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Abstract

To clarify the early pathological events in simian and human immunodeficiency chimeric virus (SHIV)-infected lymphoid organs, we
examined rhesus macaques infected with an acute pathogenic SHIV (SHIV89.6P) or a nonpathogenic SHIV (NM-3rN) by sequential
biopsies and serial necropsies. In the SHIV89.6P-infected monkeys, acute thymic involution as shown by increased cortical tingible-body
macrophages and by neutrophilic infiltrates without follicular aggregation in the medulla began within 14 days postinoculation (dpi). Cells
that were strongly positive for the virus were identified in the thymic medulla. SHIV 89.6P-infected lymph nodes showed severe paracortical
lymphadenitis with scattered virus-positive cells at 14 dpi and they developed paracortical depletion without the obvious follicular
involution. In contrast, NM-3rN-infected monkeys showed no signs of thymic dysinvolution and the lymph nodes exhibited only follicular
hyperplasia. NM-3rN-infected monkeys showed much fewer virus-positive cells in these lymphoid tissues than did SHIV89.6P-infected
monkeys during the same period. These differences clearly reflect the difference in the virulence of these SHIVs.
© 2003 Elsevier Science (USA). All rights reserved.
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Introduction

Investigations of the early events in human immunode-
ficiency virus (HIV) infection can provide important clues
to understanding the resultant disease progression and prog-
nosis (Fauci, 1993; Grazios et a., 1998; Pantaeo et d.,
1993). However, detailed studies of HIV-infected humans at
the early stage are extremely limited and even impossible to
conduct during the first few weeks (Madea et a., 1990;
Prevot et a., 1992). Simian immunodeficiency viruses
(SIVs) are closaly related to HIVs and some of them are
known to cause afatal disease in infected macaques similar
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to those seen in human acquired immunodeficiency syn-
drome (AIDS) (Daniel et al., 1985; Letvin et al., 1985;
Letvin and King, 1990; Ringler et al., 1989; Wyand et al.,
1989). Extensive studies on the early infection course have
been done in macagues to help understand the early infec-
tion course in humans (Chakrabarti et al., 1994; Lackner et
a., 1994). However, the immune response of monkeys to
SIV envelope proteins is thought to be different from the
immune response of humans to HIV-1 (Weiss et a., 1986).
Thus, for developing anti-HIV-1 drugs and vaccines and for
evauating their efficacy and safety, a new anima model
that utilizes the HIV-1 genes would be valuable.

To establish an experimental vaccination model using
HIV-1 and macague monkeys, we have developed a series
of SIVmac/HIV-1 chimeric viruses (SHIVs) (Haga et a.,
1998; Igarashi et al., 1996, 1994; Sakuragi et al., 1992;
Shibata et a., 1991). One of these viruses, NM-3rN, carries
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the region of intact HIV-1 (NL432) that contains vpr, tat,
rev, vpu, and env (Kuwata et a., 1995). In human and
macaque peripheral blood mononuclear cells (PBMCs) as
well as in some human T-cell lines, NM-3rN replicated
effectively. Its replication was comparable to that of SIV-
mac239 in vitro. NM-3rN-infected monkeys exhibited vire-
mia and the virus was consistently reisolated from these
monkeys during the first several weeks postinfection. Nev-
ertheless, none of the infected monkeys showed significant
CD4+ T cell depletion or developed AIDS during more
than three years of observation (Haga et al., 1998; Hayami
et a., 1999). Taken together, these results indicated that
NM-3rN should be classified as a persistently infecting but
nonpathogenic SHIV.

In addition to being used to develop HIV vaccine can-
didates, SHIVs have also been used in vivo to explore the
pathogenicity of HIV-1 (Harouse et al., 2001; |garashi et al.,
1999; Joag et al., 1996; Reimann et a., 1996a). Reimann et
al. succeeded in developing the first pathogenic SHIV
(SHIV89.6P) by serial in vivo passages of the origina
SHIV-89.6 strain (Reimann et al., 1996b). In contrast to
NM-3rN, SHIV89.6P replicated much less than SIVmac239
in macaque PBMCs but replicated well in vivo. The virus
caused arapid and profound CD4+ decline within a couple
of weeks and then caused miscellaneous opportunistic in-
fections. Thus, SHIV89.6P was considered an acute patho-
genic virus. In a postmortem histopathological examination
169 days postinoculation (dpi), Reimann et al. (19963, b)
observed severe thymic dysinvolution and marked histio-
cytic paracortical expansion in the infected lymph nodes
(LNs). However, the mode of disease progression in the
early phase of infection was not clear.

The objective of this study was to clarify the early
pathological events in both acute pathogenic and nonpatho-
genic SHIV-infected lymphoid tissues. We inoculated
young rhesus macagues with the acute pathogenic
SHIV89.6P or the nonpathogenic NM-3rN and compared
the results with those obtained from monkeys infected with
a chronic pathogenic molecular clone, SIVmac239. We ex-
amined the animals by sequential biopsies and by seria
necropsies to explore the histopathology and virus distribu-
tion in the lymphoid organs. We observed distinct patho-
logical findings and distinct virus-positive cell populations
that reflect the marked difference of their virulence.

Results

Peripheral CD4+ cell count and plasma virus load of
infected animals

In al four SHIV89.6P-infected monkeys, periphera
blood CD4+ T cells were depleted within 2 weeks (Fig. 1).
Two out of three SIVmac239-infected animals showed a
transient CD4+ T cell decline while NM-3rN-infected ma-
caques did not show any significant change of CD4+ T cell

counts. As the CD4+ cels were declining in the
SHIV89.6P-infected monkeys, the viruses were actively
replicating. By the end of the second week, the viruses
reached their peak levels, more than 10° viral RNA copies
per milliliter. In contrast, the peak virus load in the NM-
3rN-infected monkeys was delayed and less than 107 cop-
ies/ml, while the peak titer of SIVmac239-infected monkeys
showed intermediate properties (the peak titer of the SIV-
mac239-infected monkeys at 7 dpi was lower than the peak
titer of SHIV89.6P-infected monkeys at 14 dpi but higher
than that of NM-3rN-infected monkeys at 18 or 23 dpi).
Acute infections with the inocul ated viruses were also con-
firmed by virus reisolation at 14 and 21 dpi in all of these
animals.

Histopathological changes of the infected thymus

Both of the SHIV89.6P-infected monkeys that developed
AIDS (MM130 and MM131) had severe thymic involution
(Table 1). Figure 2A shows representative thymic alter-
ations at the AIDS stage caused by SHIV89.6P infection.
The thymic parenchyma showed compl ete obsol escence and
was replaced by aggregations of foamy histiocytes. Al-
though the thymuses of the two SIVmac239-infected ani-
mals (MM082 and MM105) showed moderate thymic in-
volution (Table 1 and Fig. 2B, left), they showed severe
pneumonia and Pneumocystis carinii pneumonia around
630 dpi and were judged as having AIDS (Fig. 2B, right). In
contrast to these pathogenic viruses, NM-3rN-infected mon-
keys did not show any symptoms associated with AIDS
during an observation period of more than 3 years (Table 1).
To understand how the virus-infected organs changed dur-
ing the early stage of infection, the SHIV89.6P-infected
thymuses were examined at 14 and 28 dpi. In both monkeys
necropsied at 14 dpi, we observed acute thymic involution
with a “starry sky” appearance in the cortex (Table 2, Fig.
3A, left and middle). The so-called starry sky appearance
was due to the abundance of tingible-body macrophages in
the cortex. This was consistent with our observation of a
significant increase of apoptotic cells in the infected cortex
at 14 dpi (lida et a., 2000). Expansion of the medulla was
observed with infiltrations of neutrophilic inflammatory
cells that were associated with the nuclear debris of dead
cells (Fig. 3A, right). Subsequently, the continuous progres-
sion of thymic involution resulted in severe atrophy at 28
dpi (Table 2 and Fig. 3C, left). Thus, acute thymic involu-
tion began within 14 dpi and resulted in an accelerated
thymic atrophy. In contrast to the SHIV89.6P-infected an-
imals, neither the NM-3rN-infected animals nor the SIV-
mac239-infected animals developed thymic alterations to
such an extent within the observation periods (Table 2, Fig.
3C, middle and right). These findings in the SIVmac239-
infected thymuses were consistent with the findings of a
previous report (Lackner et a., 1994).

The tissue distribution of the virus-producing cells
(VPCs) in the infected thymuses was analyzed by histo-



336 T. Shimada et al. / Virology 306 (2003) 334-346
= —o-MM180(89.6P) —e-MM168(NM-3rN) ——MM2013(SIVmac239)
3 -a-MM184(89.6P) ~a-MM172(NM-3rN) o MM2015(SIVmac239)
~ -+ -MM159(89.6P) -+ -MM139(NM-3rN) -+-MM2019(SIVmac239)
n 5000 (-x--MM161(89.6P) 5000 |--a--MM157(NM-3rN) 5000
O
L, 4000 <R 4000 4000
= / \ \
3 300088, 3000 £1M, e 3000
9 1 AN RS S I
bt LN K ~ -
= 2000 [-} © 2000 NN : 2000 [ y ”
g PSR T
| it TR, \
+ 1000 X \\\\ .‘7 1000 g, 1000 \ .“*/"/',14.__ \___;/ o
< N ¥ -l —
O O 555 "% ™25 "% R S TR TR R R R T R T T
dpi dpi : dpi
=
E 10'° 10'° 10"°
n
Q10 N 10° 10°
7\
8‘ 10° A ' 10° 10° Ja S—— -
S f W 107 107 Y = e
ge; :/ i R a7 / i S —
(44} 6 / 6 . o 6 v \‘
2 10 ,7/ 3 10 - \ P 10 I =
= 10 ;, 10° - N 10° /
© 1 i/ ¥ //
= 10t - 10° < 10 |77
> }// S /4
© 10° 10° Y -~ 10° |
b 5 10 Js_ 20 25 30 5 710 15 20 25 30 5 10 15 20 25 30
S pi dpi dpi
o.

Fig. 1. Kinetics of the peripheral CD4+ cell counts and plasma virus loads in each of the virus-infected monkeys. These parameters were monitored during

the observation period of each monkey up to the day of sacrifice.

chemical in situ hybridization (HISH). As shown in Figs.
3B and 3C, in the SHIV89.6P-infected monkeys, the VPCs
were localized mainly in the thymic medulla at 14 and 28
dpi. At 14 dpi, the VPCs showed a spindle morphology and
were arranged in a network pattern adjacent to Hassall's
corpuscles, while much fewer VPCs were observed in the
cortex (Fig. 3B). At 28 dpi, the VPCs were scattered in the
thymic medulla (Fig. 3C left). The appearance of these
VPCs was also associated with the cystic degeneration of
the Hassall’ s corpuscles. In contrast to the pathogenic virus-

infected thymuses, the NM-3rN-infected thymuses had only
a few VPCs per section (Fig. 3C, middle). In the SIV-
mac239-infected animals, no obvious histological alteration
was observed but scattered VPCs with a small round mor-
phology were identified mainly in the medulla (Fig. 3C,
right).

Thymic epithelial cells of the SHIV89.6P-infected mon-
key, as observed with transparent electron microscopy
(TEM), were morphologically classified according to a pre-
vious description (Shimosato and Mukai, 1997) (Fig. 4).

Table 1

Disease states of SHIV- and SIV-infected monkeys that were observed for periods of 6 months or more

Animal 1D Inoculated virus Observation period Disease state
MM130 SHIV/89.6P, 10 TCIDg, IV? 182 days AIDS
MM131 SHIV/89.6P, 10 TCIDg, IV 287 days AIDS
MMO043 SHIV/NM-3rN, 10° TCIDg, IV 1239 days ACP
MMO064 SHIV/NM-3rN, 10° TCIDg, IV 1239 days AC

MM082 SIVmac239, 10° TCIDg, IV 630 days AIDS
MM105 SIVmac239, 10° TCIDg, IV 630 days AIDS

21V, intravenous inoculation.
b AC, asymptomatic carrier.



T. Shimada et al. / Virology 306 (2003) 334-346 337

A
i
\'; ¢l

( It f
¢ e o o
e e A

Fig. 2. (A) Involuted thymus in the SHIV89.6P-infected monkey after developing AIDS (MM 131). Hematoxylin- and eosin staining (H& E): 1eft, X 40; right,
X400. (B) The involuted but not completely obsolescent thymus derived from a SIVmac239-infected monkey that developed AIDS (MM105; left, X40).
Right panel shows the lung of the same monkey. The terminal airways were filled by Pneumocystis carinii (H&E, X40).

The dark epithelia cells (E4) adjacent to Hassall’s corpus-
cles (H) and the large medullary epithelial cells (E6) seemed
to bewell preserved at 14 dpi (Fig. 4, |eft). At 28 dpi, the E4
cells were shrunken and the network structure was distorted
(Fig. 4, upper right). In contrast, the subcapsular E1 and
pale E2 cell network in the outer cortex seemed to be rather
preserved (Fig. 4, lower right). Thus, the disappearance of
the VPCs seemed to be in proportion to the disorganization
of the thymic medullary epithelia cells.

Histopathological changes of the infected lymph nodes
(LNs)

In the SHIV89.6P-infected LNs, remarkable morpho-
logic change was evident from 14 dpi (Table 3 and Fig. 5,
upper left). At 14 dpi, the infected nodes revealed arelative
paracortical expansion with infiltration of mixed cell types,
and there was a severe cell loss at 28 dpi (Fig. 5, lower |eft).
Unlike the HIV- and/or SIV-infected LNs, there was no
association of the florid follicular expansion followed by
severe involution and depletion. In contrast to the profound

CD4+ T cell decline in the peripheral blood within 14 dpi,
the cell density in the LNswas rather constant. On the other
hand, the NM-3rN-infected LNs showed gradual paracorti-
cal expansion at 14 and 28 dpi (Table 3 and Fig. 5, middle).
The histology was consistent with chronic nonspecific
lymphadenitis and seemed to show mild lymphoid activa-
tion. Nevertheless, within this observation period, none of
the NM-3rN-infected LNs developed paracortical depletion
as the pathogenic SHIV89.6P-infected animals did. The
SIVmac239-infected animals exhibited paracortical expan-
sion and sinus histiocytosis at 28 dpi and did not develop the
florid follicular hyperplasia that was seen in the persistent
generalized lymphadenopathy (PGL) state (Table 3 and Fig.
5, right).

Most of the LNs examined by HISH showed VPCs. The
VVPCs were mainly in the paracortex, but the ways in which
the distributions changed with time differed among the
viruses. As previously reported (Chakrabarti et al., 1994,
Lackner et a., 1994), in the SIVmac239-infected animals,
most of the VPCs were identified in the paracortex at 28 dpi
(Table 3 and Fig. 5, lower right). This was more frequent
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Table 2
Histopathology and distribution of virus-producing cells in infected lymphoid organs
Virus Animal 1D dpi Thymus Spleen Tonsil
Histopath HISH Histopath HISH Histopath HISH
CIM CIM FL/PALS/RP FL/PALS/RP FL/IF FL/IF
SHIV89.6P MM 180 14 TBM/IN +/+++ NP/HM/NP —/+/- NA NA
MM184 14 TBM/IN NA H/HM/NP —I—=/- H/HM —/-
MM159 28 MA/SA +/++ DP/DPINP —/+/—- DP/DP —/=*
MM161 28 MA/SA +/++ DP/DPINP —/—=/- NA NA
NM-3rN MM 168 14 NP/NP —/- NP/HM/NP —I—=/- H/HM —/-
MM172 14 NP/NP —/—- H/HM/IN —/x/— H/HM —/=*
MM139 28 NP/NP —/- H/NP/NP */*x/— H/HM */*
MM157 28 NP/NP —/- NP/NP/NP —I—=/- H/HM —/-
SIVmac239 MM2013 28 NA NA NP/NP/IN —/x/— H/HM +/++
MM2015 28 NP/NP —/+ NP/HM/IN —/+/- NP/HM +/++
MM2019 28 NA NA H/HM/IN —I+/- H/HM +/+++

Note. Abbreviations for anatomical sites: C, cortex; M, medulla; FL, follicles; PALS, periarteriolar lymphoid sheath; RP, red pulp; IF, interfollicular area.
Histopath, histopathological grading for lymphoid morphology. The histopathological findings for each component are indicated as follows: NP, normal
appearance; TBM, tingible body macrophages; IN, infiltration of the neutrophils; MA, moderate atrophy; SA, severe atrophy with lobular collapse; HM,
hyperplasiawith mixed cell infiltration; H, hyperplasia; DP, depletion; NA, samples not available for study. HISH, histochemical in situ hybridization. Results
of HISH were quantified as follows: (—) no positive cell; (=) 1 to 5 positive cells per section; (+) 1 to 5 positive cells per high-power field (HPF = X400
magnification); (++) 6 to 15 positive cells per HPF; (+++) greater than 15 positive cells per HPF.

than that observed in thymic medulla (Fig. 3C, right). This
finding was also consistent with the findings of previous
reports (Karr et al., 1994). In the SHIV89.6P-infected LNs,
the VPCstransiently increased in number and intensity at 14
dpi and then decreased at 28 dpi. This seemed to be caused
by a massive cell loss in the paracortex (Table 3 and Fig. 5,
left). On the other hand, in the NM-3rN-infected LN, very
few VPCs were detected in the paracortex at 14 and 28 dpi
(Fig. 5, middle).

Histopathological changes of the infected spleen and
tonsils

It is thought that one of the functions of the spleen isto
protect individuals from blood-borne pathogens. The
splenocytes are also the target in humans infected with HIV
and in monkeys infected with SIV. As reported previously,
in the SIVmac239-infected spleen, the VPCs were mainly
identified in the periarteriolar lymphoid sheath (PALS),
which is a T-cell-dependent zone (Table 2). The
SHIV89.6P-infected spleens also exhibited a severe cell
loss of PALS at 28 dpi, apparently in paralel with the
paracortical depletions in the peripheral LNs. Half of the
SHIV89.6P-infected animals showed VPCsin the PALS. In
contrast, the NM-3rN-infected spleens exhibited few VPCs
distributed in the PALS and showed nonspecific lymphoid
activation but never exhibited severe cell loss during the
observation periods.

It has been reported that HIV-1-induced changes were
more accelerated in the tonsils than in the peripheral LN
(Wenig et ., 1996). In three SIVmac239-infected monkeys
that were tested in this study, the numbers of VPCs in the
tonsils were amost the same as the numbers seen in the
corresponding peripheral LNs (Tables 2 and 3). In the

SHIV89.6P-infected tonsils, there was clear depletion of
mononuclear cells in the paracortex by 28 dpi while only a
few VPCs were identified in the same area. On the other
hand, in the NM-3rN-infected tonsils, lymphoid activation
was the main feature and the frequency of the VPCs was as
low asit wasin other lymphoid tissues. These findings seem
to be similar to what was observed in the paracortex of the
peripheral LNs.

Amount of proviral DNA in lymphoid tissues

The amounts of proviral DNA in some lymphoid tissues
of infected monkeys were examined by TagMan PCR (Fig.
6). As expected, the amounts of proviral DNA of all tissues
examined were much higher in SHIV89.6P-infected mon-
keys than in NM-3rN-infected monkeys at all stages. The
amounts of proviral DNA in NM-3rN-infected lymphoid
tissues were kept at quite low levels during the observation
period. In both virus-infected monkeys, the amount of pro-
virus tended to be higher in the thymus than in the spleen
and mesenteric LNs at the acute phase of infection, while it
tended to be higher in mesenteric LNs at the late stage.

Discussion

The early stage of SHIV89.6P infection was clinically char-
acterized by rapid, profound, and continuous peripheral CD4+
T cell depletion. Reimann et al. (1996a) observed severe thy-
mic dysinvolution (marked atrophy and thymocyte depletion
according to their designation) in SHIV89.6P-infected mon-
keys after 169 dpi. We also noted thymic atrophy and severe
paracortica depletion of the peripheral lymph nodesin animals
that had developed AIDS. However, the mode of disease
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Fig. 3. (A) Representative histology of the early stage of SHIV89.6P-infected thymuses at 14 dpi (H&E). (Left) X40; (middle) cortex region, X400; (right)
medullaregion, X400. (B, C) Intrathymic distribution of VPCsin the early stage of infection. H& E on left side and histochemical in situ hybridization (HISH)
staining on right side are shown, respectively. (B) SHIV89.6P-infected thymus at 14 dpi (left, X100; right, X400). (C) SHIV89.6P-infected (left),
NM-3rN-infected (middle), and SIVmac239-infected (right) thymus at 28 dpi (><100).

progression was not clear, especialy in the early phase of
infection. Notably, even the SIV-infected animas that had
developed AIDS did not show as much thymic atrophy aswas
observed in the SHIV89.6P infected animals. In this study, we
examined the early stage of pathogenic and nonpathogenic
SHIV infections.

All four SHIV89.6P-infected monkeys exhibited severe
CD4+ T-cdl loss in PBMCs within 14 dpi. Interestingly,
despite this observation, the histology of LNs showed para-
cortical expansion with infiltration of mixed cell types, and
the paracortical depletion was delayed to 28 dpi. The peak
incidence of the VPCs identified by the HISH analyses
seemed to be lower than that seen in the SIVmac239-
infected LNs. In fact, most of them disappeared by 28 dpi.
Their disappearance was proportional to the paracortical
depletion. The paracortical depletion was not found to be
associated with either the florid follicular hyperplasia or the
resultant follicular depletion, although this type of lesion
was usually seen in the SIVmac239 infections. These find-

ings suggest that the profound CD4+ cell depletion in the
peripheral blood is a direct reflection of the cell loss caused
by the SHIV89.6P infection rather than by redistribution of
the infected cells. Wallace et al. (1999) reported that CD4+
T cells are highly activated during acute infection with
SHIV89.6PD (a separate isolate of SHIV89.6P) and are
unusually susceptible to activation-induced cell death. We
previously observed an increased frequency of apoptotic
cells in the SHIV89.6P-infected LNs and thymic cortex at
the early stage of the infection (lida et a., 2000). Together,
the severe paracortical cell loss without follicular activation
seemed to be caused by apoptotic cell death. The high
frequency of apoptotic cell death could not be explained
only by the cell death directly due to infection with
SHIV89.6P because of the low incidence of VPCs.

Our observations indicated that acute thymic involution
with a “starry sky” appearance in the cortex prior to severe
atrophy was one of the most characteristic in the early stage
of SHIV89.6P infection. Thymic involvement has been re-
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Fig. 4. Representative TEM images derived from SHIV89.6P-infected thymuses at 14 dpi (left) and 28 dpi (right) (X1600). E1, subcapsular cells;, E2, pale
cells; E4, dark epithelia cells; E6, large medullary epithelial cells; H, Hassall’s corpuscles; and BL, basal lamina. The morphological classification of the
thymic epithelial cells was according to the reference Shimosato and Mukai (1997).

ported in humans (Burke et al., 1995; Prevot et al., 1992), in
macaques (Li et al., 1995; Muller et a., 1993; Wykr-
zykowska et al., 1998), and in HIV-1-infected thymic im-
plantsin SCID-hu mice (Bonyhadi et al., 1993; Oguraet al.,
1996). The three major features of the thymic alterations in
HIV-infected children and infants are thymitis, precocious
thymic involution, and thymic dysinvolution (Joshi et a.,
1986). The thymitis was attributed to the formation of lym-
phoid follicles in the infected medullae. This was observed
a a relatively late stage of SIVsm-infected cynomolgous
monkeys and seropositive asymptomatic drug addicts (53 to
783 dpi, respectively) (Li et al., 1995; Prevot et a., 1992).
One of these studies (Wykrzykowska et al., 1998) described
scattered VPCs exhibiting a lymphoid morphology in the
medulla as early as 7 dpi. The SHIV89.6P-infected thy-
muses at this stage did not show a significant follicular
aggregation in the medullae as was observed in the SIV-

infected animals. Instead, the thymus revealed an abun-
dance of tingible-body macrophages in the cortex accom-
panied by various degrees of neutrophilic infiltration in the
medulla at 14 dpi. This ateration was followed by thymic
involution with reduction of VPCs at 28 dpi. Interestingly,
the VPCs that were identified in the infected medulla had a
spindle shape and a network distribution. Morphologically
these seemed to be thymic stromal cells. Similar cell pop-
ulations and a similar tissue distribution were described in
HIV-1-infected thymic implants in SCID-hu mice (Bony-
hadi et al., 1993; Okamoto et al., 1998). We noted the
peripheral lymphoid depletion in the LNs, spleens, and
tonsils in the early stage of SHIV89.6P infections. Taken
together, these results seem to indicate that the acute phase
of SHIV89.6P infection is characterized by acute thymic
involution with generalized lymphoid depletion. In humans,
an acute “stress’ involution was noted in children undergo-
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Table 3
Histopathology and distribution of virus producing cells in sequentially resected peripheral lymph nodes
Virus Anima 1D Pre-inoculation 5 dpi 14 dpi 28 dpi
Histopath HISH Histopath HISH Histopath HISH Histopath HISH
FL/PCIS FL/PCIS FL/PCIS FL/PCIS FL/PCIS FL/PCIS FL/PCIS FL/PCIS
SHIV89.6P MM 180 NP/NP/NP —/—=/- NP/NP/NP —/=I- NP/HM/SH —[+/- NA NA
MM184 NP/NP/NP —I—=/- NP/NP/NP === NP/HM/SH —/+/- NA NA
MM159 NP/NP/NP —/—1- NP/NP/NP —/=1- NP/HM/SH —/+/— H/DP/SH —/—1-
MM161 NP/NP/NP —/—=/- NP/NP/NP —/=1- NP/HM/SH —/+/— H/DP/SH —/—I-
NM-3rN MM 168 NP/NP/NP —I=/- NP/NP/NP —/=1- NP/NP/NP —/=1- NA NA
MM172 NP/NP/NP —/—1- NP/NP/NP —/x/— NP/NP/NP —/=1- NA NA
MM139 NP/NP/NP —/—=/- NP/NP/NP —/—1- NP/NP/NP —/=1- NP/H/SH —/+/-
MM157 NP/NP/NP —I=/- NP/NP/NP —/=1- NP/NP/NP iy NP/H/SH —/=1-
SIVmac239 MM2013 NP/NP/NP —/—1- NP/NP/NP —/=1- NP/H/SH —/+/— NP/HM/SH +/+++/—=
MM2015 NP/NP/NP —/—=/- NP/NP/NP —/—1- NA NA NP/HM/SH +/++/—
MM2019 NP/NP/NP —I=/- NP/NP/NP —I/=l- NP/H/SH —[/+/- NP/HM/SH —/=/-

Note. Abbreviations for anatomical sites: FL, fallicles; PC, paracortex; S, sinus. Histopath, histopathological grading for lymphoid morphology. The
histopathological findings for each component are indicated as follows: NP, normal appearance; HM, hyperplasia with mixed cell infiltration; SH, sinus
histiocytosis; H, hyperplasia; DP, depletion; NA, samples not available for study. The frequencies of VPCs in tissue sections detected by HISH are indicated

as described in Table 2.

ing major stress, such as occurs with extensive thermal
injury, radiotherapy, anti-tumor therapy, chorioamnionitis,
and sepsis (Shimosato and Mukai, 1997; Suster and Rosai,
1992; Toti et al., 2000). The histology of the stress involu-
tion was known as acute cortical shrinkage associated with
astarry sky appearance, and it was similar to that seenin the
SHIV89.6P infection (Fig. 3A and Toti et a., 2000). This
accidental or stress-associated involution appears to result
from a sudden release of corticosteroid from the adrena
cortex, which causes rapid lympholysis of the cortical thy-
mocytes (Cowan and Sorenson, 1964). Some of the thymic
epithelial cells were thought to be secreting thymic pep-

' 89.6P

14 dpi

28 dpi

tides, such as thymosin fraction 5, which modulate the
hypothalamo—pituitary—adrenal axis by affecting the release
of adrenocorticotropic hormone (Goya et al., 1993). Inter-
estingly, we observed densely packed VPCs in the thymic
medullafollowed by the disruption of the E4 cell network in
the SHIV89.6P-infected animals. As mentioned above, the
virus did not seem to directly kill many infected cellsin the
lymph nodes. Taken together, these results suggest that the
CD4 depletion in the SHIV89.6P-infected animals is due to
stress involution induced by vira infection and that the
generation of CD4+ cellsinitslineage isinhibited. Expres-
sion of interleukin-7, a cytokine produced by thymic stro-

SIVmac239

Fig. 5. Representative tissue distributions of VPCs in sequentially resected LNs. The HISH staining of the sequentially resected LNs is shown. SHIV89.6P-,
NM-3rN-, and SIVmac239-infected LNs are arranged from left to right, respectively. The left-side image in each panel shows H&E at the indicated period,
while the right-side image shows HISH of sequential sections.
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Fig. 6. Provira DNA quantification in SHIV89.6P- or NM-3rN-infected lymphoid tissues (thymus, spleen, and mesenteric LN).

mal cells and known to play a key role in T cell develop-
ment, in HIV-1-positive individuals correlates with CD4+
T cell depletion (Llano et a., 2001). Further investigations
are needed to clarify the humoral factors involved in im-
mune modulations.

As the thymic atrophy caused by the SHIV89.6P infec-
tion was so profound, the regeneration of the T cell pool
would be expected to be impaired and the resultant T cell
repertoire would be expected to be extremely limited. Such
a limitation together with the paracortical depletion of the
lymph nodes might explain the rapid, profound, and “con-
tinuous” T cell depletion in the SHIV89.6P-infected ani-
mals. This rapid and drastic clinical course is clearly dif-
ferent from that observed in HIV-1-infected humans.
However, SHIV and HIV-1 share several properties: SHIV
has several HIV-1 genes including env, the same CD4+ T
lymphocyte subset that is depleted in HIV-1-infected hu-
mans is depleted in SHIV-infected monkeys, and the symp-
toms of the induced immunodeficiency in the SHIV-in-
fected monkeys are also very similar to those observed in
HIV-1-infected individuals (Douek et a., 1998). Further-
more, the infectivity of thymocytes was found to be closely
associated with the CD4 depletion by HIV-1 in vivo (Stod-
dart et al., 2001). Therefore, the acute pathogenicity of

SHIV89.6P in macagques can be viewed as a model of
human AIDS with a markedly compressed clinical course
and should be quite useful for further investigation of thein
vivo mechanism of AIDS pathogenesis.

As we reported previously, NM-3rN replicated as fast as
the parental SIVmac239 in human and macaque PBMCs
and in several CD4+ human cell lines (Kuwataet al., 1995).
Chronic persistent infections have been established in rhe-
sus, pig-tailed, and cynomolgous monkeys (Hayami et al.,
1999; Kuwata et al., 1995). In the very early stage of
infection, the cell-associated virus loads of NM-3rN were
comparable with those of SIVmac239 and they thereafter
declined to a 10- to 100-fold lower level (Kuwata et al.,
1995), while the plasma virus load, which is more sensitive
than the cell-associated virus load, showed that NM-3rN has
alower growth ability in vivo (Fig. 2). Our study indicated
that there was an activation of the infected LNs (as demon-
strated by paracortical expansion with mixed cellular
infiltration) at 28 dpi in both the NM-3rN- and SIVmac239-
infected animals. The NM-3rN-infected monkeys subse-
quently showed follicular hyperplasiain the chronic state of
infection. Nevertheless, the infected germinal centers did
not show any involuted features and the frequencies of
occurrence of VPCs and the amounts of proviral DNA were
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significantly lower than those seen in the pathogenic
SHIV89.6P-infected monkeys. The generalized lymphoid
activation with the minimal involution and reduced fre-
guency of VPCs in the lymphoid tissues seemed to be the
main features of the NM-3rN infection. These results were
similar to those observed in human long-term nonprogres-
sors (Pantaleo et a., 1995). Thus, the in vivo NM-3rN
proliferation did not cause extreme lymphoid activation
such as persistent generalized lymphadenopathy, and there-
foreit may provide agood model for long-term nonprogres-
sors. Further studies are needed to clarify the mode of
infection at the early stage of long-term nonprogressive
infection, which cannot be predicted in humans.

The tissue distributions of SHIV89.6P and SIVmac239
were clearly different although the viral load set points at 28
dpi for the two viruses were similar. The different tissue
tropisms of these viruses seem to be due to a difference in
the coreceptors that they use. That is, SIVmac239 uses
CCR5, and SHIV89.6P uses both CCR5 and CXCRA4. Other
acute pathogenic SHIV strains causing rapid CD4+ cell
depletion are also known to use CXCR4 only or both
CXCR4 and CCR5, whereas infection with a pathogenic
CCR5-specific enveloped virus, SHIVSF162P, caused a
dramatic loss of CD4+ intestina T cells followed by a
gradual depletion in peripheral CD4+ T cells (Harouse et
a., 1999; lgarashi et al., 1999; Joag et al., 1996). NM-3rN
has the env of an HIV-1 gtrain that is derived from the
NL432 strain and uses CXCR4 as a coreceptor but replica
tion of NM-3rN in vivo is limited. The rapid CD4+ T cell
depletion that occursin peripheral blood at the early stage of
infection may require the usage of the CXCR4 coreceptor
and a high virus load set point.

In conclusion, the early stage of the SHIV89.6P infection
was characterized by acute thymic involution and paracor-
tical lymphadenitis which began within 14 dpi. Because of
the severe pathological alterations and the profound periph-
eral CD4+ cell loss caused by SHIV89.6P, the infection in
macagues is useful for analyzing the in vivo mechanism of
AIDS pathogenesis. In contrast, NM-3rN showed general-
ized lymphoid activation with minimal involution and these
pathological findings were similar to those seen in human
long-term nonprogressors. NM-3rN induced strong immu-
nological responses and resulted in minimal cell loss caused
by apoptosis. Clarification of the mechanisms responsible
for the disease-free statein NM-3rN infection might provide
insights for preventing pathogenic virus infections. Also,
the nonpathogenic features of NM-3rN might make this
virus suitable as a prototype for live-attenuated vaccines.

Materials and methods

SHIV

The detailed protocol for generation of NM-3rN has been
described (Kuwata et al., 1995). SHIV89.6P was kindly

provided by Dr. K.A. Reéimann and Dr. N.L. Letvin
(Reimann et al., 1996a). The pathogenic molecular clone,
SIVmac239, was kindly provided by Dr. R.C. Desrosiers
(Naidu et a., 1988). The plasmid DNAs of NM-3rN and
SIVmac239 were transfected into M8166 cells (Clapham et
al., 1987) and infectious viruses were obtained. Rhesus
macague PBMCs were infected with these viruses and the
supernatant with the highest reverse transcriptase activity
level was used as the virus stock. The TCIDg, values of
these stock viruses were determined using M8166 cells and
were adjusted by adding an appropriate volume of medium.

Animal experiments

Monkeys were treated in accordance with the institu-
tional regulations approved by the Committee for Experi-
mental Use of Nonhuman Primate in the Institute for Virus
Research, Kyoto University. As references for the AIDS
state, two SHIV89.6P-infected monkeys (MM130 and
MM131) and two SIVmac239-infected monkeys (MM082
and MM105) were observed until they showed the initial
symptoms of the disease. Two NM-3rN-infected monkeys
were followed up for more than 3 years (Table 1). A total of
eight young rhesus monkeys (Macaca mulatta, 3 to 6 years
old) were infected with either SHIVV89.6P or NM-3rN. Two
monkeys for each incubation period (14 and 28 days) were
employed. For positive controls of viral infection, we ex-
amined three SIVmac239-infected monkeys for 28 days
(Tables 2 and 3). All of these monkeys were confirmed to be
free of SIV and simian T-cell leukemia/lymphoma virus
type 1 (STLV-1). The animals were intravenously inocu-
lated with 10 TCIDg, of SHIV89.6P or NM-3rN or with 10°
TCIDg, of SIVmMac239. The peripheral LNs were sequen-
tially removed to examine the histopathological alterations.
The blood samples were periodically monitored by CD4+
cell counts and by determining the plasma virus load as
described (Kozyrev et a., 2001). At 14 and 28 dpi, the
SHIV89.6P- and NM-3rN-infected animal s were euthanized
and necropsied for subsequent histopathological examina-
tions. The thymus, spleen, tonsil, and peripheral LN (axil-
lary, inguinal, and mesenteric) derived from an identical
animal were either fixed in 4% paraformaldehyde (PFA)—
PBS overnight at 4°C, and then embedded in paraffin wax
for the histological examinations and histochemical in situ
hybridization (HISH) studies, or directly frozen for DNA
extraction.

Histopathological examination

The tissue sections were cut at a thickness of 4 um and
stained with hematoxylin—eosin (H& E) for the subsequent
histopathological examinations. Histological alterations of
the viral-infected macagues were classified according to a
previous report (Ringler et al., 1989). To examine alter-
ations in the tissue, some of the PFA-fixed and paraffin-
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embedded thymic tissues were excised, deparaffinized, and
subjected to transparent electron microscopy (TEM).

Histochemical in situ hybridization (HISH)

Digoxigenin-labeled antisense RNA probes were em-
ployed for the HISH detection of the viral genomes (DIG—
RNA, Boehringer—Mannheim, Tokyo, Japan) (Bucy et al.,
1994; Karr et a., 1994). Briefly, 4-um-thick paraffin sec-
tions were deparaffined and subjected to 0.2 M HCI degen-
eration followed by Proteinase K (PK; Sigma-Aldrich Ja-
pan, Tokyo) digestion and acetylation. The conditions of PK
treatment (4 pg/ml in PBS at 37°C for 30 min) were deter-
mined by preliminary tests. After postfixation, the sections
were prehybridized for 1 h at room temperature and hybrid-
ized overnight at 42°C with 5 ng/section of the DIG-RNA
probes. Following RNase treatment and extensive washing,
the hybrids were incubated with alkaline phosphatase-con-
jugated antidigoxigenin antibody (Fab fractionated) and the
resultant complexes were visualized by NBT/BCIP sub-
strates (Boehringer—Mannheim, Tokyo, Japan) at 4°C for
40 h.

For an RNA probe, we synthesized and tested severa
candidates such as the gag, pol, or nef regions, which were
raised against almost identical sequences among SIV-
mac239, NM-3rN, and SHIV89.6P. We eventually selected
a 562-nucleotide region in nef because it gave the strongest
and most reproducible signals. Vira distributions were es-
timated by the number of VPCs per high power (X400) field
under the microscope.

Quantitative analysis of provirus DNA

The SHIV provira DNA quantitative assay was per-
formed with TagMan DNA PCR (Perkin—Elmer, USA) for
the SIV gag region using the primers SIVII-696F (5'-
GGAAATTACCCAGTACAACAAATAGG-3') and SI-
VII-784R (5'-TCTATCAATTTTACCCAAGGCATTTA-
3'). DNA samples were extracted directly from frozen
lymphoid tissues with a QIAGEN DNeasy Tissue kit (QIA-
GEN, Germany) according to the manufacturer’s protocol.
A labeled probe, SIVII-731T (5'-Fam-TGTCCACCTGC-
CATTAAGCCCG-Tamra-3'), was used for detection of the
PCR product. For each run, a standard curve was generated
from a plasmid DNA sample containing the full genome of
SHIV NM-3rN, which was quantified with a UV spectro-
photometer.
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