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HIV infection and the gastrointestinal immune 
system
JM Brenchley1 and DC Douek1

There has recently been a resurgence of interest in the gastrointestinal pathology observed in patients infected with 
HIV. The gastrointestinal tract is a major site of HIV replication, which results in massive depletion of lamina propria CD4 
T cells during acute infection. Highly active antiretroviral therapy leads to incomplete suppression of viral replication 
and substantially delayed and only partial restoration of gastrointestinal CD4 T cells. The gastrointestinal pathology 
associated with HIV infection comprises significant enteropathy with increased levels of inflammation and decreased 
levels of mucosal repair and regeneration. Assessment of gut mucosal immune system has provided novel directions 
for therapeutic interventions that modify the consequences of acute HIV infection.

The mucosal surface of the gastrointestinal (GI) tract forms a 
unique anatomical and physiological niche, serving as a pre-
dominant structural and immunological barrier against the 
microorganisms of the outside world. In addition, the tightly 
apposed enterocytes that form the single cell layer of the mucosal 
epithelium also absorb water and nutrients during the diges-
tive process, which is critical to host survival. Hence, loss of  
the integrity of the mucosal surface results in multiple deleteri-
ous sequelae.

HIV infection leads to loss of CD4 T cells, which leaves 
affected individuals mortally susceptible to opportunistic 
infections. Many of the opportunistic infections that ultimately 
plague such individuals involve infectious agents that are nor-
mally checked by the mucosal barriers. However, while many 
AIDS-defining illnesses could be attributed to loss of mucosal 
immunity and only become manifest years after acquisition of 
HIV, many pathological changes, both structural and immu-
nological, occur at the mucosal surfaces from the very onset of 
HIV infection. In this review we discuss recent studies that have 
led to a reappraisal of the pathogenesis of HIV disease and how 
they relate to early studies that documented the structural and 
functional abnormalities of the HIV-infected GI tract.

HIV ENTEROPATHY
In 1983, HIV was defined as the infectious agent that causes 
AIDS.1,2 In 1984, Kotler and colleagues, observing that HIV-
infected individuals had histologic abnormalities of the GI 
mucosa, malabsorption, and lymphocyte depletion, concluded: 

“The histologic findings suggest that a specific pathologic proc-
ess occurs in the lamina propria of the small intestine and colon 
in some patients with the syndrome.”3 This finding was almost 
prescient in its anticipation of the discoveries to come. Indeed, 
the term “HIV enteropathy” has been appreciated for as long as 
it has been known that HIV causes AIDS. The enteropathy that 
afflicts HIV-infected individuals can occur from the acute phase 
of the infection through advanced disease. It involves diarrhea, 
increased GI inflammation, increased intestinal permeability 
(up to fivefold higher than in healthy controls) and malabsorp-
tion of bile acid and vitamin B12.4–6 Histologically, the enter-
opathy involves inflammatory infiltrates of lymphocytes and 
damage to the GI epithelial layer, including villous atrophy, 
crypt hyperlasia, and villous blunting.7–9 Importantly, these 
pathologic changes occur in the absence of the detectable bac-
terial, viral, or fungal enteropathogens that are often associated 
with enteropathy.7

Hence there are substantial data demonstrating structural 
abnormalities within the GI tract of HIV-infected individu-
als. Although the mechanisms underlying these abnormali-
ties remain poorly understood, several explanations have been 
put forward. Some have invoked direct “virotoxic” effects of 
HIV itself on enterocytes.10–13 For example, the HIV acces-
sory protein Tat has been shown to have an inhibitory effect on 
the uptake of glucose by enterocytes.13 Moreover, HIV gp120 
can lead to increased concentrations of calcium in entero-
cytes, which are associated with tubulin depolymerization and 
a decrease in the epithelial cells’ ability to maintain ionic bal-
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ances.14 This interaction was later shown to involve the orphan 
G protein–coupled receptor GPR15/Bob.15 Furthermore, HIV 
can be found in proximity to abnormally enlarged enterocytes, 
and it has been postulated that HIV may result in abnormal dif-
ferentiation of enterocytes.10 In addition, HIV has been shown 
to induce increased proliferation of enterocytes in cell culture 
tissue explants.16 Consistent with the notion that HIV is directly 
associated with the observed enteropathy, antiretroviral therapy 
ameliorates GI symptoms.17 However, the mechanisms by which 
the virus directly results in the death or dysfunction of entero-
cytes remain unclear, and only a few of these studies even sug-
gest that enterocytes actually become infected by the virus.18

Another possible culprit contributing to HIV enteropathy is 
local activation of the GI immune system. Infiltration of cyto-
toxic CD8 T cells, for example, has been observed to result in 
villous atrophy in individuals with celiac disease.19,20 Mitogenic 
T-cell stimulation is sufficient to cause enterocyte abnormali-
ties in ex vivo tissue explants.21 Moreover, proinflammatory 
cytokines such as tumor necrosis factor (TNF), interferon 
(IFN)-γ, interleukin (IL)-12, and IL-8 have been implicated in 
the pathology of inflammatory bowel disease.22 In particular, 
high levels of TNF are thought to cause apoptosis of enterocytes, 
and treatment with anti-TNF antibodies is of great clinical ben-
efit to individuals with Crohn’s disease.23 With respect to HIV 
enteropathy, local immune activation likely plays a formative 
role; indeed, high levels of proinflammatory mediators such as 
the beta chemokines24 IL-6, IL-10, and IFN-γ25 are found in the 
lamina propria of the colon of HIV-infected individuals. Moreo-
ver, the degree of inflammation within the GI tract correlates 
with viral replication.25–27 Although systemic immune activa-
tion is a hallmark of HIV-infection, its etiology has remained 
elusive. However, it has been reasonably postulated that local 
bacterial invasion across the damaged tight epithelial barrier 
may allow microbial products to stimulate the immune system 
locally, presumably through receptors such as Toll-like recep-
tors.28 Because HIV prefers to infect activated CD4 T cells, 
a crucial consequence of induction of local inflammation by 
any means that also involves CD4 T-cell activation may serve 
to provide additional targets for the virus, thus augmenting  
its replication.

GASTROINTESTINAL CD4 T-CELL DEPLETION
After the original observations of enteropathy and histologi-
cal abnormalities in the HIV-infected GI tract, immunologists 
rapidly turned their attention to the mucosal immune system, 
which contains the majority of the body’s T cells.29 Early stud-
ies using immunohistochemistry showed a proinflammatory 
infiltration of lymphocytes yet also a striking absence of CD4 
T cells,26,30 leading to the suggestion that the intestinal mucosa 
could be a site of significant HIV replication and CD4 T-cell 
destruction.26 Later studies, also using immunohistochemis-
try, confirmed that that the GI tract was indeed significantly 
depleted of CD4 T cells.27,31,32 Moreover, these observations 
were made in both the large and small intestine, indicating 
that the depletion of GI CD4 T cells involves the entire bowel. 
However, these studies were somewhat restricted in that the 

majority of the HIV-infected individuals studied were chroni-
cally infected with HIV or in the late stage of AIDS. In efforts 
to better understand the tempo of HIV disease pathogenesis, 
SIV infection of rhesus macaques has long provided an invalu-
able tool. Indeed, within days of infection, a similarly dramatic 
depletion of GI CD4 T cells was observed in these animals.33 
Furthermore, SIV-infected macaques also manifest enteropa-
thy,34 which is associated with decreased expression of genes 
such as trefoils that are involved in mucosal repair.35 Hence, in 
pathogenic SIV infection of rhesus macaques, the majority of the 
body’s CD4 T cells are depleted within the short acute phase of 
the infection—a finding not reflected by analysis of peripheral 
blood or lymph nodes.

In later studies, the use of flow cytometric analysis allowed for 
a more rigorous and quantitative examination and phenotypic 
assessment of GI CD4 T cells in HIV/SIV-infected individu-
als.36-43 Several of these studies examined CD4/CD8 ratios in 
the duodenum and peripheral blood in order to compare CD4 
T-cell depletion between these two anatomical sites; the results 
also suggested that the GI tract was preferentially depleted of 
CD4 T cells. However, in another study, CD4/CD8 ratios in 
rectal biopsies of HIV-infected individuals were shown to 
be similar to those in peripheral blood.40 Moreover, even in 
HIV-uninfected individuals, CD4/CD8 ratios are lower in the 
terminal ileum than in peripheral blood,42 indicating that the 
CD4/CD8 ratio may not be an accurate indicator of CD4 T-cell 
depletion in tissues. Subsequent studies have concentrated on 
examining depletion of the specific target of HIV: CD4 T cells 
that express the HIV coreceptor CCR5.44 Phenotypic analysis 
of CD4 T cells in the GI mucosa of healthy individuals has dem-
onstrated that the majority of T cells in mucosal tissues express 
CCR5 and are very permissive to in vitro infections.45,46 Indeed, 
such analyses have clearly demonstrated almost complete deple-
tion of CCR5+ CD4 T cells from mucosal sites of HIV-infected 
humans and SIV-infected rhesus macques.40–43 That CCR5+ 
CD4 T cells are preferentially targeted is consistent with reports 
showing more extensive depletion from the lamina propria as 
compared with inductive sites such as Peyer’s patches.41,47 It 
is important to note that this occurs rapidly during the acute 
phase of infection.

The preferential loss of CCR5+ CD4 T cells from the GI tract 
clearly suggests a “virus-centric” mechanism. Indeed, by in situ 
hybridization, HIV and SIV RNA are readily detectable in biop-
sies of the GI tract from HIV/SIV-infected subjects.17,41,47–49 
While the detection of viral RNA by in situ hybridization is a 
reliable marker of ongoing viral replication, such analysis under-
represents the total number of actual infectious events, since the 
majority of infected cells do not contain replication-competent 
provirus.50 Hence, flow cytometric sorting of precisely defined 
T-cell subsets followed by quantitative polymerase chain reac-
tion for viral DNA results in the quantification of the number 
of viral genomes within cell populations of interest.51,52 This 
approach has shown that CD4 T cells in the GI tract are 10-
fold more frequently infected by the virus than are those in the 
peripheral blood.53,54 Importantly, the finding that 60% of GI 
CD4 T cells are infected by the virus in vivo suggests that the size 
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of the viral reservoir is orders of magnitude greater than previ-
ous studies have suggested.50 Moreover, the CD4 T-cell deple-
tion that occurs during the acute phase of infection can likely be 
attributed solely to the effects of direct viral infection. Preven-
tion of the GI CD4 T cell destruction that occurs is, therefore, 
dependent upon cessation of GI viral replication. Consistent 
with this idea is the finding that in individuals in whom viral 
replication in peripheral blood is controlled for long periods of 
time without antiretroviral therapy, called long-term nonpro-
gressors, viral replication in the GI tract appears to be limited 
while GI-tract CD4 T cells are maintained.55

Although enterocyte dysfunction and CD4 T-cell depletion 
have all been demonstrated within the GI tract of HIV-infected 
individuals, it is important to note that many other factors con-
tribute to mucosal integrity (Figure 1). The GI tract contains 
goblet cells that provide a protective mucous layer. Moreover, 
M cells transport antigens from the lumen of the intestine to 
Peyer’s patches, thus allowing the adaptive arm  of the immune 
system to “sample” enteric antigens. Specialized intestinal mac-
rophages have also recently been characterized and have been 
demonstrated to preferentially phagocytose bacteria without 
themselves becoming activated.56 Intraepithelial lymphocytes 
largely comprise γδT cells that recognize antigens presented 
by nonclassic MHC molecules.57 Finally, specialized GI Paneth 
cells are functionally similar to blood granulocytes and pro-
duce antimicrobial peptides such beta defensins.58 Moreover, 
these antimicrobial peptides have been shown to be inhibitory 
to HIV replication in vitro.59 Hence the mucosal surface is a 
complex microenvironment of quite distinct but cooperative 
cells; if or how these cells are affected during HIV infection 
is still poorly understood, but it presents an important focus 
of investigation. Although there is much to learn regarding 
the pathogenic effects of HIV on the GI tract, it is clear that 
the success of any prophylactic HIV vaccine would necessarily 
depend on its ability to elicit effective HIV-specific immunity 
at mucosal sites.

GASTROINTESTINAL HIV-SPECIFIC IMMUNE RESPONSES
The vast majority of HIV-infected individuals do not control 
viral replication without therapeutic antiretroviral intervention. 
However, several studies have suggested a role for HIV-specific 
CD8 T cells in controlling viral replication to a set point that per-
sists in chronic infection.60–62 The lack of such immunity during 
the first few days of the infection leaves the virus free to infect GI 
CD4 T cells, propagate, and spread systemically. Although data 
on mucosal HIV-specific immunity during the acute phase of 
infection are scant, recent studies have investigated HIV-specific 
T-cell immunity in rectal biopsies of chronically HIV-infected 
individuals.63,64 Initially, these studies were restricted to the 
physical examination of HIV-specific CD8 T cells using peptide–
major histocompatibility complex tetramer technology.63 These 
studies demonstrated that HIV-specific CD8 T cells were detect-
able in the GI tract and that the frequency of HIV-specific CD8 
T cells in the GI tract was similar to that observed in peripheral 
blood, approximately 1% of CD8 T cells.40 However, this is an 
overestimate, since these studies did not express the frequency of 

memory CD8 T cells, which are HIV-specific; moreover, almost 
all the GI-tract CD8 T cells belong to the memory compartment, 
yet naive CD8 T cells circulate in peripheral blood.42 Studies 
in humans examined only the frequency of HIV-specific CD8 
T cells in rectal tissue, but studies of SIV-specific CD8 T cells 
with peptide–major histocompatibility complex tetramers have 
demonstrated that SIV-specific CD8 T cells can be detected in 
the upper and lower small intestine.65

However, these studies did not examine the functional capac-
ity of HIV/SIV-specific CD8 T cells in the GI tract. Indeed, in 

b

a

Commensal bacterium

NeutrophilEpithelial cell

M cell

Gut lumen

Secretory IgA

HEV

(1)

(2)

(3)

(4) (5)

(6)

(7)

(8)

CD4 T cell

CD8 T cell

B cell

Macrophage

Defensin

Bacteria

Infected CD4 T cell

Dendritic Cell

Figure 1 HIV-associated damage to the GI tract. (a) A healthy GI 
tract with villi, crypts, macrophages, dendritic cells, maintenance of 
the epithelial barrier, T cells, B cells, and luminal defensin peptides. 
(b) A chronically HIV-infected GI tract with (1) blunted villi, (2) crypt 
hyperplasia, (3) damage to the epithelial barrier with enterocyte 
apoptosis, (4) decreased luminal defensin, (5) massive CD4 T-cell 
depletion, (6) high frequencies of infected CD4 T cells with release 
of virions, (7) microbial translocation, and (8) increased permeability. 
(Reprinted from ref 103.)
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the peripheral blood of HIV-infected individuals, some HIV-
specific CD8 T cells that control viral replication and maintain 
peripheral blood CD4 T cells are found to produce multiple 
effector cytokines, including IFN-γ, macrophage-inflamma-
tory protein–1β, TNF-α, and IL-2; they maintain the ability to 
degranulate (measured by surface mobilization of CD107a).66 
These “polyfunctional” HIV-specific CD8 T cells are rarely 
found in the peripheral blood of individuals with progressive 
HIV infection.66 This finding—combined with the findings of 
rampant viral replication and CD4 T-cell depletion in the GI 
tract—led to comparative studies of functional capacity and 
the magnitude of SIV/HIV-specific T cells in mucosal sites and 
peripheral blood. Early studies in SIV-infected rhesus macaques 
demonstrated inability of SIV-specific CD8 T cells from the GI 
tract to produce IFN-γ and TNF-α.67 In addition, in a cohort 
of chronically HIV-infected individuals, the functional capac-
ity of HIV-specific CD8 T cells in rectal biopsies was studied; 
these cells were observed to be similarly skewed toward a pre-
dominant “monofunctional” profile (mobilization of CD107a 
without effector cytokine production), similar to the functional 
capacity observed in the peripheral blood of chronically infected 
individuals.64 In contrast, individuals who are able to control 
viral replication maintain a polyfunctional T-cell response in 
peripheral blood.66

Taken together, these findings strongly suggest that a suc-
cessful HIV vaccine should induce polyfunctional HIV-specific 
CD8 T cells within the GI tract. Indeed, several studies of rhesus 
macaques have demonstrated vaccine-induced functional SIV-
specific CD8 T cells within the GI tract.65,68,69 Moreover, the 
frequency of vaccine-induced SIV-specific CD8 T cells in the GI 
tract was negatively correlated with the peak viral load in plasma 
after challenge with the pathogenic SHIV-ku2, while there was 
no such correlation with the frequency of SIV-specific CD8 T 
cells in peripheral blood.69

Although HIV-specific T-cell responses may reduce viral 
replication in vivo, the prevention of initial infection would 
likely require a mucosal humoral immune response. Indeed, 
investigators using using a pathogenic SIV strain found that 
the application of SIV-specific neutralizing antibodies to the 
vaginal surface can prevent the vaginal infection of rhesus 
macaques.70 Evidence of such protective humoral immu-
nity in HIV comes from observations that individuals who 
are repetitively exposed to the virus yet remain uninfected 
produce HIV-specific IgA antibodies at mucosal sites.71,72 
However, such antibody responses have not been observed in 
all cohorts of exposed uninfected individuals.73 In addition, 
antibodies directed against host CCR5 have been observed in 
highly exposed uninfected individuals and in infected individ-
uals classified as long-term nonprogressors; these antibodies 
have inhibited HIV transport across human epithelial cells in 
vitro.74,75 It remains clear, however, that the majority of chroni-
cally HIV-infected individuals do not mount vigorous HIV-
specific IgA antibody responses either locally in mucosal sites 
or systemically.76 Thus, these findings suggest that induction 
of a functional HIV-specific immune response would help to 
control viral replication and might even inhibit it.

HAART AND THE GASTROINTESTINAL TRACT
Currently available prophylactic antiretroviral regimens gener-
ally reduce plasma viral loads to undetectable levels, resulting in 
subsequent increases in peripheral blood CD4 T cells.77 It might 
be expected that viral replication would be diminished through-
out the body and that the CD4 T-cell reconstitution observed 
in blood would be mirrored at all anatomic sites. Early studies 
of HIV-associated enteropathy after the initiation of combina-
tion antiretroviral therapy suggested that GI symptoms—such 
as abdominal cramping, bloating, and loose stools—were signifi-
cantly improved as soon as a week after initiation of treatment.17 
Moreover, a 1- week period of highly active antiretroviral therapy 
(HAART) resulted in an approximately 10-fold decrease in viral 
load (based on in situ viral RNA and p24 detection) in rectal 
tissue, with a modest increase of 1 CD4 T cell per microscopic 
high power field, concomitant with an equally modest decrease 
in the number of apoptoic cells in rectal tissue.17

These findings suggest that the virus itself has a central role in 
the GI tract pathology observed and that HAART can amelio-
rate enteropathy. Subsequently a number of groups studied the 
effects of long-term HAART on GI CD4 T-cell reconstitution 
in the small bowel (generally the duodenum) using immuno-
histochemistry and/or flow cytometric analysis; all concurred 
that CD4 T-cell reconstitution was poor and occurred at a 
much slower rate than the reconstitution observed in periph-
eral blood.41,78–80 These studies demonstrated that individuals 
treated with HAART during the early stages of HIV infection 
reconstituted CD4 T cells in the GI tract better (often a twofold 
increase in the frequency of CD4 T cells within the GI tract) 
than individuals treated with HAART during chronic HIV infec-
tion (these individuals rarely reconstituted any GI tract CD4 T 
cells).79,80 Moreover, poor CD4 T-cell reconstitution after long-
term HAART was associated with the continued upregulation 
of genes involved in immune activation and with low levels of 
mRNA coding for genes involved in mucosal repair.80 Impor-
tantly, although many of the treated individuals reconstituted 
peripheral blood CD4 T cells, no HIV-infected individual recon-
stituted GI tract CD4 T cells to levels observed in persons unin-
fected with HIV. The mechanisms underlying meager CD4 T cell 
reconstitution in the GI tract are poorly understood. However, 
one possible explanation may be that viral replication contin-
ues at low levels. Few analyses of viral replication within the 
GI tracts of individuals on HAART have been performed.79–81 
Although decreases in multiply spliced viral RNAs (indicating 
actively replicating virus) were observed in rectal biopsies,81 GI 
CD4 T cells producing virus can still be observed even years 
after the initiation of HAART.79,80

These findings may be anecdotal and certainly suggest that 
a more quantitative and longitudinal examination of infection 
frequencies within GI CD4 T cell, both before and after the ini-
tiation of HAART, is merited. Continued infection of GI CD4 
T cells in HIV-infected individuals receiving HAART could be 
explained by low local concentrations of antiretroviral drugs. 
Whereas the GI tract is well vascularized and the drugs should 
be bioavalable, high levels of so-called multidrug-resistant pro-
teins, or “toxin pumps,” such as P-glycoprotein, are expressed 
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on the apical surface of columnar epithelial cells of both the 
small and large intestine.82,83 It is tempting to speculate that 
these multidrug-resistant proteins, which have specificity for 
protease inhibitors and nucleoside analogs, may reduce the local 
concentration of antiretroviral drugs to infected cells within the 
GI tract and thus allow the virus to slowly replicate and limit 
reconstitution of CD4 T cells.

A second mechanism that may also reduce an individual’s abil-
ity to reconstitute GI tract CD4 T cells after HAART is ongoing 
local inflammation.80 Indeed, local immune activation has been 
shown to be associated with fibrosis of the lymphoid architecture 
in peripheral lymph nodes,42,84,85 which in turn predicts the 
degree of peripheral blood CD4 T-cell reconstitution after the 
initiation of HAART.86 Importantly, recent findings suggest that 
fibrotic deposition of collagen also occurs in GI Peyer’s patches 
even during the acute phase of the infection; the degree of archi-
tectural damage within Peyer’s patches similarly predicts GI CD4 
T-cell depletion after HAART.87 Although HAART reduces GI 
immune activation,80 the ability of the remaining but damaged 
lymphoid niche to support significant CD4 T-cell reconstitution 
may be permanently damaged.

ENTEROPATHY REVISITED
One of the hallmarks of HIV infection that sets this chronic viral 
infection apart from others is chronic activation of the immune 
system.88–90 This is significant because immune activation pro-
vides the virus with activated CD4 T-cell targets, and it predicts 
disease progression better than either the peripheral blood CD4 
T-cell count or the viral load in plasma.91 However, the underly-
ing causes of systemic immune activation in HIV infection are 
not well understood. In 1999, Kotler suggested that the con-
sequences of damage to the GI tract may translate to immune 
activation within the gut:

“The proximity to foreign antigens is the most characteristic 
distinguishing feature of mucous membranes. Since bacterial lipo-
polysaccharides stimulate the release of cytokines, such as TNF, 
which promotes HIV replication and inflammation [ref. 92 in this 
article], penetration of foreign antigens could affect the microenvi-
ronment within lamina propria. The process may become chronic 
and promote persistent recruitment of CD4+ lymphocytes from the 
systemic circulation and promote their activation and death.”28

Moreover, increased urinary levels of butyrate, a unique 
product of colonic microbial metabolism, were observed in 
individuals with AIDS, leading to the suggestion that “a low, 
but chronic rate of bacteria and/or bacterial products seeping 
across a compromised colonic wall causes a chronic low stress 
response in AIDS patients.”93 Indeed, damage to the GI tract has 
been observed to result in the luminal translocation of microbial 
products such as lipopolysaccharide (LPS), peptidoglycan, bac-
terial CpG DNA, flagellae, and viral genomes: molecules that can 
directly stimulate the innate immune system through Toll-like 
receptors. This process, termed microbial translocation, has been 
observed in numerous diseases, including ulcerative colitis and 
Crohn’s disease,94 graft-versus-host disease,95 and hepatitis96 as 
well as after abdominal surgeries97 and in pancreatitis.98 Impor-

tantly, in many of these situations the microbial translocation is 
associated not only with local inflammation of the gut microen-
vironment but also with systemic immune activation.99

In light of these findings, we recently investigated whether 
microbial translocation occurs in HIV infection and, if so, 
whether it is associated with chronic systemic immune acti-
vation.100 The degree of microbial translocation has typically 
been assessed by quantitative measurement of LPS in plasma. 
Indeed, we found significantly increased levels of plasma LPS in 
chronically HIV-infected individuals compared with uninfected 
individuals, which provides evidence for microbial transloca-
tion. The increased levels of LPS were associated with increased 
levels of soluble CD14 and LPS-binding protein and decreased 
levels of antibodies directed against LPS core antigen, pointing 
to the bioactivity of LPS in vivo. Moreover, we found an asso-
ciation between LPS levels and both the frequency of memory 
CD8 T cells with an activated phenotype and the levels of the 
proinflammatory cytokine IFN-α. Importantly, neither of these 
measures of activation can be directly attributed to LPS. These 
findings suggest that plasma LPS, in addition to their potent 
immunostimulatory activity through Toll-like receptor–4, are 
also indicators of the translocation of additional microbial prod-
ucts that stimulate the immune system through other recep-
tors. Indeed, we have also found increased levels of bacterial 
peptidoglycan in the plasma of HIV-infected individuals.101 
LPS levels decreased after the initiation of HAART, but they 
remained elevated twofold compared with those found in unin-
fected individuals; moreover, high plasma LPS levels detected in 
HAART-treated individuals were associated with poor CD4 T-
cell reconstitution in peripheral blood, consistent with the find-
ing that current HAART regimens allow for only partial repair 
of the GI damage that results from HIV-infection. Finally, while 
pathogenic SIV infection of rhesus macaques is also associated 
with microbial translocation and immune activation, nonpatho-
genic SIV infection of sooty mangabeys—which typically lack 
high levels of immune activation even in the presence of high 
viral loads and do not progress to AIDS—is not associated with 
raised plasma LPS levels. This suggests that even though these 
animals are infected with SIV, they somehow maintain mucosal 
integrity and avert the deleterious consequences of microbial 
translocation and systemic immune activation.

CONCLUDING REMARKS
Pathological changes to the GI tract have long been known to 
be a characteristic feature of HIV infection. Recent studies have 
provided mechanistic insights into the underlying causes of HIV 
enteropathy and CD4 T-cell depletion, but additional studies are 
certainly warranted to further our understanding of the long-
term consequences of the assault on the GI tract and the effects 
of HAART. Although the structural and immunological damage 
to the mucosae occurs very rapidly during the acute phase of 
infection, HIV-infected individuals do not succumb to oppor-
tunistic infections for years—not until peripheral blood CD4 T 
cells become depleted below 200 CD4 T cells per microliter of 
blood and mucosal CD4 T cells drop below an as a yet undefined 
threshold.43 Recent data have shown that the devastation to the 
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GI tract leads to microbial translocation, which is associated 
with immune activation100 and, by inference, disease progres-
sion91; however, the relative contribution of microbial transloca-
tion and other factors to immune activation is not completely 
understood. Moreover the effectiveness of modulating Toll-
like receptor–mediated immune activation therapeutically is a 
tempting although as yet unknown avenue to pursue.

In summary, the GI tract is a site of massive CD4 T-cell deple-
tion and viral infection, enterocyte apoptosis, disruption of 
tight epithelial junctions, and lymphoid tissue fibrosis. Hence 
HIV infection could quite reasonably be considered a disease 
of the GI tract. Our new understandings in this regard have 
pointed to new therapeutic directions: the aim would be to pre-
vent or reduce the propagation of HIV at mucosal surfaces35,102 
and to restore the immunological and epithelial integrity of the 
mucosal barrier.35
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