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To analyze the relationship between acute virus-induced injury and the subsequent disease phenotype, we
compared the virus replication and CD4™ T-cell profiles for monkeys infected with isogenic highly pathogenic
(KS661) and moderately pathogenic (#64) simian-human immunodeficiency viruses (SHIVs). Intrarectal
infusion of SHIV-KS661 resulted in rapid, systemic, and massive virus replication, while SHIV-#64 replicated
more slowly and reached lower titers. Whereas KS661 systemically depleted CD4* T cells, #64 caused
significant CD4™" T-cell depletion only in the small intestine. We conclude that SHIV, regardless of pathoge-
nicity, can cause injury to the small intestine and leads to CD4* T-cell depletion in infected animals during

acute infection.

The highly pathogenic simian-human immunodeficiency vi-
rus (SHIV) SHIV-C2/1-KS661 (KS661), which was derived
from SHIV-89.6 (23), replicates to high titers and causes the
irreversible depletion of the circulating CD4* T cells during
the acute phase of intravenous infection, followed by AIDS-
like disease within 1 year (23). We previously reported that
KS661 massively replicates and depletes CD4* T cells in both
peripheral and mucosal lymphoid tissues during the initial 4
weeks postinfection (16). On the other hand, the isogenic
SHIV-#64 (#64), which was derived from SHIV-89.6P, is
moderately pathogenic. The genomic sequences of the two
SHIVs differ by only 0.16%, resulting in a total of six amino
acid changes in the products of the pol, env-gp41, and rev genes.
The intravenous inoculation of rhesus macaques with #64 in-
duces plasma viral burdens comparable to those induced by
KS661 during the acute phase of infection and causes a tran-
sient reduction of the circulating CD4™ T lymphocytes (10).
After the acute phase, the viral loads decline to undetectable
levels and the populations of CD4™ T cells recover to prein-
fection levels.

To clarify the relationship between acute viral replication
kinetics and subsequent clinical courses for these isogenic

SHIVs with distinct pathogenicities, we examined proviral

DNA, infectious-virus-producing cells (IVPCs), and CD4* T-
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Model, Experimental Research Center for Infectious Diseases, Insti-
tute for Virus Research, Kyoto University, 53 Shogoinkawaramachi,
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cell depletion in peripheral and mucosal lymphoid tissues of 17
infected (Table 1) and 7 uninfected adult rhesus macaques
(Macaca mulatta). Both Chinese and Indian rhesus monkeys
were randomly assigned to these groups. The monkeys were
used in accordance with the institutional regulations approved
by the Committee for Experimental Use of Nonhuman Pri-
mates of the Institute for Virus Research, Kyoto University,
Kyoto, Japan. The animals were inoculated via intrarectal in-
fusion as described previously (17). Following serial euthana-
sia, tissues were collected and analyzed up to 27 days postin-
fection (dpi) as described previously (16, 17).

Gross virus replication was assessed by measuring plasma
viral loads by reverse transcriptase PCR (16). By 6 dpi, plasma
viral RNA levels became detectable in all the KS661-infected
macaques (Fig. 1A) and three of seven #64-infected macaques
(animals MM372, MM3091, and MM374) (Fig. 1B). Although
the plasma viral loads of the two groups at 13 dpi, when the
virus loads reached their initial peaks, were not significantly
different (P = 0.1673), the average load (= the standard de-
viation) in KS661-infected monkeys (9.3 X 10® + 159 x 108
copies/ml) was about 10 times higher than that in #64-infected
monkeys (6.3 X 107 + 11.6 X 107 copies/ml). These results
suggest that KS661 spread faster and reached a somewhat
higher titer than did #64 when the viruses were inoculated
intrarectally. ‘

Levels of peripheral blood CD4* T lymphocytes in all the
KS661-infected monkeys decreased substantially within 4
weeks (Fig. 1C). On the other hand, the reductions in the levels
of CD4* T cells varied among the #64-infected monkeys (Fig.
1D). For example, MM378 did not exhibit any appreciable
changes, even though the plasma viral RNA load in this mon-
key reached 2.6 X 107 copies/ml by 21 dpi (Fig. 1 B and D).
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TABLE 1. Experimental schedule for individual monkeys®

Virus (inoculum size)

Monkeys examined at:

6 dpi

. 13dpi 27 dpi

KS661 (2 X 10° TCIDs,) MM300, MM309

#64 (2 X 10° TCIDsg) MM379, MM390

MM313, MM334, MM392, MM393

MM372, MM373*, MM391

“MM308, MM310, MM394, MM395

MM374, MM378

9 TCIDsq, 50% tissue culture infective doses; *, MM373 feceived 2 X 10® TCIDs, of #64.

These data suggest that the decline in circulating CD4* T cells
in KS661-infected animals was more severe and more repro-
ducible than that in the #64-infected monkeys.

Another highly pathogenic SHIV, SHIV-DHI2R, is known
to cause systemic and synchronous replication events in ani-
mals following intravenous inoculation (6). To reveal the
spread of virus in monkeys following intrarectal infection, we
measured proviral DNA loads in a variety of tissues as de-
scribed previously (16). KS661 proviral DNA was detected not
only in samples from the rectums, the site of virus inoculation,
but also in peripheral blood mononuclear cells and some
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lymph nodes (LN) at 6 dpi (Fig. 2A), suggesting that the virus
was already spreading systemically. At 13 dpi, when the viral
RNA loads in peripheral blood increased to the highest titers,
proviral DNA levels in all of the tissues examined also in-
creased, with levels in most monkeys exceeding 10* copies/j.g
of DNA. The levels of proviral DNA in all the tissues declined
remarkably by 27 dpi. In contrast, #64 proviral DNA was
detected only in the rectum of one (MM390) of the two mon-
keys examined at 6 dpi (Fig. 2A). At 13 dpi, the amount of
proviral DNA in each tissue sample from #64-infected mon-
keys (<10* copies/pg of DNA) was considerably smaller than
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FIG. 1. Plasma viral RNA loads and profiles of circulating CD4* T cells for monkeys intrarectally infected with highly pathogenic KS661 and
moderately pathogenic #64. (A and B) Plasma viral RNA loads were measured by quantitative reverse transcriptase PCR. The detection limit of
this assay was 10> copies/ml. (C and D) Levels of CD4* T cells in peripheral blood samples from monkeys infected with KS661 and #64. The
absolute number of CD3* CD4* cells in peripheral blood immediately before infection (day 0 postinfection) was defined as 100% for each

monkey.
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FIG. 2. (A) Proviral DNA loads in tissues of KS661- and #64-infected monkeys at 6, 13, and 27 dpi. Viral burdens were determined by
quantitative PCR and expressed as the numbers of viral DNA copies per microgram of total DNA extracted from tissue homogenates. PBMC,
peripheral blood mononuclear cells; Ing., inguinal; Ax., axillary; Mes., mesenteric; BM, bone marrow; #, not done. (B) Numbers of IVPCs in tissues
of KS661- and #64-infected monkeys at 6, 13, and 27 dpi. Numbers of IVPCs were determined by an infectious plaque assay and were expressed
as the numbers of PFU per 10° cells. Jej., jejunum; Rec., rectum; iEL, intraepithelial lymphocytes; *, not done.
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that in each sample from the KS661-infected monkeys. How-
ever, unlike the KS661 proviral DNA levels, the #64 proviral
DNA levels in most tissues were maintained up to 27 dpi.
These results suggest that #64 spread more slowly than KS661
and that the amounts of proviral DNA in a variety of tissues
from the #64-infected animals were smaller than those in the
tissues from KS661-infected animals around the initial peak of
plasma viremia.

Because the amount of proviral DNA measured by PCR
may include nonreplicating remnants of the viral genome, we
also measured the number of IVPCs in each tissue sample by
a plaque assay as described previously (9, 15). Briefly, cells
prepared from infected animals were mixed with human T-
lymphoid M8166 indicator cells, resuspended in culture me-
dium containing 0.4% agarose, and plated into petri dishes.
The plaques that formed in the cell layer were counted after 10
days of cultivation, and the number of IVPCs was calculated.
~ For the KS661-infected monkeys, high numbers of IVPCs in all
the tissue samples examined at 13 dpi were detected (Fig. 2B).
Among these samples, the thymus and mesenteric LN samples
harbored especially high numbers of IVPCs (more than 500/
106 cells) at 13 dpi. The numbers of IVPCs declined remark-
ably from 13 to 27 dpi. We concluded that KS661 replicated
systemically and synchronously in a variety of tissues, including
the intestinal tract, at 13 dpi. In contrast, #64 production
patterns in different tissues were not synchronous. Among
#64-infected monkeys at 6 dpi, virus pioduction was most
active in the jejunum lamina propria lymphocytes (LPL) of
MM390 (166 TVPCs/10° cells). At 13 dpi, interestingly, mes-
enteric LN became the center of virus production in two of the
three monkeys examined (MM372 and MM373; 259 and 160
IVPCs/10° cells). In the other monkey (MM391), the jejunum
had the highest number of IVPCs, followed by the mesenteric
LN. These results suggested that the virus that replicated in the
jejunum spread directly into the mesenteric LN via the flow of
lymphatic fluid. At 27 dpi, the thymus tissues of both monkeys
examined (MM374 and MM378) exhibited the highest num-
bers of IVPCs. In summary, the systemic dissemination of #64
was slower than that of KS661, and it was particularly delayed
in the thymus during the acute phase.

Systemic CD4* cell depletion is the signature of disease
induced by highly pathogenic SHIVs (7, 8, 22). We therefore
compared the frequencies of CD4* cells in tissues from the
animals infected with KS661 and #64, in addition to those of
the circulating CD4* T lymphocytes. As representatives of the
major virus-producing organs, the thymus, the mesenteric LN,
and the jejunum were selected for examination. CD4 cell num-
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bers were measured by immunohistochemistry analyses as de-
scribed previously (18). Uninfected thymus tissue contained
abundant CD4" cells that were stained brown (Fig. 3A, panel
a), while the tissue collected from the KS661-infected animal
at 27 dpi harbored few such cells (Fig. 3A, panel b). #64
caused virtually no CD4" cell depletion in the thymus at 27 dpi
(Fig. 3A, panel c). In the mesenteric LN of uninfected mon-
keys, CD4* cells were found in the paracortical region (Fig.
3A, panel d). XKS661 depleted CD4™ cells in this area (Fig. 3A,
panel e). Unlike KS661, #64 did not reduce the level of CD4™"
cells (Fig. 3A, panel £). The jejunum samples from uninfected
animals contained CD4™* cells in the lamina propria and folli-
cles of gut-associated Iymphatic tissues (Fig. 3 A, panel g).
KS661 depleted CD4™ cells in these tissues, too (Fig. 3A, panel
h). Interestingly, #64 caused CD4* cell depletion in the small
intestine comparable to that caused by KS661 (Fig. 3A, panel
i). To confirm the observed cell reduction in the jejunum sam-
ples, we randomly selected a total of 40 fields on the tissue

. sections from each animal for viewing at a total magnification

of X400, counted CD4™ cells, and averaged the numbers (Fig.
3B). The CD4™ cell densities in the jejunum samples from the
#64-infected monkeys were significantly lower than those in

the samples from uninfected animals (P < 0.001). This gut- . '

specific CD4™ cell depletion caused by #64 prompted us to
analyze the frequencies of CD4* T cells (including CD4 and
CD8 doubly positive cells) in a variety of tissues by flow cy-
tometry (Fig. 3C). KS661 caused systemic CD4* T-lymphocyte
depletion by 27 dpi (Fig. 3C). In agreement with the immuno-
histochemistry results, #64 significantly depleted CD4* T cells
only in the jejunum intraepithelial lymphocytes and LPL (P =
0.01 and 0.003, respectively) (Fig. 3C) by 27 dpi, although we
examined only two #64-infected monkeys at 27 dpi. In conclu-
sion, the CD4™ T-cell depletion patterns caused by KS661 and
#64 were distinct, and the small intestine was the only site in
which CD4™" T cells were significantly depleted by the moder-
ately pathogenic #64.

Taken together, our results show that #64 disseminated
more slowly and replicated less than KS661 in systemic lym-
phoid tissues, as well as in peripheral blood, during the acute
phase of infection. We believe that because of its low rate and
low levels of replication, #64 could not cause irreversible in-
jury before the host mounted an immune reaction. As a result,
CD4* T cells were not completely depleted in all the tissues
examined, except in the small intestine. These results suggest
that the small intestine is the tissue most sensitive to virus-
induced CD4* T-cell depletion during the acute phase of in-
fection. Recent reports revealed that severe acute depletions

FIG. 3. Profiles of CD4" T cells in systemic lymphoid tissues during acute infection. (A) Immunohistochemical staining for CD4 molecules
(stained brown) in the thymus, mesenteric (mes.) LN, and jejunum tissues of KS661- or #64-infected monkeys at 27 dpi, in addition to those of
uninfected monkeys. Black scale bars, 100 pm; white scale bars in insets of panels g, h, and i, 50 pm. (B) Comparison of CD4" cell frequencies
in the jejunum LPL of uninfected and #64-infected monkeys at 27 dpi. A total of forty randomly selected fields (total magnification, X400) of at
least four tissue sections per animal were used for the analysis of jejunum LPL. P values (determined by Student’s ¢ test with 95% confidence
intervals) are for comparisons of each #64-infected monkey with uninfected monkeys. (C) Percentages of CD4* T cells among total lymphocytes
from KS661- and #64-infected monkeys. In each graph, data for 0 dpi (time points postinfection are shown along the x axis) are averages of
percentages for seven uninfected control monkeys. Percentages of CD4" T cells (including CD4 and CD8 doubly positive cells) were obtained by
first gating lymphocytes and then CD3* T cells with a flow cytometer. PBMC, peripheral blood mononuclear cells; Ing., inguinal; Jej., jejunum;
iEL, intraepithelial lymphocytes; BM, bone marrow; Col., colon; *, P < 0,05 (percentage at 0 dpi versus that at 27 dpi; Student’s ¢ test with a 95%

confidence interval).



