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Summary. To detect the major sites of viral replication in immunodeficiency virus-
infected individuals, we quantified proviral DNA and infectious viruses using
quantitative PCR and a plaque assay, respectively, in various tissues of SHIVky-2-
infected monkeys in the early and AIDS stages of infection. Compared the quantity
of infectious virus among PBMC and the lymphoid tissues, the mesenteric lymph
node had the largest number of infectious viruses at the AIDS stage more than at
the early stage of infection. These results suggested that the gastrointestinal tract
was a major site of viral replication. In the brain, proviral DNA was detected at the
early and AIDS stage of infection, but infectious viruses were detected at only the
AIDS stage. Moreover, we analyzed the nucleotide sequences of the env V3 region
in infectious virus clones isolated from each plaque. The viruses in the lymphoid
tissues of the monkey that developed AIDS diverged from the inoculated virus
and had the same three amino acid substitutions. However, the viruses in the brain
were almost identical to the inoculated virus, suggesting that the virus entered the
brain early after infection and persisted without replication and genetic diversion
until the AIDS stage.

Introduction

HIV-1-related mortality has significantly declined in the United States and other
developed countries as a result of the use of effective antiretroviral drugs. Highly
active antiretroviral therapy (HAART) has dramatically suppressed the virus load
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in the plasma of patients to undetectable levels and retarded the progression
of AIDS. However, it is difficult to completely eliminate the virus from the
body because of inadequate drug concentration in certain tissues, drug resistance,
and persistence of a latently infected pool of cells. Previous studies showed
that the frequency of HIV-1-infected cells in lymphoid organs was higher than
the frequency in peripheral blood [27, 31, 36]. Moreover, HIV-1-infected cells
were detected in various tissues including brain, gut-associated lymphoid tis-
sue and the genital tract [4, 33, 38]. The existence of persistent HIV-1-infected
cells or organs could prompt the reappearance of the virus in the infected per-
son even though the virus was once suppressed. Therefore, it is important to
identify the reservoir tissues of the virus and the virus characteristics in these
sites.

Simian immunodeficiency virus (SIV), which is closely related to HIV, infects
monkeys by various routes and induces an AIDS-like disease. Therefore, the
SIV-macaque model can provide information about HIV infection in humans
[1, 8, 39]. Moreover, some laboratories have constructed chimeric simian-human
immunodeficiency viruses (SHIVs), which contain the HIV-1 envelope gene (env)
within a genetic background of SIVmac239. These SHIVs have been useful
in clarifying the role of Env in viral infection, pathogenesis, and the relation
between the viruses and the host immune response [11, 14, 21, 28]. Some SHIV
strains were found to be pathogenic and cause disease in macaque monkeys.
One of them is SHIVky-, a polyclonal chimeric virus derived from the in vivo
passage of SHIV-4, containing the env of HIV-1 HXBc?2 [15, 24]. SHIVky-,
was reported to cause an AIDS-like disease with encephalitis in macaque
monkeys [16, 25].

In this study, to determine the quantity and diversity of viruses in various
tissues, we quantified not only proviral DNA but also infectious viruses by quan-
titative PCR and plaque assay, respectively, and analyzed the hypervariable re-
gion (V3) sequences of infectious viruses in peripheral blood mononuclear cells
(PBMC), brain, and lymphoid tissues of the SHIVyy-2-infected monkeys in the
early and AIDS stage of infection. The viral load in the infected individuals has
usually been quantified either by the copy number of virus RNA or DNA using
PCR [5, 31] or by the end-point-dilution of cell cultures [13, 36]. However, the
former method did not differentiate between infectious and non-infectious viruses.
Although the latter method is useful for quantification of infectious viruses, it is
difficult to isolate single infectious virions from polyclonal viruses by this assay.
Therefore, in addition to quantitative PCR, we used the plaque assay to quantify
the infectious viruses and isolate the viruses as single clone. The plaque assay
could quantify only the infectious viruses that were released from infected cells
and could provide an infectious virus clone directly from a plaque because each
plaque was derived from one infected cell [17]. One of the three monkeys used in
this study developed AIDS. Our results showed that the viruses actively replicated
not only in the lymphoid tissues but also brain of the monkey that developed AIDS
and that the quasispecies of infectious viruses in the brain were different from those
in the lymphoid tissues.
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Materials and methods
Virus, monkeys, and inoculation

SHIVguy-2 was provided by one of the authors (Dr. Opendra Narayan). It is a polyclonal
chimeric virus derived by the in vivo passage of SHIV-4 [15, 24]. The virus stock used in
this study was grown in rhesus macaque PBMC, and stored at —80 °C until use. Three adult
rhesus macaques (Macaca mulatta) were used in this study. The monkeys were anesthetized
by intramuscular injection of ketamine chloride and intravenously inoculated with 1 x 103
TCIDsp of the virus stock. Two monkeys, MM254 and MM255, were euthanized at 6 weeks
post inoculation (p.i.) and one monkey, MM201, which developed an AIDS-like disease was
euthanized at 26 weeks p.i. Throughout the experimental period, the monkeys were housed in
accordance with regulations approved by the Institutional Animal Care and Use Committee
of the Institute for Virus Research, Kyoto University.

Sample collection

Blood was periodically collected from all monkeys. PBMC and plasma were separated from
heparinized blood by Percoll (Nacalai Tesque, Kyoto, Japan) density gradient centrifugation.
Plasma was frozen at —80 °C until use. Brain and tissues from various lymphoid organs were
obtained at the time of euthanasia. A brain tissue sample was obtained from cerebral cortex,
and bone marrow was harvested from the femur. Parts of the samples were frozen directly
at ~80 °C until use for quantification of proviral DNA. Residual samples of brain, spleen,
thymus, bone marrow, mesenteric lymph node and a mixture of axillary and mandibular lymph
nedes were minced and filtered through a 40 wm nylon filter (Becton Dickinson, Franklin
Lakes, New Jersey). The obtained cells were immediately used in the plaque assay.

Quantification of plasma viral RNA

The viral RNA loads in plasma were determined by quantitative RT-PCR [34]. Total RNAs
were prepared from plasma with a QIAamp Viral RNA kit (QIAGEN, Hilden, Germany). RT-
PCR was performed with a Tagman EZ RT-PCR kit (Perkin Elmer, Wellesley, MA) for the
SIV gag region using the following primers: STV2-696F (5'-GGA AAT TAC CCA GTA CAA
CAA ATA GG-3') and SIV2-784R (5'-TCT ATC AAT TTT ACC CAG GCA TTT A-3). A
labeled probe, SIV2-731T (5'-Fam-TGT CCA CCT GCC ATT AAG CCC G-Tamra-3'; Perkin
Elmer), was used for detection of the PCR products. These reactions were performed with a
Prism 7700 Sequence Detector (Applied Biosystems, Foster City, CA) and analyzed using the
manufacturer’s software. For each run, a standard curve was generated from dilutions whose
copy numbers were known, and the RNA in the plasma samples was quantified based on the
standard curve.

Quantification of proviral DNA

The proviral DNA loads in tissues were determined by quantitative PCR. DNA samples were
extracted directly from frozen tissues with a QIAGEN DNeasy Tissue kit (QJAGEN). PCR
was performed with a Tagman PCR Reagent kit (Perkin Elmer) using the same primer set
and probe which were used in RT-PCR. A standard curve was generated from a plasmid
DNA sample containing the full genome of SHIV NM-3rN, which was quantified with a
UV-spectrophotometer.

Plaque assay

The infectious viruses were quantified and isolated using the plaque assay [17]. An agarose
gel bilayer containing RPMI 1640 medium was made in plastic culture dishes of 100 mm; the
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lower layer consisted of 12 ml of 1.2% agarose (Agarose NA; Pharmacia, Uppsala, Sweden)
and the upper layer consisted of 12 ml of 0.4% low-gelling-temperature agarose (SeaPlaque
Agarose; FMC, Rockland, ME). The dishes were incubated at 37 °C in 5% CO; overnight.
The following day, 2 x 10 cells of each sample and 8 x 10° cells of M8166 were suspended
in 3 ml of a 0.4% low-gelling-temperature agarose solution containing the culture medium and
the mixture was immediately overlaid on the agarose gel layer previously prepared. To detect
infectious viruses in the brain, approximately 10 cm® of brain tissue was homogenized and
then mixed with M8166 cells. The mixture was suspended in agarose solution and overlaid
on the plate. To assay the plasma, 8 x 10% M8166 cells were incubated with 500 w1 of plasma
in 1ml of medium for 1h. The cells were suspended in agarose solution, and this mixture
was overlaid on the plate. After the gel was hardened, the plates were covered with 12 ml
of culture medium and incubated at 37°C in 5% CO; for 10 days. The medium over the
plates was replaced with fresh medium every day. After removal of the medium in the plates
at 10 days, the plates were stained with 1.8 ml of 0.7% MTT for 2h to count the number
of the plaques. Each plaque represented an infectious virus clone. A portion of a plaque on
the agarose gel was picked up with a pipette tip and suspended in 500 1.1 of medium. After
centrifugation, the cell pellet was stored at —80°C.

Sequence analysis

Total DNA was extracted from the cell pellet with a DNeasy Tissue Kit (QIAGEN). The 365 bp
of the env V3 region was amplified by PCR with one primer pair: V3BgF1 (5'-CAG GCC
AGTAGTATC AACTCA ACT GC-3") and YT001 (5'-ACA ATT TCT GGG TCC CCT CTG
AGG A-3'), in a mixture containing 10 mM Tris-HCl (pH 8.3), 50 mM KCl, 2.5 mM MgCl,,
200 M of each dNTPs, 0.2 uM of each primer and 2.5 units of AmpliTag DNA polymerase.
The PCR products were purified with QIAquick Spin (QIAGEN) and directly sequenced with
the sense primer V3BgF1 by a Taq cycle sequencing system using the Dyedeoxy termination
method and analyzed with an ABI373A automated DNA sequencer (Applied Biosystems).
The nucleotide sequences of the analyzed clones were converted into amino acid sequences
and aligned with SHIVgy-2 [25] using the Clustal W program [37]. The nucleotide sequence
data reported in this paper will appear in the GenBank nucleotide sequence database with
accession numbers AF364413 to AF364476.

Results
Infection of rhesus macaques with SHIVky-o

Three rhesus macaques, MM201, MM254 and MM253, were intravenously in-
oculated with SHIVy-;. In all monkeys, viral RNAs in the plasma increased
rapidly after infection and viremia reached peak levels (10° to 107 copies/ml) at
2 weeks post inoculation (p.i.) (Fig. 1). Concurrent with the increase in viremia,
CD4™" T cell counts declined to 5 to 40% of normal range after the inoculation
(data not shown). MM254 and MM255 were then euthanized at 6 weeks p.i.
In the remaining monkey, MM201, plasma viral RNA remained high (in the
range of 10° to 10° copies/ml) and CD4" T cell counts remained low (less
than 100 cells/i1) throughout the infection. Finally, MM201 developed an AIDS-
like disease with neurological defects at the time of euthanasia, at 26 weeks
p-1. Neurobehavioral and histopathological abnormalities with encephalitis were
observed in this monkey (data not shown).
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Fig.1. Plasma viral RNA loads of three SHIVky-2-inoculated monkeys. MM 255 and MM254
were euthanized at 6 weeks p.i. MM201, which developed an AIDS-like disease, was
euthanized at 26 weeks p.i. The detection limit of this assay was 3 x 10% copies/ml

Quantification of proviral DNA

To examine the correlation between the amount of virus harbored in the various
tissues of the individuals and the development of AIDS, the viral loads were
quantified in the blood, brain and some lymphoid tissues of the monkeys at the
early stage of infection (6 weeks p.i.) and at the AIDS stage (26 weeks p.i.). First,
proviral DNA loads in the tissues were measured by quantitative PCR. In the early
stage of infection, proviral DNA was detected in the PBMC, spleen, thymus and
lymph nodes of the two monkeys (MM254 and MM255), ranging from 10* to
10° copies per microgram of total cellular DNA (Fig. 2). Proviral DNA was also
detected in the brain tissues of both monkeys, although the copy numbers were
lower than those in the other samples.

At the AIDS stage, the proviral DNA loads in all the tissue samples of the
infected monkey (MM?201) were higher (10 to 10? times) than those of the other
two monkeys in the early stage of infection (Fig. 2). The proviral DNA load in
the brain tissues was especially high, being 10* times higher than the loads in the
other two monkeys. These results showed that the virus infected the brain tissues
early after inoculation and increased at the late stage of infection.

Quantification of infectious viruses

Although the proviral DNA was present in each tissue of the infected monkeys,
it was not clear which of the infected tissues released the infectious viruses that
are considered to play a major role in virus spread in a body. Therefore, only the
infectious viruses were quantified using the plaque assay in the various tissues
of the infected monkeys. The infectious viruses were detected in PBMC, spleen,
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Fig. 2. Proviral DNA loads in various tissues of three SHIVky-2-inoculated monkeys. Viral

loads were determined by quantitative PCR and are expressed as viral DNA copy numbers

per microgram of total DNA extracted from the tissue homogenates. MM254 and MM255
were euthanized at 6 weeks p.i. MM201 was euthanized at 26 weeks p.i.

and mesenteric and axillary/mandibular lymph nodes of the two monkeys in the
early stage of infection (Fig. 3). In MM254, the viral loads in PBMC, spleen, and
lymph nodes were almost the same. In MM255, the viral loads in the spleen and
axillary/mandibular lymph nodes were higher than those in PBMC and mesenteric
lymph node. However, infectious virus was not detected in thymus, bone marrow
and brain of both monkeys although proviral DNA was detected in these samples.

In the monkey that developed AIDS, MM201, infectious viruses were detected
at various levels in all the tissues we examined, except for the thymus. The levels
of infectious virus in the spleen, mesenteric and axillary/mandibular lymph nodes
of MM201 were detected more than the level in PBMC, and the mesenteric lymph
node of MM201 had an especially large number of infectious viruses (250 pfu per
100 cells). Moreover, in MM201, the infected cells that produced infectious viruses
were present in the brain and bone marrow, but not in these same tissues in the
other two monkeys early after infection. These results showed that the productive
viral infection occurs in the brain tissues at the AIDS stage of infection, not early
after infection.

Quasispecies analysis

To characterize the genotype of the viruses that replicated in each tissue of the
infected monkeys and caused AIDS, the 270-bp nucleotide sequence encompass-
ing HIV-1 env V3 region, which is an immunologically important domain, was
analyzed in the infectious viruses isolated from each plaque. Similarly, the viral
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Fig. 3. Infectious virus loads in various tissues of three SHIVky-;-inoculated monkeys. Viral

loads were determined by plaque assay and are expressed as the number of plaque forming

units (pfu) per 10° cells or 10 cm? of brain tissues. MM254 and MM255 were euthanized at
6 weeks p.i. MM201 was euthanized at 26 weeks p.i.

genotypes in the virus stock were analyzed after isolation of the viral clones by
plaque assay, resulting in a single genotype (Fig. 4).

Among the infectious viruses in different tissues of MM201, which developed
AIDS, the nucleotide sequences encompassing the env V3 region varied greatly
from the sequence of the inoculated virus. Moreover, three of the amino acid
substitutions were commonly found in these sequences. One substitution [thre-
onine (T) to lysine (K) or alanine (A)] was detected at a glycosylation site in
the V3 region and the others [alanine (A) to threonine (T), phenylalanine (F) to
tyrosine (Y)] were detected downstream of the V3 region, i.e., in the C3 region.
Each viral genotype was named by three letters corresponding to these amino acid
substitutions (Fig. 4): TAF, AAF, TAY, TTY, KAF, KAY, KTF, and KTY. In the
PBMC, spleen, lymph nodes and bone marrow, all the viral genotypes, except
for two clones, had both substitutions, i.e., the T-to-K substitution and the F-to-Y
substitution. Moreover, the substitution from A to T was detected in 63% of all
the genotypes in these tissue samples. Thus, at the AIDS stage of infection, the
viral genotypes in most lymphoid tissues diverged from the virus stock. However,
most of the viral genotypes in the brain were identical to that of the virus stock
although two clones of the KAF and KAY types were detected. These results
showed that the infectious viruses in the brain tissues were different from those in
the lymphoid tissues, and that the infected cells in the brain tissues could produce
both the original viruses and the diverged viruses at the AIDS stage of infection.

We next analyzed the nucleotide sequences of the infectious viruses from the
other two monkeys at the early stage of infection, focusing on the viral genotypes
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Fig. 4. Comparison of amino acid sequences of the HIV-1 env V3 region of infectious virus
clones obtained from the SHIVky-; virus stock and the SHIVky-z-infected monkeys by
plaque assay and proviruses in the brains of MM254 and MM255. MM254 and MM255
were euthanized at 6 weeks p.i. MM201 was euthanized at 26 weeks p.i. Shown below the
sequences is the consensus sequence of SHIVky.» reported previously. A dot represents an
amino acid identical to the sequence of the virus stock. Numbers at the right represent the total
number of clones with a particular genotype for each tissue. The genotype of each sequence
is represented by the residues at the three substitution sites. MLN, mesenteric lymph node;
AMLN, axillary/mandibular lymph nodes; SP, spleen; BM, bone marrow; BR, brain

in PBMC and mesenteric LN which genetically diverged in the monkey at the
AIDS stage of infection. Most of the viral genotypes in the PBMC and mesenteric
lymph nodes of both monkeys were identical to that of the inoculated virus,
although a single amino acid substitution upstream of the env V3 region was
detected in some genotypes. Moreover, the sequences analysis of proviral DNA
in the brain of both monkeys showed that the viral genotypes in the brain of the
monkeys early after infection were also identical to that of the inoculated virus.
These results supported that the viruses, which did not undergo genetic change,
existed not only in the lymphoid tissues but also in the brains at early stage of
infection.

Discussion

We quantified proviral DNA and infectious virus in various tissues of SHIVky-;-
inoculated monkeys in the early and AIDS stages of infection. The proviral DNA
and the infectious viruses were equally detected in PBMC of the infected monkeys
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regardless of the infection period. However, the viral load in the lymphoid tissues
was higher at the AIDS stage than at the early stage of infection. Especially,
the mesenteric lymph nodes showed the greatest increases in the number of
infectious viruses at the AIDS stage compared with the number of infectious
viruses early after infection, although all three monkeys had almost the same
plasma viral RNA loads. These results were confirmed by the quantification of both
viral DNA and infectious virus. A previous study showed that mesenteric lymph
nodes contain numerous SIV-infected cells at all stages of SIV-infection [12].
In the gastrointestinal tract, many lymphoid cells are constantly activated by
antigenic stimuli, including food. Because HIV/SIV could replicate optimally
in the activated T cells, the gastrointestinal tract might be a major site of viral
replication at the time of development of AIDS.

Based on the sequences encompassing the env V3 region, the infectious viral
populations in PBMC and mesenteric lymph nodes of the two monkeys at the
early stage of infection hardly diverged from the inoculated virus. However, the
sequences of infectious viruses in the monkey that developed AIDS revealed that
the viral populations in PBMC and lymphoid tissues diverged from the inoculated
virus and had three common amino acid substitutions in the predicted sequences of
the infectious viruses. One substitution [threonine (T) to lysine (K)] was detected
at the glycosylation site in the V3 region. A T-to-K substitution at this site could
add a positive charge and abolish a potential N-linked glycosylation site. This
substitution in HIV and SIV was reported to be correlated with a switch of the
viral phenotype and a change in the interaction between the virus and the host
immunity [9, 29]. Moreover, this site was also reported to be an epitope of cytotoxic
T lymphocytes (CTLs) [30]. The other substitutions [alanine (A) to threonine (T)
and phenylalanine (F) to tyrosine (Y)] were detected downstream of the V3 region,
in the C3 region. Because this region was included in the outer domains of the
envelope [22], itis possible that amino acids located on this region represent targets
for CTLs or antibodies. Therefore, these infectious viruses with the amino acid
substitutions might escape from the immune response in the infected monkeys
and cause the development of AIDS.

The brain was reported as one of the tissues which the virus latently infected
[10, 18, 20, 32, 35]. However, little is known about when the virus crosses the
blood-brain barrier and infects the cell in the brain although various analyses
about neuropathogenesis were performed in patients with HIV dementia. In this
study, proviral DNA, but not infectious virus, was also detected in the brain of the
monkeys in the early stage of infection. In contrast, not only proviral DNA but also
infectious virus was detected in the brain of the monkey that developed AIDS with
encephalitis. These results suggested that the brains of the infected monkeys were
exposed to the virus during the acute infection but that the virus might hardly
replicate in the brain. In SIV-infected macaques, both proviral DNA and viral
RINA were detected in the brain during the acute infection {23, 26]. However, the
detection of viral RNA was transient, whereas proviral DNA latently existed in the
brain throughout infection [6]. Following persistent infection in the brain, viral
RNA and viral protein, in addition to proviral DNA, were reproduced in the brain
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at the late stage of infection [3, 7, 40). In our study, with the progression of AIDS
disease, the latent infection might be broken and the production of the infectious
virus increased in the brain. Establishment of a productive infection in the brain
might result in the neurological lesions in AIDS.

Previous studies showed genetic differences between the viral sequences de-
rived from the blood and brain of HIV-1 infected patients [2, 19]. In our study,
based on the sequence encompassing the env V3 region, the infectious viral
population in the brain of the monkey that developed AIDS with encephalitis
was similar to the inoculated virus, while that in the lymphoid tissues genetically
diverged from the inoculated virus. The infectious viruses produced in the brain
at the AIDS stage of infection resulted from the viruses which entered the brain
early after infection and had persisted in the brain without genetic divergence. For
individuals at the AIDS stage, immunological changes might trigger active viral
replication in the brain and then result in neurological defects. Further studies of
the evolution of the virus in different tissues may eventually lead to better methods
for suppressing replication.
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Fecal specimens from 517 infants and young
children admitted to the Civil Karachi Hospital,
Dow Medical College, Karachi city, Pakistan with
acute gastroenteritis from 1990 to 1994 were
collected and screened by RT-PCR for human
astrovirus (AstV), norovirus (NV), and sapovirus
(8V). The specific epidemiological data forillness
caused by these viruses in Pakistan are not
available. AstV, NV, and SV were detected in 58,
51, and 17 of 517 fecal specimens, and this
represented 11.2, 9.9, and 3.2%, respectively. An
outbreak of gastroenteritis attributable to AstV
serotype 1 was identified during September and
October 1990. Moreover, one specimen with a
triple mixed infection between AstV (serotypes 1
and 3) and NV Gll was found. NV and SV were
subjected to molecular analysis by sequencing.
One of the sequenced specimens positive for SV
turned out to be similar to a strain tentatively
called a genogroup IV. The result underscores
the importance of these viruses in associat-
ion with acute gastroenteritis in Karachi city,
Pakistan. J. Med. Virol. 73:256-261, 2004.
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INTRODUCTION

Viral gastroenteritis is a common disease with a high
morbidity reported worldwide especially in infants and
the elderly. The mortality among children due to
gastroenteritis is greater in developing than in the
developed countries. Acute gastroenteritis ranks con-
sistently as one of the principal six causes of all deaths.
Apart from group A rotavirus as the most common cause
of gastroenteritis, norovirus (NV), and sapovirus (8V)
are considered to be significant global enteropathogens.

© 2004 WILEY-LISS, INC.

These viruses also are associated with sporadic out-
breaks of gastroenteritis in such settings as kindergar-
tens, schools, and nursing homes for the elderly and
among military recruits [Carter and Willeocks, 1996;
Bon et al., 1999].

Astrovirus (AstV), so called to describe the distinctive
five-or six-pointed star visible on some particles when
viewed under the electron microscope (EM), is a small,
28-nm-diameter, nonenveloped, single capsid layered
viruses with a positive-sense single-stranded RNA
genome. This virus has three open reading frames
(ORFs)—ORF1a, ORF1b, and ORF2. Moreover, ORFla
and ORF1b at the 5, end of the genome encode the viral
protease and polymerase, respectively, whereas ORF2
at the 3, end of the genome encodes the capsid protein
precursor [Schnagl et al.,, 2002]. AstV is classified
currently into eight serotypes [Sakamoto et al., 2000].

NV and SV contain a positive sense single-strand RNA
genome surrounded by an icosahedral capsid. The NV
genome contains three ORFs (ORF1, 2, and 3); ORF
2 encodes the capsid proteins [Glass et al., 2000]. In the
two SV ORF's (ORF 1 and 2), however, it is ORF 1 that
encodes the non-structural as well as the capsid
proteins. Based on the sequence analysis of the capsid
gene, both human NV and human SV are divided into
two genogroups (I, IT) [Schuffenecker et al., 2001].

The objectives of this study were: to describe the
prevalence of AstV, NV (GI, GII), and SV in fecal
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