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Gut-associated lymphoid tissue (GALT) is an early target for human immunodeficiency virus type 1 (HIV-1)
infection and is a site for severe CD4� T-cell depletion. HIV-associated enteropathy is well-documented in
chronic HIV-1 infection. However, the initial host responses to HIV infection in GALT and the early molecular
correlates of HIV enteropathogenesis have not been characterized during primary HIV infection. In this study,
we provide evidence of viral replication in GALT resident CD4� T cells and macrophages in primary-stage
patients and identify early patterns of host mucosal responses and changes in the molecular microenvironment
through gene expression profiling. High levels of viral replication in GALT and marked CD4� T-cell depletion
correlated with decreased expression levels of genes regulating epithelial barrier maintenance and digestive/
metabolic functions. These changes coincided with a marked increase in the transcription of immune activa-
tion-, inflammation-, and apoptosis-associated genes. Our findings indicate that HIV-induced pathogenesis in
GALT emerges at both the molecular and cellular levels prior to seroconversion in primary HIV infection,
potentially setting the stage for disease progression by impairing the ability to control viral replication and
repair and regenerate intestinal mucosal tissues.

The primary stage of human immunodeficiency virus (HIV)
infection is characterized by “flu-like” symptoms and peak vire-
mia, followed by the establishment of a viral “set point,” marking
entry into the chronic “asymptomatic” stage. Multiple lines of
evidence suggest that the efficacy of host response in these critical
early weeks of infection may have a significant impact on the
course of disease progression (1, 2, 20, 21). Although HIV-asso-
ciated clinical pathologies, such as peripheral CD4� T-cell deple-
tion, chronic inflammation, and immunosuppression, are typically
well established in the chronic stage of infection, it is logical to
predict that many of the molecular events that define and induce
pathogenesis and underlie progression to AIDS may be initiated
at earlier time points.

Gut-associated lymphoid tissue (GALT) is known to be an
early mucosal target and a persistent viral reservoir as well as
a site of severe CD4� T-cell depletion in HIV-infected humans
and simian immunodeficiency virus (SIV)-infected nonhuman
primates (3, 6, 8, 10). Multiple studies have demonstrated that
the majority of CD4� T cells in GALT are depleted in primary
HIV and SIV infections and are not restored in the absence of
antiretroviral therapy (3, 8, 10). CD4� T-cell depletion coin-
cides with an increase in CD8� T-cell prevalence, disrupting
mucosal T-cell homeostasis and establishing an imbalance in

host immune response due to the loss of T-helper cell function.
In the SIV model, nutrient malabsorption and a loss of intes-
tinal growth factor expression have also been shown to coin-
cide with early CD4� T-cell loss in the primary stage of infec-
tion (8, 12). The characteristics of early enteropathologic
events and the timing of their emergence during HIV infec-
tion, however, remain largely unknown.

To gain insight into the mechanisms of enteropathy and the
level of deterioration of the GALT microenvironment in pri-
mary HIV infection, we evaluated viral replication, T-cell ho-
meostasis, and the regulation of host gene expression in jejunal
biopsy samples collected from patients at 4 to 8 weeks follow-
ing HIV infection. We report evidence of enteropathogenesis
in all patients, highlighted by high levels of viral replication in
intestinal CD4� T cells and macrophages, severe CD4� T-cell
depletion, decreased expression of genes regulating epithelial
barrier maintenance and digestive/metabolic functions and in-
duction of broad-range innate and adaptive host responses.
Strong up regulation of epithelial maintenance-associated
gene expression was linked with a more dampened host re-
sponse and lower viral loads. These findings suggest that the
onset of enteropathogenesis occurs early in primary HIV in-
fection and that the severity of enteropathy may be inextricably
linked to incomplete viral suppression and the subsequent
course of disease progression.

MATERIALS AND METHODS

Patients and patient samples. Four highly active antiretroviral therapy
(HAART)-naive patients in the primary stage of HIV infection (4 to 8 weeks
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postinfection) and 10 HIV-seronegative individuals between the ages of 23 and
52 years were enrolled at the CARES Center (Sacramento, CA) and through
referring physicians (Table 1). Three of four HIV-infected patients (patients
E116, E134, and E56) were HIV seronegative at the time of sampling. The fourth
patient (E154) had the first positive antibody test 2 days prior to sample date.
Peripheral blood samples and jejunal biopsy samples obtained by upper endos-
copy were collected from patients under light anesthesia as described previously
(10). Six pinch biopsy samples were flash frozen using liquid nitrogen and stored
at �80° (until used for microarray analysis), and six biopsy samples were col-
lected in complete medium for flow cytometric analysis as described below.
Retrospective data from four patients in the chronic stage of infection and four
long-term, HIV-infected nonprogressors (LTNP) classified as elite controllers in
previous studies (25) were also used in comparative gene expression analyses.
Written informed consent was obtained from the participants for this Institu-
tional Review Board (IRB)-approved study (IRB no. 200311088-7).

Immunohistochemistry. Immunohistochemical (IHC) analysis was performed
to detect and localize HIV-infected cells in gut biopsy samples as well as to
visualize CD3� T lymphocytes and macrophages. Colocalization of CD3 and
HIV gag p24 signal was interpreted as an infected CD4� T cell, and colocaliza-
tion of p24 with HAM56 was interpreted as an infected macrophage. Jejunal
biopsy samples were embedded in OCT (Triangle Biomedical Sciences, Durham,
NC) at the time of sample collection and flash frozen. Tissue sections (5 �m)
were fixed in Streck fixative (Streck Laboratories, La Vista, NE) for 10 min and
90% acetone-methanol fixative for a further 10 min. Following protease treat-
ment, we blocked nonspecific binding by incubating the slides with 10% donkey
serum (Jackson ImmunoResearch, West Grove, PA) and 1% FC blocker (Milte-
nyi, Auburn, CA). Sections were incubated with polyclonal anti-CD3, anti-p24,
and anti-HAM56 antibodies (Dako, Carpentaria, CA), for 12 h at 4°C, followed
by incubation with anti-mouse immunoglobulin G fluorescein isothiocyanate,
anti-mouse immunoglobulin M Cy5, and anti-rabbit Cy3 (Jackson ImmunoRe-
search, West Grove, PA) for 1 h. Sections were mounted using Slow Fade with
DAPI (4�,6�-diamidino-2-phenylindole) (Invitrogen, Carlsbad, CA), and images
were captured by confocal laser microscopy using LSM 5 and PASCAL software
(Zeiss, NY).

The expression levels of CCL5, caspase 3, and epithelial antigen were also
determined by IHC analysis. Tissue sections (6 �m thick) were incubated with
anti-hCCL5 antibody (R&D Systems, Minneapolis, MN) or anti-active caspase 3
antibody (BD Biosciences Pharmingen) and anti-human epithelial antigen clone
Ber-EP4 antibody (DakoCytomation) at a 1:100 dilution. Combined immuno-
histochemistry was performed using anti-caspase 3 and anti-Ber-EP4 antibodies
to localize and identify the epithelial cells undergoing apoptosis. Following three
washes, appropriate fluorescence-tagged antibodies were then used at 1:200 and
counterstained with DAPI (Molecular Probes) and viewed at �40 magnification
under a confocal microscope.

Cell isolation and flow cytometry. Intestinal biopsy samples were processed as
previously described (10). Briefly, tissue samples were incubated in RPMI 1640
(Gibco/Invitrogen, Carlsbad, CA) and collagenase (Sigma-Aldrich, St Louis,
MO) at 37°C, rapidly shaken for 45 min and then subjected to Percoll (Sigma-
Aldrich, St. Louis, MO) density gradient centrifugation to enrich for T cells and
eliminate tissue debris. Lymphocytes were then stained with anti-CD3FITC
(BD), anti-CD4TC (Invitrogen, Carlsbad, CA), and anti-CD8APC (Invitrogen,
Carlsbad, CA) and scanned on a Becton Dickinson FACSCalibur flow cytometer.
A minimum of 100,000 events were collected. Flow cytometry data were analyzed
using Becton Dickinson CellQuest software.

Microarray analysis. Intestinal mucosal gene expression was investigated by
oligonucleotide microarray analysis as previously described (7, 25). Briefly, total
RNA from jejunal biopsy samples was extracted using the RNeasy kit (QIAGEN,
Valencia, CA) and cDNA was synthesized (Superscript Choice system; Gibco
Life Technologies, Rockville, MD) utilizing an oligo(dT24) primer. Biotinylated
cRNA was synthesized using a BioArray HighYield RNA transcription labeling
kit (ENZO Diagnostics, Farmingdale, NY) and purified through RNeasy nucleic
acid columns. The quality of the cRNA was evaluated by hybridization to Test3
GeneChips (Affymetrix, Santa Clara, CA), and only samples whose 3�/5� ratios
were less than 3 were utilized for subsequent hybridization to HuGene U95-AV2
GeneChips (Affymetrix). Following scanning, the fluorescence data were initially
processed through the GeneChip operating system (version 1.1; Affymetrix).
Background correction, normalization, generation of expression values, and sta-
tistical analysis of differential gene expression were performed using dChip
analysis software (DNA-Chip analyzer [dChip], version 1.3; Harvard University).
Genes differentially expressed (�1.5-fold above or below the mean baseline from
healthy, uninfected controls; P � 0.05) in GALT in the majority of patients
tested were hierarchically clustered to identify patterns of up and down regula-
tion in response to HIV infection and HAART. The prevalence of enriched

biological functions within up and down regulated genes was analyzed (EASE,
version 1.0; NIAID) to determine the processes that were statistically overrep-
resented in the microarray data set (5).

Real-time PCR analysis. To further quantitate differences in mRNA levels for
selected genes between healthy controls and HIV-infected patients as well as
HIV levels in tissue samples, primers and probes specific to the selected genes
and to HIV gag, respectively, were designed and used in a quantitative reverse
transcription-PCR (QRT-PCR). Probes were tagged with a fluorescent dye (6-
carboxyfluorescein) at the 5� end and a quencher dye at the 3� end. The reaction
was carried out using one tube of RT-PCR master mix (PE Applied Biosystems,
CA) on the ABI Prism 7900 sequence detector (PE Applied Biosystems, CA).
The data were analyzed with Sequence Detector software and quantitated using
the relative computational method (15, 16). TaqMan real-time PCR validation of
gene expression was performed using Assays on Demand systems (Applied
Biosystems, CA). The level of gene transcription was normalized to GAPDH
(glyceraldehyde-3-phosphate dehydrogenase) and expressed as a relative differ-
ence.

RESULTS

Macrophages and CD4� T cells are HIV targets in GALT
during primary HIV infection. Measurement of HIV loads in
plasma samples by the B-DNA assay showed that viral loads
ranged from 41,464 to �500,000 copies per milliliter of plasma.
The plasma viral burden was higher in patients at 4 weeks
post-HIV exposure than in patients at 6 weeks postinfection
(Fig. 1A). These results were consistent with previous HIV
studies of viral burden during primary HIV infection (10, 13).
Three of the four patients (E116, E134, and E56) were sero-
negative at the time of enrollment and collection of the first
biopsy samples. Sera from these three patients did not test
positive for anti-HIV antibodies until 2 to 4 weeks following
the first biopsy. The fourth patient first tested positive for
anti-HIV antibodies 2 days prior to collection of the first bi-
opsy sample.

HIV RNA was detected in GALT in all four patients in the

FIG. 1. Quantitation of viral loads and localization of HIV-infected
cells in GALT during primary-stage HIV infection. (A) Viral RNA
levels, measured by B-DNA assay, ranged between 4 and 6 logs per ml
of plasma. (B) At corresponding time points, viral burden was detected
in GALT biopsy samples, varying between 1 and 4 log copies per �g of
total RNA. (C) Viral p24 was localized to both lymphocytes and
macrophages. CD3� T cells appear red, macrophages pink, and HIV
p24 yellow. Double staining in a p24-positive lymphocyte results in a
green cell, while double staining in a p24-positive macrophage appears
blue.

VOL. 82, 2008 HIV-INDUCED PATHOGENESIS IN GALT 539



early stages of infection (Fig. 1B), demonstrating that dissem-
ination and active replication of the virus were well established
in the gastrointestinal mucosa in primary-stage infection. Pa-
tients E116 and E56 also displayed substantially lower tissue
viral loads than did patients E134 and E154, suggesting vari-
able degrees of viral replication in GALT in the first few weeks
of infection. Intestinal mucosal viral loads in patients E134 and
E154 were comparable to those measured in drug-naı̈ve indi-
viduals during chronic HIV infection (25), indicating that sub-
stantial seeding of a viral reservoir in GALT had occurred
within weeks of infection.

IHC analysis of HIV p24 expression was also performed to
detect and localize HIV-infected cells with active viral replica-
tion in the intestinal mucosa (Fig. 1C). As previously reported

(10, 11), we observed increased macrophage infiltration into
the lamina propria. p24 staining was observed both in macro-
phages and in CD4� T cells at levels that appeared to correlate
with the RNA expression as measured by QRT-PCR analysis.
Interestingly, infected cells were often observed in aggregates
comprised of macrophages as well as lymphocytes.

Severe CD4� depletion and disruption of mucosal T-cell
homeostasis. The clinical characteristics of the HIV-infected
and uninfected cohorts participating in the study have been
previously reported (10, 11, 25) and are summarized in Table
1. As expected, circulating CD4� T-cell numbers were not
substantially different from the levels observed for healthy un-
infected controls (694 to 1,000 CD4� T cells/�l of plasma
compared to 406 to 1,236 cells/�l in HIV-negative control
patients). However, CD8� T-cell percentages exceeded circu-
lating CD4� T-cell percentages in all infected patients, except
patient E116, at the first sample collection time point (Fig.
2A).

In contrast to circulating CD4� T cells, mucosal CD4� T-
cell levels were severely reduced in all four HIV-infected pa-
tients (Fig. 2A). CD4� T-cell depletion in GALT was greater
at 6 to 8 weeks postinfection (patients E116 and E154) than at
4 weeks postinfection (patients E134 and E56). These data
support previous reports of severe gastrointestinal CD4� T-
cell depletion in HIV patients in primary (10) and chronic (25)
stages of infection and stand in contrast to results for LTNP
patients (Fig. 2B), who maintain CD4� T cells in GALT and
natural control over disease progression. This was validated by
IHC of tissue sections for the presence of CD4� T cells as
previously published (10, 25). As observed in previous studies,
mucosal CD4� T-cell depletion coincided with a dramatic in-
crease in the prevalence of CD8� T cells.

Primary HIV infection shifts the physiological balance of
host mucosal gene transcription. To gain insights into the

TABLE 1. Study group characteristicsa

Study group Patient
ID Age (yr) CDC

classification

Duration of
infection

(wk)

Peripheral
CD4� T-cell

count

Primary HIV
infection

E116 34 A1 6 1,000
E134 35 A1 4 694
E56 33 A1 4 696
E154 32 A1 8 915

Uninfected
controls

N8 22 NA NA 1,046
N12 22 NA NA 1,236
N15 52 NA NA ND
N34 35 NA NA 1,046
N38 48 NA NA 632
N41 43 NA NA 1,203
N65 37 NA NA 634
N151 44 NA NA 899
N153 50 NA NA 406
N188 28 NA NA 620

a ID, patient identification number; NA, not applicable.

FIG. 2. Disruption in T-cell homeostasis in GALT during primary-stage HIV infection. (A) CD4� T-cell percentages in GALT were markedly
decreased in all four primary-stage patients, with the largest depletion occurring in patients at 6 and 8 weeks postinfection. (B) The vast majority
of CD4� depletion in GALT appears to occur early in the primary stage, leading to the disruption of T-cell homeostasis, similarly to observations
in chronic-stage patients but in striking contrast to LTNP patients, who maintain natural control over viral replication and disease progression.
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characteristics of early host responses in GALT during primary
HIV infection and the overall impact of elevated viral replica-
tion on gastrointestinal processes, we evaluated global gene
expression profiles in jejunal mucosal biopsy samples by DNA
microarray analysis. Alterations in mucosal gene transcription
were determined in each primary-stage patient (E116, E134,
and E154) in comparison to mean baseline transcription levels
in six healthy uninfected controls (N4, N8, N12, N34, N38, and
N41). Hierarchical clustering of genes whose expression was
significantly altered due to HIV infection resulted in the iden-
tification of distinct patterns of up and down regulated tran-
scription (Fig. 3, left panel). The functional attributes of genes
within up and down regulated subclusters were then further
evaluated to determine the most prominent molecular path-
ways/physiologic processes impacted by HIV infection.

The up regulated subcluster was statistically overrepre-
sented with genes involved in interferon induction, defense
responses, chemotaxis, cell cycle regulation, and apoptosis
(Fig. 3, right panel), while the down regulated cluster was
enriched with genes associated with lipid, starch, and xenobi-
otic metabolism, cell cycle regulation, and glucuronosyltrans-
ferase activity. Overrepresentation of cell cycle-associated
genes in both the up and down regulated gene lists was not
surprising, given the complexity of cell types comprising the
GALT biopsy samples, and may be indicative of increased
proliferation in some cells (e.g., CD8� T cells) and repressed
expansion in others. Interestingly, the pathways that were up
regulated in primary HIV-1 infection were similar to those
pathways up regulated in chronic-stage patients with high viral
loads but not up regulated in LTNP patients (25). In contrast,
genes associated with metabolism were found to be down reg-
ulated in all patient groups, including LTNP patients (25).
Collectively, the broad range of genes and pathways modulated

suggested that fundamental changes in the molecular micro-
environment of the intestinal mucosa were well established
within the first few weeks of infection.

Link between local viral replication and increased expres-
sion of immune activation and inflammation-associated genes
in GALT. Patients with primary HIV infections demonstrated
an induction of robust changes in gene expression associated
with both innate and adaptive immune responses in GALT
(Fig. 4G). In accordance with mucosal and peripheral blood
viral loads, the level of transcription of innate antimicrobial
factors Cig-5, Mx-1, APOBEC, and 2�-5�-oligoadenylate syn-
thetase was greater in patients E134 and E154 than in patient
E116. Patients E134 and E154 also displayed up regulation of
numerous interferon-induced and cytotoxicity-associated
genes that were largely normalized in patient E116. The diver-
gence in expression profiles between patient E116 and patients
E134 and E154 extended to genes involved in chemotaxis,
including genes encoding molecules known to enhance HIV
replicative capacity (RANTES and CCR5) and increase cellu-
lar infiltration (IP-10 and CD18). Supportive evidence for
changes in inflammation-associated gene expression was pro-
vided by IHC analysis, as evidenced by increased expression of
CCL5/RANTES at the protein level in crypt areas of the jeju-
num during primary infection (Fig. 4E and F). These data
suggest that the onset of elevated immune activation and in-
flammation occurred very rapidly in the intestinal mucosal
microenvironment in response to initial viral replication.

Imbalance between intestinal epithelial barrier turnover
and renewal during primary HIV infection. Elevated levels of
caspase 3 protein expression were observed during primary
HIV infection (Fig. 4A and B) and supported microarray data
on increased apoptosis-related gene expression (Fig. 3 and
4G). Combined IHC analysis revealed increased levels of
apoptosis in the intestinal epithelial cells during primary HIV
infection (Fig. 4C and D). These results suggest an increased
turnover of intestinal epithelial cells very early during HIV
infection, possibly leading to an impaired intestinal mucosal
epithelial barrier.

Given the divergence in immune response-associated gene
expression between patient E116 and patients E134 and E154,
it was noteworthy that patient E116 also displayed large in-
creases in genes with intestinal mucosal protective and regen-
erative functions, such as trefoil factors 1, 2, and 3 and mucins
1 and 6. We further determined that these gene products were
also highly up regulated in the therapy-naı̈ve elite controllers
within our HIV patient cohort, while strikingly reduced in
therapy-naı̈ve patients with chronic progressive HIV infection
(Fig. 5A). These data indicate that a strong compensatory
induction of mucosal barrier protective machinery and a damp-
ened immune response may be associated with reduced enter-
opathy and greater control of disease progression.

Microarray data showed that the genes involved in epithelial
differentiation pathways (casein kinase 2A1, Wnt 5A, frizzled
homolog 1, catenin alpha 1, transforming growth factor [TGF]
beta binding protein, and SMAD-7) were down modulated in
patients during primary HIV infection (Fig. 5A). Interestingly,
patient E154 displayed the strongest down regulated profile in
this functional category, highlighted by more substantial losses
of Wnt-associated transcription. Our data on increased apop-
tosis of epithelial cells, combined with decreased expression of

FIG. 3. Modulation of host gene expression in GALT during pri-
mary HIV infection. Genes whose transcription was altered by HIV
infection in the intestinal mucosa were identified through microarray
analysis of jejunal biopsy samples and subjected to hierarchical clus-
tering to identify common patterns of up and down regulation. Path-
ways statistically overrepresented were identified through functional
analysis of the genes in each subcluster. Up regulated genes were
predominated by defense response factors, cell cycle mediators, and
apoptosis regulators, while genes associated with a broad range of
metabolic pathways and tissue regeneration were down modulated,
highlighting a pathogenic shift in the normal physiological balance
within the GALT microenvironment.

VOL. 82, 2008 HIV-INDUCED PATHOGENESIS IN GALT 541



epithelial differentiation, suggest that the impairment of epi-
thelial barrier renewal was an early event during primary HIV
infection.

Decreased tissue regeneration and metabolism-associated
transcription in patients with elevated immune responses in
GALT. In contrast to increased transcription of genes involved
in host immune response and apoptosis, a broad range of
metabolism- and growth-associated genes were down regu-
lated in GALT during primary HIV infection (Fig. 5B). A
similar loss in the expression of this set of genes has been
reported for patients with chronic HIV infections (25), sug-
gesting that the profile represents a defined molecular signa-
ture for enteropathy in GALT. Lipid, carbohydrate, and xeno-
biotic metabolism-linked transcription were all similarly

repressed. It is also noteworthy that down regulation of xeno-
biotic metabolic factors included several cytochrome P450
family members involved in detoxification and drug metabo-
lism, notably CPY2J and CYP3A, which are believed to play
critical roles in metabolizing many of the HIV-targeted drugs
utilized in HAART. These data are supported by similar find-
ings during primary infection in the SIV model (7) and indicate
that immunodeficiency virus-induced enteropathy is character-
ized by an early impairment of enterocyte function.

The broad range and magnitude of loss in transcription of
genes controlling metabolic function prompted us to further
examine the gene array data for the regulation of genes con-
trolling mucosal growth, maintenance, and repair (Fig. 5A and
B). We found a consistent pattern of repression of multiple

FIG. 4. (A to F) Immunohistochemistry-based detection of RANTES and activated caspase 3 in GALT. Increased levels of caspase 3 were
observed in GALT during primary HIV infection (B) compared to an uninfected healthy control (A). Caspase 3 (dark pink) signal also overlapped
substantially with the epithelial marker Ber EP4 (green), appearing as a light pink stain (�40 magnification in panel C and �100 magnification
in panel D). RANTES expression was also increased (light blue punctuate stain) in primary-stage infections (F) compared to that in uninfected
controls (E). (G) Gene expression profile of host immune responses in GALT during primary HIV infection. n-fold increases over uninfected
controls in the expression of genes controlling various host response pathways in GALT during primary-stage infection were determined for
patients E116, E134, and E154. A broad range of antiviral, cytotoxic, antimicrobial, and humoral response mediators were significantly up
regulated. Stronger levels of interferon induction and cytoxic responses correlated with high levels of local viral replication (E154), while lower viral
burden was associated with dampened immune responses and increased transcription of cytoprotective genes (E116).
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growth factors (vascular endothelial growth factor, hepatocyte
growth factor-like, and Kruppel-like factor 10) and their re-
ceptors (fibroblast growth factor receptor 3) as well as of genes
involved in epithelial differentiation pathways. Also notewor-
thy was the observed down modulation of interleukin-7 recep-
tor expression in all infected patients, suggesting that severe
CD4� T-cell depletion may lead to the disruption in interleu-
kin-7 signaling that is required for maintenance of naı̈ve and
memory T-cell populations. Collectively, these data provided a
comprehensive molecular profile, depicting a disruption of re-
generative capacity that contributes to an early loss of intesti-
nal epithelial barrier and mucosal functions in primary HIV
infection.

To provide supportive evidence for the alterations in the
expression of selected genes indicated by the microarray anal-
ysis, we compared mRNA levels between infected patients and
uninfected controls by quantitative real-time PCR (Fig. 5C).
The real-time PCR results confirmed the microarray findings

and further supported our conclusions that high levels of im-
mune activation (STAT-1, CCR5, IFN9-27, and MIG) and
impairment of metabolic (FABP2) functions were contributing
factors in the early manifestation of HIV-associated entero-
pathogenesis.

DISCUSSION

Historically, HIV infection was initially labeled as a “wasting
disease” due to the common presentation of severe gastroin-
testinal complications and digestive dysfunction (9, 23, 26).
Over the last decade, multiple groups have reported GALT to
be an early target of HIV and a site of severe CD4� T-cell
depletion (10, 20). Recently, it has been shown that unlike the
blood compartment, there is a substantial delay in the resto-
ration of CD4� T cells in intestinal mucosa following initiation
of HAART (11). Additional studies have established that in
chronic HIV infection, immune activation, inflammatory re-

FIG. 5. (A) Suppression of HIV replication is linked to induction of genes with cytoprotective and regenerative function. Genes encoding
mucins and trefoil factors were substantially up regulated in the primary-stage HIV patient that displayed the lowest viral burden (E116). The
cumulative level of increase was similar to those observed for elite long-term HIV controllers and in contrast to those observed for chronic-stage
patients as well as E134 and E154, suggesting a potential link between primary-stage control of enteropathy and effective suppression of disease
progression. (B) Repressed expression of metabolic factors, growth mediators, and cellular differentiation markers in primary-stage HIV patients.
mRNA levels for a broad range of genes controlling lipid, carbohydrate, and xenobiotic metabolism, organogenesis, and cellular differentiation
were repressed in essentially all primary-stage HIV patients tested, indicating that impairment of tissue growth and regeneration may have
contributed to the early development of enteropathy. Patient E154, with elevated mucosal viral loads, showed the lowest expression of genes
involved in epithelial growth and differentiation (e.g., Wnt pathway genes). (C) RT-PCR-based analysis of immune activation and lipid metabolism-
associated gene expression. TaqMan validation of microarray results demonstrated similar patterns of up regulation of immune activation-
associated genes CCR5, STAT1, IFN9-27, and MIG and a down regulation of lipid metabolism-associated transcription (FABP2). Error bars
indicate standard deviations.
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sponses, and apoptosis dominate the molecular environment in
GALT (17, 25). Collectively, these data suggest that deterio-
ration of the intestinal mucosa may initiate rapidly following
infection and progress at a rate potentially insurmountable by
the body’s normal repair and maintenance mechanisms. Our
current investigation of primary HIV infection supports this
hypothesis and provides the first comprehensive evidence that
HIV-induced enteropathy is well established within the first
few weeks of infection, potentially even prior to seroconver-
sion.

As expected and reported previously, patients with primary
HIV infection in our study showed no appreciable drop in
peripheral CD4� T-cell numbers. However, each patient dis-
played a marked decline in CD4� T-cell percentages in GALT
(Fig. 2) accompanied by a significant increase in CD8� T-cell
prevalence. The severity of CD4� T-cell depletion in GALT
has been attributed in previous reports to massive localized
infection of target cells as well as bystander death resulting
from apoptosis or necrosis (18). We were able to readily detect
HIV RNA in the lamina propria of the intestinal mucosa in all
patients by both immunohistochemistry and quantitative real-
time PCR (Fig. 1), indicating that local viral replication was
ongoing in primary infection. HIV gag p24 was observed in
both CD4� T cells and macrophages, highlighting the role of
GALT as a viral reservoir and suggesting that a large propor-
tion of lymphocyte depletion could result directly from
infection.

CD8� T cells that infiltrate an HIV-infected, CD4� T-cell-
depleted, GALT microenvironment may be in a state of con-
stant activation due the presence of a large antigen stimulus
(10, 28). The loss of T-helper cell function, however, suggests
that a large proportion of host response may not be HIV antigen
directed. Thus, the balance of host response to primary-stage
HIV infection appears to be dominated by a large nonspecific
cytotoxic response and increased production of proinflamma-
tory chemo- and cytokines that also serve to damage the epi-
thelial barrier (22, 24). Our current study indicates that pa-
tients with better viral suppression in GALT in primary
infection display higher up regulation of trefoil factors and
mucins that function to protect and maintain the epithelial
barrier (Fig. 5A). Importantly, this phenotype is also observed
in HIV-infected patients that are elite controllers (LTNP) of
viral replication and disease progression in the absence of
HAART, but it is not observed in patients with chronic pro-
gressive HIV infections (Fig. 5A). Moreover, a similar expres-
sion profile was identified for CD24 (data not shown), which is
known as a multipotent stem cell biomarker that has recently
been identified in epithelial lineages (14, 19). Taken together,
these data suggest that an early and sustained increase in
intestinal epithelial repair and regeneration processes may be
necessary to effectively suppress HIV-associated enteropathy,
and by extension, disease progression.

Other, non-HIV-associated enteropathological conditions
resulting in chronic digestive dysfunction, such as inflamma-
tory bowel disease, have been shown to involve the disruption
of epithelial maturation and turnover (29). Epithelial migra-
tion and differentiation involve complex orchestration between
TGF beta and Wnt signaling pathways and coordinated inter-
action and dissociation of cells with the extracellular matrix
(27, 29). Our investigation uncovered evidence of the dysregu-

lation of Wnt and TGF beta signaling (Fig. 5B), providing an
additional indication that the epithelial barrier is a rapid target
of HIV-associated enteropathogenesis in primary HIV infec-
tion.

Whether extensive down regulation of genes controlling
metabolic functions (lipid, carbohydrate, and xenobiotic) (Fig.
5B) resulted exclusively from a breach of the epithelial barrier
or from multiple mechanisms remains unclear. Recent in vitro
studies may suggest the latter, showing that the exposure of a
Caco-2 cell line to HIV tat resulted in a loss of glucose uptake,
potentially through the disruption of tubulin networks and
missorting, as evidenced by the loss of Na-D-glucose symporter
(SGLT-1) expression and activity (4). These data suggest that
at least some of the disruption in metabolic and digestive
functions could result from interaction with cell-free viral pro-
teins. Our study suggests that the functional disruption may
also be associated with increased epithelial apoptosis (Fig. 4).
In summary, our findings suggest that enteropathic effects of
HIV infection are observed very early in HIV infection and
develop prior to the long-term inflammation and immune ac-
tivation characteristic of HIV infection. Clearly, further in vivo
and in vitro studies of epithelial cell differentiation and repair
and maintenance of the epithelial barrier in the context of HIV
infection will be necessary to fully understand the impact of
enteropathy on disease progression and to develop novel strat-
egies to repair the gut mucosal epithelium and restore immune
integrity and function.
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