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Abstract

Purpose of review—Significant gastrointestinal pathology occurs in progressive HIV and simian
immunodeficiency virus (SIV) infections. This review will examine the relationship between the
detrimental events to the gastrointestinal tract during the acute phase of infection and disease
progression through the chronic phase and, ultimately, AIDS.

Recent findings—Gastrointestinal tract CD4 T cells are dramatically depleted in acutely HIV-
infected humans and SIV-infected rhesus macaques, sooty mangabeys, and African green monkeys.
In addition, HIV infection of humans and SIV-infection of rhesus macaques are characterized by
enteropathy and increased intestinal permeability. While SIV-infected rhesus macaques and HIV-
infected humans manifest chronic and systemic immune activation and microbial translocation, and
progress to chronic infection and AIDS, however, SIV-infected sooty mangabeys and African green
monkeys do not.

Summary—Recent studies have increased our understanding of the mechanisms that relate
structural and immunological damage to the gastrointestinal tract during the acute phase of HIV/SIV
infection to immune activation and disease progression in the chronic phase.
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Introduction

The mucosal surface of the gastrointestinal tract forms a unique anatomical and physiological
niche, serving as a predominant structural and immunological barrier against the
microorganisms of the outside world. In addition, the mucosal epithelium also absorbs water
and nutrients during the digestive process critical to host survival. Hence, loss of the integrity
of the mucosal surface results in multiple deleterious sequelae.

The hallmarks of HIV infection include chronic activation of the immune system and loss of
CDAT cells, which ultimately leaves affected individuals mortally susceptible to opportunistic
infections. Immune activation is multifaceted, including polyclonal B-cell activation [1],
increased T-cell turnover [2], increased frequencies of T-cells with an activated phenotype
[3], and increased serum levels of proinflammatory cytokines and chemokines [4]. Importantly,
the degree of immune activation is a better predictor of disease progression than plasma viral
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load [5]. HIV disease progression results in the progressive loss of CD4 T cells and ultimately
renders infected individuals susceptible to a variety of opportunistic infections. Many of the
opportunistic infections that ultimately plague such individuals involve infectious agents that
are normally checked by the mucosal barriers. While many AIDS-defining illnesses could be
attributed to loss of mucosal immunity and are only manifest years after acquisition of HIV,
however, many pathological changes, both structural and immunological, occur at the mucosal
surfaces from the very onset of HIV infection. Recent studies have provided a direct link
between the devastation that occurs to the mucosal surfaces during acute infection, the immune
activation that defines the chronic phase of infection and progression to AIDS.

The consequences of immune activation

The multifaceted systemic immune activation that is a hallmark of chronic HIV infection has
several consequences. Many of the consequences of immune activation are deleterious to the
immune systems of HIV-infected individuals. Firstly, high turnover of both CD4 and CD8 T
cells imposes a strain on T cell homeostatic mechanisms [6] with a decrease in the overall half-
life of T cells [7,8]. Additionally, clonal exhaustion of T cells may ultimately result drainage
of memory T cell pools [9-11]. Secondly, damage to lymphoid tissue results in thymic
dysfunction (possibly attributed to IFNa) [12-14] and TGFp-mediated fibrosis [15,16].
Fibrosis of lymph nodes is, in turn, associated with abnormal retention of effector type T cells
[17]. Indeed, multiple studies have shown that immune activation results in abnormal T cell
trafficking [18-21]. Finally, immune activation results in generation of targets for the virus
itself, which helps drive viral replication [22]. It should be noted, however, that not all
consequences of immune activation are deleterious to the host. Indeed, immune activation
results in T cell proliferation and, by inference, restoration of tissue memory CD4 T cells
[23°7]. Hence immune activation may help maintain a certain degree of immunocompetence.
Over time, however, damage by the virus to the sources of CD4 T cell compartments and
anatomical niches that maintain the CD4 T cell compartments act together with the homeostatic
strains imposed by chronic immune activation to exacerbate further the progressive net loss in
CD4 T cell numbers. Understanding the causes of immune activation in HIV infection could,
therefore, lead to novel therapeutic interventions that might improve the prognosis of HIV-
infected individuals.

Gastrointestinal damage

During the acute phase of HIV infection in humans or SIV infection in rhesus macaques the
gastrointestinal tract is particularly adversely affected. Over the short period of the acute phase
of infection the majority of gastrointestinal tract CD4 T cells are depleted as a result of direct
viral infection [24]. Moreover, this depletion, attributed to viral infection, continues throughout
the entire disease course [17,25-28]. As the majority of CD4 T cells in the body reside within
the gastrointestinal tract, this represents a considerable assault to the immune system. How this
assault directly affects the ability of the host to respond to subsequent immunological
challenges is discussed below. In addition to the loss of CD4 T cells, other abnormalities are
observed within the gastrointestinal tracts of HIV-SIV-infected individuals. Gene expression
profiles of gastrointestinal tract biopsies from HIV-infected individuals reveal that genes
associated with cell cycle regulation, lipid metabolism, and epithelial cell barrier and digestive
functions are downregulated in HIV-infected individuals [29]. This fact may adversely
influence nutrient adsorption and digestive functions, with the potential to impact on the
efficacy of antiretroviral therapy. In addition, these findings are probably directly related to
historical observations that HIVV-infected individuals have histological abnormalities of the
gastrointestinal mucosa, malabsorption and lymphocyte depletion [30]. The enteropathy that
afflicts HIV-infected individuals can occur from the acute phase of the infection through to
advanced disease. This disease involves diarrhea, increased gastrointestinal inflammation,
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increased intestinal permeability (up to five-fold higher than healthy controls) and
malabsorption of bile acids and vitamin B12 [31-33]. Histologically, the enteropathy involves
inflammatory infiltrates of lymphocytes and damage to the gastrointestinal epithelial layer
including villous atrophy, crypt hyperplasia, and villous blunting [34-36]. Importantly these
pathological changes occur in the absence of detectable bacterial, viral or fungal
enteropathogens often associated with enteropathy [34].

Mechanisms of HIV enteropathy

While it is clear that both the immunological and structural barriers are compromised in HIV
infection, the specific mechanisms that account for this state remain elusive. Recent studies
[37] have shown increased enterocyte apoptosis in SIV-infected rhesus macaques. Increased
enterocyte apoptosis could explain increased intestinal permeability, but the actual mechanisms
that are directly responsible for enterocyte apoptosis are unclear. One possibility involves a
virotoxic effect. Indeed, HIV gp120 can lead to increased enterocyte calcium concentrations,
which are associated with tubulin depolymerization and a decreased ability of the epithelial
cells to maintain ionic balances [38]. This finding was later shown to involve the surface orphan
G-coupled receptor GPR15/Bob [39]. A second possibility might involve increased local
concentrations of proinflammatory cytokines such as tumor necrosis factor (TNF).
Proinflammatory cytokines such as TNF, IFNy, IL-12, and IL-8 have been implicated in the
pathology of inflammatory bowel disease [40] and high levels of proinflammatory mediators
such as the p chemokines [41] IL-6, IL-10, and IFNy [42] are found in the lamina propria of
the colon of HIV-infected individuals. Moreover, the degree of inflammation within the
gastrointestinal tract correlates with viral replication [42-44].

Progression to AIDS

With considerable damage to both the immunological and structural barriers of the
gastrointestinal tract occurring during the short period of the acute phase of infection, it may
seem counterintuitive that HIV/SIV disease progression is, generally, quite slow. This situation
means that infected individuals do not succumb to opportunistic infections until years after the
acute phase of infection. Recent studies, however, have provided direct links between the
damage to the gastrointestinal tract in the acute phase of infection and disease progression.
First, recent studies showed that increased levels of plasma lipopolysaccharide (LPS) occur in
chronically HIV-infected individuals compared with uninfected individuals. These raised LPS
levels result from microbial translocation as a consequence of damage to the gastrointestinal
tract during acute HIV infection. The increased levels of LPS are associated with increased
levels of soluble CD14 and lipopolysaccharide binding protein, and decreased levels of
antibodies directed against LPS core antigen indicating bioactivity of LPS in vivo. Moreover,
LPS levels were associated with both the frequency of activated memory CDS8T cells and
plasma levels of the proinflammatory cytokine IFNa. Importantly, neither of these measures
of activation could be directly attributed to LPS. These findings suggest that plasma LPS, in
addition to its potent immunostimulatory activity through TLR-4 is also an indicator of the
translocation of additional microbial products that stimulate the immune system through other
receptors.

These findings implicate microbial translocation as a cause of immune activation in chronically
HIV-infected individuals thus providing a direct link between the damage to the gastrointestinal
tract during the acute phase of infection and progression to immunodeficiency. Translocated
microbial products, however, are not necessarily the only cause of immune activation in HIV-
infected individuals. Indeed, recent studies suggest that HIV RNA directly stimulates
plasmacytoid dendritic cells to produce IFNa through TLR-7 [45]. IFNa that is produced in
response to HIV RNA can, in turn, activate natural killer cells in vitro [46].
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To investigate more carefully the contribution of translocated microbial products to immune
activation in HIV-infected individuals, recent studies have examined HIV-infected individuals
that control viral replication in the absence of antiviral therapy (elite controllers). Gene chip
analysis of gastrointestinal tract biopsies from such HIV-infected individuals revealed that
genes associated with cell cycle regulation, lipid metabolism, and epithelial cell barrier and
digestive functions were actually down-regulated [29]. Subsequently, Hunt and colleagues
[47] studied microbial translocation, immune activation and peripheral blood CD4 T cell
depletion in a separate cohort of HIV-infected elite controllers and found that while individuals
that control viral replication for years in the absence of antiretrovirals have significantly lower
frequencies of activated T cells than HIV-infected individuals that progress to the chronic phase
of infection, such elite controllers have significantly higher frequencies of activated T cells
than uninfected individuals. In addition to increased frequencies of activated T cells, several
of these elite controllers ultimately became depleted of CD4 T cells and had an AIDS-defining
illness. Importantly, the degree of CD4 T cell depletion was closely associated with the level
of T cell activation. The frequencies of activated T cells were, in turn, associated with levels
of significantly raised levels of plasma LPS. As elite controllers have very low viral loads in
the absence of antiviral therapy, the immune activation in these individuals cannot be attributed
to the virus itself.

Another group of HIV-infected individuals with undetected viral replication where immune
activation might be detrimental is individuals treated with highly active antiretroviral therapy
(HAART). After initiation of HAART most HIV-infected individuals have viral loads below
detection limits and reconstitute peripheral blood CD4 T cells. Many individuals, however,
reconstitute peripheral blood CD4 T cells very poorly and some individuals maintain detectable
viral replication. Anselmi and colleagues [48] recently investigated microbial translocation,
immune activation and T cell reconstitution in HIVV-infected children receiving HAART. They
found that children who did not respond to HAART with significant decreases in viral loads
and CD4 T cell reconstitution maintained high frequencies of activated T cells and levels of
plasma LPS increased [48].

The damage that occurs to the gastrointestinal tract during the acute phase of HIV/SIV infection
continues into the chronic phase of infection. Indeed, Okoye and colleagues [23"] recently
demonstrated that, in the chronic phase of progressive SIV infection in rhesus macaques, there
is a slow, but continuous, decline in gastrointestinal tract CD4 T cells and the degree of this
continuous depletion remains a highly significant correlate of late-onset AIDS. This continuous
depletion was especially evident within the short-lived effector memory CD4 T cell subset and
the homeostasis of this T cell subset was critically dependent on the production of new CD4
T effector memory cells from central-memory CD4 T cell precursors. The instability of tissue
CDA T effector memory cell populations over time was not explained by increasing destruction
of these cells, but rather was attributable to progressive reduction in their production from the
central memory pool. The tempo of this depletion and the timing of disease onset are largely
determined by destruction by the virus itself, failing production, and gradual decline of central
memory CD4 T cells [23™].

Gastrointestinal damage in nonprogressive infection

While pathogenic SIV infection of rhesus macaques is also associated with microbial
translocation and immune activation, nonpathogenic SIV infections of sooty mangabeys and
African green monkeys, which typically lack high levels of immune activation even in the
presence of high viral loads and do not progress to AIDS [49], do not show raised plasma LPS
levels [50°°-52"°]. These data suggest that even though they are infected with SIV, these animals
somehow maintain mucosal integrity and avert the deleterious consequences of microbial
translocation and systemic immune activation. Recent studies, however, have shown that, even
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though these animals do not progress, both African green monkeys [51°°] and sooty mangabeys
[52°] lose a significant fraction of their gastrointestinal tract CD4 T cells following acute SIV
infection. Moreover, while SIV-infected sooty mangabeys generally maintain healthy levels
of peripheral blood CD4 T cells despite having viral replication comparable to HIV-infected
patients, a recent study [53"] identified the emergence of a multitropic (R5/X4/R8-using) SIV
43 or 71 weeks after infection in two sooty mangabeys. These infections were associated with
apersistent, and generalized loss of systemic CD4 T cells (5-80 cells/ul of blood) in the absence
of clinical signs of any opportunistic infections.

These data suggest that the generalized CD4 T cell depletion from the blood and mucosal
tissues is not sufficient to induce AIDS in natural host species, which may have evolved
immunological mechanisms for control of pathogens that are less dependent upon CD4 T cells.
Indeed, African green monkeys have significantly fewer CD4 T cells in all anatomical locations
than either humans or rhesus macaques [54°*]. Surprisingly, of peripheral blood T cells in
African green monkeys approximately 10% are of the CD4 lineage and a high frequency of T
cells belong to the CD4-CD8~ phenotype. Following acute SIV-infection, African green
monkeys lose approximately 80% of their gastrointestinal tract CD4 T cells. This depletion,
however, is not great in absolute terms as these animals’ gastrointestinal tract CD4 T cells
constitute only 5% of total gastrointestinal T cells before infection and then become depleted
to 1% following SIV infection (Fig. 1). Moreover, following the acute phase of infection
African green monkeys are able to reconstitute gastrointestinal tract CD4 T cells while HIV-
infected individuals only poorly reconstitute gastrointestinal tract CD4 T cells even when
treated with long-term HAART [55,56°°]. Moreover, SIV-uninfected sooty mangabeys also
have significantly lower frequencies of CD4 T cells and high frequencies of CD4-CD8™ T cells
compared to either humans or rhesus macaques [52°°]. Hence, neither African green monkeys
nor sooty mangabeys become equally depleted of their preinfection levels of gastrointestinal
tract CD4 T cells compared to either SIV-infected rhesus macaques or HIV-infected humans.
An understanding of the provenance and function of the CD4-CD8~ T cells in these animals
may elucidate how these natural hosts for SIV are able to avoid microbial translocation,
generalized immune activation and opportunistic infections after infection.

Conclusion

Pathological changes to the gastrointestinal 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. While the structural and immunological
damage to the mucosae occurs very rapidly during the acute phase of infection, HIV-infected
individuals do not succumb to opportunistic infections for years, until peripheral blood CD4
T cells become depleted below 200 CD4 T cells/ul of blood and mucosal CD4 T cells below
as a yet undefined threshold [57]. While recent data have shown that the devastation to the
gastrointestinal tract leads to microbial translocation, which is associated with immune
activation [50°"] and by inference disease progression [5], the relative contribution of microbial
translocation and other factors to immune activation is not completely understood. Moreover
the possibility of modulating TLR-mediated immune activation therapeutically is a possible
avenue to pursue. Finally, the gastrointestinal tract is progressively depleted of CD4 T cells
and renewal mechanisms ultimately fail, coincident with onset of AIDS [23™].

In summary, in HIV and pathogenic SIV infection the gastrointestinal tract is a site of massive
CDA T cell depletion, viral infection, enterocyte apoptosis and disruption of tight epithelial
junctions. Hence HIV infection could quite reasonably be considered a disease of the
gastrointestinal tract. Importantly, our new understandings have pointed to new therapeutic
directions; the aim would be to prevent or reduce the propagation of HIV at mucosal surfaces
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[58,59] and to restore the immunological and epithelial integrity of the mucosal barrier [58]
thereby circumventing the associated immune activation and disease progression.
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Figure 1. Relative depletion of initial gastrointestinal tract CD4 T cells in progressive and
nonprogressive lentiviral infection

Depletion of gastrointestinal tract CD4 T cells, relative to the preinfection frequency, during
the acute and chronic phases of HIV in humans (black line) and SIV infection in Rhesus
macaques (dashed line), sooty mangabeys (dotted line line), and African green monkeys (gray
line). Frequencies of T cells that are CD4™ prior to infection and after the acute phase are listed.
Graphs are based upon published data. Neither African green monkeys nor sooty mangabeys
(naturally infected animals that do not progress to AIDS) are as dramatically depleted of their
initial gastrointestinal tract CD4 T cell populations during the acute phase of infection as SIV-
infected rhesus macaques or HIV-infected humans. Moreover, progressive depletion of
gastrointestinal tract CD4 T cells does not seem to occur in SIV-infected sooty mangabeys
during the chronic phase of infection and SIV-infected African green monkeys actually
reconstitute CD4 T cells during the chronic phase.
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