.3 mm, respective-
ly). At week 50, PPD-specific DTH responses were again
detected in all six animals immunized i.d. with rBCG-
SIVGag. The mean area of induration of these responses
was 12.4 mm (Fig. 24), equivalent to that seen in animals
inoculated i.d. with either rBCG-pS0246 (11.0 mm) or BCG-—
Tokyo (13.5 mm). However, no DTH responses were seen in
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Anti-SlVgag MAD

1BCG-pS0246
BCG-SiVGag

(kDa)
250 =

100__“
75>

50 = 1»:» 4= SlV Gag antigen

37

25 =
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Figure 1 Western blot detection of SIV Gag in rBCG cell
tysates. A 55-kDa molecule was identified, corresponding in size
to the expected molecular weight of SIV Gag. Insertion of the

empty plasmid 246 into rBCG (rBCG-pS0246) was used as a
negative control.

any of the animals immunized orally with either rBCG-.

SIVGag, rBCG-pS0246 or BCG—Tokyo (Fig. 24). With respect
to DTH responses against SIV Gag p27, similar resggnsies

were seen at 8 weeks in groups i.d. and orally immunized,,

with rBCG-SIVGag, with mean indurations of 15.¢
mm, respectively (Fig. 2B).
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—@-- pS0246-Demnal —8— pSO246-Oral
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Figure 2  Induction of DTH skin reactions against (A) PPD and
(B) SIV Gag p27 in guinea pigs intradermally or orally immunized
with rBCG-SIVGag, BCG—Tokyo or rBCG-pS0246. DTH induction
was performed at 8 and 50 weeks post-immunization. PPD (0.5
ng) and SIV Gag p27 (10 ug) were intradermally injected into the
immunized animals, and the diameter of each area of indura-
tion was measured 24 h later. Only 3 of 6 animals orally
immunized with rBCG-SIVGag exhibited PPD-specific DTH
responses. Shown are the mean values + standard deviation
of alt animals per group.
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Induction of PPD- or SIV Gag-specific Tcell prolifer-
ative responses (A, B) and IFNy mRNA expression (C, D) in PBMC
from guinea pigs intradermally or oratly immunized with either
rBCG-5iVGag, BCG—~Tokyo or rBCG-pS0246. PBMC were isolated
at week 20 after immunization and were cultured with or without
antigen (20 pg/mi of either PPD or SIV Gag p27) for 3 days. During
the final 6 h of incubation, 0.5 uCi [*H] thymidine was added to
each well. The cells were harvested, and the levels of [*H] thy-
midine incorporation were determined by scintillation counting.
Data are expressed as the stimulation index, as described in Ma-
terials and methods. Shown are the means (solid bars, intrader-
mal immunization; open bars, oral immunization) + standard
deviations. To investigate antigen-specific IFNy responses, PBMC
harvested 20 weeks after immunization were stimulated in vitro
with antigen (20 ug/mi of either PPD or SIV Gag p27) for 4 days.
Total RNA was extracted, and IFNy mRNA levels were measured
quantitatively by real-time RT-PCR. The results are expressed as
the fold induction, as described in Materials and methods, Shown
are the mean values {symbols; &, intradermat imrunization; O,
oral immunization) * standard deviations. *P <0.05 (i.d. v0ersus
oral groups for each vaccine strain).

Interestingly, animals immunized with rBCG-SIVGag via
either the i.d. or oral route showed strong, statistically
identical SIV Gag p27-specific DTH responses (23.1 and 27.8,
respectively) at week 50 (Fig. 2B). The magnitude of the
DTH to Gag at week 50 was significantly higher than that at
week 8 in the group orally immunized with rBCG-SIVGag (P =
0.004), while it did not reach statistical significance in the
i.d. immunized group. No significant levels of Gag p27
antigen-specific DTH responses were detected in animals
inoculated with either rBCG-pS0246 or BCG-Tokyo via
either the i.d. or oral routes (Fig. 2B). In addition, no
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significant DTH responses to PPD and Gag p27 antigens were
found in control animals inoculated with saline alone (data
not shown).

Antigen-specific proliferative responses and
IFNy mRNA expression in PBMC

To investigate the Tcell responses specific for SIV Gag p27 and
PPD antigens, proliferation assays were performed at week 20
after immunization (Figs. 3A and B). In the groups immunized
with rBCG-SIVGag, PPD-specific proliferative responses were
evaluated in PBMC from the immunized animals. The levels of
these responses were found to be significantly higher in the
i.d. immunized group than in the orally immunized group
(19.9 + 2.0 and 4.9 + 3.2, respectively, P = 0.02) (Fig. 3A).
Conversely, similar levels of proliferative responses to SIV Gag
p27 were elicited by either i.d. or oral immunization with
rBCG-SIVGag (4.8 + 2.1and 4.1 £ 2.8, respectively) (Fig. 3B).
PPD-specific proliferative responses to BCG—-Tokyo or rBCG-
pS0246 were 19.3 + 2.8 and 20.2 + 3.9, respectively, in the
i.d. group, while those inoculated by the oral route had
proliferative responses of 4.2 + 1.9 and 5.3 + 2.6,
respectively.

To assess Thi-type helper Tcell functions specific for PPD
and SIV Gag, IFNy mRNA expression in PBMC was measured
quantitatively at week 20 using real-time, fluorogenic RT-
PCR (Figs. 3C and D). In animals receiving rBCG-5VGag i.d.
or orally, the level of IFNy mRNA expression was etevated

following stimulation with PPD over baseline vaiues,_»

obtained from non-stimulated PBMC. Mean values specific ., guinea pigs intradermalty or orally immunized with rBCG-SIVGag,

for PPD in the i.d. and orally immunized groups wére 7.0z
3.9 and 2.8 * 0.4, respectively (P = 0.04, Fig. 3(2) Wlth
respect to IFNy mRNA expression specific for SIV:Gag p27
the level was enhanced in animals immunized oralty with
rBCG-SIVGag, whereas not activated i animalsivaccinated
i.d. with the vaccine (3.3 + 0.4 and 1.3:4:0.37Fespectively,
P =0.02, Fig. 3D). By companson, the evels of PPD-specific
IFNy mRNA expression were 9.9 ##4:0 and 6.8 + 3.2,
respectively, in animals recelying. either BCG—Tokyo or
rBCG-pS0246 by the i.d. route, and'2.7 + 1.0 and 3.2 +
0.7, respectively, for ammals AL culated by the oral route.

Long-term ant;gemspeczﬁc IFNy mRNA
expression in PBMC “spleen cells, i-IEL and LPL

To assess whether Th1 -type T cells persist in systemic and
mucosal compartments, the level of IFNy mRNA expression
ingd at week 50 using PBMC, splenocytes, i-IEL
and LPL from guinea pigs immunized either i.d. or orally
with rBCG-SIVGag (Fig. 4). Higher levels of IFNy mRNA
induced by PPD were clearly detected in PBMC from
guinea pigs immunized with rBCG-SIVGag (Fig. 4A).
However, the mean levels of PPD-specific IFNy mRNA
expression were significantly higher in animals immunized
by the i.d. route compared to the oral route (205.0
51.2 and 15.5 + 19.4, respectively, P = 0.02) (Fig. 4A).
Similarly, the levels of Gag p27-specific IFNy mRNA
expression in the rBCG-SIVGag immunized animals were
higher in the i.d. group compared with those in the orally
immunized group, but these differences did not reach
significance (53.3 # 50.9 and 6.4 + 3.2, respectively, P =
0.15, Fig. 4B). PBMC from control animals inoculated with
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1.0k memedennan- condubl B LB L L
& 01 ,
kx4 BCG- rBCG- BCG- BCG- BCG- BCG-
8 Tokyo pSO246 SIVGag Tokyo pSO246 SIVGag
£ 10000
2 C. PPD D. Gag
* 100.0} s | 1
! E f & Dermal §
10.0 § 5 o o Oral i
1.0k amcadmomnaduaann -!-§--in~ ------
1
BCG- BCG- BCG- BCG- BCG- rBCG-

Tokyo pS0246 SIVGag Tokyo pS0246 SiVGag

’ F,iggrﬁé 4 Profile of IFNvy responses at 50 weeks against PPD and

V'Gag p27 antigens in PBMC (A, B} and spleen cells (C, D) from

BCG--Tokyo or rBCG-pS0246. Cells harvested 50 weeks after
immunization were stimulated in vitro with antigen (20 pg/mt of
either PPD or SIV Gag p27) for 4 days. Total RNA was extracted,
and IFNy mRNA levels were measured quantitatively by reat-time
RT-PCR. The results are expressed as the fold induction. Shown
are the mean values (symbols; 8, intradermal immunization; O,
oral immunization) + standard deviations. *P < 0.05 (i.d. versus
oral groups for each vaccine strain).

either BCG—Tokyo or rBCG-pS0246 had levels of PPD-
specific IFNy mRNA comparable to animals vaccinated with
rBCG-SIVGag via same immunization route (Fig. 4A). As
expected, no Gag-specific IFNy mRNA responses were
found in animals inoculated with either BCG—Tokyo or
rBCG-pS0246 (Fig. 4B).

Splenocytes from guinea pigs receiving rBCG-SIVGag
expressed considerably higher levels of IFNy mRNA in
response to PPD and SIV Gag p27 compared to baseline
values obtained from non-stimulated splenocytes (Figs. 4C
and D). PPD-specific IFNy responses were significantly
higher in animals immunized with rBCG-SIVGag by the
i.d. route (75.0 £ 46.5) compared with those immunized
by the oral route (9.7 + 1.7, P = 0.02, Fig. 4C). Marked
increases in the response to SIV Gag p27 were found in
both i.d. and orally immunized animals receiving rBCG-
SIVGag (13.6 + 7.2 and 22.8 & 7.8, respectively, Fig. 4D).
Splenocytes from animals inoculated with either BCG—
Tokyo or rBCG-pS0246 had tevels of PPD-specific IFNy
responses similar to those from animals vaccinated with
rBCG-SIVGag via the same immunization route (Fig. 4C),
while no Gag-specific IFNy responses were observed in
these animals (Fig. 4D}.
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Figure5  Profile of IFNwy responses at 50 weeks against SIV Gag
p27 antigen in PBMC and spleen cells from guinea pigs
intradermally or orally immunized with rBCG-SIVGag. Cells
harvested 50 weeks after immunization were stimulated in
vitro with antigen (20 ug/mt of SIV Gag p27) for 4 days. After
separation of CD4™ and CD8” T cell subsets, total RNA was
extracted, and IFNy mRNA levels were measured quantitatively
by real-time RT-PCR. The results are expressed as the fold
induction. Shown are the mean values (symbols; &, CD4” T cell
subsets; A, CD8™ Tcell subsets) + standard deviations.

To further investigate Gag-specific IFNy responses in T
cells, PBMC and splenocytes from guinea pigs vaccinated with
rBCG-SIVGag were separated at week 50 into CD4” and CD8™ T
cell subsets, Higher levels of IFNy mRNA expression were
detected in CD4" T cells in comparison to CD8* T cells from

PBMC and splenocytes from guinea pigs in both the i.d. ands

oral immunization groups (Fig. 5). The mean values of Gag- . Indiiction of antigen-specific serum antibody

“pesponses

specific IFNy responses were 63.5 + 48.4 and 8.4 + 4:8:for

PBMC CD4" Teells, and 11.7 + 5.2 and 18.8 + 10, Ofor's"pleen-.:
derived CD4" Tcells, in the i.d. and orally immunized groups,

respectively, Comparatively, the magnitude of Gag specific
IFNy responses in CD8* T cell subsets_fromvPBMf; ‘and
splenocytes ranged from 2.3 to 3.0 in the i.d. and orally

A.PPD

immunized animals (Fig. 5). These results indicate that long-
lasting, Gag-specific IFNy responses are induced by immuni-
zation with rBCG-5IVGag, and these responses are mediated
toa large extent by CD4* Tcells at 50 weeks after vaccination.

PPD- and Gag-specific IFNvy responses were also deter-
mined for i-lEL from the large intestines of guinea pigs
receiving rBCG-SIVGag. The mean values of PPD-specific
IFNy responses were 1.1 = 0.4 and 0.7 * 0.1 for the i.d. and
oral groups respectively, white those for Gag-specific IFNy
responses were 1.7 + 0.7 and 0.8 + 0.1, respectively.
Similarly, LPL from the small intestines of the i.d. and orally
immunized animals had mean values for PPD-specific IFNy
responses of 1.0 + 0.2 and 1.1 + 1.0, respectively, while the
means for Gag-specific FNy respgn‘ses.;wme 1.4 £+ 0.2 and
1.3 + 0.7, respectively. LPL from the large intestines
exhibited no significant increase.in antigen-specific IFNy
mRNA expression, i-IEL from the. small intestines were not
isolated in sufficient_quantity “for analysis due to the
enormous quantity of micus;which is copious in the small
intestine. Thus, our resalts indicate that no significant
increases occurt‘ed i tevels of IFNy mRNA expression upon
in vitro stimalation with PPD or SIV Gag p27 in i-IEL and LPL
from guinea pigs immunized with rBCG-SIVGag by either
route,sPrevious studies have suggested that i-JEL and LPL
have: dxfferent activation requirements than do PBMC

:[31 32} Further study is needed on the antigen-specific
-'"jmucusal immunity induced by rBCG-SIVGag.

To investigate the induction of humoral immune responses to
PPD and SIV Gag p27 in guinea pigs immunized with r8CG-
SIVGag, antigen-specific serum IgG titers were determined
by ELISA (Fig. 6). Even at 50 weeks after immunization,
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Induction of serum IgG responses against (A) PPD and (B) SIV Gag p27 antigens in guinea pigs intradermally (solid bars) or

orally (hatched bars) immunized with either BCG~Tokyo, rBCG-pS0246 or rBCG-SIVGag 50 weeks after immunization. Shown are the

mean values + standard deviations.
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significant levels of serum IgG specific for PPD and SIV Gag
p27 were detected in all animals from both immunization
groups. In comparison to animals inoculated with controt
preparations of BCG—-Tokyo or rBCG-pS0246, the levels of
Gag-specific serum 1gG in the animals receiving rBCG-5IVGag
were 10%-fold higher, although low but detectable levels of
non-specific 1gG against Gag p27 antigen could be found in
the animals receiving control inoculations compared to non-
immunized healthy animals (Fig. 6B). As expected, animals
inocutated with BCG—Tokyo and rBCG-pS0246 had serum 1gG
titers against PPD similar to those seen in the rBCG-SIVGag-
immunized group (Fig. 6A).
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We report here that i.d. or oral inoculation with rBCG-
SIVGag induces SIV- and tuberculosis-specific immune
responses in guinea pigs, and these responses persist for at
least 1 year {the duration of the study period). These
findings suggest that rBCG-Gag might be used as an
immunogen to elicit responses specific for HIV as well as
tuberculosis at human doses,

In this study, we used BCG--Tokyo as a parental strain to
develop a rBCG vector and confirmed that both the parental
BCG and the rBCG had the same advantage of providing long-
lasting, cell-mediated, PPD-specific immunity after a single
i.d. inoculation. Furthermore, two oral inoculations of rBf
also produced levels of immunity against PPD identical ta

those seen with the parental BCG. We have evidepcé:that

both i.d. and oral inoculation of rBCG can ehcﬂ: positiye
immunity against challenge by inhaled M. tuberculos' with
similar efficacy to that conferred by vaccination, with BCG—
Tokyo [S. Haga et al., personal commumcatmn]. This, the
ability to induce antigen-specific imfmunity and provide
protective efficacy against M. tuberctdgsis ray apply to
rBCG as well as the BCG—Tokyo vaccine strain,

In studying the rBCG, we sought ‘o determine how
effectively BCG might expréss.aiinserted gene from a
foreign immune deficiency virts. We found that rBCG
produced intracetlular-SV Gag_pmtem at a level of 0.5 ng/
mg. Even though i.d{ inoculation dosages were small, 0.1 mg
of rBCG-SIVGag and 0,05 ng{)f SIV Gag protein per animal, we

achieved the, mductmn of a strong immune response specific
for SIV Gag that Wias maintained over a 50-week period of
observation.”Several possible attributes may contribute to
the ability of rBCG to elicit potent immune responses: (i) the
BCG bacillys.ds known to increase immune responses by
acting as an adjuvant; (i) the persistence of live rBCG in host
cells may account for its ability to induce long-lasting,
specific immunity; and (ifi} secretory proteins derived from
the mycobacteria, such as «-antigen (also known as MPB59 or
antigen 85B), can elicit potent Th1 immune responses [33~
35], which have been shown to be beneficial for controlling
pathogenic infectious agents {36—39].

The rBCG-SIVGag used here was able to effectively elicit
long-term, SIV Gag-specific DTH, proliferative and IFNy
responses in PBMC and splenocytes from either i.d. or
orally immunized guinea pigs. Previous reports have shown
that the degree of HiIV-specific DTH responsiveness, which
generally depends on the intensity of helper T cell
function, correlates with clinical stability in infected

individuals [40,41]. Furthermore, several lines of evidence
support the importance of maintaining helper T cell
function in controlling viral infection and replication
[42,43]. A related study has suggested that the mainte-
nance of HiV-1 Gag-specific proliferative responses helps
preserve Gag-specific CTL activity [44]. In addition, IFNy
has been shown to play an important role in controlling
HIV-1 and SIV replication [45-48] and M. tuberculosis
infection [49--51]. In a recent study of HIV-1-infected
subjects, the production of IFNy in response to Gag was
associated with a lower viral load set point [52]. Based on
these observations, it is conceivablé that immunization
with rBCG-SIVGag might help control, viral load and curb
disease progression, although thisthas!
the appropriate animal models
In the present study, the.levels of IFNy mRNA induced in
response to both PPD and Gag were elevated at week 50
compared to week 20 ‘i‘he cells were re-stimulated in vitro
“antigéns; therefore, our results reflect
the IFNy reaction:of &ffector cells that were differentiated
from memory: Feells and activated by in vitro restimulation.
This finding mxght be attributed to the number of memory T
cells or the abmty of the memory cells to differentiate into
effectorcells. The amount of rBCG-produced Gag antigen is
vety low, perhaps resulting in low levels of Gag-specific IFNy

;iresponses ‘at week 20. However, once the Gag-specific 1FNy

response was evoked by rBCG-Gag, the response was

‘tnaiptained for more than 1 year after immunization. As

shown in Fig. 6, serum lgG against PPD and Gag was detected
at high levels even at week 50 in rBCG-Gag-immunized
guinea pigs, suggesting persistent antigenic stimulation by
chronic rBCG infection. Such chronic infection might grad-
ually tead to an increase in memory T cell counts and/or
enhancement of differentiation into effector cells.

in guinea pigs, IFNy-specific tetramers, ELISPOT assays
and flow cytometric analyses remain to be developed.
Hence, we relied on a method for quantitative determina-
tion of antigen-specific IFNy mRNA expression in £D4" and
CD8" T cell subpopulations using real-time RT-PCR. Our
results indicate that long-lasting IFNy responses against SIV
Gag p27 induced by rBCG-$IVGag inoculation occur mainly in
the CD4* Tcell population and not the CD8" Tcell population
at the 50-week time point. However, it is unclear whether a
CD8" T cell IFNy response to Gag p27 may have occurred
because the level of Gag-specific IFNy expression was
normalized by using the amount of rRNA in the sample.
Namely, in case of a low frequency of Gag-specific memory
CD8" T cells in the sample, it may be difficult to accurately
detect enhancement of the Gag-specific IFNy expression
even if such memory CD8" T cells are activated by
restimulation with Gag antigen.

The current study demonstrates that i.d. immunization
with rBCG-SIVGag or BCG—Tokyo induces significantly higher
DTH responses to PPD than does oral immunization with the
same vaccines. Interestingly, guinea pigs lacking a PPD-
specific DTH response 8 weeks after oral inoculation with
rBCG-$IVGag still exhibited significant proliferative and IFNy
responses to the PPD antigen. Moreover, a significant IFNy
response to PPD was generated in guinea pigs in which a PPD-
specific DTH reaction was no longer detected at week 50.
These results clearly indicate that a DTH reaction to PPD does
not necessarily reflect proliferative and IFNy responses {30].
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Itis possible that a T cell subset mediating a DTH response to
PPD [53] was transiently localized at a cutaneous area by oral
inoculation with rBCG-51VGag. However, oral immunization
with rBCG-SIVGag effectively induced Gag-specific DTH
responses over a 50-week period. These findings indicate
that oral inoculation of guinea pigs with rBCG-SIVGag
engenders distinct DTH kinetics between PPD and Gag
antigens, suggesting that different T cell subsets may be
responsible. It has been shown that T cells activated by oral
vaccination of humans with common BCG preferentially
express a mucosal homing o437 molecule associated with T
cell trafficking to mucosa, resulting in a failure of the
immunization regimen to induce PPD-specific DTH responses
[54]. However, in this study of guinea pigs, it is unclear why
oral rBCG-SIVGag inoculation persistently elicited vigorous
Gag-specific DTH responses. it is possible that intracellular
expression of $IV Gag within BCG inoculated orally may not
be efficiently recognized by antigen-presenting cells in gut-
associated tymphoid tissue (GALT). Namely, SIV Gag antigens
might be processed and presented after migration of rBCG-
SIVGag-infected macrophages to systemic compartments
(e.g., the spleen). In the oral immunization group, a Gag-
specific Tcell subset may then home to systemic compart-
ments including a cutaneous area, rather than to the
mucosa. It will be important in future studies to investigate
whether mucosal and cutanecus homing molecules are
expressed on PPD- and Gag-specific T cell subsets that are
induced by oral inoculation with rBCG-SIVGag.

Intradermal or oral vaccination of guinea pigs with rBCG-
SiVGag resulted in the production of serum IgG direciedito
SIV Gag p27 and PPD. Although it is unclear how Gag- specuﬁc_’j:;.,
lgG affects HIV- 1 infection or replication in vivo, &

& shown that a rBCG vaccine can induce
antlgen speei munity to viral as well as bacterial
antigens. It is especlauy interesting to note that significant
levels of Gag-specific immunity were induced by inoculation
with rBCG-SIVGag at the dose and route commonly used for
BCG vaccination in humans (0.1 mg by i.d. inoculation).
These findings suggest that a rBCG-based vaccine targeting
the HIV-1 Gag region might be an effective immunogen.
Currently, many candidate HiV-1 vaccines are multivalent,
utilizing several viral proteins for the induction of broadly
reactive virus-specific immune responses. However, recent
studies have shown the effectiveness of SIV vaccines
expressing a single viral Gag protein, including Mamu-A*01
macaques immunized with either SIV Gag DNA [59] or
adenovirus type 5 vectors expressing SIV Gag proteins [60].
Results using these vaccines indicate that expression of Gag

alone is sufficient to induce significant efficacy in the
macaque model.

However, there are certain drawbacks to using rBCG as a
live, vector-based vaccine. One of the most serious concerns
is that it might interfere with immunity induced by other
tubercutosis vaccines that are based on the same BCG
vector. Pre-existing immunity in BCG-vaccinated individuals
may lead to rapid neutralization of a rBCG vaccine.
However, the anamnestic effect of BCG vaccination would
be irrelevant if our ultimate goal is reached—that is, the
replacement of common BCG vaccination by administration
of a rBCG vaccine to newborns who have no pre-existing
immunity to BCG. While it is clear that the: safety of an rBCG
vaccine must be established for yséiin, humans, BCG~—Tokyo
may be one of the most suitableBCG substrams to use as an
HIV vaccine vector because.it s wirulent than other
substrains, and its moculatlo ¥ not cause severe
systemic infection in_immune deficient animals [61—64].
Based on these fingir rBCG based on BCG—~Tokyo may
have promise as eector for an HIV/AIDS vaccine.

Although thé currept study did not directly address the
efficacy of th :‘_urBCG SIVGag vaccine against viral challenge
due to the failire of guinea pigs to support infection with
HIV op#8h, our results open up the possibility of i.d.
immi zatwon with a single, human dose of rBCG-HIVGag
VHIV and tuberculosis, an immunization regimen
at’ mlght 1 day reptace the common BCG vaccine without

rmg any variation in the current dose or protocol.
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Potent Anti-R5 Human Immunodeficiency Virus Type 1 Effects of a
CCRS5 Antagonist, AK602/ONO4128/GW873140, in a Novel
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We established human peripheral blood mononuclear cell (PBMC)-transplanted RS human immunodefi-
ciency virus type 1 isolate JR-FL (HIV-1p py)-infected, nonobese diabetic-SCID, interleukin 2 receplor
v-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, AK602/0NO4128/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 (# = 7), the mean human CD4%/CD8" cell ratio was 0.1 on day
16 after inoculation, while levels in mice ( = 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 ~10%ml on day 16, while levels in AK602-treated mice were 1.27 X 10%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 sysiem should serve as a small-animal AIDS medel and warrant that
AKG602 be further developed as a potential therapeutic for HIV-1 infection.

Highly active antiretroviral therapy has brought about a  combined immunodeficiency (SCID) mice engrafted with
major impact on the AIDS epidemics in the industrially  human fetal thymus, liver, or peripheral blood mononuclear
advanced nations (5, 22). However, eradication of human  cells (PBMC) were first exploited to examine antiretroviral
immunodeficiency virus type 1 (HIV-1) is thought to be  agents (19, 25). However, a number of mouse models have
currently impossible, duc in part Lo the viral reservoirs re-  suffered from false-positive and false-negarive results in de-
maining in blood and infected tissues (6). The limitation of tecting or quantilying TITV-1 infeetion and replication and
antiviral therapy of AIDS is exacerbated by complicated  pjye required a large number of samples and mice for test-
regimens, the development of drug-resistant HIV-1 variants ing (25, 29).

(11), and a number of inherent adverse effects (2, 31). In the present work, we established human PBMC-trans-
Hence, 'che 1dent1ﬁc;fmon of new antiretroviral drugs tl'lat plamed RS HIV-1yg g -infected, nonobese diabetic (NOD)-
have unique mechanisms of action and produce no or min- SCID, interleukin 2 receptor y (IL-2Ry)-chain-knocked-out
imal adverse effects remains an important therapeutic ob- (NOé) mice, in which massive and systemic HIV-1 infection
jeetive. Tn regard 1o development of potential anti-ITTV occurs hume:n CD4'/CD8  cell ratios significantly decrease
therapies or vaccines, experimental animal models for AIDS and hi,gh levels of RS I:IIV- 1 viremia reaching as high as 1 06’

which allow the determination of the possible efficacy of . .
antiviral agents or vaccines have been sought since severe  “°P fes/ml are achieved. Fur'th_e_rmorg, we c.iemonstratcd that
this unprecedented susceptibility of the implanted human
PBMC to the infectivity and cytopathic effects of R5 HIV-1
* Corresponding author. Mailing address: Department of Infectious ~ infection stems from hyperactivation of the PBMC. Here, we
Diseases, Kumamoto University Graduate School of Medicine, 1-1-1 also report a movel small nonpeptide CCRS  antagonist,

Honjo, Kumamoto 860-8556, Japan. Phone: 81-96-373-5156. Fax: 81- . 5 3
96-363-5265. E-mail: hmitsuya@helixnih.gov. AK602/ONO4128/GW873140, which exerts potent anti-HIV-1

1 Present address: Laboratory of Viral Pathogenesis, Institute for activity in vitro against laboratory and clinical strains of HIV-1,
Virus Research, Kyoto University, Kyoto 606-8507, Japan. including highly multidrug-resistant (MDR) variants.
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‘ FIG. 1. Structure of AK602.

MATERIALS AND METHODS
PBMC in NOG mice. NOD-SCID (NOG) mice

Transplantation of h

(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-NOG) 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 CCRS5 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 pM
S-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 (107 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-CCRS5 monoclo-
nal antibody 3A9 or peridinin chlorophyll protein-conjugated anti-HLA-DR
antibody (BD Pharmingen, San Diego, Calif.) and subjected to fiow cytometric
analysis with a Becton Dickinson FACscan cytometer; the data wete analyzed by
Cell Quest software (Becton Dickinson, Franklin Lakes, N.J.). 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 immunoglobulin G mole-
cules (Quantum Simply Cellular Kit; Sigma, Saint Louis, Mo.) to determine the
absolute number of CCR5s 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 CCRS (CCR5* 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 R5 HIV-1;p 5 genome (13). PBMC isolated from HIV-1-seronegative
individuals were cultured with 10% FCS and antibiotics with 10 g of PHA/m]
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-ijpp (13), HIV-1pq4s (32), a wild-type HIV-1yoxw isolated from a
drug-naive AIDS patient (17), and MDR primary HIV-1 (HIV-1ypg) strain
(HIV-1g; and HIV-1y0,) (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 fested 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* celispwell) for
24 b, exposed to 0.1 or 1 WM AK602 for 30 min, washed three times, exposed to

J. ViROL.

RS HIV-1 (100 50% tissue culture 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 pl) containing 1% Triton X-100, a solution (100 ) containing 10
mM chlorophenol red-B-p-galactopyranoside, 2 mM MgCl,, 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 performed in triplicate.

Pharmacokinetic analysis of AK602 in hu-PBMC-NOG mice. Pharmacoki-
netic analysis of AK602 in hu-PBMC-NOG mice was performed 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 wl of 4% hydroxypropyl-B cyclodextrin (HPBC). Each plasma
sample (150 pl) was centrifuged at 3,000 rpm for 10 min, and the supernatant was
vacuum concentrated and injected into the high-performance liquid chromatog-
raphy (HPLC) system. The eluent 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 Auorescein isothiocyanate-conjugated
monoclonal antibody 45531 (R&D Systems, Minneapolis, Minn.) specific for the
C-terminal half of the second extracellular loop (ECL2B) of CCRS (15) known
to be competitively replaced by SDP derivatives (17) or with PE-conjugated
monoclonal antibody 3A9, which binds to the N-terminus extracellular domain of
CCRS5 (17). PBMC were then subjected to FACS analysis.

Treatment of R5 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-
1R (2,000 50% tissue culture infectious doses) was intraperitoneally inocu-
lated to each mouse in which PBMC engraftment was confirmed. Twenty-four
hours after the R5 HIV-1 inoculation, administration of AK602 (120 mg in 4%
HPBC/kg/day, twice a day), ddI (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 sampies
were collected by cardiocentesis, and the mice were sacrificed. The experimental
protocol for the treatment is illustrated in Fig. 2.

Im logic and virological itoring, 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 R5 HIV-1 proviral DNA copy numbers were expressed as copy
numbers per 10° 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 R5-HIV-1 sacrifice /
transplantation infection test test test
) ] Y Y
49 U 1 I 1
day -16 01 5 9 16
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lddl (50 mg/kg/day) i, bld 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 logy,
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 ha-PBMC-NOG mice are iniensely
activated and express high levels of CCRS. 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 shifi 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 CCRS-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 (BCL2B) of CCRS (15), the majority of such
human CCR5™ 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 CCR5 (Fig. 3E). The CCRS5-positive fraction in the
PBMC recovered was 49.7%, while that in PHA-PBMC was
27.3%. The mean fluorescence intensity of the CCR5™ cell
population was 141, compared to the CCR5™ cell population
in PHA-PBMC with a mean fluorescence intensity of 51. The
estimated number of CCRS 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.

CCR5 INHIBITOR EFFECTS IN NOG MOUSE AIDS MODEL 2089

Potent activity of AK602 against R5 HIV-1 in vitro. Among
SDP derivatives we designed and synthesized, AK602 was
identified to be highly potent against a broad spectrum of R5
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 CCRS 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-1p ..

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 administration 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 CCRS, As shown above, the
plasma half-life of AK602 turned out to be short; however,
considering that AK602 possesses such a high affinity to CCR5
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 CCRS (Fig. 4B), while AK602 failed to
block 3A9 binding to CCRS (Fig. 4C), suggesting that AK602
did not elicit CCRS internalization or shedding at all at least
for 6 h. We subsequently examined whether AK602 remained
on cellular CCRS with the 45531 monoclonal antibody. When
the cells were recovered from mice 2, 6, and 14 h after the
AKG602 administration, the mean values of the percentage of
AK602 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-RS HIV-1 activity of AK602 persistently seen after its
removal from culture medinm. 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
AK602 exposure (Fig. 4E). When the CCR5* MAGI cells
were exposed to 0.1 and 1 pM AK602 and exposed to HIV-
1ga.1 immediately afterward, the values for protection were 68
and 85%, respectively. When the cells were exposed to HIV-
1ga1 4 h after depletion, 49 and 72% of the cells were pro-
tected by 0.1 and 1 WM AX602. When the cells were exposed
to HIV-1p,; 12 and 24 h after depletion, 57 and 45% of the
cells were seen protected by 1 M, respectively (Fig. 4E).

Effects of AK602 on CD4" and CD$™ 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) CCRS5 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-CCRS monoclonal antibody 3A9 and subjected to flow

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

109107 10

RS HIV-1-infected, saline-treated mouse, there were only few 1.84 (Fig. 5B) was seen in PBMC recovered from an AK602-
CD4™ cells (3.9% [1.4% + 2.5%]) resulting in a CD4*/CD8*  treated mouse, and the size of this CD4™ cell population was
cell ratio of 0.05. However, a distinct CD4™ cell population  comparable to that seen in a ddI-treated mouse (53.2% [3.8%
(55.1% [4.4% + 50.7%]) resulting in a CD4*/CD8" ratio of  + 49.4%]) and that in an uninfected mouse (48.9% [3.8% +
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TABLE 1. Anti HIV-1 activity of novel SDP derivatives in PBMC*

1Csy value in p24 assay (nM)

Compound

HIV-1g,; (RS) HIV-Ligzs, (RS) HIV-lyoxw (R5) HIV-Lygy (RSypr) HIV-131. (R5mpR) HIV-1x1,4.5 (X4)
AK602 0503 02=01 03x02 0.7+403 04 +02 >1L,000
TAK779 14+5 6=2 9+3 12+ 4 103 >1,000
SCH-C 3+2 2=1 2+ 15 25+1 21 >1,000
7DV 135§ 7 3 1016 520+ 75 64 1 13 9 5
sQv 8+3 6=2 6+3 212 = 56 276 + 44 10=4

? ICcps were determined by using PHA-PBMC isolated from three difierent donors, and the inhibition of P24 Gag protein production war used as an endpoint. All
4884ys were conducted in triplicate. The resulls shown represent arilhmetic means (=1 slandard deviation) of three independently conducted assays. HIV-1yoxw Was
igolated from a drug-naive AIDS patient, and HIV-Ly; and HIV-lyy, Were isolated from patients who received antiretroviral therapy for a long period of time and
whose virus loads showed a number of RT and PR mutations. Two previously published CCR5 inhibitors, TAK779 and SCH-C, and zidovudine (ZDV) and saquinavar
(SQV) were used as reference compounds.

45.1%]), resulting in the ratios of 1.43 and 1.40 (Fig. 5C and  treated mice (n = 8) were significantly higher with a mean
D), respectively. Figure 6A illustrates the overall profiles of  value of 0.92 (range, 0.23 to 1.89; P = 0.001), which was
CD4*/CD8" cells ratios on day 16 in the four groups. The comparable to that in ddI-treated mice (n = 9; mean, 1.29;
mean CD4™/CD8™ cell ratio in mice (» = 7) given saline was range, 0.38 to 2.68; P = 0.001) and uninfected mice (n = 7,
0.1 (range, 0.06 to 0.20). In conirast, the ratios in AK602- mean, 1.0; range, 0.50 to 1.49). The numbers of CD4™ cells/pl
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FIG. 4. Pharmacokinetics and persistence of anti-HIV-1 activity of AK602. (A) Pharmacokinetics of AK602. Each mouse was administered
AK602 at a dose of 60 mg/kg, and blood samples were taken at 15, 30, 60, 120, 2490, 480, and 720 min. Plasma concentrations of AK602 determined
by HPLC analysis at 15, 30, 60, 120, and 240 min were 76.2, 36.1, 3.5, 0.6, and 0.13 1M, respectively. AK602 was not detected at later time points.
(B and C) No CCRS internalization or shedding was caused by AK602. Human PBMC were recovered 2 and 6 h after AK602 administration and
stained with 45531 (B) or 3A9 (C). (D) Sustained AK602 occupancy on cell surfaces. At indicated periods of time after a bolus of AK-602 (60
mg/kg) was administered to hu-PBMC-NOG mice, PBMC were recovered and the percentages of AK602 occupancy on cellular CCR5 were
determined with fluorescein isothiocyanate-conjugated monoclonal antibody 45531. (E) Persistence of in vitro activity of AK602 against RS HIV-1
after AK602 depletion. CCR5™ MAGI cells were exposed to 0.1 or 1 pM AK602 for 30 min and thoroughly washed to deplete AK602 from the
medium. The cells were subsequently cultured for the indicated periods of time, exposed to HIV -1pa.1, and further cultured for 48 h, when the
cells were harvested and lysed with Triton X-100-containing PBS. A solution containing chlorophenol red-B-p-galactopyranoside was added, the
optical density was measured, and the percentage of protection was determined.
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FIG. 5. Effects of AK602 on CD4* and CD8" cell counts in in-
fected hu-PBMC-NOG mice. PBMC recovered on day 16 after RS
HIV-1 inoculation were subjected to flow cytometry. Shown are rep-
resentative flow cytometric analysis profiles. Note that only 3.9% of
CD4™ cells were seen (A), resulting in a CD4*/CD8™ cell ratio of 0.05
in a mouse given saline, while distinct numbers of CD4™ cells (55.1 and
53.2%) (B and C) were seen in AK602- and ddI-administered infected
mice, resulting in CD4*/CD8™ cell ratios of 1.84 and 1.43, respectively.
In an uninfected mouse (D), 48.9% of cells were positive for CD4, with
a CD4*/CD8" cell ratio of 1.40.

in saline-treated mice were significantly less than those of
AK602-treated, ddl-treated, or uninfected mice (Fig. 6B).

Effects of AK602 on RS HIV-1 proviral DNA copy numbers
and serum p24 levels in RS HIV-I-infected hu-PBMC-NOG
mice. We next asked which population harbored proviral DNA
in the cells recovered from R5 HIV-l-infected hu-PBMC-
NOG mice, by purifying CD4* and CD4~ cell populations and
determining proviral DNA copy numbers in each population.
As shown in Table 2, more than 99% of proviral DNA was
found in CD4™ cells and <0.3% of proviral DNA was detected
in CD4~ cells derived from saline-treated mice, indicating that
R5 HIV-1 infection occurred in CD4™ cells in the hu-PBMC-
transplanted NOG environment. As illustrated in Fig. 6C, the
mean number of RS HIV-1 proviral DNA copies was 2.0 x 10°
(range, 2.6 X 10* to 1.7 X 10° per 10° CD4™ cells in RS
HIV-1-infected mice (n = 7) given saline. However, values for
mice in groups given AK602 and ddI were 1.3 x 10° (range, 2.3
X 107 t0 7.9 X 10% P = 0.001) and 1.8 x 107 (range, <10? to
7.9 X 10% P = 0.001), respectively.

The amounts of RS HIV-1 p24 in serum were also found to
be very high in saline-treated mice, with a mean amount of 1.1
x 10° pg/ml (range, 3.1 X 10% to 2.8 x 10° pg/ml). AK602 and
ddI were found to significantly suppress the serum p24
amounts as examined on day 16 with a mean amount of 5.6 X
10% pg/m! (range, 8.1 x 102 to 2.1 x 10* pg/ml; P = 0.001) and
7.1 x 10% pg/ml (range, 1.3 x 10% to 1.1 x 10* pg/ml; P =
0.001), respectively (Fig. 6D).

J. VIROL.

AK602 suppressed RS HIV-1 viremia in hu-PBMC.NOG
mice. As described above, the PBMC transplanted to NOG
mice were intensely activated in the xenogeneic environment
and had undergone ~4 cycles of proliferation by day 2; a
majority of the cells had undergone =10 cycles of proliferation
by day 4 (Fig. 3B). These data suggested that RS HIV-1 might
extensively replicate in the hu-PBMC-NOG mice immediately
after RS HIV-1 inoculation. When we collected blood samples
on days 5, 9, and 16 following the inoculation and determined
RS HIV-1 RNA copy numbers in infected, saline-treated mice
(n = 7), the geometric mean copy number was 8.6 X 10%ml
(range, 1.7 X 10° to 1.0 X 10°) on day 5 and rapidly increased
t0 1.9 X 10°/ml (range, 2.2 X 10* to 3.0 X 10%) on day 9; by day
16, the mean copy number had reached 7.7 X 105/ml (range,
26 x 10° to 3.0 x 10%ml). However, AK602 significantly
suppressed viremia by ~1.1 log, as examined on day 5; the
mean numbers of RS HIV-1 RNA copies in AK602-adminis-
tered mice were 1.6 and 1.8 logs lower than those in saline-
treated mice examined on days 9 and 16, respectively (Fig. 7).
Comparable viremia suppression was seen in the mice receiv-
ing ddI (Fig. 7). It was noted that although AK602 did not
completely prevent the viremia from further increasing after
day 5, there was a clear reduction in the viremia increase rates.
The mean slopes (change in RNA copies per day over the
range of data from 5 to 16 days) for the group receiving saline
was 0.167 *= 0.042, whereas those for the AK602 and ddI
groups were 0.102 *+ 0.041 and 0.091 % 0.037, respectively.
Thus, the rates of increase in the AK602 (£ = 0.0057) and ddI
(P = 0.0023) mice were significantly lower than that for the
mice given saline, indicating that both of the agents signifi-
cantly inhibited R5 HIV-1 replication in this mouse model over
the range of days evaluated. No apparent AK602- or ddlI-
associated adverse effects were seen throughout the study pe-
riod.

DISCUSSION

In the present hu-PBMC-NOG mouse model, human
CD4*/CD8™ cell ratios went down to 0.1 by 16 days after RS
HIV-1 inoculation, the amounts of proviral DNA and p24 gag
antigen reached 10° to 10° copies/10° CD4™" cells and 10°
pg/ml, respectively (Fig. 6), and no mice failed to be infected
with RS HIV-1. It is noteworthy that the use of NOG mice
provides a higher engraftment rate than with other SCID mice
such as NOD/Shi-SCID mice treated with anti-NK cell anti-
body or the B,-microglobulin-deficient NOD-SCID mice (10).
With NOG mice, the chimeric rate of 30 to 40% is achieved,
and cord blood CD34™ cells have been shown to “take” with as
few as 100 cells (10). Moreover, all infected mice developed
high levels of RS HIV-1 viremia by day 16, reaching as high as
10° copies/ml (Fig. 7). It is worth noting that the notably high
levels of HIV-1 viremia seen in the present mouse model by 16
days after RS HIV-1 exposure can be seen only on acute
infection or up to 10 years after HIV infection in humans (3,
4).

In the present study, we found that the conspicuous suscep-
tibility to the infectivity and replication of RS HIV-1 in these
mice appeared to stem from the hyperactivation of the im-
planted human PBMC. The implanted PBMC were highly
activated in the xenogeneic environment, expressed quite high



