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Abstract

The predictive value of acute gut-associated lymphoid tissue (GALT) CD4* T cell depletion in
lentiviral infections was assessed by comparing three animal models illustrative of the outcomes
of SIV infection: pathogenic infection (SIVsmm infection of rhesus macaques (Rh)), persistent
nonprogressive infection (SIVagm infection of African green monkeys (AGM)), and transient,
controlled infection (SIVagm infection of Rh). Massive acute depletion of GALT CD4* T cells
was a common feature of acute SIV infection in all three models. The outcome of this mucosal
CD4* T cell depletion, however, differed substantially between the three models: in SIVsmm-
infected Rh, the acute GALT CD4™" T cell depletion was persistent and continued with disease
progression; in SIVagm, intestinal CD4* T cells were partially restored during chronic infection in
the context of normal levels of apoptosis and immune activation and absence of damage to the
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mucosal immunologic barrier; in SIVagm-infected Rh, complete control of viral replication
resulted in restoration of the mucosal barrier and immune restoration. Therefore, our data support
a revised paradigm wherein severe GALT CD4* T cell depletion during acute pathogenic HIV and
SIV infections of humans and Rh is necessary but neither sufficient nor predictive of disease
progression, with levels of immune activation, proliferation and apoptosis being key factors
involved in determining progression to AIDS.

Primate lentiviral infections lead to one of three potential outcomes: pathogenic infection
with progression to AIDS, as in humans infected with HIV and rhesus macaques (Rh)3
infected with SIVmac (1); lack of disease progression despite persistent viral replication, as
in the natural African non-human primate hosts of SIVs (2-10); or transient SIV replication
and clearance upon cross-species transmission in partially permissive hosts (11-14).

Pathogenic HIV and SIV infections are characterized by invariable progression to AIDS in a
variable time frame (1). The hallmarks of pathogenic infection are: 1) massive, continuous
viral replication (15-17), with viral load set-point being predictive for the duration of
progression to AIDS (18 —20); 2) continuous depletion of CD4* T cells in peripheral blood
(21, 22) that is more pronounced at mucosal sites (23-28); and 3) high levels of immune
activation (29, 30), the magnitude of which has been reported to be predictive of disease
progression (29, 30). The interaction among these factors cripples the immune system and
eventually results in severe immune deficiency and death (21, 22, 31).

SIV infections in their natural African non-human primate hosts are characterized by 1)
active viral replication, with set-point levels similar, or even higher than those reported in
pathogenic infection (2-10); 2) transient depletion of peripheral CD4* T cells during
primary infection that rebound to preinfection levels during the chronic stage (3, 4, 7, 9, 10,
32, 33); and 3) transient and moderate increases in immune activation and proliferation
during acute infection, with return to baseline levels during the chronic phase (2-10).
Altogether, the action of all these factors results in an active persistent infection, which
generally has no deleterious consequences on the natural hosts of SIV.

Lentiviruses have a high propensity for cross-species transmission, the outcome of which
can vary widely; some of the virus strains naturally infecting African species induce
pathogenic infection in new species (34, 35). Human lentiviruses originated from cross-
species transmission of SIVs, with HIV-1 deriving from the chimpanzee virus SIVcpz (36),
and HIV-2 from the sooty mangabey virus SIVsmm (37). Accidental or experimental
transmission of SIVsmm to Rh in primate centers in the United States resulted in the
emergence of highly pathogenic SIVmac and SIVsmm (38 — 41). It is very likely that, to
establish as a pathogen in the new host, the cross-species transmitted lentivirus needs to
adapt to the new host, most probably through serial passages (41, 42). In the majority of
cases, cross-species transmission of SIVs does not result in persistent infection. Infection
control was reported for Rh infected with viruses that naturally infect African green

3Abbreviations used in this paper: Rh, rhesus macaque; GALT, gut-associated lymphoid tissue; AGM, African green monkey; ISH, in
situ hybridization; TCID, tissue culture-infective dose; p.i., postinfection; BAL, bronchoalveolar lavage; LN, lymph node; 7-AAD, 7-
aminoactinomycin D.
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monkeys (AGMs, SIVagm) (11), I'hoesti monkeys (SIVIhoest) (12), or red-capped
mangabeys (SIVVrcm) (13). In all these instances, virus isolation was successful only during
acute infection and the exposed animals survived for long periods of time with no clinical or
biological sign of AIDS (11-13). The mechanisms of viral control in these infections are, to
date, unknown. Finally, some of the cross-species transmission events are completely
controlled by host-restriction factors, such as APOBEC or Trim-5a (43- 45). Thus,
exposure of Rh to restricted viruses does not result in viral replication, as in Rh exposed to
HIV-1 (14).

A series of recent studies on viral replication and CD4* T cell depletion at the mucosal sites
in pathogenic SIV and HIV infections showed that viral replication results in a rapid and
profound depletion of intestinal CD4" T cells (23-28), which was reported to be critical for
disease progression (21, 22). However, the prognostic significance of this acute mucosal
depletion of CD4* T cells is unknown. Moreover, it was recently shown that the rate of
CD4" T cell decline in blood is only minimally predicted by HIV RNA levels in untreated
persons. Other factors, as yet undefined, likely drive CD4" T cell losses in HIV infection
(46).

To understand the relationship between viral virulence and intestinal CD4* T cell depletion,
we examined the dynamics of SIV replication and that of gut-associated lymphoid tissue
(GALT) CD4* T cells in two animal models of AIDS nonprogression illustrative for two
potential outcomes of lentiviral infection: persistent nonprogressive SIVagm.sab infection of
sabaeus AGMs and controlled SIVagm infection of Rh. We compared the dynamics of these
infections with that of pathogenic SIVmac/smm infection in Rh.

We report in this study that pathogenic, nonpathogenic, and controlled lentiviral infections
resulted in a similar degree of mucosal CD4* T cell depletion during primary infection, the
amount of which was correlated with viral loads. We also show that acute GALT CD4* T
cell depletion was not predictive of the outcome of infection, and that partial restoration of
CD4* T cells was observed in both nonprogressing models: in SIVagm-infected AGMs
GALT CD4* T cell restoration occurred in the presence of a significant viral replication,
whereas in SIVagm-infected Rh it occurred in the context of complete control of viral
replication. Conversely, in Rh infected with SIVVmac/smm, persistent viral replication,
excessive immune activation, and proliferation were associated with continuous GALT
CD4* T cell loss and progression to AIDS.

Materials and Methods

Animals, infection, and samples

For the study of nonprogressive SIV infection, we included 12 Caribbean AGMs
(Chlorocebus sabaeus) and three Rh (Macaca mulatta). Animals received plasma equivalent
to 300 tissue culture-infective dose (TCID)sg of SIVagm.sab92018 (3). Pathogenic controls
were four SIVsmme-infected Rh inoculated with plasma equivalent to 300 TCIDs of
SIVsmm923 that progressed to AIDS in 10 mo postinfection (p.i.). Four negative controls
were also included to investigate the role of experimental procedures (e.g., i.v. inoculation,
frequent anesthesia, repeated intestinal biopsy) on GALT CD4"* T cell counts. The negative
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controls were Rh inoculated with 300 TCIDsg HIV-1 group N strain YBF30. Similar to
other HIV-1 strains, HIVV-1 group N does not replicate in Rh (44). Animals were housed and
handled at the Tulane National Primate Research Center in accordance with American
Association for Accreditation of Laboratory Animal Care, Guide for the Care and Use of
Laboratory Animals (U.S. Public Health Service) and the Animal Welfare Act. Tulane
University Institutional Animal Care and Use Committee approved all protocols and
procedures for these studies.

Tissue sampling

Blood and tissue samples (superficial lymph nodes (LNSs), bronchoalveolar lavage (BAL),
intestinal biopsy, and intestinal resections) were collected as reported (3, 23, 47). Plasma
and PBMC and mononuclear cells from the intestine, BAL, and LNs were isolated as
described previously (3, 23).

Viral quantification

Plasma viral loads were quantified as described previously (3, 33). For tissue quantification,
viral RNA was extracted from 5 x 10°-10° cells from intestine and BAL with RNeasy
(Qiagen), and viral loads were quantified as described elsewhere (3). Simultaneous
quantification of 18S ribosomal RNA (ribosomal RNA control reagent kit; PerkinElmer)
normalized the RNA input from cells (48). Assay sensitivity was 100 RNA copies/10° cells.

Abs and flow cytometry

Whole blood-, intestine-, and LN-derived mononuclear cells were stained for flow
cytometry as described previously (3, 47). Monoclonal Abs used were: CD3-FITC or CD3-
PerCP; CD20-PE; CD8-PerCP or CD8-PE; CD4-allophycocyanin or CD4-PerCP; HLA-DR-
PerCP; CD95-FITC or CD95-allophycocyanin; CD28-allophycocyanin or CD28-PE; CD69-
allophycocyanin or CD69-FITC; Ki-67-FITC; and annexin V-PE (BD Biosciences). All Abs
were validated and titrated using AGM and Rh PBMC. Samples were stained for Ki-67 and
apoptosis using Ki-67 R-PE-conjugated mouse anti-human mAb set and annexin V (PE
Apoptosis Detection kit I; BD Pharmingen) as per the manufacturer's instructions. Apoptotic
CD4* T cells were defined by annexin V and 7-aminoactinomycin D (7-AAD) as annexin
V*7-AAD™, whereas the necrotic CD4* T cells were defined as annexin V*7-AAD*. Data
were acquired with a FACSCalibur flow cytometer (BD Immunocytometry Systems) and
analyzed with CellQuest software (BD Biosciences). CD4* and CD8* T cell percentages
were obtained by first gating on lymphocytes, then on CD3* T cells. Memory, activation,
proliferation, and apoptosis markers were determined by gating on lymphocytes, then on
CD3* T cells and finally on CD4*CD3"* or CD8*CD3* T cells.

Immunohistochemical staining and in situ hybridization (ISH)

Immunohistochemical staining was performed on formalin-fixed, paraffin-embedded tissues
using an avidin-biotin complex HRP technique (Vectastain Elite ABC kit; Vector
Laboratories) and either mouse monoclonal anti-human CD4 (NCL-CD4-1F6; Novocastra)
or rabbit polyclonal activated caspase 3 (Abcam). For the double-fluorescent labeling with
CD4 and activated caspase 3, the secondary Abs were goat anti-mouse Alexa Fluor 568 and
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goat anti-rabbit Alexa Fluor 488. For SIV ISH, sections were subjected to high-temperature
unmasking, treated with 0.2 N HCI, and hybridized overnight at 45°C with either sense or
antisense SIVagm digoxigenin UTP-labeled riboprobe, blocked with normal sheep serum,
incubated with sheep anti-digoxigenin alkaline phosphatase and incubated with NBT/
chloride-5-bromo-4-chloro-3-indolyl phosphate (Roche Diagnostics) (single staining) or
either Ferangi blue (Biocare Medical) or HNPP Fluorescent Detection set (Roche) (double
labels). SIVagm-infected cell phenotype was determined after ISH by incubating sections
with: rabbit anti-human CD3 (DakoCytomation); mouse anti-human macrophage (HAM56;
DakoCytomation); mouse anti-human Ki-67 (DakoCytomation); mouse anti-human
CDA45RA (Caltag Laboratories) followed by the appropriate goat anti-mouse or goat anti-
rabbit Abs labeled with Alexa Fluor 488. Avidin-biotin complex method (Vectastain Elite
ABC kit) and 3-amino-9-ethylcarbazole (DakoCytomation) were also used to detect
HAMS56. Negative controls included an antisense probe with uninfected tissues, a sense
probe with infected tissues, an antisense probe with infected tissues and anti-rabbit or anti-
mouse secondary Abs only.

CD4* T cells were manually counted in the lamina propria of normal and SIVagm-infected
AGM and Rh. At least 10 x40 fields were counted per animal and per time point. Results
were reported as the mean CD4" T cells per power field.

These assays were done as previously described (31). Plasma samples were diluted 5-fold
with endotoxin-free water and then heated to 70°C for 10 min to inactivate plasma proteins.
Plasma LPS was then quantified with a commercially available Limulus amebocyte assay
(Cambrex), according to manufacturer's protocol. Each sample was run in duplicate.

Statistical analysis

Results

The difference between Rh and AGM intestinal CD4* T cell depletion and rebound rates
was tested by assessing the significance of the interaction term between those groups and the
slope of change in a linear mixed effects model (49). This approach allows the most
effective use of the data, with direct comparison of the slopes in the two groups. Considering
the result of each monkey as a random sample from the general population, either SIVVagm-
infected Rh vs SIVagm-infected AGMs; or SIVagm-infected monkeys vs SIVsmm-infected
Rh were compared. The same methodology was used to test the relationship between CD4*
T cell depletion/rebound and the other variables (apoptosis, necrosis, immune activation and
proliferation). For these tests, it was assumed that the full covariate conditional mean
assumption was verified (50). Statistical tests were performed in S-Plus 2000 (Insightful)
and R (Comprehensive R-Archive Network at http://CRAN.R-project.org/).

To investigate the predictive value of GALT CD4* T cell depletion on the outcome of SIV
infection, we have compared a pathogenic model, Rh infected with SIVsmm, with two
animal models for nonprogression: AGMs and Rh infected with SIVVagm. sab92018 (4, 32,
33). SIVVagm.sab naturally infects sabaeus AGMs from Senegal (32). Similar to other
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SIVagm.sab strains (51), strain SIVagm.sab92018 is dual tropic, using both CCR5 and
CXCR4 coreceptors (4). However, during our previous studies we have shown that the
dynamics of SIVagm.sab infection in sabaeus monkeys do not differ from those of other
CCRS5-tropic SIV infections in their natural hosts (2, 4, 33).

replication in AGMs and Rh and a comparison with SIVsmm replication in Rh

SIVagm.sabh92018 replicated actively in both AGMs and Rh during primary infection,
reaching peak plasma viral loads by day 10 postinoculation (Fig. 1a). Peak viral loads were
not significantly different between SIVagm-infected Rh and AGMs (median of log viral
load = 7.41 vs 7.44, respectively, p > 0.5). These SIVVagm.sab replication profiles during
acute infection were essentially identical with those observed in SIVsmm-infected Rh
(median of log viral loads = 7.53) (Fig. 1a). In both SIVagm-infected AGMs and SIVsmm-
infected Rh, the postpeak decline of plasma viral loads was followed by establishment of a
set-point viral load of ~10° copies/ml after day 42 p.i. (Fig. 1a). No significant differences
in viral loads between the two species were seen during the first 100 days p.i. (p > 0.05)
(Fig. 1a). Then, viral replication showed divergent patterns, with maintenance of the set-
point levels during the follow-up in AGMs and constant increase in viral replication and
progression to AIDS in Rh infected with SIVsmm (Fig. 1a). The postpeak viral load decline
in SIVagm-infected Rh continued until the viral load became undetectable, around day 72
p.i. (Fig. 1a). Negative-nested PCRs of different SIV genomic regions on RNA and DNA
from serial samples of plasma, PBMC, or intestinal lymphocytes confirmed that Rh
completely controlled SIVVagm (data not shown). Anti-SIVVagm Ab titers decreased
significantly in Rh at late time points, also suggesting SIVVagm control in Rh (data not
shown).

RNA viral load dynamics in the intestine was only done in SIVagm-infected AGMs and Rh
(Fig. 1b). In both species, intestinal viral load dynamics paralleled those observed in AGM
and Rh plasma, with peak viral loads slightly lower than in plasma (Fig. 1b). Peak viral load
in the intestine were lower in AGMs than in Rh, and these results were confirmed by ISH
(Fig. 1c, AGM, and d, Rh). During the chronic phase of infection of AGMs, SIVagm viral
loads in the intestinal biopsies were consistently high (~5 x 105 SIVagm RNA copies/10°
cells) (Fig. 1b). In SIVagm-infected Rh, RNA loads in intestinal cells became undetectable
by day 100 p.i. when peripheral viral loads were also undetectable (Fig. 1b). In AGMs,
SIVagm production was also documented in BALS during the chronic phase of SIVagm
infection in AGMs (Fig. 1b, insert). Viral loads in BAL were lower than those observed in
the intestine.

These data showed that, although very active viral replication occurred during acute
infection in all the three models, the patterns of SIV dynamics diverged considerably during
chronic infection: 1) persistent viral replication and increases in viral loads in SIVsmm-
infected Rh that progressed to AIDS, 2) persistent but stable viral levels in nonprogressive
SIVagm-infected AGMs, and 3) control of viral replication to below detection in SIVagm-
infected Rh.
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CD4* T cell dynamics

We studied the CD4* T cell dynamics in peripheral blood, LNs, and intestine in all three
models (Figs. 2 and 3). Blood CD4* T cell dynamics were consistent with the patterns of
viral replication. In all models, high SIV replication observed during acute infection was
accompanied by a significant peripheral CD4* T cell depletion after the viral load peak. In
SIVagm-infected AGMs and Rh, CD4* T cell counts rebounded to near preinfection levels
during the chronic phase (3). In SIVsmme-infected Rh, after an initial rebound, CD4* T cell
counts declined continuously with the disease progression (data not shown). Similar
dynamic patterns were observed in the LNs of SIVagm-infected AGMs and Rh. CD4* T cell
depletion in the LNs persisted longer than in peripheral blood (up to 200 days p.i.), but
restoration was almost complete in both species at later time points, as determined by flow
cytometry (3) and immunohistochemistry staining on serial LN samples (Fig. 2).

In the intestine, a dramatic acute CD4* T cell depletion occurred in all models of SIV
infection at the immune effector sites, with the majority of lamina propria CD4* T cells
being depleted by days 14-28 p.i. in SIVagm-infected AGMs (Fig. 3a) and Rh (Fig. 3f, red),
as well as in SIVsmm pathogenic infection of Rh (Fig. 3f, black). Linear mixed-effects
analysis showed no statistical difference in the rate of depletion of CD4* T cells over the
first month of infection between SIVagm-infected AGM and Rh (slope = —0.066/day vs
-0.073/day, respectively, p = 0.76) or between SIVagm-and SIVsmme-infected animals
(slope = —0.068/ day vs —0.044/day, respectively, p = 0.18). Because the percentages of
CD4* T cells in the intestine are normally much lower in AGMs than in Rh (Fig. 3, a and f),
we compared the percentage of decrease in CD4* T cells from preinfection levels in each
animal. In AGMs, 60-95% of the GALT CD4* T cells were depleted during primary
SIVagm infection, whereas Rh lost 70-95% of the CD4* T cell population during both
SIVagm and SIVsmm infection. Thus, there was no statistical difference in the percentage of
CD4* T cell depletion in GALT after 1 mo of infection (p = 0.42). In Rh infected with
SIVagm, the magnitude of this depletion was higher than in pathogenic SIVsmm infection
of Rh (Fig. 2f) probably because of the dual tropism of SIVagm.sab. The magnitude of
GALT CD4* T cell depletion in SIVagm-infected AGMs and Rh, which are both
nonpathogenic infections, was therefore of the same order of magnitude as the CD4* T cell
depletion that occurred in pathogenic SIVsmm infections of Rh (Fig. 3f), which was in the
same range of magnitude as previously reported (27).

To confirm that this CD4* T cell loss was not an artifact due to plasma inoculation, frequent
sampling, or anesthesia, we analyzed the GALT CD4" T cell dynamics in Rh exposed to
HIV-1 group N, a virus completely restricted in macaques (44). In the absence of HIV-1
group N replication, no impact from sampling and anesthesia was observed in the GALT
CD4™* T cells of this negative control (Fig. 3f, green).

Finally, to further investigate the magnitude of GALT CD4* T cell depletion in
nonprogressive infections, we performed immunohistochemistry staining on serial intestinal
resection samples from SIVagm-infected AGMs and Rh. Immunohistochemical staining
confirmed the marked GALT CD4" loss during primary SIVagm infection, with the nadir at
day 14-28 p.i. (Fig. 2, b—d, AGMs and g—i, Rh). Thus, in AGMs, the 23 + 7 CD4* cells/x40
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field observed at the baseline (Fig. 3b), were depleted to 7 + 2 CD4* cells/x40 field at day 7
p.i. (Fig. 3c), with a nadir of 1 + 0.78 CD4* cells/x40 field at day 28 p.i. (Fig. 3d). In Rh, the
164 + 84 CD4™ cells/x40 field observed at the baseline (Fig. 3g) were depleted to 62 + 19
CD4* cells/x40 field at day 7 p.i. (Fig. 3h), with a nadir of 11 + 3 CD4"* cells/x40 field at
day 28 p.i. (Fig. 3i).

The level of CD4* T cell depletion in the AGMs intestine far exceeded CCR5 expression in
these cells, which is normally low in African species (47). The loss of intestinal CD4* T
cells in Rh also exceeded the percentage of CD4™ T cells expressing CCR5, consistent with
our previous in vitro data, indicating that the SIVVagm.sab92018 strain uses both CCR5 and
CXCR4 coreceptors (3). However, this observation is supported in another model of natural
nonprogressive SIV infection: sooty mangabeys infected with SIVsmm, a CCR5-tropic virus
(52), experienced the same massive GALT CD4" T cell depletion, exceeding the percentage
of CD4™" T cells expressing CCR5 (53). Thus, it is possible that some CCR5* memory T
cells may not express enough receptor for flow cytometry detection, as hypothesized in
macaques (27).

Therefore, we concluded that, similar to the dynamics of viral loads, the acute phase of
pathogenic (23-28), nonpathogenic, and controlled SIV infections has a very similar effect
on GALT CD4* T cells, in terms of both rate and magnitude of depletion.

During the chronic phase of infection, however, remarkably different dynamic patterns were
observed between pathogenic and nonpathogenic infections. A significant recovery of the
intestinal CD4" T cell depletion in GALT was observed from day 90 p.i. (p < 0.0001) in
both AGMs and Rh infected with SIVagm, with rates that were not significantly different
between AGM and Rh (slope = 0.0019/day vs 0.0027/day, respectively, p = 0.36). By the
end of the follow up, at day 410 p.i., the CD4* T cell levels were 35-75% of baseline in
AGMs and 45-60% in Rh infected with SIVagm (Fig. 3, a and f). Immunohistochemical
staining confirmed recovery of GALT CD4* T cells. Thus, at day 410 p.i., CD4* cells were
9 £ 2/x40 field in AGMs (Fig. 3e) and 79 + 6/x40 field in Rh (Fig. 3j).

It should be noted that the context of restoration differed substantially between Rh, where
SIVagm replication was controlled, and AGMs where a significant viral burden, higher than
viral loads observed in humans infected with HIV-1 (20), persisted throughout the follow-up
(Fig. 1, a and b). Conversely, in SIVsmm-infected Rh, the CD4* T cell depletion was rapid,
sustained and progressive, with very low levels of GALT CD4" T cells at the time of AIDS
(Fig. 2f). Statistical analyses showed a significantly different slope of change in CD4* T
cells in SIVsmme-infected Rh after day 31 p.i. when compared with the two nonprogressive,
SIVagm-infected models (slope = 0.0039/day vs —0.0023/day, respectively, p < 0.0001).

To conclude, our data showed that common patterns of viral replication during the acute
infection have similar impact on the acute dynamics of mucosal CD4* T cells; however,
these early events were not predictive for the outcome of lentiviral infection during the
chronic phase of infection.
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Phenotyping the SIVagm-infected cells

We analyzed in detail the phenotype of SIVagm-infected cells by combined ISH and
immunohistochemical stainings and demonstrated that SIVVagm share the same target cells as
SIVmac (28), which suggested that the in vivo biology of these two viruses is very similar.
Our results showed that SIVagm replicates predominantly in lymphocytes in both intestine
(Fig. 4, a and b) and LNs (data not shown).

Phenotyping of GALT CD4" T cell subpopulations was done to determine the dynamics of
naive (defined as CD3*CD4*CD28*CD957), central memory (defined as
CD3*CD4*CD28*CD95"), and effector memory (defined as CD3*CD4*CD28"CD95™")
cells (54). Our results showed that all three CD4* T cell subpopulations were depleted
during acute SIVagm infection in AGMs (Fig. 4c), with memory CD4* T cells being the
most affected population. As previously reported for pathogenic SIVmac infection (24),
depletion of effector memory CD4* T cells was not restored during the chronic phase of
SIVagm infection in AGMs, the GALT CD4* T cell restoration observed at later time points
being due to increases in naive and central memory CD4* T cells (Fig. 4c). These flow
cytometry results were confirmed by in situ data that showed, at the peak of viral replication,
that both memory CD45RA™ and naive CD45RA* cells may be infected in lamina propria
(Fig. 4d) and Peyer's patches (Fig. 4e). Moreover, at the viral peak, SIVVagm-infected cells
rarely express Ki-67 (Fig. 4, f and g), similar to SIVVmac-infected cells (28).

Differences in the mechanism of CD4* T cell depletion between SlVagm-infected AGMs
and Rh

We then sought to investigate the mechanism of GALT CD4* T cell depletion in AGMs and
Rh infected with SIVagm by examining levels of apoptosis vs necrosis of intestinal CD4* T
cells. This study was done by flow cytometry using annexin V and 7-AAD markers and by
immunohistochemical staining using activated caspase 3. In AGMs, during primary
infection we observed a 3- to 4-fold increase in necrotic cells and no increase in apoptosis
(Fig. 5a). The dynamics of GALT-associated CD4* T cell depletion (Fig. 3a) correlated
strongly with necrosis (p = 0.0057), but not apoptosis (p = 0.57) (Fig. 5a). Because the
annexin V*7-AAD" cell population can include some late apoptotic cells, as well as necrotic
cells, we sought to confirm the lack of increase of apoptosis by immunohistochemical
staining using activated caspase 3. Immunohistochemical staining performed on serial
samples from SIVagm-infected AGMs showed no increase in activated caspase 3 expression
(data not shown). At the peak of viral load, the high number of SIVagm-infected cells (Fig.
5c) exceeded the number of apoptotic cells (Fig. 5d). Moreover, apoptotic cells were located
in the germinal centers (B cell areas), whereas SIV-infected cells were located in
interfollicular areas (T cell areas) in Peyer's patches (Fig. 5d). Finally, CD4 and activated
caspase 3 did not colocalize (Fig. 5, e and f). Altogether, these data suggest that, in contrast
to SIVmac-infected Rh (28), the contribution of apoptosis to CD4* T cell destruction in
SIVagm-infected AGMs is minor, and may explain why partial immune restoration in the
intestine of AGMs occurred in the presence of active viral replication at later time points.

In SIVagm-infected Rh, significant correlations between CD4* T cell depletion with either
apoptosis (p = 0.45) or necrosis (p = 0.10) were not observed, probably as a consequence of
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the fact that both were increased during primary SIVagm infection (Fig. 5b). However,
increased apoptosis and necrosis in Rh persisted after the viral load was undetectable,
suggesting that both are significant contributors to the delay in CD4* T cell repopulation
after viral clearance.

Differences in immune activation and T cell proliferation levels between pathogenic and
nonpathogenic infections

Significant differences in the patterns of immune activation, as assessed by HLA-DR and
CD69 expression on CD4* and CD8* T cells, were observed between pathogenic and
nonpathogenic infections. Thus, in Rh infected with SIVsmm that progressed to AIDS, both
CD4" and CD8™ T cells showed progressively increasing levels of immune activation during
infection (Fig. 6a), which is in agreement with previous reports (22, 30). Similarly, the
proliferating compartments of CD4* and CD8* T cells showed significant and constant
increases with the progression to AIDS, similar to what was previously reported (24) (Fig.
7a).

Conversely, in SIVagm-infected AGMs, there was no significant increase in activation
levels of the CD4* T cells in either blood (p = 0.55) (Fig. 6b) or intestine (data not shown).
Only CD8* T cells showed an early increase in activation (p = 0.02, for the first month p.i.),
which returned to baseline levels after the set-point of plasma viral load (Fig. 6b and data
not shown). Moreover, CD4* and CD8" T cell proliferation (Ki-67) increased in the blood
only during acute infection and the initial stages of chronic infection in SIVagm-infected
AGMs (p = 0.006 and p = 0.0005, for Ki-67* CD4* and CD8* T cells, respectively, for the
first month p.i.) (Fig. 7b).

In contrast to SIVagm-infected AGMs, SIVagm-infected Rh had a more significant
activation of CD8" and, more importantly, of CD4" T cells (p = 0.0005) (Fig. 6¢c). CD8* T
cell activation persisted longer in Rh than in AGMs; the levels of DR* CD8* T cells being
statistically increased for the first 4 mo p.i. (p = 0.028) (Fig. 6¢), with levels returning to
baseline after day 200 p.i. (Fig. 6¢). Similarly, CD4* T cell proliferation remained elevated
longer in Rh than in AGMs (Fig. 7, b and c). Overall, SIVVagm-infected Rh displayed
intermediate levels of T cell activation and proliferation between pathogenic SIVsmm Rh
infection and persistant SIVVagm infection of AGMs (Figs. 6 and 7). No significant
correlation (p = 0.68) between proliferation dynamics and GALT CD4* T cell recovery was
found in AGMs and Rh infected with SIVagm.

Lack of immune activation during chronic SIVagm infection of AGMs is partly due to
maintenance/restoration of mucosal immunologic barrier

Persistent immune activation was recently reported to be a consequence of deterioration of
gastrointestinal immunologic barrier by massive HIV/SIV replication resulting in microbial
translocation from the gastrointestinal tract (21, 31). We therefore investigated the dynamics
of the plasma levels of LPS as a marker of loss of mucosal integrity and microbial
translocation. In AGMs, there were no appreciable increases in LPS (Fig. 8a) and all levels
were within the ranges observed previously in uninfected humans, Rh and sooty mangabeys
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(31). A “blip” in plasma LPS was observed during the chronic phase of infection in one
AGM following perforation of the small intestine during an endoscopic biopsy (Fig. 8a).

In Rh, the massive SIVagm replication during the primary infection, higher levels of
immune activation and increase in apoptosis levels resulted in some damage to their
intestinal immunologic barrier, as illustrated by the transient increase in plasma LPS (Fig.
8b). However, these LPS levels became undetectable after the control of infection.

Discussion

In this study, we investigated the mechanisms and predictive value for progression to AIDS
of acute mucosal CD4* T cell depletion, by comparing three representative models for the
outcome of SIV infection, i.e., pathogenic (SIVsm infection of Rh), persistent non-
progressive (SIVagm infection of AGMs), and controlled, nonprogressive (SIVagm
infection of Rh) infection.

Pathogenic SIV and HIV infections are known to cause rapid and profound loss of memory
CD4* T cells, which reside predominantly in mucosal sites (23-28, 55). The magnitude of
this depletion is thought to be critical for disease progression. However, given the fact that
massive CD4* T cell depletion occurs within weeks, it is not clear why progression to AIDS
only occurs after a prolonged incubation period.

Our study does not conflict with prior observations that massive mucosal CD4* T cell
depletion is common in pathogenic infections. However, our data extend the current
knowledge by showing that GALT CD4* T cell depletion is a common feature of
pathogenic, nonpathogenic, or controlled infections and therefore we concluded that,
although mucosal CD4* T cell depletion is necessary for progression to AIDS, acute
depletion has no predictive value for the disease progression in HIV/SIV infection. Our
results show that although viral replication sets the virus-host interplay early after infection,
the outcome is determined in the postacute stage. Therefore, our data extend the paradigm of
AIDS as a “tale of two infections” (56): a destructive acute phase with massive viral
depletion of CD4* memory T cells, which we show in this study to be common for all
lentiviral infections, and a chronic phase that differs between models. In pathogenic
infections, the immune system, crippled by acute infection slowly dies (56). In both other
potential outcomes of lentiviral infection, persistent, nonprogressive infection in AGMs and
controlled cross-species transmitted infection to Rh, the mucosal immune system, although
experiencing severe mucosal CD4* T cell depletion during acute infection, does not progress
to “exhaustion” during the chronic phase. In contrast to pathogenic HIV/SIV infections, in
nonprogressive infections the CD4* T cell population maintains and/or regenerates itself in
concert with control of disease progression.

One may argue that natural hosts of SIVs developed ways to cope with SIV infection by
adapting to be less dependent on GALT CD4* T cells to maintain function, as demonstrated
by the typical low levels of CD4* T cells in uninfected AGMs (3, 4). However, we show in
this study that resistance to AIDS is not intrinsic to African monkeys and that CD4* T cell
depletion in the intestinal tract during acute infection is indistinguishable between Rh
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infected with SIVsmm and SIVagm,; yet Rh infected with SIVVagm recover despite evidence
for functional compromise at the intestinal immunologic barrier (transient elevation of
plasma LPS).

The major question raised by our data on SIVagm-infected AGMs is why natural hosts of
SIV, unlike humans, are generally resistant to AIDS despite such dramatic immunologic
injury during primary infection and persistent viral replication. The answer is likely that,
after thousands of years of host/virus coadaptation (47), natural hosts of SIVs (AGMs, sooty
mangabeys, or man-drills) effectively limit T cell immune activation and proliferation (3, 5~
7, 10).

Studies on SIVmac infection in Rh have shown that during acute infection, there is a strong
correlation between CD4* T cell depletion and increases in the apoptosis of CD4™ T cells
(28). As the number of SIV-infected cells was much lower than the number of depleted
CD4* T cells, it was concluded that both direct virus killing and an increase in apoptosis are
responsible for the destruction of mucosal CD4* T cells in pathogenic SIV infection (27, 28,
57).

However, in this study we report that apoptosis is not a major mechanism behind mucosal
CD4* T cell depletion in AGMs and provide four lines of evidence to support this
conclusion: 1) no increase in apoptosis was observed during SIVagm infection in AGMs; 2)
at the peak of viral load, the high number of SIVVagm-infected cells exceeded the number of
apoptotic cells; 3) apoptotic cells were located in different anatomic sites than SIV-infected
cells; and 4) CD4 and activated caspase 3 did not colocalize.

In Rh infected with SIVVagm, there was a concomitant increase in apoptosis and cellular
necrosis from viral lysis, both contributing to the CD4* T cell depletion, similar to what was
previously reported in SIVmac-infected Rh (28). However, with the control of viral
replication and return to baseline levels of the T cell immune activation in Rh infected with
SIVagm, there was a significant reduction in both apoptosis and necrosis during the follow-
up, which eventually resulted in CD4* T cell recovery.

The lack of increase in apoptosis of CD4™ T cells observed in AGMs is probably essential
for mucosal CD4* T cell recovery during the chronic infection. We believe that the fact that
cell destruction only occurs through viral lysis can explain why we observe significant
recovery of CD4* T cells during chronic SIVagm infection of AGMs even in the presence of
a sustained viral load.

Previous studies have shown that the dynamics of programmed cell death in pathogenic and
nonpathogenic SIV infections closely correlates with the levels of immune activation (3, 5,
7, 8, 10, 33). In this model, by comparing pathogenic, nonpathogenic, and controlled
infection we showed that the most consistent difference between progressive and
nonprogressive infection relies on the levels of chronic immune activation, thus confirming
previous results by us and others (3, 5, 7, 8, 10, 33). In pathogenic HIV and SIV infection,
the levels of immune activation constantly increased with the progression to AIDS (22, 30,
58) and previous studies reported that an increased immune activation is predictive for
disease progression (22, 30, 58). This chronic immune activation is deleterious because
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activated CD4™ T cells serve as highly fertile targets for SIV infection and therefore
activation will result in an increased viral replication (22). Moreover, persistent immune
activation also create a proinflammatory environment that consolidate the damages induced
by direct virus action, and was associated with an increase in apoptosis, followed by
excessive CD4™ T cell proliferation in an attempt of the T lymphocyte compartment to
restore the overall T cell homeostasis in a blind fashion (59). In this context, the lack of
immune activation in African non-human primates might be the key feature that enables the
natural SIV hosts to avoid disease progression.

During a previous study, we have reported that in SIVagm-infected AGMs, an anti-
inflammatory milieu is rapidly established to prevent immune activation (33). Our results
suggested that in AGMs, early increase of TGF-B may participate in the generation of T
regulatory cells. This in turn releases I1L-10, another potent anti-inflammatory cytokine, and
altogether these may result in very low and transient T cell immune activation in SIVagm-
infected AGMs (33).

We report another potential mechanism of avoiding excessive immune activation during the
chronic SIV infection in nonprogressing hosts. It was recently shown that during chronic
pathogenic HIV and SIV infection in humans and macaques, there is a significant microbial
translocation from the intestine as a consequence of significant disruption of the mucosal
immunologic barrier resulting from acute lentiviral infection (31). We have investigated the
dynamics of microbial translocation in both AGMs and Rh infected with SIVagm by
measuring the plasma levels of LPS (31). We report that in AGMs there is no increase in the
LPS levels, which suggests that AGMs maintain the integrity of the mucosal barrier after
acute SIVagm infection. The mechanism behind maintaining the integrity of the mucosal
barrier may rely on the rapid anti-inflammatory responses installed in AGMs within days
after SIVagm infection (33).

The SIVagm-infected Rh model convincingly shows that if viral replication is effectively
controlled, the effects of mucosal injury associated with acute SIV infection can be
mitigated. In SIVagm-infected Rh, after the complete control of viral replication, immune
activation returned to preinfection levels. The integrity of the mucosal barrier was likely
maintained, as reflected in the plasma LPS levels, which remained low in the chronic phase
of infection.

In all, our results suggest that massive intestinal CD4* T cell depletion does not necessarily
lead to disease progression and that mucosal barrier and CD4* T cell restoration is possible
in circumstances in which inflammation is controlled. Thus, therapeutic approaches to
control immune activation should be considered with the currently available antiretroviral
therapies to slow disease progression in HIV-infected individuals.
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A comparison of viral dynamics during acute and chronic pathogenic SIVsmm infection of
Rh and SIVagm infection of AGMs and Rh. a, No significant difference between the three
models during acute infection was shown. Important differences in viral replication were

observed during the chronic phase: in SIVsmm-infected Rh, plasma viral load showed

significant increases with the progression to AIDS, starting from day 100 p.i. In SIVagm-
infected AGMs, set-point viral loads were maintained during the follow-up. In SIVagm-
infected Rh, plasma viral load became undetectable at day 72 p.i. SIVagm RNA dynamics in
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the intestine paralleled that of plasma viral load. b, Intestinal viral loads were maintained in
SIVagm-infected AGMs, whereas in Rh, SIVagm RNA became undetectable by day 100 p.i.
BAL viral loads quantified during chronic infection in AGMs were lower than those from
intestine (insert). The detection limit of the assay was 102 copies/ml of plasma and 102
copies per 10° cells. Plots represent the average viral loads from the animals in each study
group. Vertical lines represent SD. ISH showed that SIVagm replication is lower in
SIVagm-infected AGMs (c) compared with SIVagm-infected Rh (d), in agreement with
real-time PCR quantification and with the lower number of target cells in AGMs (47).
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Immunohistochemistry for CD4 confirmed the loss of CD4* cells in the SIVagm-infected
AGM LNs. Loss was demonstrated by the paucity of CD4* T cells in LNs at day 7 p.i. (b),
and day 14 p.i. (c), compared with either preinfection (a) or day 410 p.i. (d), when CD4* T
cells had recovered despite persistent viremia. SIVagm-infected Rh showed rapid depletion
of LN CD4" T cells during acute infection. Immunohistochemistry for CD4 confirms the
loss of CD4* cells in the LNs by demonstrating the paucity of CD4" T cells at day 14 p.i. (f)
and 28 p.i. (g), compared with either preinfection () or day 410 (h), when CD4* T cells had
recovered. Original magnification, x50.
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FIGURE 3.
Longitudinal flow cytometric analysis of the percentage of intestinal CD4* T cells in

SIVagm-infected AGMs inoculated with SIVagm. A similar magnitude of CD4* T cell
depletion in the intestine (a) was shown as in pathogenic infection (f). Plots represent mean
percentages of CD4* T cells from animals in each group. Vertical lines with cross marks
represent the SEM. Immunohistochemistry for CD4 confirms the loss of CD4* cells in the
gut by demonstrating the paucity of CD4* T cells in lamina propria at day 7 p.i. (c), and day
28 p.i. (d), compared with either preinfection (b) or day 410 p.i. (e) when CD4* T cells had
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recovered despite persistent viremia. Rh inoculated with SIVagm (red line) showed rapid
and profound depletion of intestinal CD4* T cells during acute infection (f) of the same
order of magnitude as Rh infected with SIVsm (black line) (f). Controls inoculated with
HIV-1 group N showed no change in CD4* T cells (green line) (f). Vertical lines represent
SEM. Immunohistochemistry for CD4 in macaques infected with SIVagm confirms the loss
of CD4" cells in the gut by demonstrating the paucity of CD4* T cells in the lamina propria
at day 7 p.i. (h) and 28 p.i. (i) compared with either preinfection (g) or day 410 (j), when
CD4™* T cells recover. Original magnification, x400.
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FIGURE 4.
Phenotyping of SIVagm-infected cells. Combined ISH (SIV) and immunohistochemistry

staining (T lymphocytes-CD3 and macrophages-HAM56) at day 10 p.i. showed that
SIVagm (red) replicated mainly in T lymphocytes (green) (a), with no macrophages (red-
HAMS56, immunohistochemical staining, blue-SI1V, ISH) being infected at the peak viral
production (b) in the intestine. ¢, All CD4* T cell subsets, naive, central memory, and
effector memory CD4* T cells, were depleted in the intestine of SIVagm-infected AGMs, as
determined by flow cytometry. The major depletion is observed in the memory CD4* T cell
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compartment. Naive cells are defined as CD3*CD4+*CD28*CD95, central memory cells are
defined as CD3*CD4*CD28*CD95*, and effector memory cells are defined as
CD3*CD4*CD28~ CD95*. Combined ISH (SIV-red) and immunohistochemical staining
(CD45RA-green) confirmed that the majority of infected cells in the lamina propria (d) and
Peyer's patches (e) display a memory phenotype (lack of colocalization between the virus
and CD45RA" cells). Only a few naive cells are infected (double positive for SIV and
CDA45RA), shown by white arrow in e. The majority of SIVagm-infected cells (red) do not
express Ki-67 (green) in lamina propria (f), similar to SIVmac-infected Rh (28). Few SIV*
cells coexpressed Ki-67 in the Peyer's patches (white arrow) (g). Original magnification:
%200 (a, top left); x400 (a, top right); x400 (a, bottom); x400 (b, e, f, and g); and %200 (d).
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FIGURE 5.

Mechanism of CD4" T cell depletion in SIVagm infection. No significant contribution of
apoptosis to intestinal CD4" T cells was observed in SIVagm-infected AGMs (a) and
transient increases in apoptosis occurred in SIVagm-infected Rh (b). a, Significant increase
in necrotic cells, paralleling CD4* T cell depletion suggests that the initial CD4" T cell
depletion in AGMs is caused by direct viral lysis. b, Apoptosis levels increased only in Rh
and remained elevated even after viral clearance, paralleling the dynamics of T cell
activation. Plots represent mean percentages of apoptotic and necrotic CD4* T cells from the

J Immunol. Author manuscript; available in PMC 2008 September 01.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Pandrea et al.

Page 26

animals in each study group. Vertical lines represent the SEM. In AGMs, SIVagm
replication in lamina propria and Peyer's patches (c) exceeded the amount of apoptotic cells
(d). Infected cells were located in the interfollicular (IF) area (T cell zone), whereas
apoptotic cells were more frequent in the germinal centers (GC) (B cell zone). Arrows point
to apoptotic cells. Dual CD4 (green) and activated caspase 3 (red) staining showed
nocolocalization of CD4* and apoptotic cells in either lamina propria (e) or Peyer's patches

(f).
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FIGURE 6.
Comparative dynamics of peripheral CD4" and CD8™ T cell activation (DR). Unlike

SIVagm infections in AGMs (b), pathogenic SIVsmm infection in Rh showed continuous
increases in immune activation that correlated with progression to AIDS (a). The number
represents the percentage of CD3*CD4* and CD3*CD8* T cells. ¢, SIVagm infection of Rh
induced intermediate and transient levels of activation of both CD3*CD4* and CD3* CD8*
T cells. Plots represent the average expression for the animals in each study group. Vertical
lines represent the SEM.
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Comparative dynamics of peripheral CD3*CD4* and CD3* CD8" T cell proliferation
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(Ki-67). Percentages are shown in SIVsmm-infected Rh (a), SIVagm-infected AGMs (b),
and SIVagm-infected Rh (c). Unlike SIVVagm infections in AGMs (b), pathogenic SIVsm

infection in Rh showed sustained increases in cell proliferation that correlated with

progression to AIDS (a). Data represent percentage of CD3*CD4* and CD3* CD8* T cells.
¢, SIVagm infection of Rh induced intermediate and transient levels of cell proliferation of
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both CD3*CD4* and CD3*CD8* T cells. Plots represent the average expression for the
animals in each study group. Vertical lines represent the SEM.
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FIGURE 8.
Longitudinal analysis of the plasma levels of LPS in SIVagm-infected models. Eight

SIVagm-infected AGMs (a) and three SIVagm-infected Rh (b) are shown. No increase in
the plasma LPS levels was observed in AGMs, with the exception of a blip in AGM EI42
following perforation of the small intestine during an endoscopic biopsy. Only transient
increase was observed in SIVagm-infected Rh. Then, with the control of viral replication,
the LPS levels returned to normal.
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