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Gut-associated lymphoid tissue (GALT) is an early target of human immunodeficiency virus (HIV) and
simian immunodeficiency virus (SIV) and a site for severe CD4� T-cell depletion. Although antiretroviral
therapy (ART) is effective in suppressing HIV replication and restoring CD4� T cells in peripheral blood,
restoration in GALT is delayed. The role of restored CD4� T-cell help in GALT during ART and its impact on
antiviral CD8� T-cell responses have not been investigated. Using the SIV model, we investigated gut CD4�

T-cell restoration in infected macaques, initiating ART during either the primary stage (1 week postinfection),
prior to acute CD4� cell loss (PSI), or during the chronic stage at 10 weeks postinfection (CSI). ART led to
viral suppression in GALT and peripheral blood mononuclear cells of PSI and CSI animals at comparable
levels. CSI animals had incomplete CD4� T-cell restoration in GALT. In PSI animals, ART did not prevent
acute CD4� T-cell loss by 2 weeks postinfection in GALT but supported rapid and complete CD4� T-cell
restoration thereafter. This correlated with an accumulation of central memory CD4� T cells and better
suppression of inflammation. Restoration of CD4� T cells in GALT correlated with qualitative changes in SIV
gag-specific CD8� T-cell responses, with a dominance of interleukin-2-producing responses in PSI animals,
while both CSI macaques and untreated SIV-infected controls were dominated by gamma interferon responses.
Thus, central memory CD4� T-cell levels and qualitative antiviral CD8� T-cell responses, independent of viral
suppression, were the immune correlates of gut mucosal immune restoration during ART.

With an abundance of activated memory CD4� T cells in
gut-associated lymphoid tissue (GALT), it serves as an early
target of human immunodeficiency virus (HIV) and a site of
high viral replication (11, 12, 45, 50, 55). Severe depletion of
CD4� T cells in GALT occurs during primary HIV infection
that is not reflected in the peripheral blood until the chronic
stage of infection (9, 21, 22, 35, 41, 47). In HIV-infected pa-
tients receiving antiretroviral therapy (ART), restoration of
CD4� T cells in the GALT is incomplete and protracted com-
pared to the peripheral blood compartment (21, 22). This
discordance may be associated with an incomplete suppression
of viral replication and persistent inflammation and immune
activation in GALT (16–18, 21, 22). The simian immunodefi-
ciency virus (SIV)-infected rhesus macaque model of AIDS
provides an excellent opportunity to investigate the dynamics
of viral suppression and gut mucosal CD4� T-cell restoration
in controlled experimental settings (16, 24, 43, 51, 65). Like
HIV, high viral replication in GALT during primary SIV in-
fection leads to severe CD4� T-cell depletion, impaired epi-
thelial barrier and nutrient absorptive functions, increased in-
flammation, and impaired mucosal regeneration (17, 21, 68).
Investigations are needed to determine whether mucosal
CD4� T-cell restoration can be enhanced by initiating thera-

peutic intervention prior to advanced infection and thus
achieve better viral suppression and limiting local immune
activation in the GALT that can exacerbate CD4� T-cell loss.
It will be important to examine how viral suppression, through
early therapeutic intervention, would modulate or impact host
immune and inflammatory responses and how they correlate
with the magnitude of mucosal immune restoration.

Activated CCR5� memory CD4� T cells are major targets
of both SIV and HIV and are highly enriched in GALT (9, 35,
41, 70). Central memory (CM) and effector memory (EM)
CD4� T-cell subsets in human and rhesus macaque lympho-
cyte populations have been identified based on the coexpres-
sion of the cell surface markers: CCR7, CD27, CD95, and
CD28 (56–59, 67). Unlike peripheral blood, the immunophe-
notypic characteristics of resident GALT CD4� T-cell memory
subsets in nonhuman primates have been primarily defined
based on the use of CD95 and CD28 (53, 57, 58). In humans,
immunophenotypic characterization of T-cell subsets has been
based on the expression of CCR7, CD28, and CD27 (4, 14, 23).
In addition, the immunophenotype of CD4� T cells restored in
GALT during ART has not been fully determined in the SIV
model.

In HIV and SIV infections, the majority of virus-specific
memory T cells produce gamma interferon (IFN-�) but not
interleukin-2 (IL-2), suggesting a proliferative or functional
defect with virus-specific CD8� T cells reliant on a diminished
CD4� T-cell pool for their supply of IL-2 (23). Polyfunctional
virus-specific CD8� T-cell responses are associated with better
viral control than single IFN-�-expressing cells (33, 60, 73). It
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is not known whether the functionality of antiviral CD8� T-cell
responses is enhanced in GALT during ART in the context of
memory CD4� T-cell restoration and viral suppression. In
addition, the effects of limiting SIV replication very early in
infection by starting ART during the acute stage may influence
the generation of antiviral CD8� T cells, and the efficacy of
CD4� T-cell restoration remains to be investigated.

To gain insights into CD4� T-cell restoration in GALT
during therapy, we evaluated memory CD4� T-cell subsets,
viral kinetics, the magnitude of mucosal inflammation, and
antiviral CD8� T-cell responses in SIV-infected rhesus ma-
caques, initiating ART either during the primary (PSI) or
chronic (CSI) stage of infection. The initiation of ART at 1
week postinfection (PSI) did not prevent acute CD4� T-cell
loss in GALT during primary SIV infection but supported
rapid and complete CD4� T-cell restoration compared to CSI
animals. Our findings suggest that the CD4� T-cell regenera-
tion capability and not the magnitude of acute CD4� T-cell
loss distinguished the two experimental groups (PSI and CSI).
Preservation of central memory CD4� T cells and suppression
of inflammation were associated with better CD4� T-cell res-
toration in GALT and led to changes in the qualitative virus-
specific CD8� T-cell responses. These findings highlight the
importance of exploring therapeutic strategies that seek to
preserve memory, reduce inflammation, and thus promote the
mucosal repair and regeneration processes.

MATERIALS AND METHODS

Viral infection and sample collection. Fifteen healthy colony-bred male
Macaca mulatta animals from the California National Primate Research Center
were intravenously infected with 100 animal infectious doses of pathogenic
SIVmac251. Two groups of animals were treated with 30 mg/kg of body weight
of (R)-9-(2-phosphonylmethoxyypropyl)adenine (PMPA) and 30 mg/kg of
�2�,3�dideoxy-3�-thia-5-fluorocytindine (FTC). The ART was initiated at either
1 week postinfection (n � 5; primary treatment group) or 10 weeks of postin-
fection (n � 5; chronic treatment group) and continued for 30 weeks thereafter.
SIV-infected animals without therapy (n � 5) served as controls. Jejunal biopsies
were collected by upper endoscopy. Jejunal biopsies or 5-cm jejunal resections
with mesenteric lymph node biopsy tissue were collected from SIV-infected
animals at preinfection and 1 to 2 weeks, 6 to 7 weeks, 16 to 17 weeks, 26 weeks,
and 30 to 40 weeks (necropsy) postinfection. Peripheral blood samples were
obtained (10 ml) weekly for the first 8 weeks and then biweekly thereafter.
Uninfected healthy animals served as negative controls for comparison (n � 5).

Cell isolation and flow cytometry. Jejunal biopsies or 5-cm resections were
incubated in RPMI 1640 medium (Invitrogen, Carlsbad, CA) and collagenase
(Sigma, St. Louis, MO) at 37°C twice for 45 min, and lymphocytes were enriched
by Percoll density gradient centrifugation (Sigma). Peripheral blood and lymph
nodes were processed as described previously (16). Multicolor immunopheno-
typing was performed on a modified LSRII (BD, San Jose, CA) with a minimum
of 300,000 events collected. Directly conjugated or unconjugated antibodies were
obtained from BD Biosciences (San Jose, CA) or eBioscience (San Diego, CA)
for the detection of CD3 (SP34)–allophycocyanin (APC)-Cy7, CD4 (OKT4)-
Pacific Blue, CD8 (3B5)–APC-Cy5.5, CD69 (FN50)-fluorescein isothiocyanate
(FITC), CD95 (DX5)–phycoerythrin (PE)-Cy5, CD28 (CD28.2)–APC-PE-Cy7-
Alexa 488, CCR7 (MAB197) with anti-mouse 2a biotin and QDot 605 streptavidin,
Ki-67 (MIB-1)–FITC, BRDU (PRB1)-FITC, CD45RA (MEM-56)–PE-Texas
Red, CXCR4 (12G5)–PE-Cy7-PE-Cy5, CD25 (BC96)-APC, IL-2 (MQ1-
17H12)–FITC, IFN-� (B27)–PE-Cy7, CD127 (R34.34)-PE, tumor necrosis factor
(TNF; MAB11)-PE, CD27 (O323)-APC, and perforin (PF80/164)-Pacific Blue.
The data were evaluated by the FlowJo program (TreeStar, Ashland, OR) using
doublet discrimination and live amine dyes (Invitrogen).

SIV-specific T-cell responses. Antigen-specific CD8� T-cell responses were
determined in peripheral blood or gut lymphocytes at 6, 16, and 30 weeks
posttherapy in SIV-infected animals and in untreated SIV-infected controls
using SIVmac251 overlapping gag peptides (NIH AIDS Reference and Research
Reagent Program) in an 11-parameter three-cytokine (IL-2, IFN-�, and TNF-�)

flow cytometric assay using a modified LSR II (Becton Dickinson). A minimum
of 300,000 events were collected. Briefly, freshly isolated PBMC and GALT T
cells were rested overnight in RPMI 10. A total of 1 � 106 T cells were added to
96-well U-bottom plates (Costar) and stimulated with 1 �g/ml each using SIV-
mac251 overlapping gag peptides (NIH AIDS Reference and Research Reagent
Program) with 1 �g/ml anti-CD28 (CD28.2; Pharmingen, San Jose, CA) and 0.5
�g/ml anti-CD49d (9F10; Pharmingen) for 1 h prior to the addition of 10 �g/ml
of brefeldin A (Sigma). For positive controls, cells were stimulated with Staph-
ylococcus aureus enterotoxin B (SEB). Cells incubated with only medium and
antibodies served as negative controls. Cells were stimulated for five more hours
and washed with phosphate-buffered saline and antibody-staining fluorescence-
activated cell sorting buffer. Cell surface marker staining (clones mentioned above)
for CD3–APC-Cy7, CD4-Pacific Blue, CD8–APC-Cy5.5, CD95–PE-Cy5, and
CD27–PE-Cy5.5 was performed prior to fixation and Perm washing using 1� BD
Fix and Perm solutions. Intracellular staining was performed using IL-2 (MQ1-
17H12)–FITC, IFN-� (B27)–APC, CD69–PE-Cy7, and TNF-� (MAB11)–PE (TNF
at 35 to 40 weeks postinfection only). Cytokine-positive gating was set using SEB
and medium-only controls with live gating using violet amine dye with doublet
discrimination. Flow cytometry was performed within 24 h of antibody staining.
Boolean gating and bivariate plots were used to separate cells into categories of
specific responses based on single cytokine or polyfunctional cytokine responses.
Background from unstimulated controls was subtracted from each sample, and
samples with greater than a 0.05% response above background and above the
threshold set by SEB controls were considered positive responders. SPICE soft-
ware (version 3.1; courtesy of Mario Roederer, VRC, NIAID, NIH, Bethesda,
MD) was used to illustrate the data.

Measurement of viral RNA loads in plasma and in tissues. SIV RNA loads in
plasma and tissue samples were determined by real-time reverse transcription-
PCR (RT-PCR) as previously described (25, 34). Plasma viral RNA was ex-
tracted from duplicate aliquots and reverse transcribed, and real-time RT-PCR
was performed. Fluorescent signal was detected using an Applied Biosystems
Prism 7900 sequence detection system, and data were analyzed with Sequence
Detector software. Viral RNA copy numbers for experimental samples were
determined by plotting CT values (the fractional cycle number at which the
fluorescence passes the fixed threshold for detection) against a regression curve
derived from control transcript samples with known SIV copy numbers. This was
followed by normalization for the volume of the plasma samples (17). Tissue viral
loads were also determined by real-time PCR. Briefly, total RNA was extracted
from jejunal tissue. cDNA was synthesized using SuperScript III (Invitrogen)
according to the manufacturer’s protocol. Five microliters of cDNA was then
used in a real-time PCR assay, and the CT value was plotted against a known
standard curve to determine SIV viral RNA copies in the given sample. This
value was then normalized for the amount of RNA used in the reaction mixture,
and the number of SIV viral RNA copies per �g of total RNA was calculated
(44).

Measurement of host gene expression by real-time PCR. Expression of in-
flammation-associated genes was assessed by real-time PCR from frozen tissue
samples. RNA levels of phospholipase A2, pancreatitis-associated protein, trans-
forming growth factor 	 (TGF-	), tumor necrosis factor alpha, interleukin-8, and
macrophage interferon-inducing gene (11, 12, 13) were determined from cDNA
and compared as relative expression changes in CSI animals compared to PSI
animals. These genes were selected based on our previous studies of SIV-
induced changes in gut mucosal gene expression in rhesus macaques (16, 18).
These genes were consistently up-regulated in untreated SIV-infected animals
(17, 18). Primer-probe pairs specific for the rhesus macaque genes were de-
signed, tested, and validated to have an amplification efficiency of 
95%, com-
parable to that of glyceraldehyde-3-phosphate dehydrogenase (GAPDH). Prim-
ers for pancreatitis-associated protein (PAP; HS00170171 ml), PLA2
(Hs00899715 ml), and TGF-	 (Hs00171257 ml) were obtained from Applied
Biosystems (Foster City, CA). Primers for IL-8 (forward, TGGCTCTCTTGGC
AGCCT; reverse, TTGGGGTGGAAAGGTTTGGA; probe, TCTGTGAAGG
TGCAGTTTTGCCAAGG), TNF-� (forward, AGGCAGTCAGATCATCTTC
TCGAA; reverse, GGAGCTGCCCCTCAGCTT; probe, AGCCTGTAGCCCA
TGTTGTAGCAAACCCT), and prGAPDH (forward, GCACCACCAACTGC
TTAGCACC; reverse, TCTTCTGGGTGGCAGTGATG; probe, TCGTGGGA
AGGACTCATGACCACAGTCC) were designed, optimized, and validated for
use by the Lucy Whittier Molecular Core Lab (University of California, Davis).
Relative cytokine mRNA expression levels were calculated from normalized �CT

(cycle threshold) values and are reported as the change. CT values correspond to
the cycle number at which the fluorescence signal exceeds the background flu-
orescence (threshold). In this analysis, the CT value for the housekeeping gene
(GAPDH) was subtracted from the CT value of the target gene for each sample
for normalization. The target gene and the reference gene (GAPDH) amplified
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with the same efficiency (data not shown). For the detection of changes in gene
expression in SIV-infected untreated animals or in PSI and CSI animals, the
RNA levels for each gene in the CSI and PSI animals and untreated controls
were compared with the levels in the SIV-negative healthy controls (calibrator),
and data are presented as the change in expression of each gene. The �CT value
for the tissue sample from the calibrator was then subtracted from the �CT value
of the corresponding tissue sample from the CSI animal (��CT). The increase in
cytokine mRNA levels in jejunal tissue samples of the CSI animals compared to
tissue samples of baseline (calibrator) animals was then calculated as follows:
increase � 2��CT (user bulletin 2; ABI Prism 7700 Sequence Detection System;
Applied Biosystems).

To determine the magnitude of difference in gene expression levels between
the PSI and CSI groups, the data are presented as a ratio of the CSI to PSI. The
PSI sample was used as the calibrator in this analysis (1, 62).

Western blot analysis. Levels of stress response-related proteins in gut biopsies
of SIV-infected animals and uninfected controls were evaluated by Western blot
analysis. Protein extracts were prepared from frozen tissue by resuspending in phos-
phate-buffered saline–1% Triton–phenylmethylsulfonyl fluoride and sonicating
twice in 4-s bursts. Antibodies to glucose response protein 78 and heat shock protein
78 (Santa Cruz Biotechnology, Santa Cruz, CA) were used on the Western blots and
calibrated with anti-GAPDH (Santa Cruz Biotechnology) on the same gel.

Statistical analysis. Statistical analysis was performed using the program
Minitab (Minitab Inc., State Park, PA). The significance of the differences
between control (SIV-infected untreated animals) and experimental (SIV-in-
fected animals who receive ART) groups of animals was determined using the
Mann-Whitney U test, and P values of �0.05 were considered significant.

RESULTS

Suppression of SIV replication in PSI and CSI during ART.
To investigate whether initiating ART early in infection would
determine the magnitude of viral suppression in the peripheral
blood and GALT, we analyzed longitudinal samples of plasma
and jejunum samples from animals initiating ART at 1 week
postinfection (PSI group) or at 10 weeks postinfection (CSI
group) in comparison to SIV-infected animals that were ther-
apy naı̈ve. The beginning of plasma viral load suppression was
observed within 1 week of starting ART (2 weeks postinfec-
tion) in the PSI animals (average, 3.2 � 104 RNA copies/ml),
while plasma viral loads reached 5 � 106 to 11.3 � 106 RNA
copies/ml in CSI animals as well as in untreated controls at 2
weeks postinfection (Fig. 1A). Both PSI and CSI showed a
decline in viral loads after the initiation of ART that continued
to drop during treatment (�100 copies at 32 weeks postinfec-
tion), while viral RNA copy numbers reached a steady set point
in the untreated controls after 10 weeks postinfection (average,
5.1 � 105 copies/ml) that persisted through the course of in-
fection.

Measurement of viral RNA levels in GALT at 6, 16, and 30
weeks of therapy showed that there was a substantial decline
(P � 0.05) in the viral loads at 6 weeks posttherapy (Fig. 1B)
in both PSI (average, 3.2 � 103 SIV copies per �g of total
RNA) and CSI (average, 3.6 � 102 copies) groups compared to
the untreated SIV-infected group (average, 2.4 � 106 copies).
Viral RNA levels continued to remain lower in both PSI and
CSI groups (P � 0.05) at 16 weeks (PSI, 2.1 � 103 copies; CSI,
1.3 � 103 copies) and 30 weeks (PSI, 2.3 � 103 copies; CSI,
3.0 � 103 copies) of therapy compared to untreated SIV-
infected controls (1 week postinfection, 6.0 � 103; 16 weeks
postinfection, 5.2 � 105; 30 weeks postinfection, 5.7 � 105)
(Fig. 1B). In general, the level of viral suppression in GALT
was comparable between the PSI and CSI groups during ART.
However, although plasma viral loads were below detection
limits by 32 weeks postinfection in both PSI and CSI animals,

complete suppression of viral RNA loads in GALT was not
achieved.

Magnitude of CD4� T-cell restoration in PSI and CSI ani-
mals. A progressive loss of CD4� T cells was seen in the
peripheral blood of untreated SIV-infected animals (Fig. 2A).
Despite the start of therapy at 1 week postinfection, the PSI
group experienced a gradual decline in CD4� T cells in the
peripheral blood until 6 weeks postinfection, followed by a
period of recovery (Fig. 2A). After 26 weeks of ART, complete
restoration of CD4� T-cell numbers to preinfection baseline
values (885 to 1,420 CD4� T cells/mm3) was achieved in the
PSI animals (1,008 to 1,335/mm3). The CSI animals also
showed a gradual loss in circulating CD4� T-cell numbers
following SIV infection (55% reduction compared to preinfec-
tion values). A rebound in CD4� T-cell numbers was detected
after 6 weeks of ART that continued to increase during ther-
apy.

In GALT, untreated SIV-infected animals showed severe
depletion of CD4� T cells at 2 weeks postinfection that was
sustained thereafter (Fig. 2B). On average, about 50% of the
CD4� T cells in GALT were depleted at 1 week postinfection
and 
80% at 2 weeks postinfection. It was notable that the

FIG. 1. Initiation of combination ART leads to viral suppression in
plasma and GALT of SIV-infected rhesus macaques compared to
untreated controls. (A) Plasma viral loads were measured by real-time
PCR in untreated SIV� animals, PSI animals (initiating ART at 1
week postinfection), and CSI animals (initiating ART at 10 weeks
postinfection). Arrows indicate the time of the initiation of ART.
(B) Viral RNA loads in GALT of untreated SIV� controls and PSI
and CSI animals were determined by real-time PCR. Viral loads were
calculated based on SIV copies per �g of total tissue RNA (mean 
standard error; n � 5 for each group). The level of detection was 200
SIV copies per �g of total tissue RNA. The dotted lines indicate the
level of detection of SIV RNA copies. Asterisks indicate statistically
significant differences between PSI and CSI groups and between PSI
and untreated controls (P � 0.05) at the indicated time points.
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initiation of ART in the PSI group at 1 week postinfection did
not prevent this severe loss of CD4� T cells during the primary
acute phase at 2 weeks postinfection (average, 8% of total
CD3� T cells), which was similar to that seen in untreated
SIV-infected animals (average, 5% of total CD3� T cells).
However, there was an accelerated restoration of intestinal
CD4� T cells in the PSI animals that was not observed in the
CSI animals. After 16 weeks of ART, three of the five PSI
animals restored CD4� T cells to at least 95% of preinfection
levels (P � 0.05 for comparison between CSI and untreated
controls). After 30 weeks of ART, all animals in the PSI group
had repopulated CD4� T cells in GALT to preinfection levels
and had a completely divergent pattern of restoration from the
CSI (P � 0.05). In contrast, the CSI group displayed modest
restoration of CD4� T cells in GALT after 16 weeks of ART
(13% CD4� T cells in GALT compared to 40% at the prein-
fection time point) and only a modest increase after 30 weeks
of ART (�15% CD4� T cells). The CSI group showed a
positive trend of gradual but slow restoration of gut CD4� T
cells compared to untreated controls. Our data suggested that

the timing of the initiation of ART influenced the magnitude
and time course of restoration of CD4� T cells in GALT and
was independent of the acute CD4� T-cell loss.

CD4� T-cell repopulation in PSI animals is driven through
central memory and transitional memory CD4� T-cell subsets.
To characterize the CD4� T-cell subsets that were lost during
infection, we performed multicolor flow cytometric analysis of
T-lymphocyte populations from uninfected healthy controls
(Fig. 3). A majority of the CD4� T cells in GALT expressed
CD95, CD28, CCR7, and CD27 and had an immunophenotype
very similar to that of human central memory CD4� T cells,
defined as CD95� CD28� CD27� CCR7� (Fig. 3). In addi-
tion, these CM CD4� T cells expressed Ki-67 (Fig. 3) and
produced IL-2 in response to SEB stimulation (data not
shown). However, only approximately 60% of this population
expressed the CCR7 coreceptor, indicating that the remaining
cells might have been transitioning to the effector memory
phenotype and are defined as CD95� CD27� CD28� CCR7�.
These cells also produced IL-2 and IFN-� upon SEB stimula-
tion. Effector memory CD4� T cells, defined as CD95�

CD28� CD27� CCR7�, comprised a minor fraction (4 to 6%)
of the total CD4� T cells in GALT of uninfected healthy
controls. Upon stimulation with SEB, this T-cell population
produced IFN-� (45% of EM CD4� T cells) and perforin (3%
of EM CD4� T cells), suggesting that they had effector mem-
ory functions. In summary, the majority of CD4� T cells in
GALT of uninfected healthy rhesus macaques were of CM and
transitional CM phenotypes.

To evaluate changes in the memory CD4� T-cell subsets in
GALT during SIV infection and following the start of therapy,
we performed immunophenotypic characterization of intesti-
nal T cells in the PSI, CSI, and untreated SIV-infected animals
by utilizing multicolor flow cytometry. In all SIV-infected an-
imals, a severe loss of effector memory CD4� T cells occurred
during primary SIV infection compared to uninfected controls
(Fig. 4A) that was evident by 6 weeks postinfection (data not
shown) and continued to 30 weeks of infection (Fig. 4B). Fur-
thermore, the pool of proliferating central memory cells, de-
tected as Ki-67� cells, was lower (average, 3% of total CD4�

T cells) in SIV-infected animals within 1 week of infection
compared to uninfected controls (6%) (data not shown). Thus,
SIV infection led to changes in the proliferative T-cell pool
that may have led to a reduction in the total central memory
pool by possibly increasing the rate of activation/differentia-
tion-associated cell death. In the PSI animals, restoration of
CD4� T cells (95% of preinfection values) in GALT was
achieved within 16 weeks of therapy, and these cells were
mainly comprised of the CM (60 to 67%) and transitional CM
phenotypes (Fig. 4D). A rebound in the transitional memory
CD4� T cells observed at 16 weeks of therapy (9 to 13%
compared to 1 to 3% at 6 weeks of ART) suggests that CM
subsets might have been differentiating into the effector cells at
an increased rate (Fig. 4D). In contrast to PSI animals, CM
CD4� T cells in CSI animals were detected at lower levels (P �
0.05) at 16 weeks of ART (Fig. 4C). At 30 weeks of therapy,
CD4� T-cell subsets in GALT of both PSI and CSI animals
were comprised of CM, transitional CM, and EM. However,
the percentage of CM (38% in PSI and 50% in CSI) was lower
compared to uninfected controls, and an increased accumula-
tion of transitional CM was observed in both groups. Overall,

FIG. 2. Full restoration of CD4� T cells in GALT of SIV-infected
animals starting ART during acute SIV infection. Longitudinal sam-
ples of peripheral blood (A) and GALT (B) were obtained from PSI
and CSI animals and untreated SIV� controls. The CD4� T-cell
counts or percentages were determined by flow cytometric analysis
(mean  standard error; n � 5 in each group). Asterisks indicate
statistically significant differences between PSI and CSI groups and
between PSI and untreated controls (P � 0.05) at the indicated time
points.
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the PSI displayed higher (P � 0.05) percentages of effector
memory cells than the CSI group at 16 weeks (PSI, 8.1 to
12.2% of total CD4� T cells; CSI, 0 to 2%) and 30 weeks (PSI,
17.3 to 21.4%; CSI, 3.3 to 6.4%) of ART (Fig. 4E and F,
respectively).

The percentage of CM CD4� T cells in peripheral blood
continued to decline in the untreated controls, reaching 3 to
5% of total CD4� T cells by 40 weeks postinfection. The
beginning of CM CD4� T-cell restoration (10 to 15% of total
CD4� T cells) in peripheral blood of both PSI and CSI animals
was observed at 6 weeks of ART. Throughout the course of
ART, the percentage of CM CD4� T cells continued to in-
crease in both PSI and CSI groups, peaking at 20 to 28%,
which closely resembled preinfection values.

Qualitative changes in SIV-specific CD8� T-cell responses
in GALT during ART. To investigate whether the magnitude of
the restoration of CD4� T-cell help in GALT influenced SIV-
specific cellular responses, we evaluated anti-SIV CD8� T-cell
responses in PSI and CSI animals during ART by intracellular
cytokine staining using overlapping SIV gag peptides. In un-
treated SIV-infected controls, SIV-specific CD8� T-cell re-
sponses in GALT were dominated by single IFN-� production
at 6 weeks postinfection (average, 0.23% of total CD8� T
cells). The IFN-�-producing responses continued to increase
during the course of SIV infection, with the highest level de-
tected at 30 weeks of infection (0.9%), as shown in Fig. 5A and
B. The second highest response was of dual IFN-�/IL-2-pro-
ducing CD8� T cells, which was detected at 16 weeks postin-
fection (0.15%) and 30 weeks postinfection (0.12%). These

data suggested that polyfunctional responses (dual IFN-�/
IL-2) were found in the later stages of infection, possibly
driven in response to high viral antigen load. Since polyfunc-
tional CD8� T-cell responses are considered to be more ef-
fective in viral control than single IFN-�-producing cells, their
absence in GALT during early infection may partly contribute
to inefficient control of SIV infection as observed in the GALT
of untreated controls.

In the PSI animals, single IFN-�-producing CD8� T-cell
responses in GALT were seen at 6 weeks postinfection
(0.07%), while we observed single IL-2- or IFN-�-producing
CD8� T-cell responses at 17 weeks postinfection (16 weeks of
ART). While polyfunctional responses (IL-2� IFN-��) were
detected at 30 to 40 weeks postinfection (0.095%), the majority
of the SIV gag-specific CD8� T-cell responses were comprised
of single IL-2 production at 16 weeks (0.23%) and 30 weeks of
ART (0.72%) in the PSI group. In contrast, the CSI animals
developed higher levels of single positive (IFN-�, 0.72%) and
polyfunctional CD8 T-cell (IFN-�/IL-2, 0.14%) responses to
SIV antigens at 16 weeks of therapy than the PSI group, which
persisted at 30 weeks of ART (IFN-�, 0.87%; �FN-�/IL-2,
0.29%) (Fig. 5A). The magnitude of single IFN-�-positive re-
sponses in CSI was lower compared to the untreated SIV-
infected animals, but the levels of polyfunctional responses
were similar at 30 weeks of ART.

The antigen-specific responses in the peripheral blood
showed trends similar to those observed in the GALT (data
not shown). We observed that the generation and dominance
of SIV gag-specific IFN-�-producing CD8� T-cell responses in

FIG. 3. The CD4� T cells in GALT are comprised of central memory cells, effector memory cells, and an intermediate population. Flow
cytometric analysis of isolated mononuclear cells from the GALT of uninfected rhesus macaques was performed by gating on live cells and CD3
along with doublet discrimination. CD4� T cells were then forward gated, showing percentage that express CCR7/CD28, CD95/CD28, CD27/
CD28, CD25/CD8, and Ki-67/CD28. A representative animal from the uninfected control group is shown (n � 5).
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the untreated SIV-infected controls at 6 weeks postinfection
(0.08 to 0.11%) and thereafter (0.11 to 0.77%). Polyfunctional
responses were not detected in the untreated animals, but
single TNF-�-producing responses were present (0.093 to
0.15%). The PSI group had single IL-2-producing CD8� T-cell
responses at 16 weeks of ART (0.06 to 0.99%) that were
sustained at 30 weeks of ART (0.22 to 0.44%). Single IFN-�-
producing responses were also elevated (0.05 to 0.44%) after
30 weeks of ART. Single TNF-� responses were detected in 4
of the 5 PSI animals after 30 weeks of therapy (0 to 0.33 in all
five animals). In the CSI group, IFN-�- or TNF-�-producing
CD8� T-cell responses dominated at 6 (IFN-�, 0.09 to 0.12%;
��F-�, 0.065 to 0.11%), 16 (IFN-�, 0.05 to 0.13%; ��F-�.
0.07 to 0.09%), and 30 weeks of ART (IFN-�, 0.075 to 0.19%;
��F-�, 0.0 to 0.088%), with a smaller polyfunctional response
of IL-2/IFN-� at 16 weeks (0.05 to 0.075%) and 30 weeks (0 to
0.081%) of ART. These data suggested that the CD8� T-cell
responses in PBMC mirrored the responses observed in the

GALT with respect to IFN-� responses but were less compa-
rable with single TNF-�-producing responses and polyfunc-
tional responses.

To further determine whether CD8� T-cell populations in
the GALT showed differences in chemokine receptor expres-
sion and the type of effector response to viral infection, we
evaluated the expression of CCR5 and CXCR4 (Fig. 5C). The
CD8� T cells from GALT of uninfected controls were both
singly CCR5 positive (averaging 35%) or dual positive for
CCR5 and CXCR4 (averaging 54%). In SIV-infected un-
treated controls, we observed a shift toward CCR5-expressing
CD8� T cells (68%) without CXCR4 expression as early as 6
weeks postinfection that persisted throughout infection. In the
PSI group, we observed that by 16 weeks of ART, there was an
accumulation of CCR5 and CXCR4 dual-positive CD8� T
cells in GALT (74.5%) that remained in the GALT at 30 weeks
of ART (76.2%), with a smaller fraction of CD8� T cells
expressing CCR5 singly (19.5%). The CSI group had an almost
equal proportion of CD8� T cells with single CCR5 or dual
CCR5 and CXCR4 expression at 16 weeks of ART (51.2%
CCR5, 48.2% dual) that persisted at 30 weeks of ART
(49% CCR5, 46.5% dual). These data suggest that the type of
antiviral response was quite different in the PSI group and may
have helped to enhance the CD4� T-cell restoration.

CD8� T-cell proliferative responses correlated with viral
loads and not with the induction of SIV-specific IL-2-produc-
ing responses. To investigate the role of CD8� T-cell prolif-
eration with respect to viral loads and the generation of anti-
gen-specific responses, we determined Ki-67 expression of
CD8� T cells in uninfected controls and compared them with
those in ART-naı̈ve SIV-infected animals (at 1 and 30 weeks
postinfection) and with the PSI and CSI groups. A low level of
proliferation (0.65 to 1.5% of total CD3� CD8� PBMC and
0.76 to 2.1% of total CD3� CD8� GALT) was seen in the
CD8� T cells of uninfected controls (Fig. 6A). We did not
detect any change in the proliferation in CD8� T cells of
ART-naı̈ve SIV-infected controls at 1 week postinfection in
either PBMC or GALT, suggesting that mobilization of CD8
responses had not started at that time point (Fig. 6B). How-
ever, within 30 weeks of infection, elevated proliferation of
GALT CD8� T cells (8.5 to 15.4%) was observed (Fig. 6C).
We found that 2.5 to 4.5% of GALT CD8� T cells were Ki-67
positive at 16 weeks of ART in the PSI group (data not shown).
The level of proliferation was lower (1.5 to 2.3%) at 30 weeks
of ART (Fig. 6D) and was significantly different from the
SIV-infected untreated controls (P � 0.05). The CSI group
had higher levels of CD8� T-cell proliferation than the PSI
group at 16 weeks of ART (6.5 to 7.5% in GALT; not statis-
tically significant). The CSI group continued to show higher
levels of proliferation at 30 weeks of ART (5.8 to 7.4% in
GALT) (Fig. 6E) but was not significantly different than un-
treated SIV-infected controls or the PSI group. These data
suggest that CD8� T-cell responses were vastly different in the
PSI animals in that they displayed continued viral suppression
despite decreased proliferative responses.

Early control of intestinal inflammation is associated with
improved CD4� T-cell restoration in GALT. To determine the
potential impact of local inflammation on the kinetics of the
CD4� T-cell restoration in GALT, we compared the expres-
sion of inflammation-associated genes in PSI and CSI animals

FIG. 4. Early restoration of central memory CD4� T cells in GALT
leads to enhanced gut mucosal CD4� T-cell restoration during ther-
apy. Flow cytometric analysis was performed to identify memory CD4�

T-cell subsets in GALT, and data are presented for a representative
animal from each experimental group. (A) Uninfected healthy control;
(B) SIV-infected therapy-naı̈ve animal at 30 weeks postinfection;
(C) CSI animal after 16 weeks of ART; (D) PSI animal after 16 weeks
of ART; (E) CSI animal after 30 weeks of ART; (F) PSI animal after
30 weeks of ART. Asterisks indicate statistically significant differences
between PSI and CSI groups for the memory subsets (P � 0.05).
Numbers next to asterisks indicate corresponding time points that are
significant.
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at 6, 16, and 30 weeks of ART. CSI animals displayed signifi-
cantly higher levels (average of 13-fold increased expression
over PSI animals) of gene expression for PAP, macrophage
interferon-inducing gene (MIG; 3.7-fold increase), and TNF-�
(3.7-fold increase) than PSI animals after 6 weeks of ART (Fig.
7A). By 16 weeks of ART, CSI animals had higher expression
of MIG (2-fold increase), TGF-	 (16.5-fold increase), and
TNF-� (2.4-fold increase). After 30 weeks of ART, CSI ani-
mals had higher expression of PAP (120-fold increase), TGF-	
(16.5-fold increase), TNF-� (3.6-fold increase), and IL-8 (2.23-
fold increase). Except in PSI animals at 18 weeks of ART,
inflammatory genes were always higher in all groups and at all
time points than in healthy uninfected controls (data not
shown). However, the magnitude of the inflammation was sub-
stantially lower in PSI and CSI groups at 30 weeks of ART
than the untreated SIV-infected control group at 30 weeks
postinfection (Fig. 7B). In addition, CSI animals had increased
levels of inducible stress-related proteins (HSP-70 and GRP-

78) compared to PSI animals at 30 weeks of ART (Fig. 7C).
Thus, comparison of PSI and CSI groups showed that restora-
tion of gut CD4� T cells correlated with early suppression of
inflammation in the gut microenvironment.

DISCUSSION

We have investigated the effects of initiating ART in SIV-
infected animals (PSI) during primary SIV infection, prior to
the occurrence of acute CD4� T-cell loss in GALT, which is a
characteristic feature of primary viral infection with patho-
genic SIV. Data on the CD4� T-cell restoration were com-
pared with those from the animals starting therapy during
chronic SIV infection (CSI). We utilized the PSI group to
assess whether intervention prior to the development of severe
enteropathic changes in the intestinal microenvironment
would alter the magnitude and time course of CD4� T-cell
replenishment. We found that the CD4� T-cell restoration was

FIG. 5. SIV antigen-specific CD8� T-cell responses in GALT of SIV-infected rhesus macaques. (A) Longitudinal analysis of SIV gag-specific
CD8� T-cell responses in GALT was performed in SIV-infected therapy-naı̈ve controls and PSI and CSI animals during therapy. Intracellular
cytokine responses (IL-2 and IFN-�) were measured by flow cytometry, and the percentages of SIV gag-specific CD8� T cells are presented at
different time points postinfection or during ART. (B) The functional composition of the SIV-specific CD8� T-cell responses, showing every
possible combination of responses (TNF-�, IL-2, and IFN-�) after 30 weeks of ART (PSI and CSI) or 30 weeks of infection (SIV� untreated),
is shown on the x axis of the bar graph. Bars indicate the percentages of total SIV gag response contributed by CD8� T cells with a given functional
response. The data are summarized in pie charts, in which each slice represents the fraction of the CD8� T-cell response for each cytokine singly
or in combination. (C) Flow cytometric analysis of the expression of CCR5 and CXCR4 was performed on GALT CD8� T cells from uninfected,
ART-naı̈ve infected controls (30 weeks postinfection), PSI (after 30 weeks of ART), and CSI animals (30 weeks of ART). Data for a representative
animal from each group are shown. Asterisks indicate statistically significant differences between PSI and CSI CD8� T-cell responses and untreated
SIV-infected controls (P � 0.05) or significant differences in the percentages of both CCR5� and CCR5� CXCR4� CD8� T cells in the PSI group
compared to all other groups.
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influenced by the extent of viral suppression, levels of the
central memory T-cell subset, and the magnitude of inflamma-
tion in the GALT. These data demonstrated that initiation of
ART early in infection could lead to rapid and enhanced in-
testinal CD4� T-cell repopulation in GALT despite severe
depletion during primary SIV infection. Although the initia-

tion of highly active ART (HAART) during primary HIV
infection may be difficult if not impractical, our study highlights
potential immune and molecular correlates of better GALT
restoration that could be useful in the evaluation of vaccines
and therapeutics. Our findings also demonstrate that early
suppression of viral loads by ART modulate host mucosal
responses during infection.

FIG. 6. Proliferation of CD8� T cells in GALT and peripheral
blood of SIV-infected rhesus macaques during ART. Proliferative
potential was measured by flow cytometry by gating on Ki-67� CD8�

T cells of PBMC and GALT of uninfected healthy controls (A), ART-
naı̈ve SIV-infected controls at 1 week postinfection (B), ART-naı̈ve
SIV-infected controls at 30 weeks postinfection (C), PSI animals at 30
weeks of ART (D), and CSI animals at 30 weeks postinfection (E).
Data from a representative animal are shown. The asterisk marks a
statistically significant difference in the percentage of proliferating
CD8� T cells (P � 0.05).

FIG. 7. Suppression of intestinal inflammation correlates with gut
mucosal CD4� T-cell restoration during ART. (A) Intestinal inflam-
mation was assessed by measuring inflammation-associated gene ex-
pression (phospholipase A2 [PLA2], PAP, TGF-	, TNF-� [TNFA],
IL-8, and MIG) by real-time PCR. To demonstrate the magnitude of
the difference between CSI and PSI groups, the ratio of the fold
change of CSI over PSI is shown for each gene at various time points,
with baseline levels of each gene derived from uninfected controls
subtracted from both PSI and CSI averages. (B) An increase in ex-
pression of inflammation-associated genes was detected in PSI animals
(30 weeks ART), CSI animals (30 weeks ART), and untreated SIV-
infected controls (30 weeks postinfection [PI]) by comparison with the
baseline values from uninfected healthy controls. (C) A Western blot
analysis showed the change in protein levels of glucose response pro-
tein 78 (GRP-78) in GALT of PSI and CSI animals at 30 weeks of
ART compared to SIV� therapy-naı̈ve controls at 30 weeks postinfec-
tion.
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Our previous studies showed that suppression of viral rep-
lication correlated with increased CD4� T-cell repopulation of
GALT in HIV and SIV infections during therapy (16, 22). Our
findings in the present study suggest that suppression of plasma
viral loads occurred after 6 weeks of ART in both PSI and CSI
animals, independent of the time of ART initiation, and coin-
cided with increased circulating CD4� T-cell numbers. How-
ever, the magnitude of CD4� T-cell restoration in GALT of
PSI and CSI animals was very different following the start of
therapy. Interestingly, SIV-infected CD4� T cells were de-
pleted at 2 weeks postinfection in PSI animals despite the
initiation of ART at 1 week postinfection. This depletion may
have resulted because the antiretroviral regimen included re-
verse transcriptase inhibitors only, which prevented new infec-
tions but did not protect the previously SIV-infected cells from
virus-mediated cell death. The CD4� T-cell depletion very
closely mirrored previous studies showing that despite early
ART, peripheral blood CD4� T cells were still lost (37, 65).
Lifson et al. reported that animals that initiated ART by 24 h
of SIVmac239 infection did not experience CD4� T-cell de-
pletion in GALT (36). The suppression of viral replication
immediately following the infection might have prevented mas-
sive GALT CD4� T-cell infection in these animals. In our
study, PSI animals started therapy at 1 week postinfection with
the highly pathogenic strain SIVmac251, by which time the
initial burst of active viral replication and spread of infection
could have already occurred. The restoration of the gut CD4�

T cells in the PSI animals after early ART initiation not only
modulated immune responses but also controlled the rampant
inflammatory conditions, thereby driving better immune res-
toration.

We determined that the majority of the CD4� T cells in
GALT of uninfected healthy animals were CD95� CD28�

CD27� CCR7� and identified as central memory T cells ac-
cording to previous definitions (4, 29, 30, 57). However, 30 to
40% of these “central” memory cells had down-regulated
CCR7, suggesting that they could represent an intermediate
phenotype, transitioning between central memory and effector
phenotypes (2, 10, 56, 58). Since the majority of CD4� T cells
in the GALT express CCR5 mRNA but not necessarily CCR5
protein (9), we propose that the rhesus GALT contains two
transitional central memory intermediates (CCR7� CD28�

CD27�, which may be CCR5�/�, and CCR7� CD28� CD27�,
which may be CCR5�/�) and fully differentiated effector mem-
ory (CCR7� CD28� CD27� CCR5�). The earliest transitional
CD4� T cells (CCR7� CD28� CD27�) would be more like
central memory and thus more protected from SIV infection,
as observed in this study. Further analysis of the CCR5 expres-
sion of these three CD4� T-cell populations is warranted.
Since central memory feeds the effector memory pool in lungs,
the presence of this differentiating T-cell subset (CCR7�

CD28� CD27� CCR5�/�) in GALT is not surprising (40). In
SIV-infected animals, a severe loss of effector memory CD4�

T cells was seen in GALT as early as 1 week postinfection
during the primary infection stage. In addition, a loss from
SIV-infected animals of the Ki-67� CM CD4� T-cell pool,
present in uninfected healthy macaques, was observed and
suggests that CM cells were either rapidly transitioning to an
EM phenotype and subsequently depleted by infection or were
lost as CM due to their proliferative state (52, 71).

An increase in central memory CD4� T cells was observed
in both PSI and CSI animals after 30 weeks of ART compared
to untreated SIV� animals. However, PSI animals accumu-
lated high levels of CM cells more rapidly in GALT at an
earlier time point in therapy than CSI animals. This is in
agreement with previous studies reporting a correlation be-
tween preservation of CM CD4� T cells in peripheral blood of
HIV-infected patients or vaccinated SIV-infected macaques
with protection from disease (32, 42). We have previously
determined that low-level viral replication in the GALT can
contribute to continued CD4� T-cell depletion by causing the
CM pool to differentiate into effectors (71). Although CM
CD4� T cells are more resistant to loss from SIV, a reduction
in this pool occurs in SIV infection (8, 52, 71). Our findings
suggest that early initiation of ART may lead to an overall
improvement in the pathogenesis of the intestinal mucosa and
thereby decrease the rate of transition of CM to EM. A con-
tinued loss of the EM pool could strain the remaining CM pool
to provide effector CD4� T-cell replacements. Therapeutics
with an ability to enhance the recruitment or differentiation of
CM CD4� T cells in human GALT during the initial stages of
HAART may prove to be more effective in promoting gut
mucosal immune restoration.

The CD8� T-cell responses observed in the PSI animals
were very different from those observed in the CSI animals or
SIV-infected untreated controls. SIV gag-specific CD8� T-cell
responses in GALT of PSI were dominated by the single IL-2
expression after 6 weeks of ART that coincided with the start
of restoration of CD4� T cells in both peripheral blood and
GALT. CD8� T cells producing IL-2 may have higher prolif-
erative or survival potential than those that produce only
IFN-�. In addition, loss of IL-2-producing T cells is a charac-
teristic of exhaustion during HIV infection (26, 39). Patients
that receive IL-2 therapy in conjunction with HAART not only
have slightly increased numbers of CD4� T cells but also
exhibit an increase in the number of HIV-suppressive noncy-
tolytic CD8� T cells (13, 27, 28, 39). CCR5� CD8� T cells have
been associated with more cytolytic CD57� or activated CD38�

effectors in HIV� patients, while dual-positive (CCR5�

CXCR4�) T cells have less cytolytic potential (28, 31, 49). The
up-regulation of CXCR4 on intestinal CD8� T cells in PSI
animals is additional evidence for less cytotoxic SIV-specific
CD8� T cells (31, 48, 63). Since the proliferation of both
CD8� and CD4� T-cell pools of the PSI group were lower at
16 weeks and 30 weeks of ART than that in the CSI or un-
treated groups, it is possible that IL-2 derived from CD8� T
cells might have been used for CD4� T-cell proliferation in
GALT. In CD8� T cells obtained from patients treated during
the primary HIV infection, in vitro supplementation of IL-2
increased their proliferation but more importantly increased
their resistance to apoptosis (72). The IL-2-expressing CD8� T
cells may produce other cytokines, such as MIP-1	, perforin,
or granzyme B, with polyfunctionality and may help suppress
or eliminate the virus (5, 6, 54). These cells, with lower lytic
capacity, may also not contribute to inflammation and cell
activation observed in GALT. Although antigen-specific CD8�

T-cell responses in PSI animals were generally lower than CSI
or untreated controls in GALT, the quality of the response
may be important in supporting the restoration of CD4� T
cells and augmenting the effects of ART. It has been reported
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that vaccinated animals that were protected from pathogenic
SIV challenge developed early antigen-specific CD8� T-cell
responses dominated by single IFN-� production that evolved
into dominant single IL-2-producing responses in peripheral
blood (15). This mirrored the development of the antiviral
response in GALT of PSI animals. It is also possible that the
antiviral responses are influenced by the level of viral replica-
tion, and IL-2 singly producing CD8� T cells may not be as
functional as the IFN-�-producing ones (3). Nevertheless,
there was a strong correlation of the generation of single IL-
2-producing CD8� T cells with CD4� T-cell restoration in the
PSI group, while these cells were not detected in the SIV-
infected untreated controls. It will be important to further
analyze the functional characteristics of the single IL-2-pro-
ducing CD8� T cells for their role in the antiviral response and
the impact of the restored CD4� T-cell help in shaping this
response.

Previous HIV studies have shown that the magnitude of
inflammation and immune activation is associated with re-
duced CD4� T-cell restoration in GALT (21). In the SIV
model, inflammatory gene expression in GALT during SIV
infection is reduced during therapy compared to untreated
controls (16, 17). We previously reported increased expression
of genes regulating inflammation and immune activation in
GALT during HIV and SIV infection based on DNA microar-
ray analysis (16–18, 21, 22). Based on this information, we used
a panel of six inflammatory genes that are commonly dysregu-
lated in SIV-infected untreated rhesus macaques to measure
the degree of inflammation in our study. CSI animals had
higher levels of inflammation-related gene transcription during
ART than PSI animals. Increased expression of TGF-	, IL-8,
and MIG in CSI animals suggested that the inflammation
could be due, in part, to monocyte recruitment to GALT (66).
Monocytes from the periphery differentiating into macro-
phages in GALT may bring additional infected or susceptible
cells, contributing to continued viral replication. The increased
level of phospholipase A2 possibly indicates that heightened
immune activation is continuing in the CSI animals despite
ART (69). Despite similar levels of the virus in GALT of PSI
and CSI animals at 30 weeks of ART, PAP levels were signif-
icantly higher in CSI animals. This suggested that the persis-
tence of immune activation in GALT during therapy might be
independent of viral loads. The relatively stable expression of
TNF-� in the CSI group during therapy also indicated that
starting ART during the later stage of infection might have
sustained chronic inflammation despite the viral suppression.
While the difference between the PSI and CSI groups was not
statistically significant, there was a clear trend for increased
levels of inflammation in CSI animals. Increased expression
levels of GRP-78, a marker of chronic intestinal inflammation,
and HSP-78 were detected in the CSI animals and untreated
SIV-infected controls, which further supported the idea that
chronic inflammation in GALT may impair CD4� T-cell res-
toration (16, 21, 22, 64).

It is possible that the potential for gut mucosal repair and
regeneration may be impaired during the course of SIV infec-
tion due to the chronic inflammation and immune activation
(7, 19). In African green monkeys with nonpathogenic SIV
infection, intestinal CD4� T cells were depleted following SIV
infection but were replenished subsequently, and these animals

remained clinically asymptomatic (20, 53). Our previous stud-
ies of long-term HIV-infected nonprogressors (LTNP) showed
that a clinically asymptomatic status and lack of HIV disease
correlated with the maintenance of gut mucosal CD4� T cells
and gene expression regulating mucosal repair and regenera-
tion (61). Although severe CD4� T-cell depletion in GALT
may cause immune dysfunction and may be an important fea-
ture of viral pathogenesis, the major challenge in restoring
CD4� T cells may stem from the inability of the host to repair
and regenerate the mucosal damage caused by the virus. It will
be important to explore drug regimens that may stimulate and
promote the repair and regeneration of gut mucosa through
limiting inflammation as an adjunct to standard ART.

In summary, we present multiple lines of evidence that ini-
tiating therapy at a time point prior to the occurrence of severe
enteropathic changes leads to improved CD4� T-cell restora-
tion and maintenance/regeneration of CM T-cell pools. In
previously reported studies of patients with HAART initiated
in the primary HIV infection, the gut mucosal CD4� T-cell
restoration was variable and warrants further study (22, 46, 47).
In the SIV model, monkeys that restored their CD4� T cells in
GALT early did not progress to SAIDS and were determined
to be LTNP (38). Initiation of ART early in SIV-infected
animals may model the development of the asymptomatic in-
fection course observed in LTNP animals. Most importantly,
our study in the SIV model indicates that complete CD4�

T-cell restoration is possible in the GALT and that further
evaluation of therapy during early infection may be warranted.
The CD4� T-cell restoration was linked to viral suppression
and a reduced inflammatory profile, suggesting that prevention
or control of the chronic inflammation may limit severe dam-
age to the gut microenvironment and would facilitate better
immune restoration during therapy.
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