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T cells that express the �� T-cell receptor,
which recognize microbial or stress-
induced antigens, represent a minority of
blood T cells but constitute a major pro-
portion of intraepithelial lymphocytes in
the gastrointestinal mucosa. As microbial
products have been shown to translocate
from the gastrointestinal tract into circula-
tion in chronically HIV/Simian immunode-
ficiency virus (SIV)–infected individuals,
we conducted a study of V�1 and V�2
T-cell frequency, phenotype, and function
in blood, spleen, lymph nodes, gastroin-

testinal mucosa, and bronchoalveolar la-
vage of uninfected and chronically
SIVsmE543-infected rhesus macaques
(RMs). We found: (1) SIV-associated inver-
sion of V�1/V�2 T cells occurs in blood
and in several tissues; (2) �� T cells are
not infected by SIV in vivo; (3) the V�1/
V�2 inversion involves expansion of V�1
T cells; (4) expanded V�1 T cells are
phenotypically and functionally different
from V�1 T cells from uninfected RMs;
and (5) the stimulus underlying expan-
sion of V�1 T cells appears to be micro-

bial translocation. These data highlight
the importance of microbial translocation–
induced immune activation in chronically
infected individuals and provide new in-
sights into an immune dysregulation phe-
nomenon that is a hallmark of HIV/SIV
infection. These findings may lead to
novel therapeutic interventions that
improve the immune responses against
microbial antigens, and thus, decrease
microbial translocation–induced im-
mune activation. (Blood. 2010;116(20):
4148-4157)

Introduction

�� T cells are a minor group of T lymphocytes and are distinct from
�� T cells.1,2 In humans and nonhuman primates, �� T cells are
composed of 2 predominant subsets based on the differential
expression of V�1 and V�2 genes. Although the antigen specificity
and recognition properties of these 2 subsets have yet to be fully
elucidated,3 �� T cells can expand during bacterial infections.4

Indeed, V�1 T cells can recognize small lipoprotein antigens
produced by bacterial pathogens,5 and V�2 T cells can respond to
several distinct chemical structures such as alkylamines4 and small
phosphoantigens,6 some of which can be produced either as a
byproduct of the microbial nonmevalonate pathway or by altered
metabolic pathways in stressed host cells during pathogenic
infections.7

In general, �� T cells represent approximately 4% of peripheral
blood T cells, and the majority of these express the V�2 gene.4

However, in the gastrointestinal tract, V�1 T cells are present at
higher frequencies and can comprise up to 40% of intraepithelial
lymphocytes.8 Functionally, �� T cells are similar to �� T cells in
that they can produce interleukin 17 (IL17), interferon � (IFN�),
and other soluble factors after stimulation through the T-cell
receptor (TCR).9,10 Moreover, �� T cells have been shown to be
critical for the recruitment of neutrophils during bacterial infec-
tions.11 The V�1 subset also contributes to maintenance of the
epidermis and the gastrointestinal (GI) epithelium through the
production of keratinocyte and epithelial growth factors.12-14

Alterations of �� T-cell subsets occur during progressive HIV infec-
tion and pathogenic Simian immunodeficiency virus (SIV) infections of

rhesus macaques (RMs).15-18 Specifically, the V�1 subset, which is
usually localized to the mucosal tissues but not the periphery, becomes
prevalent in the peripheral blood relative to the V�2 subset.15,16 The
mechanisms by which this peripheral V�1/V�2 T-cell inversion devel-
ops are not well understood, although it has been suggested that
preferential loss of V�2 T cells, thymic dysfunction, and/or V�1 T-cell
expansion may be responsible.16-19 However, while the biological
consequences of these perturbations remain unclear, therapeutic interven-
tions aimed at expanding the V�2 T-cell subset have resulted in
enhanced neutralizing antibody titers in chronically SHIV-infected
RMs.20 The mechanism leading to enhanced V�2 T cell cytokine
production and elevated neutralizing antibody titers in this study was
largely unknown.

A better understanding of the mechanisms that underlie alter-
ations in �� T-cell subsets is crucial for future therapeutic
interventions aimed at modulating �� T cells. Chronic immune
activation is closely associated with disease progression in
HIV/SIV infection, and microbial translocation is well described as
one cause of immune activation.21,22 As �� T cells seem to be
important in the early stages of innate responses to invading
microbes, and V�1 T cells play an important role in gut homeosta-
sis, we studied the phenotype, function, and potential biological
relevance of �� T cells in peripheral blood, lymph nodes, small
bowel, large bowel, spleen, and bronchoalveolar lavage (BAL) of
uninfected and chronically SIVsmE543-infected Asian RMs and
peripheral blood of uninfected and chronically SIVagm-infected
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African green macaques (AGMs) in relation to microbial translo-
cation. The resultant data highlight the importance of functional
�� T cells in the maintenance of immunological control against
microbial products and provide a mechanism for �� T-cell subset
perturbations after SIV infection. Furthermore, these data may lead
to novel therapeutic interventions to enhance these T cells in vivo,
and thus, provide better protection against opportunistic infections
and microbial translocation.

Methods

Animals

Nine chronically SIVsmE543-infected and 6 healthy, uninfected RMs
(Macaca mulatta) were included in this study (Table 1). Spleen, mesenteric
lymph nodes, inguinal lymph nodes, axillary lymph nodes, cecum, colon,
duodenum, ileum, jejunum, BAL, and peripheral blood samples were
collected and processed at necropsy. Peripheral blood samples from an
additional 10 SIV-uninfected RMs were also studied. SIVsmE543 infec-
tions were performed intravenously or intrarectally (Table 1). Peripheral
blood from 10 SIVagm-infected vervet AGMs (Chlorocebus pygerythrus)
and 10 uninfected vervet AGMs was also analyzed (Table 1). Animals were
cared for in accordance with the American Association for Accreditation of
Laboratory Animal Care Guidelines, and all animal procedures were
performed according to protocols approved by the Institutional Animal

Care and Use Committees of the National Institutes of Health. Peripheral
lymph nodes included axillary and/or inguinal lymph nodes; small intestine
included duodenum, jejunum, and/or ileum; and large intestine included
cecum and/or colon. Not all tissues were available from all animals.

Flow cytometry

All collected tissues were stained with fluorochrome-conjugated monoclo-
nal antibodies (mAbs) specific for CD3, CD4, CD8, CD28, CD95, CCR5,
Ki67, pan-�� TCR, and V�2. Intracellular cytokine staining for IL17 and
IFN� was performed after stimulation with phorbol myristate acetate
(PMA) and ionomycin. The following mAbs were used: �CD3-Alexa700
(clone SP34-2; BD Pharmingen), �CD8-Pacific Blue (clone RPA-T8;
BD Pharmingen), �CD4-PECy5.5 (clone OKT4; eBioscience or clone
L200; BD), �Ki67-FITC (clone B26; BD Pharmingen), �CCR5-PE (clone
3A9; BD Pharmigen), �CD28-ECD (clone 28.2; Beckman Coulter),
�CD95-PECy5 (clone DX2; BD Pharmingen), �IFN�-PECy7 (clone
4S.B3; BD Pharmingen), �IL-17–PE (clone eBio64CAP17; eBioscience),
�V�2-FITC (clone 15D; Thermo), and �pan-��-APC (clone B1;
BD Pharmingen). All data were acquired using a modified FACSAria
(BD Immunocytometry Systems) and analyzed with FlowJo software,
Version 8.8.6 (TreeStar). Compensation was performed electronically using
capture beads stained singly with the individual mAbs in each panel.

Quantitative PCR

To assess the degree of cellular infection in different T-cell subsets,
quantitative real-time polymerase chain reaction (PCR) was performed with

Table 1. Infection status of Asian RM and AG cohort

Animal Virus strain Infectious dose (TCID50) Plasma viral load (per mL) CD4 T cells (per �L blood)

RM591 SIVsmE543 1 IV 251 000 186

RM594 SIVsmE543 1 IV 8600 292

RM597 SIVsmE543 10 IV 1600 484

RM759 SIVsmE543 10 IV 561 526

RM760 SIVsmE543 1 IV 5000 296

RM762 SIVsmE543 3000 IR 52 000 625

RM764 SIVsmE543 1 IV 222 000 134

RM767 SIVsmE543 3000 IR 158 000 163

RM768 SIVsmE543 3000 IR 113 000 265

RM595 NA NA NA 685

RMDBM6 NA NA NA 692

RMDB7H NA NA NA 526

RMDB9Z NA NA NA 2623

RM495 NA NA NA 574

RM769 NA NA NA 465

AG1 Naturally infected NA 412 728 196

AG4 Naturally infected NA 70 697 378

AG8 SIVagmVer1 50 IV 1141 293

AG10 Naturally infected NA 53 874 233

AG11 Naturally infected NA Undetected 119

AG12 Naturally infected NA 477 132

AG13 SIVagm90 1000 IV 14 781 227

AG14 Naturally infected NA 10 786 145

AG16 Naturally infected NA 31 919 404

AG346 SIVagm90 1000 IV 2833 130

AG23 NA NA NA 199

AG731 NA NA NA 203

AG5339 NA NA NA 500

AG5387 NA NA NA 222

AG5417 NA NA NA 592

AG5419 NA NA NA 168

AG5431 NA NA NA 111

AG5441 NA NA NA 240

AG5504 NA NA NA 112

AG5506 NA NA NA 261

RM indicates rhesus macaque; IV, intravenous; IR, intrarectal; NA, not applicable; and AG, African green.
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primers specific for SIV gag on V�1, V�2, and memory CD4 T cells sorted
by flow cytometry to � 98% purity from the peripheral blood of infected
animals as described previously.23

Microbial translocation

A polyclonal rabbit antibody against Escherichia coli (Dako) was used to
perform immunohistochemistry on peripheral and mesenteric lymph nodes
from infected and uninfected animals. Immunohistochemical staining and
quantitative image analysis (QIA) were performed as previously de-
scribed.24 In brief, immunohistochemistry was performed using a biotin-
free polymer approach (MACH-3; Biocare Medical) on 5-mm tissue
sections mounted on glass slides, which were dewaxed and rehydrated with
double-distilled water. Antigen retrieval was performed by heating sections
in 1� DIVA Decloacker reagent (Biocare Medical) in a pressure cooker
(Biocare Medical) followed by cooling to room temperature. All slides were
stained using the intelliPATH FLX autostaining system (Biocare Medical)
according to experimentally determined optimal conditions. This included
blocking tissues with Blocking Reagent (Biocare Medical) for 10 minutes
followed by an additional blocking step with Tris-NaCl-blocking buffer
(TNB) containing 2% Blocking Reagent and 100 �g/mL goat Chrome Pure
immunoglobulin G (Jackson Immunoresearch) for 10 minutes; both block-
ing steps were performed at room temperature. Endogenous peroxidase was
blocked with 1.5% (vol/vol) H2O2 in pH 7.4 Tris-buffered saline (TBS).
Primary Abs diluted in TNB containing 2% Blocking Reagent and
100 �g/mL goat Chrome Pure immunoglobulin G were applied for 1 hour
at room temperature. Rabbit MACH-3 secondary polymer systems (Biocare
Medical) were applied for 20 minutes. Sections were developed with
ImmPACT DAB (Vector Laboratories), counterstained with hematoxylin,
and mounted in Permount (Fisher Scientific). All stained slides were
scanned at high magnification (�400) using the ScanScope CS System
(Aperio Technologies). sCD14 levels in plasma were measured by enzyme-
linked immunosorbent assay (R&D Systems) according to the manufactur-
er’s protocol. Plasma was diluted 1:200, and all samples were run in
duplicate.

Results

Phenotypes of �� T cells in peripheral blood and tissues

Initially, we measured the relative frequencies of V�1 and V�2 T cells in
blood and tissues from 9 chronically SIVsmE543-infected and
6 SIV-uninfected RMs (Table 1). Consistent with previous
data,15,16,25,26 we found an inversion of the V�1/V�2 ratio in the
peripheral blood of chronically SIV-infected RMs (Figure
1A). Moreover, similar alterations in the V�1/V�2 ratio were
evident in several tissues. Specifically, we observed an increase in
the V�1/V�2 ratio in peripheral lymph nodes and small intestine.
Importantly, these V�1 and V�2 T-cell subset perturbations were
never skewed toward higher frequencies of V�2 T cells at any
anatomical location we studied. These data show that inversion of
the V�1/V�2 ratio in the blood of chronically SIV-infected animals
is unlikely to be related to differential homing of V�2 T cells
to tissues.

Accumulation of terminally differentiated and activated T cells
is a hallmark of the chronic phase of HIV/SIV infections.27

Therefore, we performed phenotypic analyses of V�1 and V�2
T cells in the blood and tissues of all RMs in our cohort
(representative staining patterns are shown in supplemental Figure
1, available on the Blood Web site; see the Supplemental Materials
link at the top of the online article). Based on characteristic
expression patterns of CD28 and CD95, all �� T cells were
memory T cells (data not shown). However, there were clear

phenotypic differences between V�1 and V�2 T cells (Figure
1B-C). V�1 T cells were consistently more differentiated toward a
CD28�CCR5� phenotype compared with V�2 T cells. These
distinct phenotypic characteristics of V�1 and V�2 T cells were
observed at most anatomical sites in both SIV-infected and
uninfected animals (Figure 1B-C), V�1 T cells in BAL were less
differentiated than V�1 T cells in other anatomical sites. However,
in several tissues, V�1 T cells tended to be less differentiated (ie,
there were higher frequencies of CD28	CCR5	 V�1 T cells) in
chronically SIV-infected animals. These data provide evidence that
the V�1/V�2 ratio increases in many tissues during chronic SIV
infection and that this shift is associated with significant pheno-
typic aberrations in the V�1 subset.

Mechanisms underlying alterations of �� T-cell subsets in
SIV-infected RM

The CD4 receptor, which is required for SIV entry into cells, was
only expressed by a small percentage of both V�1 and V�2 T cells
(supplemental Figure 1). However, high frequencies of V�2 T cells
expressed the coreceptor CCR5 (supplemental Figure 1 and Figure
1B-C). Thus, skewing toward higher frequencies of V�1 T cells
could reflect SIV infection of V�2 T cells in vivo. To investigate
this, we sorted V�1, V�2, and CD28	 memory CD4 T cells by flow
cytometry from the peripheral blood of chronically SIV-infected
animals and performed quantitative real-time PCR for SIV gag
DNA. We found that only very low frequencies of �� T cells were
infected by SIV in vivo. Moreover, we found no evidence for
preferential infection of V�2 T cells with respect to V�1 T cells
(Figure 2A). Memory CD4 T cells were consistently infected by
SIV (Figure 2A). Hence, infection of V�2 T cells by SIV is unlikely
to be the cause of the inverted V�1/V�2 ratio observed in
chronically SIV/HIV-infected individuals. These data are consis-
tent with the low expression of CD4 by �� T cells.

It is established that microbial products translocate from the
intestinal lumen into the peripheral circulation in chronically
HIV/SIV-infected individuals. Given that the majority of V�1
T cells reside within the GI tract and respond to bacterial antigens,
we examined proliferation of V�1 and V�2 T cells based on
expression of the nuclear antigen Ki67 (Figure 2B). In our cohort of
chronically SIV-infected RM, V�1 T cells exhibited preferential
proliferation compared with V�2 T cells (Figure 2B). Furthermore,
the frequencies of Ki67	 V�2 T cells were not significantly
different between SIV-infected and uninfected RM (Figure 2B).
Thus, SIV/HIV infection-related alterations in the V�1/V�2 ratio
are likely attributable to preferential expansion of the V�1 T-cell
subset. To substantiate this, we examined volumetric counts of
V�1 and V�2 T cells in the peripheral blood (Figure 2C).
Consistent with increased frequencies of Ki67	 V�1 T cells, we
found that chronically SIV-infected RMs had higher numbers of
V�1 T cells in peripheral blood compared with uninfected RMs; in
contrast, the numbers of V�2 T cells were similar in SIV-infected
and uninfected RMs (Figure 2C). These data further confirmed that
the mechanism underlying perturbations in the V�1/V�2 ratio was
an increase in V�1 T cells.

Functionality of �� T cells in chronically SIV-infected RMs

Several studies have demonstrated alterations in CD4 T-cell
functionality during HIV/SIV infections.28-30 Thus, we proceeded
to examine the functionality of these perturbed �� T-cell subsets.
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Peripheral blood mononuclear cells from uninfected and SIV-
infected RMs were mitogenically stimulated with PMA and
ionomycin, and intracellular cytokine staining was performed with
monoclonal antibodies against IL-17 and IFN� (representative data
are shown in supplemental Figure 2). Both V�1 and V�2 T-cell
subsets were capable of producing these cytokines. However,
higher frequencies of V�2 T cells produced both cytokines
compared with V�1 T cells in both uninfected and SIV-infected
RMs (Figure 3). Furthermore, significantly lower frequencies of
V�1 T cells produced IL-17 in SIV-infected RMs (Figure
3, P 
 .025). These data indicate that the expanded V�1 T-cell

subset differs both phenotypically and functionally in chronically
SIV-infected RMs.

Relationship between tissue-specific CD4 T-cell depletion and
�� T-cell perturbations in SIV-infected RMs

CD4 T cells represent the major subset of immune cells compro-
mised during pathogenic HIV/SIV infection. After providing
evidence that the changes found in the V�1/V�2 ratio are a
consequence of V�1 proliferation, we were interested in the
relationship between CD4 T-cell depletion and V�1 T-cell

Figure 1. Phenotypic analysis of V�1 and V�2 T cells in uninfected and chronically SIV-infected RMs. (A) V�1/V�2 ratio in the peripheral blood (red), spleen (yellow),
peripheral lymph nodes (blue; axillary or inguinal), mesenteric lymph nodes (green), small intestine (pink; duodenum, jejunum, or ileum), large intestine (black; cecum or colon),
and BAL (orange) of uninfected (squares) and chronically SIV-infected (circles) RMs. (B) Percentage of V�1 T cells expressing CD28 and CCR5. (C) Percentage of V�2 T cells
expressing CD28 and CCR5. P values were calculated using the Mann-Whitney U test.
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expansion during infection. To examine this, we used flow cytom-
etry to measure CD4 T-cell depletion and activation (based on
expression of Ki67) in uninfected and SIV-infected animals.
Compared with uninfected animals, CD4 T-cell depletion was
apparent in the peripheral blood and all tissues of SIV-infected
RMs (Figure 4A). However, this depletion of CD4 T cells was not
anatomically homogenous, even within the GI tract, with more
depletion observed in the small intestine compared with the large
intestine (Figure 4A). Local immune activation appeared to
represent one of the mechanisms underlying this anatomically
restricted CD4 T-cell depletion, as we found a significant negative
correlation between the activation of CD4 T cells and depletion of
this subset across all sites (Figure 4B). These results are consistent
with previous reports proposing that chronic immune activation is a
major driving force of disease progression during HIV/SIV infec-
tions.21,31 Indeed, the activation of CD4 T cells leads to expansion
of ideal targets for the virus itself.

After showing the role of activation-induced depletion of CD4
T cells during SIV infection, we compared the frequencies of
�� and CD4 T cells at different anatomical locations. We found a
highly significant negative correlation between V�1 T cell expan-
sion and CD4 T-cell depletion across all anatomical sites (Figure
4C). However, no corresponding correlation was observed between
the frequencies of V�2 and CD4 T cells (Figure 4D). This shared
relationship between V�1 T-cell expansion and CD4 T-cell deple-
tion during SIV infection suggests that the source of chronic
immune activation that drives CD4 T-cell depletion may also be
responsible for the expansion of V�1 T cells.

Microbial translocation is associated with V�1 T-cell expansion
during SIV infection

Recent data have suggested that microbial translocation is a source
of immune activation during chronic HIV/SIV infection.22 As
V�1 T cells can be activated by microbial lipoproteins directly, and
microbial translocation has been shown to exert broad effects on
many arms of the immune system, we examined microbial
translocation and �� T-cell frequencies in the lymph nodes of RMs
from our cohort. A positive correlation was observed between the
levels of microbial products in the lymph nodes, determined by
immunohistochemical staining for E coli (representative staining in
supplemental Figure 3), and the frequencies of V�1 T cells (Figure
4E). Moreover, we found a trend toward a positive correlation
between expression of Ki67 by V�1 T cells and levels of E coli in
lymph nodes (r 
 0.3, P 
 .1, data not shown) and we found a
trend toward a positive correlation between frequencies of V�1
T cells in peripheral blood and plasma levels of sCD14 (r 

0.47, P 
 .08, data not shown). We found no correlation between
microbial translocation and frequencies of or Ki67 expression by
V�2 T cells (Figure 4F and data not shown). These data indicate an
association between microbial translocation and V�1 T-cell expan-
sion in HIV/SIV infection.

Lack of perturbations in �� T-cell subsets during
nonpathogenic SIV infection

Once we had elucidated the relationship between perturbations in
�� T-cell subsets and microbial translocation in SIV-infected RMs,

Figure 2. Mechanisms underlying alterations in the V�1/V�2 ratio in the peripheral blood of chronically SIV-infected RMs. (A) SIV infection frequencies in V�1, V�2,
and central memory (CD28	CD95	) CD4 T cells. The respective T-cell subsets were sorted by flow cytometry to � 98% purity, and infection frequency was measured by
quantitative real-time PCR for SIV gag DNA. (B) Ki67 expression frequencies in V�1 and V�2 T-cell subsets from peripheral blood of uninfected (squares) and chronically
SIV-infected (circles) RMs. (C) Volumetric V�1 and V�2 T cell counts in peripheral blood of uninfected (squares) and chronically SIV-infected (circles) RMs. P values were
calculated using the Mann-Whitney U test.

Figure 3. PMA/ionomycin stimulation of peripheral blood mononuclear cells from uninfected (squares) and chronically SIV-infected (circles) RMs. Production of
IL-17 and IFN� in V�1, V�2, and memory CD4 T cells is shown for both the uninfected and chronically SIV-infected cohorts. P values were calculated using the Mann-Whitney U test.

4152 HARRIS et al BLOOD, 18 NOVEMBER 2010 � VOLUME 116, NUMBER 20

D
ow

nloaded from
 http://ashpublications.net/blood/article-pdf/116/20/4148/1490517/zh804610004148.pdf by guest on 05 June 2024



we were interested in investigating possible perturbations in
SIV-infected African, natural host, animals that do not exhibit
microbial translocation, immune activation, or disease progression.32

To discover any perturbations of �� T cells during natural
infection, we performed phenotypic and functional analysis on the
peripheral blood of 10 chronically SIVagm-infected and 10 unin-
fected AGMs. Initially, we compared the V�1/V�2 ratio in our
infected and uninfected animals. Consistent with previous reports
describing a lack of �� T-cell perturbations during natural SIVsmm
infection of sooty mangabeys, we found that there were no
significant changes in the V�1/V�2 ratio during infection (Figure
5A).15 To continue our phenotypic analysis, we examined expres-
sion of CD28 and CCR5 by �� T cells. We found that V�1 and
V�2 T cells can be distinguished based on CD28 and CCR5
expression and similar to what we observed in RM, V�1 T cells are
mostly CD28�CCR5� and a majority of V�2 T cells are
CD28	CCR5	. In contrast to our observations in RMs (Figure 1C),

we did not observe significant changes in expression of CD28 and
CCR5 in either V�1 or V�2 T cells during infection of our AGM
cohort (Figure 5B-C). These data suggest that during natural
infection, V�1 and V�2 T cells are not phenotypically altered.

After studying phenotypes of �� T cells in natural hosts, we
examined functionality of these T cells. We conducted functional
analysis by performing intercellular cytokine staining with mono-
clonal antibodies against IL-17 and IFN� on PMA and ionomycin-
stimulated peripheral blood mononuclear cells from our infected
and uninfected AGMs. We did not observe any significant changes
from either V�1 or V�2 T cells when we compared the production
of IL-17 and IFN� in uninfected and infected AGMs (Figure 5E).

In our RM cohort, we found that the mechanism underlying
alterations of the V�1/V�2 ratio during SIV infection was due to a
significant increase of V�1 T cell expansion during infection. After
showing a lack of phenotypic and functional perturbations during
natural infection, we stained V�1 and V�2 T cells from our infected

Figure 4. Relationship between V�1 T-cell expansion, microbial translocation, and CD4 T-cell depletion. (A) Frequencies of CD4 T cells in peripheral blood (red), spleen
(yellow), peripheral lymph nodes (blue), mesenteric lymph nodes (green), small intestine (pink), large intestine (black), and BAL (orange) in uninfected (squares) and
chronically SIV-infected (circles) RMs. (B) Correlation between CD4 T-cell frequencies and activation of CD4 T cells at different anatomical sites. (C) Correlation between CD4
T-cell depletion and V�1 T-cell frequencies at different anatomical sites. (D) Correlation between CD4 T-cell depletion and V�2 T-cell frequencies at different anatomical sites.
(E) Correlation between translocated microbial products (E coli) in lymph nodes and V�1 T-cell frequencies. (F) Correlation between E coli in lymph nodes and V�2 T-cell
frequencies. P values were calculated using the Mann-Whitney U test, and correlations were determined using the Spearman rank test.
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and uninfected AGM cohorts for Ki67 to examine proliferation of
V�1 and V�2 T cells during SIVagm infection. We found similar
frequencies of Ki67	 V�1 and V�2 T cells in infected and
uninfected AGMs (Figure 5D). To confirm that there was no
expansion of V�1 T cells during natural SIVagm infection, we
performed volumetric analysis. These data indicated that neither
T-cell subset had a significant increase in volumetric number

during infection (Figure 5F). Collectively, these data show in
contrast to pathogenic infections, natural hosts do not exhibit
functional or phenotypic alterations in the �� T-cell subsets.
Furthermore, because natural hosts do not develop microbial
translocation during SIV infection, these data are consistent with
the idea that perturbations during SIV infection of RM are
intimately associated with microbial translocation.

Figure 5. Lack of phenotypic and functional perturbations in peripheral blood �� T cells during natural SIVagm infection. (A) V�1/V�2 ratio from infected (inverted
triangles) and uninfected (triangles) AGMs. (B) Percentage of V�1 T cells expressing CD28 and CCR5 in infected and uninfected AGMs. (C) Percentage of V�2 T cells
expressing CD28 and CCR5 in infected and uninfected AGMs. (D) Percentage of V�1 and V�2 T cells that express Ki67 in infected and uninfected AGMs. (E) IL-17 and IFN�
expression in PMA/ionomycin–stimulated peripheral blood V�1 and V�2 T cells from infected and uninfected AGMs. (F) Volumetric V�1 and V�2 T-cell counts in peripheral
blood of uninfected and chronically SIV-infected AGMs. P values were calculated using the Mann-Whitney U test.
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Discussion

Here, we examined the frequency, phenotype, function, and
anatomical distribution of �� T cells in uninfected and SIV-infected
RMs and AGMs. The principal findings were: (i) the inversion of
V�1/V�2 T cells, which has been observed in the blood of
chronically HIV-infected humans and SIV-infected RMs, also
occurs at several other anatomical sites; (ii) neither V�1 or V�2
T cells are frequently infected by SIV in vivo; (iii) the mechanism
underlying V�1/V�2 inversion involves expansion of the V�1
T-cell subset; (iv) expanded V�1 T cells are less differentiated
phenotypically and less functional compared with V�1 T cells from
uninfected animals; (v) the expansion of V�1 T cells is associated
with microbial translocation; and (vi) no alterations in �� T cells
are observed in naturally SIVagm-infected AGMs.

The specificity of �� T cells for microbial antigens suggests that
they may be important during several opportunistic infections that
commonly plague individuals with AIDS. Indeed, studies have
shown that V�1 and V�2 T cells produce IL-17 and IFN� in
response to mycobacterial and candida antigens in HIV-infected
patients.9 During infections, IL-17 produced by T helper 17 (Th17)
cells is important for microbial infections.33-35 Furthermore, in
progressive HIV/SIV infections, Th17 cells are preferentially
depleted from the GI tract.36-38 These data suggest that the loss of
IL-17 production may contribute to the susceptibility of HIV-
infected individuals to microbial infections. Here, we found that
V�1 T cells in the peripheral blood of chronically SIV-infected
RMs produced less IL-17 than the corresponding T cells in
uninfected animals. Although V�1 T cells do not provide similar
quantities of IL-17 overall compared with Th17 cells, V�1 T cells
are believed to be important contributors during the early onset of
bacterial infections.11 Thus, the loss of IL-17 production by V�1
T cells during HIV/SIV infection could represent a weakness of the
immune system that allows for the onset of opportunistic infections.

During SIV infection, we found an increase in the V�1/V�2
ratio at many anatomical sites. V�1 T cells are a major subset of
intraepithelial lymphocytes that reside in the gut; they provide
epithelial growth factors and help to maintain the balance between
microbes in the lumen and the immune system.12,39 Putative
mechanisms that underlie �� T-cell perturbations in HIV/SIV
infections include the depletion of specific V�2 T cells and
alterations in thymic output during infection.17,19 Our data demon-
strate that inversion of the V�1/V�2 ratio during chronic SIV
infection is related to preferential expansion of V�1 T cells and that
this expansion, in turn, is related to microbial translocation. These
data are consistent with previous studies demonstrating increased
numbers of V�1 T cells in the peripheral blood during progressive
HIV and SIV infection.15,16 Our observations also extend previous
knowledge by providing evidence for the expansion of V�1 T cells
not only in the peripheral blood but also at numerous anatomical
sites. Moreover, our data provide strong evidence that microbial
translocation and ensuing immune activation is a major determi-
nant of V�1 T-cell expansion during pathogenic SIV infection.
Natural host infections lack microbial translocation and chronic
immune activation and do not develop AIDS. We did not find any
perturbations of naturally infected AGMs, reinforcing the concept
of microbial translocation underlying dysfunction of the �� T-cell
subsets during pathogenic infection. In addition, because natural
host infections are associated with significant viral replication, our
results also suggest that chronic immune activation and microbial

translocation are greater factors in �� T-cell subset perturbations
than exposure to viral antigens.

Recent data have demonstrated that CD4 T cells within the
GI tract are severely depleted during the acute phase of HIV/SIV
infection.40-42 These studies, in which samples of jejunum, ileum,
colon, or rectum were examined, all reached the conclusion that
CD4 T cells are preferentially depleted from the GI tract. However,
our data clearly demonstrate that CD4 T-cell depletion is not
anatomically uniform, even across the GI tract. Specifically, CD4
T-cell depletion occurs to a greater extent in the small intestine
relative to the large intestine. These data highlight the importance
of detailed anatomical sampling across many mucosal surfaces to
understand immunological perturbations more fully. Indeed, V�1
T-cell expansion was also dependent on anatomical location.
Furthermore, the increased proliferation of V�1 T cells during SIV
infection correlated with the degree of CD4 T-cell depletion and
immune activation at all anatomical sites. This association high-
lights the importance and diversity of immune activation as a
diagnostic measure for disease progression and may also be
attributed to preferential SIV infection of activated CD4 T cells.
Chronic immune activation is a major cause of disease progression
during HIV and pathogenic SIV infections.43-45 Microbial transloca-
tion can cause such immune activation and has been related to
many immune system disturbances during HIV/SIV infection;
these include AIDS dementia, hepatitis C virus liver sclerosis, and
monocyte activation.46,47 Continuing this trend, we found a positive
correlation between microbial translocation and V�1 expansion.
Interestingly, inflammatory diseases of the gut such as inflamma-
tory bowel disease are also characterized by expansion of V�1
T cells in the GI tract.48,49

While natural hosts appear to be depleted of CD4 T cells within
the GI tract,50-52 the degree to which this depletion occurs at all sites
along the GI tract is unclear. Moreover, AGMs are able to maintain
immunological function despite CD4 T-cell depletion by maintain-
ing a subset of T cells which have down-regulated CD4,53 and
functional differences among GI tract CD4 T cells in natural hosts
and nonnatural hosts may help explain the lack of microbial
translocation in natural hosts.36,37

In summary, we have demonstrated that inversion of the
V�1/V�2 ratio during pathogenic SIV infection occurs systemi-
cally, involves expansion of V�1 T cells, and is associated with
microbial translocation and immune activation. The V�1 T cells
that expanded during SIV infection were also functionally inferior
with respect to IL17 production. Given the importance of V�1
T cells in innate immune responses and for maintenance of GI tract
integrity, further investigation is warranted to determine whether
V�1 T cells can be used as a therapeutic target to reduce microbial
translocation and the consequent immune activation that character-
izes progressive HIV infection.

Acknowledgments

The authors thank the Bad Boys of Cleveland for helpful discussions.
These studies were supported by the intramural National

Institute of Allergy and Infectious Diseases, National Institutes of
Health (NIH) program and with federal funds from the National
Cancer Institute, NIH, under contract HHSN266200400088C. J.A.B. is
a Howard Hughes Medical Institute Medical Fellow. D.A.P. is a Medical
Research Council (United Kingdom) Senior Clinical Fellow.

�� T-CELLS IN SIV INFECTION 4155BLOOD, 18 NOVEMBER 2010 � VOLUME 116, NUMBER 20

D
ow

nloaded from
 http://ashpublications.net/blood/article-pdf/116/20/4148/1490517/zh804610004148.pdf by guest on 05 June 2024



Authorship

Contribution: L.D.H., N.R.K., C.V., J.A.B., B.T., J.D.E., and
J.M.B. performed experiments; J.M.B. supervised the study; and
all authors designed, analyzed/interpreted data, and wrote the
manuscript.

Conflict-of-interest disclosure: The authors declare no compet-
ing financial interests.

Correspondence: Jason M. Brenchley, Laboratory of Molecular
Microbiology, National Institute of Allergy and Infectious
Diseases, National Institutes of Health, 4 Center Dr, Rm 301,
9000 Rockville Pike, Bethesda, MD 20892; e-mail:
jbrenchl@mail.nih.gov.

References

1. Dik WA, Pike-Overzet K, Weerkamp F, et al. New
insights on human T cell development by quanti-
tative T cell receptor gene rearrangement studies
and gene expression profiling. J Exp Med. 2005;
201(11):1715-1723.

2. Hayday AC. gamma delta cells: a right time and a
right place for a conserved third way of protec-
tion. Annu Rev Immunol. 2000;18:975-1026.

3. Xi X, Guo Y, Chen H, et al. Antigen specificity of
gammadelta T cells depends primarily on the
flanking sequences of CDR3delta. J Biol Chem.
2009;284(40):27449-27455.

4. Bukowski JF, Morita CT, Brenner MB. Human
gamma delta T cells recognize alkylamines de-
rived from microbes, edible plants, and tea: impli-
cations for innate immunity. Immunity. 1999;11(1):
57-65.

5. Vincent MS, Roessner K, Sellati T, et al. Lyme
arthritis synovial gamma delta T cells respond to
Borrelia burgdorferi lipoproteins and lipidated
hexapeptides. J Immunol. 1998;161(10):5762-
5771.

6. Qin G, Mao H, Zheng J, et al. Phosphoantigen-
expanded human gammadelta T cells display po-
tent cytotoxicity against monocyte-derived macro-
phages infected with human and avian influenza
viruses. J Infect Dis. 2009;200(6):858-865.

7. Sanders JM, Ghosh S, Chan JM, et al. Quantita-
tive structure-activity relationships for gammad-
elta T cell activation by bisphosphonates. J Med
Chem. 2004;47(2):375-384.

8. Kagnoff MF. Current concepts in mucosal immu-
nity. III. Ontogeny and function of gamma delta
T cells in the intestine. Am J Physiol. 1998;274
(3 Pt 1):G455-458.

9. Fenoglio D, Poggi A, Catellani S, et al. Vdelta1
T lymphocytes producing IFN-gamma and IL-17
are expanded in HIV-1-infected patients and re-
spond to Candida albicans. Blood. 2009;113(26):
6611-6618.

10. Battistini L, Borsellino G, Sawicki G, et al. Pheno-
typic and cytokine analysis of human peripheral
blood gamma delta T cells expressing NK cell
receptors. J Immunol. 1997;159(8):3723-3730.

11. Shibata K, Yamada H, Hara H, Kishihara K,
Yoshikai Y. Resident Vdelta1	 gammadelta
T cells control early infiltration of neutrophils after
Escherichia coli infection via IL-17 production.
J Immunol. 2007;178(7):4466-4472.

12. Dalton JE, Cruickshank SM, Egan CE, et al. Intra-
epithelial gammadelta	 lymphocytes maintain
the integrity of intestinal epithelial tight junctions
in response to infection. Gastroenterology. 2006;
131(3):818-829.

13. Jameson J, Havran WL. Skin gammadelta T-cell
functions in homeostasis and wound healing.
Immunol Rev. 2007;215:114-122.

14. Boismenu R, Havran WL. Modulation of epithelial
cell growth by intraepithelial gamma delta T cells.
Science. 1994;266(5188):1253-1255.

15. Kosub DA, Lehrman G, Milush JM, et al. Gamma/
Delta T-cell functional responses differ after
pathogenic human immunodeficiency virus and
nonpathogenic simian immunodeficiency virus
infections. J Virol. 2008;82(3):1155-1165.

16. Boullier S, Dadaglio G, Lafeuillade A, Debord T,
Gougeon ML. V delta 1 T cells expanded in the
blood throughout HIV infection display a cytotoxic

activity and are primed for TNF-alpha and IFN-
gamma production but are not selected in lymph
nodes. J Immunol. 1997;159(7):3629-3637.

17. De Rosa SC, Mitra DK, Watanabe N,
Herzenberg LA, Roederer M. Vdelta1 and
Vdelta2 gammadelta T cells express distinct sur-
face markers and might be developmentally dis-
tinct lineages. J Leukoc Biol. 2001;70(4):518-526.

18. Poccia F, Boullier S, Lecoeur H, et al. Peripheral
V gamma 9/V delta 2 T cell deletion and anergy to
nonpeptidic mycobacterial antigens in asymptom-
atic HIV-1-infected persons. J Immunol. 1996;
157(1):449-461.

19. Hebbeler AM, Propp N, Cairo C, et al. Failure to
restore the Vgamma2-Jgamma1.2 repertoire in
HIV-infected men receiving highly active antiret-
roviral therapy (HAART). Clin Immunol. 2008;
128(3):349-357.

20. Ali Z, Yan L, Plagman N, et al. Gammadelta T cell
immune manipulation during chronic phase of
simian-human immunodeficiency virus infection
[corrected] confers immunological benefits. J Im-
munol. 2009;183(8):5407-5417.

21. Giorgi JV, Hultin LE, McKeating JA, et al. Shorter
survival in advanced human immunodeficiency
virus type 1 infection is more closely associated
with T lymphocyte activation than with plasma
virus burden or virus chemokine coreceptor us-
age. J Infect Dis. 1999;179(4):859-870.

22. Brenchley JM, Price DA, Schacker TW, et al. Mi-
crobial translocation is a cause of systemic im-
mune activation in chronic HIV infection. Nat
Med. 2006;12(12):1365-1371.

23. Kuwata T, Nishimura Y, Whitted S, et al. Associa-
tion of progressive CD4(	) T cell decline in SIV
infection with the induction of autoreactive anti-
bodies. PLoS Pathog. 2009;5(4):e1000372.

24. Estes JD, Gordon SN, Zeng M, et al. Early reso-
lution of acute immune activation and induction of
PD-1 in SIV-infected sooty mangabeys distin-
guishes nonpathogenic from pathogenic infection
in rhesus macaques. J Immunol. 2008;180(10):
6798-6807.

25. De Paoli P, Gennari D, Martelli P, et al. A subset
of gamma delta lymphocytes is increased during
HIV-1 infection. Clin Exp Immunol. 1991;83(2):
187-191.

26. Poggi A, Carosio R, Fenoglio D, et al. Migration of
V delta 1 and V delta 2 T cells in response to
CXCR3 and CXCR4 ligands in healthy donors
and HIV-1-infected patients: competition by HIV-1
Tat. Blood. 2004;103(6):2205-2213.

27. Gougeon ML, Garcia S, Heeney J, et al. Pro-
grammed cell death in AIDS-related HIV and SIV
infections. AIDS Res Hum Retroviruses. 1993;
9(6):553-563.

28. Casazza JP, Betts MR, Price DA, et al. Acquisi-
tion of direct antiviral effector functions by CMV-
specific CD4	 T lymphocytes with cellular matu-
ration. J Exp Med. 2006;203(13):2865-2877.

29. Brenchley JM, Knox KS, Asher AI, et al. High fre-
quencies of polyfunctional HIV-specific T cells are
associated with preservation of mucosal CD4 T
cells in bronchoalveolar lavage. Mucosal Immu-
nol. 2008;1(1):49-58.

30. Sun Y, Permar SR, Buzby AP, Letvin NL. Memory
CD4	 T-lymphocyte loss and dysfunction during
primary simian immunodeficiency virus infection.
J Virol. 2007;81(15):8009-8015.

31. Hunt PW, Brenchley J, Sinclair E, et al. Relation-
ship between T cell activation and CD4	 T cell
count in HIV-seropositive individuals with unde-
tectable plasma HIV RNA levels in the absence of
therapy. J Infect Dis. 2008;197(1):126-133.

32. Pandrea I, Sodora DL, Silvestri G, Apetrei C. Into
the wild: simian immunodeficiency virus (SIV) in-
fection in natural hosts. Trends Immunol. 2008;
29(9):419-428.

33. Kolls JK, Linden A. Interleukin-17 family members
and inflammation. Immunity. 2004;21(4):467-476.

34. Nikoopour E, Schwartz JA, Singh B. Therapeutic
benefits of regulating inflammation in autoimmu-
nity. Inflamm Allergy Drug Targets. 2008;7(3):203-
210.

35. Liang SC, Tan XY, Luxenberg DP, et al. Interleu-
kin (IL)-22 and IL-17 are coexpressed by Th17
cells and cooperatively enhance expression of
antimicrobial peptides. J Exp Med. 2006;203(10):
2271-2279.

36. Brenchley JM, Paiardini M, Knox KS, et al. Differ-
ential Th17 CD4 T-cell depletion in pathogenic
and nonpathogenic lentiviral infections. Blood.
2008;112(7):2826-2835.

37. Favre D, Lederer S, Kanwar B, et al. Critical loss
of the balance between Th17 and T regulatory
cell populations in pathogenic SIV infection. PLoS
Pathog. 2009;5(2):e1000295.

38. Cecchinato V, Trindade CJ, Laurence A, et al.
Altered balance between Th17 and Th1 cells at
mucosal sites predicts AIDS progression in sim-
ian immunodeficiency virus-infected macaques.
Mucosal Immunol. 2008;1(4):279-288.

39. Jensen KD, Shin S, Chien YH. Cutting edge:
Gammadelta intraepithelial lymphocytes of the
small intestine are not biased toward thymic anti-
gens. J Immunol. 2009;182(12):7348-7351.

40. Brenchley JM, Schacker TW, Ruff LE, et al.
CD4	 T cell depletion during all stages of HIV
disease occurs predominantly in the gastrointesti-
nal tract. J Exp Med. 2004;200(6):749-759.

41. Verhoeven D, Sankaran S, Dandekar S. Simian
immunodeficiency virus infection induces severe
loss of intestinal central memory T cells which
impairs CD4	 T-cell restoration during antiretro-
viral therapy. J Med Primatol. 2007;36(4-5):219-
227.

42. Mehandru S, Poles MA, Tenner-Racz K, et al.
Primary HIV-1 infection is associated with prefer-
ential depletion of CD4	 T lymphocytes from ef-
fector sites in the gastrointestinal tract. J Exp
Med. 2004;200(6):761-770.

43. Finkel TH, Tudor-Williams G, Banda NK, et al.
Apoptosis occurs predominantly in bystander
cells and not in productively infected cells of HIV-
and SIV-infected lymph nodes. Nat Med. 1995;
1(2):129-134.

44. Anthony KB, Yoder C, Metcalf JA, et al. Incom-
plete CD4 T cell recovery in HIV-1 infection after
12 months of highly active antiretroviral therapy is
associated with ongoing increased CD4 T cell
activation and turnover. J Acquir Immune Defic
Syndr. 2003;33(2):125-133.

45. Alimonti JB, Ball TB, Fowke KR. Mechanisms of
CD4	 T lymphocyte cell death in human immu-
nodeficiency virus infection and AIDS. J Gen Vi-
rol. 2003;84(Pt 7):1649-1661.

46. Ancuta P, Kamat A, Kunstman KJ, et al. Microbial

4156 HARRIS et al BLOOD, 18 NOVEMBER 2010 � VOLUME 116, NUMBER 20

D
ow

nloaded from
 http://ashpublications.net/blood/article-pdf/116/20/4148/1490517/zh804610004148.pdf by guest on 05 June 2024



translocation is associated with increased mono-
cyte activation and dementia in AIDS patients.
PLoS ONE. 2008;3(6):e2516.

47. Balagopal A, Philp FH, Astemborski J, et al. Hu-
man immunodeficiency virus-related microbial
translocation and progression of hepatitis C. Gas-
troenterology. 2008;135(1):226-233.

48. McVay LD, Li B, Biancaniello R, et al. Changes in
human mucosal gamma delta T cell repertoire
and function associated with the disease process
in inflammatory bowel disease. Mol Med. 1997;
3(3):183-203.

49. Giacomelli R, Parzanese I, Frieri G, et al. In-
crease of circulating gamma/delta T lymphocytes
in the peripheral blood of patients affected by ac-
tive inflammatory bowel disease. Clin Exp Immu-
nol. 1994;98(1):83-88.

50. Pandrea IV, Gautam R, Ribeiro RM, et al. Acute
loss of intestinal CD4	 T cells is not predictive of
simian immunodeficiency virus virulence. J Immu-
nol. 2007;179(5):3035-3046.

51. Milush JM, Reeves JD, Gordon SN, et al. Virally
induced CD4	 T cell depletion is not sufficient to

induce AIDS in a natural host. J Immunol. 2007;
179(5):3047-3056.

52. Gordon SN, Klatt NR, Bosinger SE, et al. Severe
depletion of mucosal CD4	 T cells in AIDS-free
simian immunodeficiency virus-infected sooty
mangabeys. J Immunol. 2007;179(5):3026-3034.

53. Beaumier CM, Harris LD, Goldstein S, et al. CD4
downregulation by memory CD4	 T cells in vivo
renders African green monkeys resistant to pro-
gressive SIVagm infection. Nat Med. 2009;15(8):
879-885.

�� T-CELLS IN SIV INFECTION 4157BLOOD, 18 NOVEMBER 2010 � VOLUME 116, NUMBER 20

D
ow

nloaded from
 http://ashpublications.net/blood/article-pdf/116/20/4148/1490517/zh804610004148.pdf by guest on 05 June 2024


