A. Himeno et al. / Vaccine 28 (2010) 5377-5385

PBS gp120 gp120-NPs
27 ——MM474 27 —9— MM468 2 pwrvrryen
—b— MM4TS| —A— MM48S —t- MIM4T2
- MM478 8- MMATS —— MM4T3
1.5 1 15 1 15 1
o o fa}
Ing 1 L-.-'..'.\-‘ . =
054 05 [ X3
0 i - '-.- + .a-------.a 0 0
0 4 8 122 18 20 0 4 8 12 16 2 0 4 8 12 16 20
e © o e * ¢ o ° & ¢ o o© +
Weeks post vaccination (wpv) Weeks post vaccination (wpv) Weseks post vaccination (wpv)
1 ~=wwara ! 1 [Fo=wwasg
——MM475 —t— MM469
0.8 4 [—E—MM478 0.8 { |[—8—mMa78
. 0.6 4 . 08 4
=) a
.QA o o
04 1 0.4 1
02 g 0.2 1
ot
0 4 [ 2 16 2 0 4 § 12 18 2 0 4 8 12 16 20
e o o * e e o ©° ® @ ¢ o o *
Weeks post vaccination (wpv) Weeks post vaccination (wpv) Weeks post vaccination (wpv)

Fig.2. Anti-HIV-1 gp120 IgG and IgA antibody levels in the plasma of macaques immunized with gp120-NPs, gp120-alone and PBS control. Plasma samples were collected at
aninterval of 1-week.Thelevels of gp120-specific IgG and IgA antibodies were measured by ELISA. Plasma samples were assayed after 100-fold dilution. The data are expressed
as the optical density (0.D.). The white arrows indicate the times of intranasal immunization, and the black arrows indicate the times of subcutaneous immunization.

were clearly increased. A higher titer was detected in all macaques
from the gp120-NP group than in the gp120-alone group. Thus,
additional subcutaneous immunizations of 300 ug of gp120 anti-
geninduced clearimmune responses in the macaques, although the
first 3 bouts of intranasal immunizations with 100 p.g of gp120 anti-
gen were insufficient. The induced cellular and humoral immune
responses were higher in the gp120-NP group than in the gp120-
alone group.

3.2. Intravenous challenge of the vaccinated macaques with
SHIV-KU-2

To evaluate the protective effects provided by immunization
with gp120-NP, a pathogenic virus, SHIV-KU-2, was intravenously
challenged to vaccinated macaques 4 weeks after the last immu-
nization. The plasma viral RNA load and CD4* T cell counts in the
peripheral blood were then monitored.

The plasma viral RNA load in two macaques from the PBS group
(MM474 and 475) increased with a peak of 105-107 copies/ml at
1-week post challenge (wpc), and one macaque (MM476) showed
over 108 copies/ml after 2 wpc. Then, the viral load in all macaques
decreased to below the 104 copies/ml after 10 wpc (Fig. 3). On the
other hand, in all macaques from the gp120-alone and gp120-
NP groups, the viral RNA load peaked at over 10® copies/ml at
2wpc. Furthermore, two of the three macaques in the gp120-NP
group (MM472 and 473) showed over 10° copies/ml after 10 wpc,
although the viral RNA load of the other macaques decreased to
below 105 copies/ml at those time points. Thus, the challenged virus
had replicated more in the vaccinated groups than in the PBS con-
trol group. Furthermore, this tendency was more intense in the
gp120-NP group than in the gp120-alone group.

The number of CD4* T cells in the peripheral blood of all
macaques in the gp120-alone and gp120-NP groups decreased
drastically to below 20% of the pre-challenge levels by 3 wpc,

although the CD4* T cells were not so severely decreased in two
of the three macaques in the PBS control group (MM474 and 475)
(Fig. 4A). Thereafter, in two macaques from the gp120-NP group
(MM472 and MM473) and one macaque from the gp120-alone
group (MM469) remained below 20% of the pre-challenge levels
until 12 wpc, according to the results of the plasma viral RNA load.
Thus, the CD4* T cells in the peripheral blood were more severely
decreased in the vaccinated groups than in the PBS control group.
Furthermore, this tendency was more pronounce in the gp120-NP
group than in the gp120-alone group.

To understand the decrease in the CD4* T cell population in the
peripheral blood in more detail, we analyzed the CD4* T cell sub-
populations using a CD95 marker. In two of the three macaques
from the PBS group (MM474 and MM475), the CD95" naive CD4*
T cell subpopulation remained over 30% after challenge (Fig. 4B).
On the other hand, in all macaques from the gp120-alone and
gp120-NP groups and one macaque from the PBS group (MM476),
the naive CD4* T cell subpopulation decreased to below 20%. In
all macaques, the CD95* memory CD4* T cell subpopulation tran-
siently increased at 1 wpc and thereafter, in most of the macaques,
it was maintained at the pre-challenge levels (20-40%) except for
two macaques from the gp120-NP group (MM472 and MM473).
The memory CD4* T cell population of these macaques decreased
to below 10% after 3 wpc, and did not recover until 12 wpc (data not
shown). Thus, in those macaques who showed a high viral load and
severe CD4" T cell depletion, the memory CD4* T cell subpopulation
was more severely injured as compared to the other macaques.

3.3. Virus-specific immune responses after the challenge infection
of SHIV-KU-2

To assess the systemic immune responses in vaccinated
macaques after the intravenous challenge infection, the virus-
specific antibody levels in the plasma of macaques challenged
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Fig.3. Plasma viral RNA loads in the peripheral blood of SHIV-KU-2 infected macaques after intravenous inoculation with SHIV-KU-2. The unimmunized (PBS) and immunized
(gp120-alone and gp120-NPs) macaques were intravenously challenged with SHIV-KU-2. The plasma viral RNA loads were measured by RT-PCR with a detection limit of

5 x 102 copies/ml. The black arrows indicate the time of challenge with SHIV-KU-2.

with SHIV-KU-2 were measured by the particle agglutination test
(Table 1).In the gp120-alone and gp120-NP groups, the initial anti-
body responses were delayed as compared to the PBS group. In
particular, MM472 and MM473 of the gp120-NP group had high
viral loads, and the antibody titers were also low in these macaques.
These results suggest that there was no protective effect against
SHIV-KU-2 in both gp120-NP and gp120-alone groups, in contrast
to the immunization-increased viral proliferation.

To assess the effects of the immunization, the lymphocyte pro-
liferation activities after SHIV-KU-2challenge were measured by
determining the ratio of Brd-U incorporated by PBMCs in the
presence of HIV-1 gp120 and SIV p27 (Fig. 5). First, the gp120-

specific lymphocyte proliferation activities were increased in two
macaques from the PBS group at 2, 4(MM476) and 8 wpc (MM475).
In two macaques from the gp120-alone group (MM468 and
MM469), an increase in proliferative activities could be detected at
2 and 3 wpc. On the other hand, in three macaques from the gp120-
NP group, an increase in proliferative responses was observed after
1 wpc (MM472 and MM473) and 2 wpc (MM471). In other words,
the increase in activity in the gp120-NP group could be detected
earlier than any other group. p27-specific lymphocyte proliferation
activities were increased in three macaques from the PBS group
at 2wpc (MM475 and MM476) and 3 wpc (MM474). After 4wpc
in the PBS group, higher proliferative responses were observed in
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Fig. 4. The number of (A) CD4" T cells and (B) CD95" naive CD4* T cells in the peripheral blood of SHIV-KU-2 infected macaques after an intravenous inoculation with
SHIV-KU-2. (A) The number of CD4* T cells was determined by flow cytometry. The data are expressed as a percent of the cell counts immediately before challenge. (B)
Sequential changes in the proportion of the subpopulation (CD95 negative naive cells) of the peripheral blood CD4" T cells. The percentage of these cells in the CD4" T cells
was determined by flow cytometry. The black arrows indicate the time of challenge with SHIV-KU-2.
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Table 1

all macaques. In all macaques from the gp120-alone group, the
increase inactivity could be detected after 2 wpc. On the other hand,
in only one macaque from the gp120-NP group (MM471) with a
low viral load, an increase in activity was observed after 3 wpc.
In the gp120-NP and gp120-alone groups, an increased plasma
viral RNA load, and a reduction in CD4* T cells in the peripheral
blood, and gp120-specific lymphocyte proliferation were identified
at 1-3wpc. However, in the PBS group, p27-specific lymphocyte
proliferation was identified at the same time, and was higher than
in the immunized group after 4wpc. These results suggest that
immunization with gp120-NPs or gp120-alone enhanced gp120-
specific immunity, but immunity to the gp120 antigen did not
become effective against viral infection or viral proliferation.

4. Discussion

Polymeric nanoparticles have been investigated as an efficient
delivery system to APCs for a protein antigen [40]. Therefore

HIV-1/2 specific antibody responses in the plasma obtained from vaccinated macaques after the intravenous SHIV-KU-2 challenge.

Antibodies to HIV gag p24 and env gp41 in the plasma were measured by the PA method. The data indicated as the titer of serial dilution. n.d.: not detected.

5383

biodegradable NPs consisting of y-PGA derived from Bacillus repre-
sent a system with efficient immune induction [41-48] and safety
[45,46], since it is specifically taken up by dedicated APCs such
as DCs [34,44], and is easily disintegrated by proteases [49]. In
immune induction experiments using mice with HIV-1 env-gp120
carrying y-hPGA NPs (gp120-NPs), it was shown that both cellu-
lar and humoral immune responses were efficiently induced by a
low number of vaccinations, suggesting the possibility of use as an
efficient vaccine candidate for HIV-1 infection [36]. However, it is
unknown whether the immune responses induced in the mouse
have protective effects against HIV infection, because HIV-1 is not
contagious to mice. Therefore, we immunized rhesus macaques
with gp120-NPs in this study to clarify the immune induction
capabilities of gp120-NPs and their protective effects against viral
infection using a SHIV infection system, because this could not be
confirmed with the mouse model.

In the mouse experiments, potent specific cellular immunity
was induced with a single intranasal administration of gp120-NPs
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Fig. 5. Antigen-specific lymphocyte proliferation responses in PBMCs from macaques challenged with SHIV-KU-2. The proliferation of the PBMCs was measured by Brd-U
uptake after stimulation with gp120 or p27, and was expressed as a stimulation index (SI) as described in Section 2. The cut off value is 2.5 for the SI. The arrows indicate the

time of challenge with SHIV-KU-2.
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[36]. It has also been reported that mucosal immunization with
an HIV-1 vaccine can induce mucosal and systemic HIV-1-specific
humoral and cellular immune responses in macaques [20,50,51].
Therefore, we selected intranasal immunization as the admin-
istration route of vaccines. However, we determined that three
intranasal administrations with 100 p.g of gp120-NPs were not able
to induce a sufficient immune response in the macaques. Therefore,
we performed two additional subcutaneous administrations with
300 p.g of gp120-NPs. In this experiment, 100 pg of gp120 was used
for each nasal administration. This quantity was decided by a calcu-
lation from the optimal amount per weight obtained from mouse
experiments. Other research groups administered it intramuscu-
larly or subcutaneously, with more amount of gp120, and obtained
antigen-specific cellular immunity and antibody responses [52,53],
although they used a different antigen delivery system. In our
particulate delivery system, a greater amount of antigen was nec-
essary to induce a specific immune response in macaques than in
mice. An additional two subcutaneous administrations with 300 pg
of gp120-NPs induced not only cellular immune responses, but
also humoral antibody responses (IgG and IgA), which was poorly
induced in the mouse experiments [35], indicating a boost effect in
macaques. After the subcutaneous immunization, the increase in
gp120-specific IFN-y producing cells, the increase in gp120-specific
cell proliferation activity and the anti-gp120 antibody titer (IgG
and IgA) in the plasma were confirmed in all macaques immunized
with gp120-NPs and gp120-alone. In both cellular and humoral
immune responses, the degree of immune induction was clearly
stronger in the gp120-NP immunized macaques than in the gp120-
alone immunized macaques. Thus, it became clear that y-hPGA NPs
had an immune reinforcement effect not only in the mice, but also
in the rhesus macaques. However, the numbers of gp120-specific
SFCs in the gp120-NP group obtained from ELISPT assay were low
at less than 10 spots per million PBMCs. These results suggest that
antigen-specific CD8 T cell responses were not or poorly induced by
the vaccination of gp120-NPs. Consequently, CD4 T cell responses
were primarily enhanced in macaques immunized with gp120-NPs.

To examine the protective effects of the gp120-specificimmune
responses induced by gp120-NPs against viral infection, a chal-
lenge inoculation with pathogenic SHIV-KU2 was performed in
immunized macaques. Against our expectations, no protective
effect was observed. Instead, a promotion of viral growth was
observed in immunized macaques as compared to naive con-
trol macaques. Furthermore, the degree of reinforcement of the
infection was stronger in the gp120-NP immunized macaques
than in the gp120-alone immunized macaques. The gp120-specific
immune responses induced by vaccination correlated with the pro-
motion of viral growth in between groups. However, there was no
definite the correlation between the immune responses and viral
road of within-group. Since the target cells for primate lentivirus
infection are immune cells such as CD4"* T cells and macrophages,
the only useful immune reaction should be activated protection
against viral infection. In other words, there is a case for pro-
moting viral replication by inappropriate or insufficient immune
responses. For example, there were some antibodies reinforcing
the HIV-1 infection [54,55], and HIV-1 is preferentially contagious
to memory CD4* T cells, which are specific for HIV-1 antigens [S6].
In this study, we used gp120 as the antigen based on the result
that the immune response against env was better than that against
gag in a mouse study [36,37]. The number of CD4* T cells in the
peripheral blood decreased conspicuously at the same time as the
immune response specific for gp120 appeared early after virus
inoculation in the gp120-NP and gp120-alone vaccinated groups.
Onthe other hand, in the naive control group, the immune response
specific for p27 (gag) was detected, but not the immune response
specific for gp120 (env) early after the virus inoculation. Thus, the
CD4* T cells in the peripheral blood were maintained without any

decrease in 2 out of 3 naive control macaques. Recently, it has
been reported that the strength of the specific imnmune response
against gag, i.e. the internal protein structure of the virus is cor-
related to the decrease in the quantity of virus in the peripheral
blood of HIV-1 infected patients. In contrast, the strength of the
specific immune responses against the env in the crust protein and
accessory proteins are correlated to the increase in the quantity of
blood virus [57]. Our result that the vaccination of rhesus macaques
inducing a specific immune response against env-gp120 showed
an enhancement of viral replication was consistent with the obser-
vations in HIV-1 infected patients, supporting the importance of
antigen selection for HIV-1 vaccine development. Moreover, some
groups have recently argued that activated CD4* T cells induced by
vaccination in macaques can be an attractive target for SIV infection
[58,59]. It is likely that the macaques immunized with gp120-
NPs were primarily enhanced gp120-specific CD4 T cell responses
but not CD8 T cell. The balance of CD4 and CD8 T cell nrediated
responses induced by vaccination may be critical in determining
viral exclusion and replication.

The total picture of the immune system which is truly important
for infection control in individuals infected with the AIDS virus is
not yet clarified, and the further accumulation of basic information
about the immune correlates for protective immunity is neces-
sary. In our previous project, the partial protective effects of viral
replication was obtained in vaccinated macaques by using differ-
ent nanoparticles connecting the inactivated whole virus particles,
not a refined protein [28]. The whole virion is considered to include
many kinds of antigens acting for infection restraint and/or promo-
tion. It may be possible to induce only effective immune responses
acting for infection restraint with a biodegradable nanoparticle vac-
cine, distinguishing the restraint-related and promotion-related
antigens by a detailed examination of the antigen enclosed in the y-
hPGA NPs in the future. Although cell-mediated immunity against
peptide epitopes of viral structural proteins is the mainstream for
vaccine development research, other poorly analyzed target anti-
gens such as glycolipids, lipoproteins and nuclear antigens may also
have to be examined.

In this study, it was demonstrated that biodegradable nanopar-
ticles composed of amphiphilic y-PGA have a reinforcement effect
for immune responses, and have an impact on important immune
cell populations participating in viral replication in infected indi-
viduals, although the result was the opposite to our expectation. It
is important to ascertain the correct antigen stimulation to guide
the patient’s immunity to act on infection defense and viral repli-
cation restraint effectively using a primate experimental infection
model. These biodegradable nanoparticles are expected to be useful
as an antigen delivery tool in AIDS vaccine development research.
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Although X4 tropic SHIVs have been studied extensively, they show distinct infection phenotypes from those
of R5 tropic viruses, which play an important role in HIV-1 transmission and pathogenesis. To augment the
variety of R5 tropic SHIVs, we generated a new R5 tropic SHIV from the highly pathogenic X4 tropic SHIV-
KS661, a derivative of SHIV-89.6. Based on consensus amino acid alignment analyses of subtype B R5 tropic
HIV-1, five amino acid substitutions in the third variable region successfully changed the secondary receptor
preference from X4 to R5. Improvements in viral replication were observed in infected rhesus macaques after
two passages, and reisolated virus was designated SHIV-MK38. SHIV-MK38 maintained R5 tropism through
in vivo passages and showed robust replication in infected monkeys. Our study clearly demonstrates that a
minimal number of amino acid substitutions in the V3 region can alter secondary receptor preference and
increase the variety of R5 tropic SHIVs.

Mutagenesis
V3 region

© 2010 Elsevier Inc. All rights reserved.

Introduction

Simian immunodeficiency virus (SIV) macaque models for AIDS
have been used extensively to elucidate the pathogenesis of human
immunodeficiency virus type 1 (HIV-1) infection. Although SIV is an
excellent model virus that has contributed to various virological
discoveries, SIV has many limitations as an HIV-1 model. Because the
antigenicity of SIV is different from that of HIV-1, it is difficult to
evaluate HIV-1 vaccines in animal models by employing SIV as a
challenge virus. This is especially true for evaluating the induction of
neutralizing antibodies by HIV-1 vaccine candidates (Baba et al., 2000;
Dey et al., 2009; Mascola et al., 2000). In addition to CCRS, SIV utilizes
secondary receptors such as GPR1, GPR15 (Bob), and STRL-33 (Bonzo),
which are scarcely used by HIV-1 (Clapham and McKnight, 2002).
Although there have been no reports that have directly demonstrated
the significance of these receptors for in vivo pathogenesis, possible
influences of these minor receptors cannot be denied.

To supplement the limitations of the SIV model, a simian and
human immunodeficiency virus (SHIV) macaque model has been
generated. SHIVs were constructed by exchanging the envelope gene
and other accessory genes of SIV with that of HIV-1 (Shibata et al,,
1991). Therefore, SHIVs share the same envelope antigenicity and
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receptor usage with HIV-1. In early studies of HIV-1, isolated viruses
were mostly X4 or dual tropic because they were isolated from AIDS
patients using T-cell lines expressing CXCR4. Because envelope genes
from X4 or dual tropic viruses were introduced to generate the
chimeric virus, most SHIVs utilize CXCR4 as a secondary receptor. X4
tropic viruses infect distinct subsets of lymphocytes and the mode of
viral replication during the acute phase of infection is different from
that of R5 tropic viruses (Nishimura et al., 2004). During the acute
phase of infection, X4 tropic SHIVs rapidly deplete circulating CD4
positive (+) T cells (Reimann et al., 1996; Sadjadpour et al., 2004).
Most infected monkeys fail to seroconvert, because rapid depletion of
helper T cells typically occurs within 4 weeks of infection. In contrast,
RS tropic viruses do not show such a catastrophic reduction in CD4+ T
cells. The phenotypes observed during X4 SHIV infection are rare
during actual HIV-1 infection, and it has been suggested that R5 tropic
viruses are mainly involved in HIV-1 transmission and pathogenesis
(Margolis and Shattock, 2006). Therefore, there is a demand for RS
tropic SHIVs in this field of research.

There are some R5 tropic SHIVs that have already been used in
various experiments, including analyses on the efficacy of broadly
neutralizing antibodies (Hessell et al., 2009). Due to the paucity of
available RS tropic SHIVs, however, it is difficult to conduct
comparative analyses on the efficacy of neutralizing antibodies
between different strains of SHIVs. In vivo analyses of neutralizing
antibodies should be conducted with more than one or even a mixture
of several strains of R5 tropic virus to reflect the wide variety of HIV-1
envelope genes that are found worldwide. Therefore, our primary aim
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was to generate a new R5 tropic SHIV, which carries a different env
from that of other existing R5 SHIVs.

Currently available RS SHIVs were constructed by introducing the
envelope gene and other accessory genes from R5 tropic HIV-1 into
the SIV backbone (Humbert et al., 2008; Luciw et al., 1995). There is
one report that demonstrated the construction of an R5 tropic SHIV by
exchanging the whole third variable region (V3) of an X4 tropic SHIV
with that of an R5 SHIV (Ho et al., 2005). This study clearly indicated
that the V3 region of the envelope gene determines the secondary
receptor preference in vivo. Although other studies have indicated
that there are specific amino acids within the V3 region that are
responsible for receptor preference (Cardozo et al., 2007; Yamaguchi-
Kabata et al., 2004), there have been no reports demonstrating the
generation of R5 tropic SHIV by the introduction of specific amino acid
substitutions to the V3 region. Therefore, our secondary aim in this
study was to alter the receptor usage of a well-studied X4 tropic SHIV
by introducing a minimal number of amino acid substitutions in the
env V3 region. The consensus amino acid alignment of subtype B RS
tropic HIV-1, which is strongly correlated with secondary receptor
usage (Cardozo et al., 2007; Yamaguchi-Kabata et al, 2004), was
introduced to the V3 region of a highly pathogenic SHIV-KS661 that
possesses the typical infection phenotype of X4 tropic SHIV
(Fukazawa et al, 2008; Miyake et al., 2006). SHIV-KS661 is a
molecular clone constructed from the consensus sequence of SHIV-
C2/1 (Gen Bank accession number AF21718) (Shinohara et al., 1999),
a derivative of the non-pathogenic SHIV-89.6

Results

Generation of R5 tropic SHIV-MK1 from the highly pathogenic X4 tropic
SHIV-KS661

The X4 tropic virus SHIV-KS661, a derivative of SHIV-89.6, depletes
CD4+ Tlymphocytes in systemic tissues within weeks of infection and
causes AIDS-like symptoms in macaque monkeys (Fukazawa et al.,
2008; Miyake et al., 2006). To convert the virus into an R5 tropic virus,
we introduced five amino acid substitutions in the V3 region of SHIV-
KS661 by site-directed mutagenesis. The positions of the substitutions
were selected using information from alignment of the V3 amino acids
of R5 tropic HIV-1 (Cardozo et al., 2007; Yamaguchi-Kabata et al.,
2004). All five substitutions (E305K, R306S, R318T, R319G, and
N320D) were accompanied by changes in electrical charge. As a result,
the net charge of the V3 region shifted towards being more acidic (Fig.
1A). To determine whether this mutant, designated SHIV-MK1, was
capable of replication within monkey cells, we spinoculated SHIV-MK1
on rhPBMCs at an MOI of 0.1. The RT activity in the supernatant was
monitored daily. The X4 tropic SHIV-DH12R-CL-7 and parental SHIV-
KS661 actively replicated on rhPBMCs, reaching its peak RT activity
level 4 days after inoculation. The R5 tropic SIVmac239 reached its
peak RT value at the same time point; however, the peak value was less
than 50% of that of SHIV-DH12R-CL-7 and SHIV-KS661. SHIV-MK1 also
replicated on rhPBMCs, but it took 2 days longer to reach peak RT
activity levels, and the peak RT value was significantly lower than that
of the parental SHIV-KS661 (Fig. 1B).

Next, to determine whether SHIV-MK1 was capable of utilizing
CCR5, but not CXCR4, we conducted a small molecule inhibitor assay.
Briefly, SIVmac239, SHIV-DH12R-CL-7, SHIV-KS661, or SHIV-MK1 was
spinoculated on rhPBMCs that were preincubated with AD101 (R5
inhibitor), AMD3100 (X4 inhibitor), or both inhibitors at various
concentrations. The supernatant RT activities were measured 5 days
post-inoculation. The replication of X4 tropic SHIV-DH12-CL-7 was
inhibited with AMD3100 in a dose-dependent manner; however, it
was not restrained with AD101 as described previously (Igarashi et al.,
1999, 2003; Sadjadpour et al., 2004). The same pattern was observed
in SHIV-KS661-infected rhPBMCs, thus indicating that this virus is also
an X4 tropic virus. In contrast, there was no replication inhibition of

R5 tropic SIVmac239 in the presence of AMD3100; however, dose-
dependent inhibition was observed in the presence of AD101. This
result is consistent with other reports (Marcon et al., 1997; Zhang
et al,, 2000). SHIV-MK1 exhibited the same inhibition profile as
SIVmac239, indicating that this virus predominantly utilizes CCR5, but
not CXCR4, as an entry secondary receptor.

R5 tropic SHIV-MKT1 can replicate in rhesus macagues

To determine whether SHIV-MK1 is capable of replication in
rhesus macaques, we intravenously inoculated two monkeys (MM482
and MM483) with 20,000 TCID50 SHIV-MK1. Large amount of virus
was inoculated to this group of monkey because in vitro replication of
SHIV-MK1 was significantly weak compared with that of parental
SHIV-KS661. As a control, two other monkeys (MM455 and MM459)
were infected with 2000 TCID50 SHIV-KS661, a sufficient amount of
virus to induce AIDS-like symptoms (Fukazawa et al., 2008; Miyake
et al., 2006). Plasma viral RNA loads were monitored periodically
using quantitative RT-PCR. Both groups of infected monkeys exhibited
viremia, which reached peak plasma viral RNA loads of 10%-10%
copies/ml 2 weeks post-infection. In SHIV-KS661-infected monkeys,
the set point of plasma viral RNA loads was between 10* and 10°
copies/ml (Fig. 2Ai). In contrast, the plasma viral RNA load in one of
the two monkeys infected with SHIV-MK1 was undetectable by 6
weeks post-infection, although 10-fold more virus was inoculated.
The other monkey maintained 10°-10* copies/ml plasma viral RNA
for more than 25 weeks post-infection (Fig. 2Aii).

Next, circulating CD4+ T lymphocytes were analyzed by fluores-
cence activated cell sorting (FACS) to elucidate the impact of infection
on lymphocyte subsets. As previously reported, X4 tropic SHIV-KS661
caused a massive depletion of circulating CD4+ T lymphocytes within
4 weeks post-infection (Fig. 2Bi). In contrast, circulating CD4+ T
lymphocytes transiently decreased in monkeys infected with SHIV-
MK1; however, they tended to recover by 24 weeks post-infection
(Fig. 2Bii).

Because X4 tropic viruses preferably target naive CD4+ T
lymphocytes, and R5 tropic viruses preferably target memory CD4+
T lymphocytes, circulating memory and naive CD4+ T lymphocytes
were analyzed. The ratios of memory and naive CD4+ T cells were
monitored 0, 2, 4, and 8 weeks post-SHIV-MK1 infection (Fig. 2C).
Consistent with previous reports (Nishimura et al., 2004), X4 tropic
SHIV-KS661 preferentially depleted naive T lymphocytes by 2 weeks
post-infection. Although there was a subtle reduction in CD4+ T
lymphocytes, the ratio of memory and naive CD4+ T lymphocytes did
not change in SHIV-MK1-infected monkeys. This result indicates that
a reduction in CD4+ T cells during SHIV-MK1 infection was not
sufficient to alter the ratio of memory T cells, at least in circulating T
lymphocytes.

The intestine is an effecter site where most CD4+ T lymphocytes
are memory cells, and is the primary target for RS tropic viruses
(Harouse et al., 1999; Veazey et al., 1998). To elucidate the impact of
viral infection in the intestine, tissue samples from the jejunum were
obtained periodically and CD4+ T lymphocyte subsets were analyzed
(Fig. 2D). As reported previously, CD4+ T lymphocytes of KS661-
infected monkeys were depleted by 4 weeks post-infection (Fukazawa
et al, 2008; Miyake et al, 2006). Although CD4+ T lymphocyte
depletion was observed in one of the SHIV-MK1-infected monkeys
(MM482) within 4 weeks post-infection, CD4+ T lymphocytes
recovered as plasma viral RNA loads decreased. Another SHIV-MK1
infected monkey (MM483) whose plasma viral RNA load dropped
below detectable levels showed only a transient reduction in CD4+
lymphocytes 5 weeks after infection. Taken together, these results
suggest that, although the magnitude of jejunal CD4+ T-cell reduction
was greater than that of circulating CD4+ T cells, the capability of
SHIV-MK]1 to cause CD4+ T lymphocyte depletion in the jejunum is
not as strong as the parental SHIV-KS661.
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Fig. 1. Construction and in vitro analysis of SHIV-MK1. (A) gp120 V3 amino acid alignment of SHIV-MK1. Amino acid substitution positions are indicated under the parental SHIV-
KS661 alignment. The net charge at pH 7.0 is indicated beside each amino acid alignment. (B) SHIV and SIV replication in rhPBMCs. The replication of control viruses (SIVmac239,
SHIV-DH12R-CL7, and SHIV-KS661) and the mutant virus (SHIV-MK1) are shown. Culture supernatants were collected at the indicated time points, and RT activity was determined.
Representative results of three independent experiments are shown. (C) Secondary receptor inhibitor sensitivity of the three SHIV inocula and an SIV control. The inoculum viruses
SHIV-DH12R-CL7, SIVmac239, SHIV-KS661, and SHIV-MK1 were spinoculated on rhPBMCs in the presence of the indicated small molecule inhibitors. The inhibitor concentrations
used were 0.05, 0.1, 0.5, 1, and 5 pM. The RT activity on day 5 post-infection was determined by the absence (dashed line) or presence of an inhibitor in the medium.

In vivo passage and characterization of the reisolated virus, SHIV-MK38

To adapt SHIV-MK1, we conducted in vivo passages. Briefly,
disaggregated lymphocytes from inguinal lymph nodes and fresh
blood collected from SHIV-MK1-infected MM482, were mixed and
intravenously inoculated into an uninfected monkey, MM498. During
the first passage, MM498 showed a plasma viral RNA load peak and
set point equal to that of SHIV-MK1-infected MM482. During the
second passage, disaggregated lymphocytes from inguinal lymph
nodes and fresh blood collected from MM498 were mixed and
intravenously inoculated into an uninfected monkey, MM504.
MM504 showed a peak plasma viral RNA load of 5x 107 copies/mli,
which is slightly higher than that of MM482 and MM498. Further-
more, the set point of the viral load ranged from 10* to 10° copies/ml,
which is approximately 10 times higher than that of MM482 and
MM498 (Fig. 3A).

Although the inoculum doses were different in passaged monkeys,
this result suggests that SHIV-MK1 acquired a better replicative
capacity through in vivo passage. Therefore, we decided to reisolate
the virus from MM504 for in vitro characterization. Briefly, CD8-

depleted PBMCs from MM504 and an uninfected monkey were co-
cultured for 2 weeks. The culture supernatant with the highest RT
activity was stored in liquid nitrogen. This virus stock was designated
SHIV-MK38.

First, we examined the replication kinetics of SHIV-MK38 in
rhPBMCs. The infection assay revealed that although SHIV-MK38
could not replicate as fast or as efficiently as the parental KS661, there
was a slight improvement in replication capacity compared with the
original SHIV-MK1 (Fig. 3B). This result indicates that mutations that
arose through in vivo passage increased replication ability in
rhPBMCs.

As shown in Fig. 1B, however, X4 tropic viruses (SHIV-DH12R-CL-7
and SHIV-KS661) usually show fast and efficient replication in PBMCs
compared with that of R5 tropic viruses (SIVmac239 and SHIV-MK1).
Hence, there is the possibility of reversion in the V3 region, which may
give SHIV-MK38 the appearance of having better replication capacity
in thPBMCs (Cho et al, 1998). Therefore, we examined the viral
genome sequence to rule out the presence of reversions in the V3
region. Indeed, there were no back mutations in the V3 region of
SHIV-MK38 when the V1 to V3 regions of the env sequences from 14
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clones were analyzed (Fig. 3C). Nonetheless, we found mutations in
the V1 and V2 regions of SHIV-MK38. These mutations have the
potential to affect secondary receptor usage.

To confirm whether SHIV-MK38 maintains R5 tropism, we
conducted a small molecule inhibitor assay, which revealed that
SHIV-MK38 could not replicate in rhPBMCs in the presence of AD101
but could replicate in the presence of AMD3100. This indicates that
SHIV-MK38 maintains R5 tropism in the primary cell (Fig. 3D).

In vivo analysis of SHIV-MK38

To evaluate whether SHIV-MK38-infected monkeys show stable
infection phenotypes compared with that of SHIV-MK1-infected
monkeys, we inoculated three monkeys with 20,000 TCID50 SHIV-
MK38. All three infected monkeys possessed a peak plasma viral RNA
load of approximately 107 copies/ml 12 days after infection. Although
the peak plasma viral RNA load was at the same level in these
monkeys, set points varied widely (Fig. 4A). That of MM501 was 10°-
10* copies/ml, which is similar to that of SHIV-MK1-infected MM482.
MM502 had a slightly higher set point of 10*~10° copies/ml, which is
similar to that of MM504. Finally, MM481 had the highest set point, at
105-107 copies/ml. No monkey showed a decrease in viral RNA load
under the detectable level, indicating that SHIV-MK38 robustly
replicates in rhesus macaques.

Next, reductions in circulating CD4+ T cells were analyzed. Unlike
SHIV-MK1 infection, all of the SHIV-MK38-infected monkeys exhib-
ited a continuous reduction in CD4+ T cells without signs of recovery

(Fig. 4B). The impact of infection on ratios of circulating memory and
naive CD4+ T cells was also analyzed. Compared with monkeys
infected with SHIV-MK1, SHIV-MK38 preferentially reduced memory
fractions of CD4+ T cells (Figs. 2C and 4C).

To elucidate how improvements in viral replication affect the
reduction of CD4+ T cells at effector sites, tissue samples from the
jejunum were obtained periodically and CD4+ T lymphocyte subsets
were analyzed. In SHIV-MK38-infected monkeys, CD4+ T cells were
rapidly reduced by 2 weeks post-infection, as seen in SHIV-MK1
infection. Furthermore, recovery of CD4+ T cells was not observed in
infected monkeys. In particular, CD4+ T cells in MM481 were
depleted throughout the observation period (Figs. 2D and 4D).
These data indicate that SHIV-MK38 has an increased ability to
reduce CD4+ T cells and maintain higher plasma viral RNA loads in
infected monkeys compared with pre-adapted SHIV-MK1.

Discussion

Based on the analysis of consensus amino acid alignments of
subtype B R5 viruses, five amino acid substitutions (E305K, R306S,
R318T, R319G, and N320D) were introduced into the V3 region of the
pathogenic SHIV-KS661 env gene by site-directed mutagenesis. These
substitutions included the 11/24/25th amino acid of the V3 region,
which are strongly correlated with secondary receptor usage
(Cardozo et al., 2007; Yamaguchi-Kabata et al., 2004). As expected,
these substitutions successfully altered the secondary receptor usage
of SHIV-KS661 from X4 to R5 tropic. This result clearly demonstrates
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Fig. 4. In vivo replication of SHIV-MK38. (A) Plasma viral RNA loads in SHIV-infected rhesus monkeys were measured at the indicated times. A total of 20,000 TCID50 SHIV-MK38
were inoculated into MM481, MM501, and MM502. (B) CD4+ T lymphocytes were enumerated using FACS analysis in SHIV-MK38-infected monkeys over the course of infection.
(C) Changes in naive (open bar) and memory (filled bar) (D4+ T cells in rhesus macaques inoculated with SHIV-MK38 0, 2, 4, and 8 weeks post-inoculation. (D) Percentage of CD4+
T lymphocytes in the jejunum. Tissues from the jejunum were collected from SHIV-MK38-infected monkeys with a pediatric enteroscope, and analyzed by FACS.

for the first time that specific V3 amino acid alignment information
from HIV-1 can be applied to SHIV to alter secondary receptor usage,
at least in the context of the subtype B envelope. The prediction of
viral secondary receptor tropism in HIV-1-infected people prior to the
prescription of CCR5 antagonists has important economic and
practical implications. There are at least six algorithms that predict
viral tropism from the V3 sequence; however, the accuracy of these
algorithms must be improved (de Mendoza et al., 2008; Dorr et al.,
2005; Fatkenheuer et al., 2005; Mefford et al., 2008). For example, the
Web PSSM algorithm (Jensen et al., 2003) predicts that SHIV-MK1
exclusively utilizes CCRS, while the Geno2pheno algorithm (Sing et
al., 2007) suggests that it may also utilize CXCR4. In this study, we

demonstrated that specific amino acids in the V3 region are
responsible for secondary receptor usage both in vitro and in vivo.
Accumulation of this type of information will provide important data
that can be used to improve predictions and increase the genotype
sensitivity of algorithms.

Although minimal numbers of amino acid substitutions were
introduced to change secondary receptor usage, SHIV-MK1 showed
relatively inefficient replication compared with that of parental SHIV-
KS661, both in vitro and in vivo. SHIV-MK1 caused measurable levels
of viremia in infected monkeys; however, plasma viral RNA levels
dropped below detectable levels in one of two infected monkeys 6
weeks after inoculation, despite the fact that enormous amount of
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virus was inoculated. When evaluating the efficacy of passively
administered neutralizing antibodies, or those induced by candidate
anti-HIV-1 vaccines, this variability in viral replication is not desirable
for the assessment of efficacy, because it is impossible to determine
whether the virus was controlled by natural immune responses or by
vaccine-induced immune responses. However, an improvement in
viral replication was observed in rhPBMCs after in vivo passage of
SHIV-MK1. This outcome suggests that, as in the case of other existing
R5 tropic SHIVs, in vivo adaptation is required regardless of the
minimal number of amino acid substitutions (Humbert et al., 2008;
Tan et al,, 1999).

Because various reports have demonstrated the emergence of the
X4 tropic virus from the RS tropic virus after serial passages (Ho et al.,
2007; Pastore et al., 2000), there was a concern over the emergence of
the X4 tropic virus through two in vive passages. Although there were
only five amino acid substitutions, no reversions in any of the
substituted amino acids in the V3 region were observed. Some
mutations were accompanied by amino acid substitutions in V1 and
V2 regions. Previous reports suggest that these two variable regions
may influence secondary receptor preference (Cho et al., 1998);
however, a small molecule inhibitor assay revealed that SHIV-MK38
maintained R5 tropism after passage. The V1 and V2 regions also play
a role in sensitivity against neutralizing antibodies (Laird et al., 2008;
Wei et al., 2003). Although further investigations are required, SHIV-
MK38 could have developed mutations in the V1 and V2 regions to
modify antigenicity in an attempt to evade neutralizing antibodies
(Sagar et al., 2006). Indeed, neutralization assay on TZM-BL cells
revealed that neutralizing antibody from an MK1-infected monkey
can neutralize SHIV-KS661 and SHIV-MK1, but fail to neutralize SHIV-
MK38. On the other hand, plasma from the monkey in which SHIV-
MK38 was isolated could neutralize all three viruses. Thus, the
antigenicity was changed through in vivo passages (Supplementary
Figure). Taken together, these results suggest that the improved
replication of SHIV-MK38 over MK1 was not due to the re-emergence
of X4 tropic viruses. Furthermore, the acquisition of mutations outside
the V3 region is most likely attributable to the improved replication of
SHIV-MK38 in vivo.

To confirm the replication advantage of SHIV-MK38 over SHIV-
MK1, SHIV-MK38 was intravenously inoculated into three uninfected
monkeys. Despite the fact that the same amount of SHIV-MK38 was
inoculated, higher peaks and set points of plasma RNA loads were
observed in SHIV-MK38 compared with SHIV-MK1 infection. Al-
though SHIV-MK38-infected monkeys showed no obvious signs of
AIDS-like symptoms during the observation period, none of these
monkeys was able to control viral replication. A greater reduction in
the memory portion of circulating CD4+ T cells was observed in SHIV-
MK38-infected monkeys. This preferential reduction of circulating
memory CD4+ T cells was well defined in MM481, which correlates
with the maintenance of high plasma viral RNA loads throughout the
observation period. Reductions of CD4+ T cells in the jejunum of
SHIV-MK38-infected monkeys were greater than that of SHIV-MK1-
infected monkeys, and there was no obvious recovery during the
observation period. These infection phenotypes are characteristic of
an RS tropic virus, which is distinct from the infection of X4 tropic
SHIVs such as parental SHIV-KS661 (Fukazawa et al., 2008; Miyake
et al., 2006).

Harous et al. clearly demonstrated that RS tropic virus preferen-
tially reduces mucosal CD4+ T cells where memory CD4+ T cells are
abundant, whereas X4 tropic virus preferentially reduces peripheral
CD4+ T cells where naive CD4+ T cells are abundant (Harouse et al.,
1999). From this observation, it is clear that the receptor preference
has strong impact on tissue specific CD4+ T-cell reductions. However,
in some cases, systemic and irreversible reduction of CD4+ T cells was
observed in highly pathogenic X4 SHIV infection (Fukazawa et al.,
2008; Nishimura et al., 2004). It has been suggested that highly
pathogenic X4 SHIV preferentially targets naive CD4+ T cells but

eventually reduces memory CD4+ T cells (Nishimura et al., 2004),
The depletion of CD4+ T cells at the effector site in SHIV-KS661
infected monkeys supports this suggestion (Fig. 2D).

The envelope gene of SHIV-MK38 belongs to subtype B, which can
be compared with other subtype B or C R5 tropic SHIVs (Humbert
et al, 2008; Tan et al, 1999). Comparing the efficacy of passively
administered neutralizing antibodies and their induction by candidate
HIV-1 vaccines against a variety of R5 tropic SHIVs would provide a
more precise evaluation against a variety of HIV-1 strains worldwide
(Wei et al., 2003). Furthermore, despite the fact that SHIV-MK38 is
derived from SHIV-KS661, and mutations were obtained through the
alteration of secondary receptor usage and passage, SHIV-MK38 is still
genetically homologous to SHIV-89.6P, because they both originate
from the same molecular clone, SHIV-89.6. Highly pathogenic X4
tropic SHIV-89.6P has been used extensively in various experiments,
including vaccine concept evaluations (Shiver et al., 2002). There are
claims, however, that the utilization of X4 tropic SHIVs as challenge
viruses has led to overestimation of vector-based vaccines (Feinberg
and Moore, 2002). Therefore, SHIV-MK38 can be useful in the future
to determine whether such overestimations are truly caused by using
X4 SHIVs or are due to using an SHIV derived from the specific lineage
of SHIV-89.6.

Based on our observations, it can be concluded that R5 tropic SHIV-
MK38 can robustly replicate, and we successfully generated a new R5
tropic SHIV by a new method. Although infected monkeys showed no
signs of AIDS-like symptoms during the observation period, and
further characterization such as neutralization profiles must be
conducted, SHIV-MK38 has the potential to be a new R5 SHIV model.

Materials and methods
Virus production

Non-synonymous nucleotide substitutions in the V3 domain of the
SHIV-KS661 env gene were introduced by site-directed mutagenesis
for substitution of amino acids. A 5.9 kb DNA fragment containing the
env V3 domain was subcloned into a pUC119 vector following
digestion with restriction enzymes Sse83871 and Xhol. The resulting
vector was designated pKS661v3, and was used as the template for
two sets of polymerase chain reaction (PCR). All amplifications were
performed as follows: one cycle of denaturation (98 °C, 5 min), 32
cycles of amplification (98 °C, 10 s/60 °C, 30 s/72 °C, 2 min), and an
additional cycle for final extension (72 °C, 10 min) using iProof High-
Fidelity Master Mix (Bio-Rad Laboratories, Hercules, CA). The
following primers were used for the first set of PCR: 5' CAATACAA-
GAAAAAGTTTATCTATAGGACCAGGGAGAGCATTTTATGCAACAGGAGA-
CATAATAGGAG 3’ (forward primer corresponding to the 7250-7317th
nucleotides of SHIV-KS661; positions of mismatches are underlined)
and 5’ GCTGAAGAGGCACAGGCTCCGC 3’ (reverse primer corresponding
to the 8633-8612th nucleotide of SHIV-KS661; no mismatches). The
following primers were used for the second set of PCR: 5’ CTCCTAT-
TATGTCTCCTGTTGCATAAAATGCTCTCCCTGGTCCTATAGA-
TAAACTTTTTCTTGTATIG 3’ (reverse primer corresponding to the
7317-7250th nucleotide of SHIV-KS661; positions of mismatches are
underlined) and 5’ CTCCAGGACTAGCATAAATGG 3’ (forward primer
corresponding to the 5617-5637th nucleotide of SHIV-KS661; no
mismatches). The products from these two sets of PCR were mixed,
and overlap PR was performed using primers 5 GCTGAAGAGGCA-
CAGGCTCCGC 3’ and 5’ CTCCAGGACTAGCATAAATGG 3'. The PCR
product was then digested with the restriction enzymes BsaBl and
Nool. The resulting fragment was introduced back into the pKS661v3
vector, and designated pKS661v3m. Then pKS661v3m DNA with
mutations was digested by Sse83871 and Xhol, and the fragment was
introduced back into the KS661 full genome plasmid, and designated
pMK1.
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SHIV-MK1 was prepared by transfecting pMK1 into the 293T cell
line using the FuGENE 6 Transfection Reagent (Roche Diagnostics,
Indianapolis, IN) and the culture supernatant 48 h after transfection,
and was stored in liquid nitrogen until use. The same procedures were
conducted to prepare SIVmac239 (Kestler et al,, 1991), SHIV-KS661
(Shinohara et al., 1999), and SHIV-DH12R-CL7 (Igarashi et al., 1999).
The 50% tissue culture infectious dose (TCID50) was measured using
the C8166-CCRS cell line (Shimizu et al., 2006).

Viral replication on rhPBMCs

Rhesus macaque PBMCs (rhPBMCs), prepared from an uninfected
monkey, were suspended in Rosewell Park Memorial Institute (RPMI)
1640 medium supplemented with 10% (vol/vol) fetal bovine serum
(FBS), 2 mM L-glutamine, and 1 mM sodium pyruvate, and then
stimulated for 20 h with 25 pg/ml Concanavalin A (Sigma-Aldrich, St.
Louis, USA), followed by an additional 2-day cultivation with 100
units/ml IL-2 (Shionogi, Osaka, Japan). On day 3, 5x 10* cells were
dispensed into 96-well round-bottom plates in triplicate. The cells
were then inoculated with virus at a multiplicity of infection (MOI) of
0.1 using the spinoculation method (O'Doherty et al., 2000). Virion-
associated reverse transcriptase (RT) activity of the culture superna-
tant was monitored periodically (Willey et al., 1988).

Inhibition of viral replication by a small molecule inhibitor

A small molecule inhibitor assay was conducted as described
previously (Igarashi et al., 2003), with minor modifications. Briefly,
uninfected rhesus PBMCs were prepared as described above. On day 3,
5x10* cells were dispensed into 96-well round-bottom plates.
Various concentrations (0, 0.05, 0.1, 0.5, 1, and 5 pM) of a small
molecule CCR5-specific receptor antagonist (AD101 was provided by
Dr. Julie Strizki, Schering Plough Research Institute, Kenilworth, NJ)
(Trkola et al, 2002) and/or a CXCR4-specific receptor antagonist
(AMD3100; Sigma-Aldrich, St. Louis, MO) (Donzella et al., 1998) were
added to duplicate wells and incubated for 1 h at 37 °C. Then each test
virus was spinoculated at 1200x g for 1 h at an MOI of 0.1. On day 5
post-infection, virus replications were assessed by RT assay of the
culture supernatants.

Virus inoculation

Indian-origin rhesus macaques were used in accordance with the
institutional regulations approved by the Committee for Experimental
Use of Nonhuman Primates of the Institute for Virus Research, Kyoto
University, Kyoto, Japan. Monkeys were housed in a biosafety level 3
facility and all procedures were performed in this facility. Collection of
blood, biopsies, and i.v. virus inoculations (2000 TCID50 of SHIV-
KS661, 20000 TCID50 of SHIV-MK1, 20000 TCID50 of SHIV-MK38)
were performed on monkeys under anesthetization with ketamine
hydrochloride (Daiichi-Sankyo, Tokyo, Japan). Plasma viral RNA loads
were determined by quantitative RT-PCR as described previously
(Kozyrev et al., 2002). Plasma viral RNA loads under 100 copies/mi
were characterized as undetectable levels.

Jejunal biopsy

Tissue samples from the jejunum were collected with a pediatric
enteroscope (Olympus GIF type XP260N, Olympus Medical System
Corp., Tokyo, Japan). Five pieces (samples) of fresh jejunal tissue were
placed on a shaker for 2 h at room temperature in 40 ml RPMI 1640
medium containing 10% FBS and 0.01 g collagenase from Clostridium
histolyticumn (Sigma-Aldrich, St. Louis, MO). Disaggregated cells were
filtered through glass wool loaded in a 20 ml disposable syringe. Cells
were prepared from the filtrate by centrifugation at a speed of

1200 rpm for 10 min. Subsets of lymphocytes in the resuspended cells
were analyzed by flow cytometry.

Flow cytometry

To analyze CD4+ T lymphocytes, whole blood and jejunal samples
were stained with two fluorescently labeled mouse monoclonal
antibodies, fluorescein isothiocyanate (FITC) conjugated anti-monkey
CD3 (Clone FN-18, BioSource Intl, Camarillo, CA) and phycoerythrin
(PE) conjugated anti-human CD4 (Clone Nu-TH/I; Nichirei, Tokyo,
Japan). To analyze memory and naive CD4+ T lymphocytes, whole
blood and jejunal samples were stained with three fluorescently
labeled mouse monoclonal antibodies, FITC conjugated anti-human
(D95 (Clone DX2; BD Pharmingen, Tokyo, Japan), PE conjugated anti-
human CD28 (Clone CD28.2; Coulter Immunotech, Marseille, France),
and allophycocyanin (APC) conjugated anti-human CD4 (Clone L200;
BD Pharmingen). After hemolysis of whole blood and jejunal samples
using a lysing solution (Beckton Dickinson, Franklin Lakes, NJ), each
type of labeled lymphocyte was examined on a FACScalibur analyzer
using Cellquest (BD Biosciences, San Jose, CA). CD95+CD4"8" + cells
were considered memory T lymphocytes, and CD95-CD28+CD48h
cells were considered naive T lymphocytes (Pitcher et al., 2002). The
absolute number of lymphocytes in the blood was determined using
an automated blood counter, KX-21 (Sysmex, Kobe, Japan).

In vivo passage

Inguinal lymph nodes were aseptically collected from MM482 25
weeks after infection. The lymph nodes were minced with scissors,
disaggregated using an 85-ml Bellco Tissue Sieve Kit (Bellco Glass,
Inc., Vineland, NJ), and filtered through a 100-um pore cell strainer
(REF 35-2360, BD Falcon, Franklin Lakes, NJ). Filtrates were centri-
fuged and then washed four times with phosphate-buffered saline
(PBS). These disaggregated cells were mixed with 2 ml frozen plasma
(collected from the animal 8 weeks post-infection and stored at
—80 °C) and 20 ml fresh blood from MM482, and then transfused into
an uninfected monkey (MM498) intravenously. During the second
passage, inguinal lymph nodes were aseptically collected from
MM498 5 weeks after infection. The disaggregated inguinal lymph
node was mixed with 2 ml frozen plasma (collected 2 weeks post-
infection), 5x 107 cells inguinal lymphocytes (collected 16 days post-
infection and stored at —80 °C), and 15 ml fresh blood, and then
transfused into an uninfected monkey (MM504).

Reisolation of virus

Fresh blood was obtained from the uninfected monkey, and PBMCs
were isolated. These cells were incubated for 30 min with PE labeled
anti-CD8 antibody (SK1 clone, BD Pharmingen), then washed once
with PBS. Next, cells were incubated with anti-PE MACS beads
(Miltenyi Biotec, Bergisch Gladbach, Germany), and CD8— cells were
negatively selected with a magnetic column. CD8— PBMCs were
cultured as described above.

On day 0, fresh blood was obtained from MM504 (16 weeks post-
infection) and CD8 cells were depleted as described above. CD8+ cells
were also depleted from frozen PBMCs (obtained from MM504
8 weeks post-infection and stored at — 80 °C). These CD8— PBMCs
from uninfected and infected monkeys were co-cultured in PBMC
culture medium (described above) at a concentration of 2 x 10° cells/
ml at 37 °C. Medium was replaced daily for 16 days and culture
supernatants were stored at —80 °C. The culture supernatant with the
highest RT value was stored in liquid nitrogen. This virus stock was
designated SHIV-MK38.
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Sequence of V1, V2, and V3 regions of SHIV-MK38

SHIV-MK38 viral stock was used as a template for RT-PCR to
amplify the V1 to V3 regions of the env gene, The forward primer 5’
GTGTAAAATTAACCCCACTCTGTG 3’ and reverse primer 5’
TGGGAGGGGCATACATIGCTTTITCC 3’ were used for RT-PCR. The
amplified DNA fragment was cloned into the pCR2.1 vector using a
TA Cloning Kit (Invitrogen, Carlsbad, CA), and 14 clones were
sequenced.
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Small intestine CD4* cell reduction and
enteropathy in simian/human immunodeficiency
virus KS661-infected rhesus macaques in the
presence of low viral load
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Human immunodeficiency virus type 1, simian immunodeficiency virus and simian/human
immunodeficiency virus (SHIV) infection generally lead to death of the host accompanied by high
viraemia and profound CD4" T-cell depletion. SHIV clone KS661-infected rhesus macaques with
a high viral load set point (HVL) ultimately experience diarrhoea and wasting at 6~12 months after
infection. In contrast, infected macaques with a low viral load set point (LVL) usually live
asymptomatically throughout the observation period, and are therefore referred to as
asymptomatic LVL (Asym LVL) macaques. Interestingly, some LVL macaques exhibit diarrhoea
and wasting similar to the symptoms of HVL macaques and are termed symptomatic LVL (Sym
LVL) macaques. This study tested the hypothesis that Sym LVL macaques have the same degree
of intestinal abnormalities as HVL macaques. The proviral DNA loads in lymphoid tissue and the
intestines of Sym LVL and Asym LVL macaques were comparable and all infected monkeys
showed villous atrophy. Notably, the CD4" cell frequencies of lymphoid tissues and intestines in
Sym LVL macaques were remarkably lower than those in Asym LVL and uninfected macaques.
Furthermore, Sym LVL and HVL macaques exhibited an increased number of activated
macrophages. In conclusion, intestinal disorders including CD4" cell reduction and abnormal
immune activation can be observed in SHIV-KS661-infected macaques independent of virus
replication levels.

infection. HIV-1 infection of the intestinal tract is

characterized by virus replication (Fackler et al., 1998),

The intestinal tract, which is the largest mucosal and
lymphoid organ and which contains the majority of the
total lymphocytes in the body, is an important port of entry
for human immunodeficiency virus type 1 (HIV-1)
infection in vertical and homosexual transmission (Smith
et al., 2003). Additionally, the intestinal tract is a central site
in the interaction between HIV-1 and its host, and suffers
profound pathological changes as a result of HIV-1

CD4" T-cell depletion (Brenchley et al, 2004), oppor-
tunistic infection and HIV enteropathy, which is an
idiopathic intestinal disorder observed in infected patients
with diarrhoea (Kotler, 2005). In particular, CD4" T-cell
depletion, which is the immunological hallmark in the
development of AIDS, preferentially takes place in the
intestinal tract rather than in the peripheral blood
throughout the infection (Brenchley et al, 2004). This

017368 © 2010 SGM  Printed in Great Britain

773

— 194 —



K. Inaba and others

observation is based on the following findings: (i) most
naturally transmitted HIV-1 strains are chemokine receptor
5 (CCRS5)-tropic; and (ii) the intestinal tract, especially
the lamina propria, contains a large number of activated
memory CCR5* CD4" T cells, which indicates a high
susceptibility for HIV-1 infection, whereas the peripheral
blood has a relatively small population of these cells (Anton
et al., 2000; Lapenta et al., 1999). CD4* T-cell depletion
from the intestinal tract by HIV-1 infection is thought to
lead to progressive dysfunction of mucosal immunity,
which triggers immunodeficiency (Paiardini et al., 2008). In
addition to CD4" T-cell depletion in the intestinal tract,
HIV-1 infection causes histopathological changes in the
intestine, including villous atrophy, crypt hyperplasia and
acute/chronic inflammation (Batman et al., 1989).

Chronic disease of the intestinal tract generally manifests as
inflammation (Kahn, 1997). Diarrhoea is a major intestinal
symptom caused by various stimuli to the intestinal tract
such as pathogens, toxins and dysfunction of the immune
system (Gibbons & Fuchs, 2007). Because HIV-1 infection
weakens the host immune system, AIDS is one of the
primary causes of chronic diarrhoea (Sestak, 2005). In
developing countries, diarrhoea was a major symptom in
advanced HIV-1 infection prior to the establishment of
highly active antiretroviral therapy (HAART) (Wilcox &
Saag, 2008). Dehydration and malabsorption as a result of
chronic diarrhoea can lead to progressive weight loss and
can contribute to morbidity and mortality in HIV-1-
infected patients (Sharpstone & Gazzard, 1996). Therefore,
chronic diarrhoea is one of the most important clinical
signs in AIDS patients.

AIDS models using non-human primates have provided
many important observations on AIDS pathogenesis. The
first finding of early CD4" T-cell depletion from the
intestinal tract was reported in a study using simian
immunodeficiency virus (SIV)-infected macaques (Veazey
et al., 1998). Intestinal CD4" T cells of rhesus macaques
predominantly exhibit a CCR5" activated memory pheno-
type, and CD4" T cells of this phenotype are selectively
eliminated in SIV-infected macaques, indicating that the
majority of intestinal CD4™ T cells are primary targets of
SIV infection (Veazey et al, 2000a, b). Accordingly,
detailed analysis of the intestinal tract using animal models
is essential for an understanding of AIDS pathogenesis.

Simian/human immunodeficiency virus (SHIV)-KS661 is a
molecular clone and a pathogenic virus in rhesus
macaques. SHIV-KS661 systemically depletes CD4* T cells
of rhesus macaques within 4 weeks of infection (Miyake et
al., 2006). Based on our observations over a number of
years, intravenous infection of rhesus macaques with
SHIV-KS661 consistently results in high viraemia and
CD4" T-cell depletion, followed by malignant morbidity as
a result of severe chronic diarrhoea and wasting after 6-
18 months. Generally, the time to clinical morbidity in
rhesus macaques infected with pathogenic SHIVs, such as
SHIV-89.6P and SHIV-KS661, is considerably shorter than

in HIV-1-infected humans, who take an average of 10 years
to progress to AIDS. In addition, all subsets of CD4" T cells
including memory and naive T cells are thoroughly
depleted in pathogenic SHIV-infected macaques.
However, in the SHIV-KS661 macaque model, diarrhoea
and wasting, which are major symptoms in advanced HIV-
1 infection, can clearly be recognized and defined in
association with disease progression.

Recently, we observed that, in many rhesus macaques
infected intrarectally with SHIV-KS661, plasma viral RNA
loads decreased gradually to undetectable levels in the
chronic phase, which is quite different from the case with
intravenous infection. It is well known that pathogenic SIV
and SHIV infections in monkeys, like HIV-1 infections in
humans, generally lead to high viraemia, profound CD4*
T-cell depletion and death. Interestingly, in this study, two
out of six intrarectally inoculated macaques with a low
plasma viral load experienced malignant morbidity mani-
fest as severe diarrhoea and wasting, similar to what we
observed in infected macaques with high viraemia. The
purpose of this study was to elucidate why macaques with a
low plasma viral load experienced diarrhoea and wasting.
As an explanation for this morbidity, we hypothesized that,
even if the viral load set-point is suppressed, SHIV-KS661-
infected macaques would have the same degree of intestinal
abnormalities as infected macaques with high viraemia. To
test this hypothesis, we analysed CD4" cell frequencies in
lymphoid and intestinal tissues and damage to the
intestinal mucosa in infected macaques with high and
low viral load set points (HVL and LVL, respectively).
Here, we have provided evidence for the development of
intestinal disorders in SHIV-KS661-infected macaques
irrespective of the plasma viral RNA load.

RESULTS

Diarrhoea and wasting in two macaques despite
low viral load

All macaques inoculated intravenously with SHIV-KS661
and one out of seven macaques inoculated intrarectally
with SHIV-KS661 exhibited high set points of plasma viral
RNA loads, persisting at over 10° copies ml™' until they
needed to be euthanized as a result of diarrhoea and
wasting (Fig. la). In contrast, in the remaining six
macaques inoculated intrarectally with SHIV-KS661, the
set points of plasma viral RNA load gradually decreased to
undetectable levels (Fig. 1a). We called these macaques
showing high and low set points of viral RNA load HVL
and LVL macaques, respectively. During an observation
period of approximately 1.4 years, two LVL macaques
(MM397 and MM399) experienced severe diarrhoea and
wasting and required euthanasia at approximately
22 weeks post-infection (p.i.), similar to HVL macaques,
whereas the remaining four LVL macaques were asympto-
matic (Fig. la). We termed the healthy LVL macaques
asymptomatic LVL macaques (Asym LVL) and the LVL
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Fig. 1. Distribution of virus in various tissues of
SHIV-KS661-infected rhesus macaques. (a)
Time course of plasma viral RNA loads as
measured by quantitative RT-PCR. The detection
limit of plasma viral RNA loads was 500 copies
mi™". The animal ID numbers, infection route and
when and how they were euthanized are
indicated on the figure. IV, Intravenous inocu-
lation; IR, intrarectal inoculation; re, required
euthanasia; se, scheduled euthanasia; w, number
of weeks after infection when euthanasia was
performed. (b) Immunochistochemical detection of
Nef antigen in thymus, mesenteric lymph nodes

B Mm298 (Mes. LN) and jejunum. Brown staining indicates
A MM299 Nef* cells. The upper panels show represent-
v MM338 ative tissue sections from a Sym LVL macaque
& MM339 (MM397) and the lower panels show represent-
® MM378 ative tissue sections from an HVL macaque
0O MM243 (MM376). Bars, 100 um. (c) Proviral DNA loads
© MM400 in different tissues of SHIV-KS661-infected
O MM401 macaques, as measured by quantitative PCR.
¥ MM375 The detection limit of proviral DNA loads was 10
A MM397 copies ug™". Filled black symbols indicate HVL
v MM399 macaques, open black symbols indicate Asym

LVL macaques and open grey symbols indicate
Sym LVL macaques.

macaques with diarrhoea and wasting symptomatic LVL
macaques (Sym LVL).

Antibody response against SHIV in infected
macaques

The LVL macaques showed antibody responses to SHIV-
KS661 at 3—4 weeks p.i. and then developed strong
antibody responses that persisted up to 18 weeks p.i.
(Table 1). In contrast, two of the HVL macaques (MM298
and MM299) showed no antibody response, whilst the
remaining two (MM338 and MM339) showed very low

antibody responses. Among the HVL macaques, only
MM376 showed a strong antibody response: the titre
reached 1:2048 at 6 weeks p.i., but then decreased to a
much lower value. These results showed that LVL
macaques succeeded in maintaining a strong antibody
response, whilst HVL macaques failed to do so.

Viral levels in tissues from Sym LVL and Asym LVL
macaques are not significantly different

To investigate whether the infected macaques had different
viral levels in their lymphoid and intestinal tissues, we used

http://vir.sgmjournals.org

775

— 196 —



K. Inaba and others

Table 1. Anti-HIV antibody titres in infected monkeys

— indicates a titre of <32.

Time Intrarectal inoculation Intravenous inoculation
(weeks)
LVL HVL

MM243 MM397 MM399 MM400 MM401 MM375 MM376 MM298 MM299 MM338 MM339
0 - — S — - —-— - - — —-— -—
l - pr— - - - - - — s - -
2 - - = == = - = s - 64 64
3 32 = 32 = = 128 - - - 32 32
4 32 16384 32 64 32 512 512 - o = =
6 8192 16384 256 64 4096 1024 2048 - = = =
8 4096 16384 1024 128 1024 16384 512 = = = =
10 16384 16384 2048 512 512 16384 512 - - = =
12 16384 16384 256 512 4096 16384 512
13 = - - -
14 16384 16384 1024 512 2048
16 4096 8192 1024 1024 1024 16384 64
17 = - = =
18 8192 16384 2048 8192 4096

the Nef antigen as a marker of virus infection using
immunohistochemistry and quantitative analysis of pro-
viral DNA in lymphoid and intestinal tissues. Nef* cells
were detected in large numbers in the tissues of HVL
macaques, but were undetectable in both Sym LVL (Fig. 1b)
and Asym LVL (data not shown) macaques.

In the HVL macaques, high proviral DNA loads (>1000
copies pg ') were found in all of the tissues examined (Fig.
1c). In contrast, the proviral DNA loads in the tissues of
the LVL macaques were only several tens to several
hundreds of copies pg~' (Fig. 1c). Furthermore, Sym
LVL and Asym LVL macaques exhibited comparably low
proviral DNA loads in these tissues (Fig. 1c). The low viral
levels in lymphoid and intestinal tissues in the LVL
macaques were consistent with their set points of plasma
viral RNA loads. The viral levels in lymphoid and intestinal
tissues were not significantly different between Sym LVL
and Asym LVL macaques.

Diarrhoea and wasting in LVL macaques correlate
with CD4" cell frequency in lymphoid and
intestinal tissues, but not in peripheral blood

Because CD4* T-cell depletion is the hallmark of AIDS, we
first examined CD4% T-cell counts in peripheral blood.
Whilst peripheral CD4* T cells were completely and
irreversibly depleted in HVL macaques throughout the
infection, they displayed various kinetics in LVL macaques
(Fig. 2a). MM397 (Sym LVL) and MM401 (Asym LVL)
had very low CD4" T-cell counts (<150 cells ml™") at all
times at which they were examined after infection, whereas
MM399 (Sym LVL) and MM400 (Asym LVL) maintained

moderate CD4* T-cell counts (>300 cells ml™') through-
out the experiment (Fig. 2a).

Naive CD4% T cells of MM397 (Sym LVL), MM243 (Asm
LVL) and MM401 (Asym LVL) were depleted as early as 4
weeks p.i., whereas those of MM399 (Sym LVL) and
MM400 (Asym LVL) remained at moderate levels (Fig. 2b).
The HVL macaques were not examined because their
peripheral CD4* T cells were depleted.

In addition to evaluating CD4% T cells in the blood, we
evaluated CD4" cells in lymphoid and intestinal tissues
using CD4 staining. The HVL macaques showed severe
depletion of CD4" cells in all lymphoid tissues and
intestine compared with the uninfected macaques (Fig. 2c,
d). Interestingly, the CD4" cell frequencies in the tissues were
clearly lower in Sym LVL macaques than in uninfected
macaques (Fig. 2c, d). However, the CD4" cell frequencies in
the tissues of Asym LVL macaques were comparable to those
in uninfected macaques. These findings indicated that the
emergence of diarrhoea and wasting in LVL macaques
correlated with the low CD4" cell frequency in lymphoid
tissues and the intestines, but not with the counts of
peripheral CD4" T-cell subsets.

Infected animals exhibit significantly shorter villi

Symptomatic animals (Sym LVL and HVL macaques)
exhibited diarrhoea. To examine whether the jejunum of
symptomatic animals exhibited the histopathological
changes that suggest AIDS-related enteropathy, we meas-
ured villous length on haematoxylin and eosin (H&E)-
stained samples of jejunum in uninfected and infected
macaques. Surprisingly, villous length was significantly

776

Journal of General Virology 91

— 197 =



Intestinal disorders in SHIV-infected monkeys

(a)

Cells i ™!

-&- MM243
—o— MM400
-~ MM401
-A- MM397

(Lot

||
12 16 20 24 40 66 00

8
Time p.i. (weeks)
(d)
)
]
]
]
]
]
1
|
]
]
l u * - -
]

EE—— LT N
FELELEELSE

Asymplomatic  Symplomatic

SR L e, .-»u N X
Uninfected Asymptomatic LVL LVL (MM307) HVL (MM376)
(MM400) Symptomatic

Fig. 2. Counts of circulating CD4* T-cell subsets and CD4" cell frequency in lymphoid and intestinal tissues at the time of
euthanasia in SHIV-KS661-infected rhesus macaques. Counts of circulating CD4" T-cell subsets were analysed by flow
cytometry and whole-blood counts. (a) Circulating CD4" T-cell counts. The ID numbers of the macaques are indicated on the
figure. (b) Proportion of CD95* naive cells in circulating CD4*" T cells of LVL macaques. Solid black lines indicate Asym LVL
macaques and solid grey lines indicate Sym LVL macaques. (c) CD4* cell frequencies in thymus, mesenteric lymph nodes
(Mes. LN) and jejunum of representative uninfected, Asym LVL, Sym LVL and HVL macaques. Bars, 100 um. (d) Quantification
of jejunum CD4* cells in uninfected and infected macaques. The numbers of CD4" cells were enumerated in at least ten fields
of the tissues at a magnification of 200x. Statistical analysis was performed using Student's t-test for the data from five
uninfected and each infected macaque (*, P<0.0001). Data for MM299, MM338, MM339 and MM401 were not available.

shorter in all of the infected animals than in uninfected
animals (P<0.0001) (Fig. 3a, b). This suggested that SHIV-
infected animals develop villous atrophy, irrespective of
viral load.

Increased number of activated macrophages in
the jejunum of symptomatic animals

Macrophages appeared to be more abundant in H&E-stained
jejunal sections in symptomatic animals. This was confirmed
by CDé8 staining;: the frequency of CD68" macrophages in
the jejunum was considerably higher in symptomatic animals
than in uninfected animals, but was not significantly different
between uninfected animals and Asym LVL macaques (data
not shown). Furthermore, CD68" macrophages in the small
intestine of Sym LVL and HVL macaques appeared to be

activated because their size was increased. To examine
whether the number of activated CD68" macrophages
increased in the small intestine, we double stained for
CD68 and Ki67 in the small intestine sections by immuno-
histochemistry. The frequency of CD68" Ki67" macrophages
in the jejunum of all symptomatic animals examined was
significantly higher than that of uninfected animals
(P<0.0001) (Fig. 3c, d). This suggested that abnormal
activation of intestinal macrophages occurred in symp-
tomatic animals irrespective of viral load.

DISCUSSION

It is important to discuss initially why some SHIV-infected
macaques had an HVL at the late stage, whilst others had
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