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The extent of virus replication, tissue distribu-
tion, localization ofvirus within tissues, and the
presence ofpathological lesions was examined
early after experimental infection ofrhesus mnon-
keys with simian immunodeficiency virus (SIV).
Three strains of SIV were used. molecularly
clonedpathogenic SlVmac239; molecularly cloned
nonpathogenic SIVmaclAl1; and unclonedpatho-
genic SIVmac. The major targets ofinfection in aU
animals at 2 weeks postinoculation were the thy-
mus and spleen. The distribution of virus within
lymphoid organs varied with the viral inoculum.
nonpathogenic SIVmacIAIl was presentprimar-
ily within lymphoidfoUicles and in the thymic cor-
tex; SIVmac239 was present primarily within
periarteriolar lymphoid sheaths in the spleen,
theparacortex oflymph nodes, and the medula
ofthe thymus; uncloned SlVmac waspresent in aU
these areas but tended toparaUel the distribution
ofSIVmac239. Animals inoculated with nonpatho-
genic SIVmaclAII hadfewer SIV-positive ceUs by
in situ hybridization and after 13 weeks postin-
oculation, virus was undetectable in any tissue
from these animals. No significant pathological
abnormalities were recognized in animals inocu-
lated with this nonpathogenic virus. In contrast,
nearly halfofthe animals inoculated with either
SIVmac or SIVmac239 developed significant
patbological lesions, including opportunistic in-
fections by 13 weeks postinoculation, highlight-
ing the virulence ofthese viruses. Our results in-
dicate marked differences in tissue distribution

between pathogenic and nonpathogenic molecu-
lar clones ofSIVduring the acutephase ofinfec-
tion. The most striking differences were the ab-
sence of SIVmaclAll from the central nervous
system and thymic medulla The prominent early
involvement ofthe thymus suggests that infection
of this organ is a key event in the induction of
immune suppression by SIV. (AmJ Pathol 1994,
145:428-439)

Immunosuppressive lentiviruses in humans, ma-
caques, and cats (HIV, SIV, and FIV, respectively)
share many genetic, immunological and pathological
features, including a primary acute flulike illness oc-
curring within the first few weeks of infection, followed
by a variable "asymptomatic" phase, and a terminal
phase of profound immune deficiency.16 While much
is known about the terminal phase of acquired im-
mune deficiency syndrome (AIDS) in all of these spe-
cies, relatively little is known about the acute phase of
infection that probably plays a major role in deter-
mining the disease outcome.

In HIV infection, the viral load early in infection is
high with active viral replication (for review see ref. 1).
Viral dissemination during this time may be important
in determining disease course and the relative in-
volvement of various organs such as the brain and
gastrointestinal tract. This early, rampant viral repli-
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cation decreases coincident with the onset of the host
immune response.1 The strength of this immune re-
sponse has been correlated with survival time.4'7 A
thorough understanding of the early events of infec-
tion with immunosuppressive lentiviruses is important
for understanding the pathogenesis of these viruses
and designing appropriate vaccines and interventive
strategies. These early events are difficult to study in
HIV-infected humans because it is usually months or
years before individuals are aware of their infection
status. Thus, animal models are critical for examining
the primary events in infection with these viruses.

The simian immunodeficiency virus (SIV) macaque
model of AIDS has been used extensively to examine
pathogenesis, vaccine strategies, and viral determi-
nants of disease.24'8-1 0 The availability of defined
molecular clones of varying cellular tropism and viru-
lence makes this model system particularly useful.4'11
The objective of this study was to examine early
events, particularly those occurring in tissues, in the
pathogenesis of SIV, using molecular clones of mark-
edly different virulence. We reasoned that comparing
clones of different virulence would allow us to make
inferences as to the importance of infection of various
tissues to disease outcome.

In this prospective study, rhesus macaques were
inoculated with either pathogenic (SlVmac239)12 or
nonpathogenic (SlVmaclAl 1)13 molecular clones of
SIV and compared to macaques inoculated with an
uncloned biological isolate of SIV (SlVmac). The bio-
logical isolate has been used extensively in previous
pathogenesis and vaccine experiments.14-16 In ad-
dition to obvious differences in virulence, the biologi-
cal properties of SlVmac239 and SlVmac1Al 1 have
been further characterized in vitro as well as in ex-
perimentally infected macaques. SlVmac239 repli-
cates and causes cytopathology in cultures of ma-
caque T lymphocytes but not macrophages,17-19
whereas SlVmac1A1l1 replicates and causes cytopa-
thology in both cell types.1 -20 The inability of SIV-
mac239 to cause cytopathology in macaque mac-
rophages is due to restricted replication in
macrophages that is determined by the env gene but
is not due to restricted entry into macrophages.21 Fur-
thermore, the ability to replicate in macrophages can
be conferred on SlVmac239 by as few as nine amino
acid changes in env, and these amino acid changes
occur in approximately 30% of infected macaques
over the course of infection.22'23 In vivo, pathogenic
SlVmac239 (as well SlVmac) establish persistent
cell-free and cell-associated viremia and persistent
infection of multiple tissues leading to fatal AIDS-like
disease,11 including SIV-encephalitis and enter-
opathy.16,23-25 In contrast, SlVmaclAl1 causes a

transient cell-associated viremia and is nonpatho-
genic, despite greater than 98% homology at the
nucleotide level with SlVmac239.11,26,27 The viral de-
terminants responsible for the biological differences
between these two molecular clones are complex and
scattered throughout the genome.11 27

Animals inoculated with these viruses were serially
sacrificed and examined histologically and by in Situ
hybridization to determine viral distribution. Our re-
sults indicate that the markedly different virulence
and distinct biological characteristics of the two mo-
lecular clones are reflected in their distribution within
tissues and that infection of the thymic medulla may
be a key event in determining progression to AIDS.
Furthermore, within the first 13 weeks of infection,
there were a surprising number of significant his-
topathological lesions in animals inoculated with
pathogenic virus.

Materials and Methods

Animals and Viral Infections

Twenty-four male rhesus macaques (Macaca mu-
latta) aged 22 to 41 months were obtained from the
D retrovirus-free and SIV-free colony at the California
Regional Primate Research Center. The animals were
divided randomly into three groups of eight and
housed in accordance with standards of the Ameri-
can Association for Accreditation of Laboratory Ani-
mal Care. The investigators adhered to the Guide for
the Care and Use of Laboratory Animals prepared by
the Committee on Care and Use of Laboratory Ani-
mals of the Institute of Laboratory Resources, Na-
tional Resource Council. Before use, the animals were
negative for antibodies to H IV-2, SIV, type D retrovirus,
and sirnian T-cell leukemia virus type 1 (STLV-1).
The three groups of eight animals were inoculated

intravenously with cell-free stocks of SIV. One group
was inoculated with 104 50% tissue culture infectious
doses of the pathogenic molecular clone, SIV-
mac239;12 a second group was inoculated with 104
50% tissue culture infectious doses of the nonpatho-
genic molecular clone, SlVmaclAl 1;13,28 and the
third group of eight animals was inoculated with 102.5
50% tissue culture infectious doses of uncloned SIV-
mac (derived from SlVmac251 kindly provided by R.
Desrosiers, New England Regional Primate Research
Center). These doses of SlVmac239 and SlVmac
have induced disease in the majority of animals by
six months after inoculation.15'27 The dose of
SlVmac1A1 1 was chosen because it induces viremia
in 100% of inoculated animals and was equal to the
dose of SlVmac239. While SlVmac239 and
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SlVmac1Al 1 behave very differently in vivo, they are
quite similar at the nucleotide level. The genetic dif-
ferences between these two molecular clones are
scattered throughout the genomes.11 Salient genetic
differences include premature truncation of the vpr
gene and the transmembrane domain of env in
SlVmaclAll, whereas the nef gene of SlVmac239
has an in-frame stop codon that rapidly reverts in rhe-
sus monkeys.29 Sequence differences are also
present in variable region 1 (V1) in the surface domain
of the env gene. Full proviral sequences of
SlVmaclAl1 and SlVmac239 have accession num-
bers M76764 and M33262 respectively, in the Gen-
Bank database resource.11,30

Virus Isolation

Peripheral blood and cerebrospinal fluid (CSF) were
collected before inoculation and at 1,2,4,6,8,11,13,
21, and 23 weeks after inoculation. Infectious virus
was isolated from blood by cocultivation of 5 x 106
CEMX174 cells with at least 4 x 106 peripheral blood
mononuclear cells (PBMCs) as described previ-
ously.15 For isolation of SIV from CSF, 106 CEMX174
cells were pelleted and resuspended with 0.5 ml of
whole CSF and incubated at room temperature for 30
minutes. Ten ml of RPMI 1640 tissue culture media
was then added, and the cells cultured as above. Cul-
ture supernatants were tested biweekly for the pres-
ence of SIV by p27 capture enzyme-linked immu-
nosorbent assay (ELISA).31 Cultures were con-
sidered positive if culture supernatants yielded 10
ng/ml or more of SIV p27 at two consecutive time
points. All cultures were maintained for 8 weeks and
tested for SIV p27 by ELISA before being scored as
virus-negative. This assay could detect one SIV-
infected cell per 106 PBMCs.

S/V-Specific Antibody Titers and Plasma
Antigenemia

SIV-specific antibody titers were determined by
ELISA, using sucrose gradient-purified SlVmac
grown in HUT 78 cells and peroxidase-conjugated
anti-macaque immunoglobulin G, as described pre-
viously.27 The ELISA was performed on serial twofold
dilutions of serum from 1:100 to 1:204,800. All dilu-
tions of each sample and the positive control (serum
from an SIV-infected animal) were assayed in dupli-
cate and the mean values of optical density were cal-
culated. Data are presented as the inverse of the
highest sample dilution that exceeded 50% of the
maximum positive control optical density.

The amount of SIV-p27 per ml of plasma was de-
termined using a commercial SIV-p27 antigen cap-
ture ELISA kit (Coulter Immunology, Hialeah, FL) ac-
cording to the manufacturer's recommendations.
Antigen values of greater than or equal to 0.10 ng/ml
of plasma were considered to be SIV antigen-
positive.

Tissue Collection and Histological
Evaluation

Two animals from each group were killed at 2, 8, 13,
and 23 weeks postinoculation (pi) by intravenous
overdose of sodium pentobarbital. Tissue specimens
obtained from these animals at necropsy were fixed
in 10% neutral buffered formalin, embedded in par-
affin, and sectioned at 6 p for in situ hybridization to
determine the distribution of SIV nucleic acid. Sec-
tions were also cut at 6 p and stained with hematoxylin
and eosin for histopathological examination. Lym-
phoid tissues from the animals were categorized ac-
cording to the presence or absence of histological
alterations (Table 1). The criteria used to categorize
changes in the lymph nodes and spleen have been
previously described.32 For the thymus, we modified
a previously published histological classification
used in SIV-infected macaques.33 Five categories
were used to classify thymic morphology to maintain
consistency with the grading scheme for lymph
nodes and spleen: 1) mild lymphoid depletion equal
to approximately 20 to 40% reduction in cortical thick-
ness; 2) moderate lymphoid depletion equal to ap-
proximately 40 to 60% reduction in cortical thickness;
3) severe depletion with lobular collapse and no dis-
tinction between cortex and medulla; 4) giant cell
thymitis-infiltrates of multinucleated giant cells in the
thymus; and 5) normal.

Localization of S/V-Infected Cells by In
Situ Hybridization

In situ hybridization was performed using a 35S-
labeled SIV DNA probe on formalin-fixed, paraffin-
embedded tissue sections as previously de-
scribed,16 except that tissues were denatured so that
both RNA and DNA would be detected. Radioactive
probes were produced with a specific activity of 1 x
108 cpm/pg or greater by nick-translation of a 9-kb
fragment of the SlVmac genome (obtained from P.
Sonigo, Institute Pasteur) consisting of the entire gag,
pol, and env regions.34 Controls included: 1) SIV-
infected and uninfected cultured T cells (HUT78); 2)
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Table 1. Lymphoid Morphology and Localization ofSIV by in Situ Hybridization

Thymus Spleen Axillary lymph node

ISH ISH ISH
Histopath Histopath Histopath

Cortex/ Follicles/PALS/ Follicles/
Virus Time pi Animal no. Medulla Red pulp Paracortex

SlVmac 2 weeks 24318 +/+++ 2 +++/+ 1 +/++ 2
24354 +/+++ 1 + +/+ + 3 +/+ 3

8 weeks 24260 -/- 1 ++/-I- 2 +/- 2
24634 +/+ 5 +/+/- 2 -/- 2

13 weeks 24373 +/+ 5 + 1 +/++ 1
24377 -/- 5 +/-I- 1 +/- 1

23 weeks 24891* -/+ 3 -/-/+ 3 +/++++ 4
25003 -/+ 5 +-- 1 +/+ + 1

SlVmac239 2 weeks 23894 NA NA +/+ 2 +/++ 1
23930 NA NA +/+ + +/+ 2 NA NA

8 weeks 24231 +/++ 5 +/++/- 1 +/++ 1
24255 +/++++ 5 +/++++/+ 1 +/+++ 1

13 weeks 24289 -/+ 5 1 +/- 2
24219 +/- 5 -I-/- 1 -/- 1

23 weeks 24242 NA NA + 1 +/+ 1
24263 -/- 5 +/-I- 1 +/+ 1

SlVmaclAll 2 weeks 24120 ++I- 5 +/-I- 5 -/- 5
24777 NA NA +/-/- 1 +/- 2

8 weeks 24029 +/- 5 ++/-/- 5 +/- 5
24209 ++I- 5 +1-1+ 5 +1- 5

13 weeks 24062 +/- 5 -/-/- 1 -/- 5
24172 ++I- 5 + 5 -- 5

23 weeks 24091 -/- 5 -/-/- 5 -/- 5
24272 -/- 5 -/-/- 5 -/- 5

ISH = in situ hybridization. PALS = periarteriolar lymphoid sheaths. Results of in situ hybridization were quantified as follows: no positive
cells = negative; one to five positive cells per section = 1 +; five to 10 positive cells per 10 x field = 2+; 10 to 15 positive cells per 10 x field
= 3+; greater than 15 positive cells per 10 x field = 4+.

Histopath = histopathological grading of lymphoid morphology. For lymph nodes and spleen grade 1 = follicular hyperplasia; grade 2 -
follicular depletion with normal or expanded paracortices; grade 3 = generalized lymphoid depletion; grade 4 = giant cell lymphadenitis; and
grade 5 = normal. For the thymus the grading system was slightly modified: grade 1 = 20 to 40% reduction in cortical thickness; grade 2 =

40 to 60% of reduction in cortical thickness; grade 3 = severe atrophy with lobular collapse and no visible cortex; grade 4 = giant cell thy-
mitis, and grade 5 = normal.

* Animal 24891 was euthanatized at 22 weeks pi with terminal simian AIDS.
NA = not available for study.

matched tissues from two uninfected rhesus monkeys
and one type D retrovirus-infected rhesus monkey;
and 3) hybridization with a nick-translated probe con-
taining only the pSP64 plasmid vector. Sections were
examined microscopically and subjectively quanti-
fied as follows: no positive cells = negative; one to five
positive cells per section = 1+; five to 10 positive
cells per 1ox field = 2+; 10 to 15 positive cells per
1Ox field = 3+; greater than 15 positive cells per l Ox
field = 4+.

Results

Virus Isolation

Infectious virus was isolated from PBMCs of all ani-
mals inoculated with pathogenic virus (SlVmac or SIV-
mac239) by 1 week pi with the exception of one ani-
mal inoculated with SlVmac239 (Table 2). By two
weeks pi, all animals inoculated with pathogenic virus

were persistently viremic. Animals inoculated with
nonpathogenic SlVmaclAl 1 were all viremic by week
2, but the viremia was transient (Table 2). The ces-
sation of viremia by 8 weeks pi is a consistent feature
of infection with SlVmaclAl 1.26-28

In the CSF, virus was isolated from seven of eight
animals inoculated with SlVmac and four of eight ani-
mals inoculated with SlVmac239 by 1 week pi, and
from 100% of animals inoculated with either of these
pathogenic viruses by 2 weeks pi (Table 2). In con-
trast, virus was never isolated from CSF of animals
inoculated with SlVmaclAl 1 (Table 2). By 8 weeks pi
with SlVmac or SlVmac239, the CSF in only one ani-
mal in each group remained virus-positive, but SIV
could again be isolated from CSF at 21 and 23 weeks
pi in the four remaining SlVmac- or SlVmac239-
inoculated animals (Table 2). Thus, virus was present
in the CSF very early (before week 4) and late (weeks
21 and later) after inoculation with pathogenic virus
but was inconsistently isolated at other times.
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Table 2. Isolation ofSIVfrom Peripheral Blood and Cerebrospinal Fluid

Weeks pi

1 2 4 8 11 13 21 23
Animal PBMCs/ PBMCs/ PBMCs/ PBMCs/ PBMCs/ PBMCs/ PBMCs/ PBMCs/

Virus no. CSF CSF CSF CSF CSF CSF CSF CSF

SlVmac 24318 +/+ +/+
24354 +/+ +/+
24260 +1+ +1+ +1- +1-
24634 +1+ +1+ +1+ +1-
24373 +/NA +/+ +/+ +/- +/- +/-
24377 +/+ +/+ +/+ +/- +/- +/-
24891* +/+ +/+ +/+ +/+ +/+ +/NA +/+ +/+
25003 +/+ +/+ +/+ +/- +/- +/- +/+ +/+

SlVmac239 23894 +/+ +/+
23930 +/- +/+
24231 -I- +/+ +/+ +/+
24255 +1- +1+ +1- +1-
24289 +1- +1+ +1+ +1- +1- +1-
24219 +/+ +/+ +/- +/- +/- +/-
24242 +/+ ±/+ +/+ +/- +/+ +/+ +/+ +/+
24263 +/+ +/+ +/+ +/- +/- +/- +/+ +/+

SlVmaclAll 24120 NA/- +/-
24777 NA/- +/-
24029 NA/- +/- +/- -/-
24209 NA/- +/- -/- -I-
24062 NA/- +/- +1- -1- -1- -1-
24172 NA/- +/- -/- -/- -/- -/-
24091 NA/- +!- -/- -/- -/- -/- -/-
24272 NA/- +!- +/- -1- -1- -1- -1-

Animal 24891 was euthanatized at 22 weeks pi with terminal simian AIDS.
NA = not available.

S/V-Specific Antibody Titers and Plasma
Antigenemia

All of the animals inoculated with SlVmac or SIV-
mac239 were antigenemic at 2 weeks pi (Table 3) with
the exception of 24219 (inoculated with SlVmac239).
By 13 weeks pi, SIV-specific immunoglobulin had
been detected in five of six SlVmac-infected and five
of six SlVmac239-infected animals that were alive at
least 8 weeks pi (Table 3). The two animals inoculated
with SlVmac or SlVmac239 that did not develop an-
tibodies and remained antigenemic were 24891 and
24255. Animal 24891 (inoculated with uncloned SIV-
mac) was diagnosed with simian AIDS at 22 weeks pi
(Table 4). This association of short disease course
and lack of an early humoral immune response has
been described previously.435'36 Animal 24255 (in-
oculated with SlVmac239) was probably on a similar
disease course but was randomly assigned for nec-
ropsy at 8 weeks pi (where it was found to have cryp-
tosporidiosis, see Table 4 and below) and thus later
time points are not available. In contrast, animals in-
oculated with the nonpathogenic SlVmaclAl1 devel-
oped lower antibody titers than animals inoculated
with pathogenic virus, were slower to seroconvert and
were never antigenemic (Table 3).

Histopathological Lesions Occur soon
after Infection with Pathogenic S/V

Even though all the animals except one (24891) were
killed early in the disease course, before the devel-
opment of clinically evident disease, there were a
number of significant morphological changes in lym-
phoid tissue and lesions in other organ systems
(Tables 1 and 4) in animals inoculated with SlVmac
or SlVmac239. Most animals inoculated with
SlVmaclAl1 had normal lymphoid tissue (Table 1)
and none of them had lesions in other organ systems.

Within lymphoid organs, it was interesting to note
the asynchronous development of morphological
changes in thymus versus lymph nodes and spleen
(Table 1). The latter two organs generally had similar
morphological changes, which occurred rapidly. In
contrast, few major changes in thymic morphology
were noted, except in the one animal that died from
simian AIDS (24891) in the 24-week course of this
study. Similar findings have been reported in two pre-
vious studies where thymic depletion in clinically
healthy animals was generally not evident before 24
weeks pi.33,37

Of the 16 animals inoculated with either SlVmac or
SlVmac239, 11 had significant lesions in nonlym-
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Table 3. SIV-Specific Antibody Titers and Plasma Antigenemia

2 weeks pi 8 weeks pi 13 weeks pi 23 weeks pi

Virus Animal no. Ab Ag Ab Ag Ab Ag Ab Ag

SlVmac 24318 <100 +
24354 <100 +
24260 <100 + 6,400 -
24634 <100 + 1,600 -
24373 <100 + <100 + 12,800 +
24377 <100 + 51,200 - 51,200 -
24891* <100 + ND ND <100 + <100 +
25003 <100 + ND ND 3,200 + 3,200 +

SlVmac239 23894 <100 +
23930 <100 +
24231 <100 + 6,400 -
24255 <100 + <100 +
24289 <100 + 800 - 6,400 -
24219 <100 - 800 - 800 -
24242 <100 + ND ND 6,400 - 6,400 -
24263 <100 + ND ND 25,600 - 51,200 -

SlVmaclAl1 24120 <100 -

24777 <100 -
24029 <100 - <100 -

24209 <100 - <100 -
24062 <100 - 100 - 100 -
24172 <100 - <100 - 100 -
24091 <100 - ND ND 200 - 200 -
24272 <100 - ND ND 100 - 200 -

Ab = anti-SIV antibody titer in plasma presented as the inverse of the highest sample dilution that exceeded 50% of the maximum positive
control optical density. Ag = SIV major core (p27) antigen in plasma.

* Animal 24891 was euthanatized at 22 weeks pi with terminal simian AIDS.

Table 4. Pathological Findings

Virus Time pi Animal no. Major pathological diagnoses

SlVmac 2 weeks 24318 Meningitis, mild; cytomegalovirus enteritis
24354 Meningoencephalitis, lymphocytic with perivascular cuffs

and glial nodules
8 weeks 24260 NSL

24634 Interstitial pneumonia, multifocal
13 weeks 24373 Cytomegalovirus pneumonia

24377 Meningitis and mild choroid plexitis, pulmonary arterial
thrombosis and recanalization

23 weeks 24891* Cryptosporidiosis of duodenum and pancreatic ducts:
cytomegalovirus enteritis. Disseminated giant cell
disease: SIV encephalitis, giant cell pneumonia, giant
cell lymphadenitis etc.

25003 NSL
SlVmac-239 2 weeks 23894 Meningitis, mild

23930 Meningitis, choroid plexitis and rare lymphocytic
perivascular cuffs. Mineralization, perivascular,
basal ganglia

8 weeks 24231 Meningitis, choroid plexitis and rare lymphocytic
perivascular cuffs. Pneumocystis carinii pneumonia

24255 Cryptosporidiosis, small intestine and pancreatic ducts
13 weeks 24289 Meningomyelitis, lymphocytic with perivascular cuffs and

glial nodules
24219 NSL

23 weeks 24242 NSL
24263 NSL

* Animal 24891 was euthanatized at 22 weeks pi with terminal simian AIDS. Animals inoculated with SlVmaclAl 1 had no significant patho-
logical findings. NSL = no significant lesions identified.

phoid tissue (Table 4). Among these are cyto-
megalovirus-induced enteritis and pneumonia, Pneu-
mocystis carinii pneumonia, cryptosporidiosis of the
small intestine and pancreatic ducts, perivascular

mineralization in the basal ganglia, and thrombosis
and recanalization of the pulmonary arteries. These
are all lesions commonly seen in SIV-infected animals
in the terminal stages of disease.a 42 However, in
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this study, all but one of these animals (24891) was
killed before the terminal stage. The rapidity with
which these lesions occurred highlights the virulence
of these isolates in rhesus macaques.

The central nervous system (CNS) was particularly
interesting because at 2 weeks pi, four of four animals
inoculated with SlVmac or SlVmac239 had a mild
meningitis, two of four had perivascular cuffs of lym-
phocytes in cerebral white matter, and one of four had
glial nodules consistent with previous reports of acute
infection with uncloned SIV.43'44 These lesions con-
tained viral nucleic acid (see below) and occurred
concurrently with onset of plasma antigenemia and
uniform isolation of SIV from CSF. At later time points,
CNS lesions were less common as was viral isolation
from CSF (Tables 2 and 4). Moreover, this was gen-
erally associated with the disappearance of plasma
antigenemia (Table 3). However, these associations
did not always hold as exemplified by 24289, an ani-
mal inoculated with SlVmac239 that had CNS lesions
at necropsy 13 weeks pi but no viral isolation from the
CSF after 4 weeks pi. Conversely, animal 24242, also
inoculated with SlVmac239, was persistently virus-
positive in the CSF but had no CNS lesions at nec-
ropsy 23 weeks pi.

Pathogenic and Nonpathogenic Molecular
Clones Have Different Tissue Distributions

At 2 weeks pi, abundant virus was present in tissues
coincident with the onset of plasma antigenemia (Fig-
ures 1 and 2 and Table 3). The major targets in all
animals at this early time point were the thymus and
spleen (Figure 1 and Table 1). Less virus, based on
the number of positive cells seen by in situ hybrid-
ization, was present in lymph nodes, and other
tissues. The distribution of virus within lymphoid or-
gans varied with viral inoculum: nonpathogenic
SlVmac1A1 1 was present primarily within lymphoid
follicles in lymph nodes and spleen, and in the thymic
cortex (Figure 1, a to c); SlVmac239 was present pri-
marily within periarteriolar lymphoid sheaths in the
spleen, the paracortex of lymph nodes, and the me-
dulla of the thymus (Figure 1., d to f); uncloned SlVmac
was present in all these areas but tended to parallel
the distribution of SlVmac239. Two animals (24255
and 24242) infected with SlVmac239 also had a dif-
fuse signal in scattered germinal centers (Figure 2)
similar to what has been described in HIV-infected
humans.45

Figure 1. In situ hybridization for SIV in pe-
ripheral lymph node (a,d) spleen (b,e), and
thymus (c,f) from animals inoculated with
nonpathogenic SlVmaclAll (a to c) orpatho-
genic SIVmac239 (d to f). SIVmaclAll was
present primarily within lymphoid follicles in
lymph nodes (a) and spleen (b) and in scat-
tered cells in the thymic cortex(arrowheads, c).
In contrast, SIVmac239 was detected primarily
within the paracortex of lymph nodes (d), per-
arteriolar lymphoid sheaths in the spleen (e),
and the medulla of the thymus (f). Original
magnification: a, x 100; b, x50; c, x2oo; d to
f, X50.
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Figure 2. In situ hybridization for SIV in a peripheral lymph node
from animal 24255 inoculated with SIVmac239. In addition to scat-
tered individualpositive cells, there is diffuse labeling in the germinal
center. Magnification: X 125.

Figure 3. In situ hybridizationfor SIVon brain of24891 (inoculated
with SIVmac) demonstrating abundant SIV nucleic acid in a
multinucleated giant cell lesion. Magnification: x 250.

Discussion
By 13 weeks pi, the number of SIV-positive cells by

in situ hybridization in all tissues of animals inoculated
with either SlVmac or SlVmac239 had decreased.
This drop in the number of SIV-positive cells was
roughly coincident with the onset of an anti-SIV im-
mune response (Tables 1 and 3). A similar correlation
between plasma viremia, onset of an anti-SIV immune
response and viral load in peripheral lymph nodes as
assessed by in situ hybridization has recently been
described by Reimann et al.46 In the current study, the
most striking decrease in the number of SIV-positive
cells was seen in the thymus of SlVmac and
SlVmac239-infected animals. This could not be at-
tributed to lymphoid depletion because there were
few animals that had thymic atrophy (Table 1). Simi-
larly, relatively short-lived bursts of viral replication in
the thymus have been observed in SCID-hu mice in-
fected with HIV.4748

In animals inoculated with nonpathogenic SIV-
maclAl 1, the relative number of SIV-positive cells by
in situ hybridization remained unchanged at 13
weeks, however, all the animals in this group were
aviremic by this time, suggesting a latent infection. By
23 weeks pi, no virus was detectable in any tissue
from these animals.
No significant differences were seen in the animals

terminated at 23 weeks pi, with the exception of one
animal that did not develop a significant humoral im-
mune response and developed a disseminated giant
cell disease including SIV-encephalitis (24891).
Large numbers of SIV in situ hybridization-positive
cells were present in the parenchyma of multiple or-
gans of this animal, including the CNS, lung, and in-
testine (Figure 3).

This study demonstrates that there is abundant rep-
lication of SIV in lymphoid organs and other tissues
within 2 weeks of inoculation. During this period of
abundant viral replication, before the onset of a de-
tectable humoral immune response, marked differ-
ences in tissue distribution between closely related
pathogenic (SlVmac239) and nonpathogenic
(SlVmac1A11) molecular clones were seen. These
differences suggest that infection of distinct morpho-
logical compartments of the immune system are im-
portant for induction of immune suppression and
organ-specific disease. The most striking differences
were the absence of nonpathogenic SlVmaclAl 1
from the thymic medulla, T-cell areas of the spleen
and lymph nodes, and CNS. The reasons for these
differences are not clear but may be related to the
different cellular tropism of the isolates and the in-
ability of SlVmaclAl 1 to produce a cell-free viremia.

In the thymus, SlVmac1A1 1 was confined to cells
morphologically compatible with cortical macro-
phages, whereas pathogenic SlVmac239 was
present primarily within the thymic medulla, where
mature T cells reside. In addition, the thymus seemed
to be a major early target of viral replication. After 8
weeks pi, very little virus could be detected in the
thymus. This occurred concurrently with onset of an
anti-SIV immune response and the disappearance of
plasma antigenemia. The decrease in the relative
number of SIV-infected cells in the thymus after 8
weeks pi was not due to thymic depletion. Whereas
severe thymic depletion is a common finding in ter-
minal simian AIDS, it apparently does not occur until
the late stage of disease as seen in this and previous
studies.3337 Furthermore, it is interesting to note that
in this study, the progression of changes in thymic
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morphology apparently occurred independently from
those observed in spleen and lymph nodes.

The prominent early involvement of the thymus
suggests that infection of this organ is a key event in
the induction of immune suppression by SIV. Early
infection of the thymus is a common finding in similar
studies in SIV-infected macaques,3337 and in mice
infected with the tsl mutant of Moloney murine leu-
kemia virus (a possible model of HIV infection of the
thymus).49 There are, however, significant differences
between these studies and related studies in SCID-hu
mice, including disagreement as to involvement of
thymic epithelium,33'37,50 quantity of virus in the thy-
mus,33 37'4749 and whether the medulla33,51 or cor-
tex47,48 contains more virus. Regardless, all the stud-
ies indicate that the thymus is a major early target of
infection. Furthermore, our study suggests that infec-
tion of T cells in the thymic medulla is correlated with
virulence, as the nonpathogenic molecular clone
(SlVmaclAl 1) was confined to the thymic cortex.

In lymph nodes and spleen, SIV was present
throughout the time course of this study, although the
distribution of the pathogenic and nonpathogenic
clones within the lymph nodes and spleen was dis-
tinctly different. SlVmac239 was present primarily
within T-cell areas (periartiolar lymphoid sheaths of
the spleen, paracortex of lymph nodes), whereas the
nonpathogenic SlVmac1A1 1 was primarily in B-cell
areas (germinal centers) in individual cells. The im-
munophenotype of the infected cells was not deter-
mined, but the SIV-infected cells within germinal
centers are probably macrophages or CD4+ lympho-
cytes. A diffuse signal for SIV in germinal centers sug-
gestive of follicular dendritic cells was only detected
in two animals (24255, 24242). This is consistent with
previous studies in SIV-infected macaques,52 but is in
contrast to reports in HIV-infected humans where HIV
nucleic acid is commonly seen associated with fol-
licular dendritic cells in hyperplastic germinal cen-
ters.45'53 The reason for the lower frequency of SIV-
positive germinal centers is not clear, especially
because the distribution of viral antigen in germinal
centers of SIV-infected macaques and HIV-infected
humans is identical.3252'54
The speed with which significant pathological le-

sions were seen in animals in this study was surpris-
ing (see Table 4). By 13 weeks pi, 10 of 12 animals
inoculated with SlVmac or SlVmac239 had significant
lesions including opportunistic infections (four ani-
mals), pulmonary arterial thrombosis, interstitial
pneumonia, perivascular mineralization of the basal
ganglia, and meningitis with or without encephalitis.
These are all lesions commonly described in simian
AIDS.8'38 2'55 After 13 weeks pi, it is interesting to

note that with the exception of the one animal that
developed simian AIDS (24891), no significant le-
sions were detected in any animal. This suggests that
the lesions seen during the first 13 weeks of this study
may be a result of rapid viral replication with con-
comitant high viral loads and early immune suppres-
sion.
The CNS lesions were particularly interesting be-

cause all of the animals terminated at 2 weeks pi that
were inoculated with either SlVmac or SlVmac239
had SIV-infected cells in the CNS by in situ hybrid-
ization associated with small vessels in the meninges
and parenchyma. These animals also had meningitis,
and one of the animals (24354) had an encephalitis
with scattered glial nodules that were SIV-positive.
This is consistent with previous reports and further
emphasizes the speed with which pathogenic iso-
lates of SIV invade the CNS.43'44 However, it raises the
question of why only 20% to 50% of animals infected
with SIV develop SIV encephalitis if most if not all of
the animals have virus in the CSF and brain within the
first few weeks of infection.8'42 The data in this study
suggest that SIV enters the CNS early and late in in-
fection at times of high viral load. In the intervening
asymptomatic period, where there is a SIV-specific
immune response, viral load drops and virus be-
comes difficult to isolate from CSF or detect within the
brain. The mechanisms of viral entry into the CNS are
unknown and may be different at different stages of
disease. However, the consistent association of in-
fected cells with small venules, in conjunction with our
previous observations on the role of cellular adhesion
molecules in SIV encephalitis, suggest that cell traf-
ficking into the CNS is critical for infection of the CNS
and the development of subsequent SIV encephali-
tis. 56,57

This study demonstrates that closely related patho-
genic and nonpathogenic molecular clones of SIV
have distinct tissue distribution and that viral dissemi-
nation occurs within 2 weeks of infection. The differ-
ences in tissue distribution especially within the thy-
mus suggest that the thymus is a major early target of
SIV infection and may play a key role in the induction
of immune suppression and organ-specific diseases
such as SIV encephalitis. A similar association be-
tween thymic infection and organ-specific disease
has been described for the tsl mutant of Moloney
murine leukemia virus.58
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