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Abstract

Recent progress in HIV-1 and SIV pathogenesis has revealed that mucosal
tissues, primarily the gastrointestinal tract, are major sites for early viral
replication and CD4+ T-cell destruction, and may be the major viral reservoir,
even in patients receiving HAART. This is likely attributable to the fact that the
majority of mucosal CD4+ T-cells co-expressing chemokine receptors required
for HIV-1 entry, reside in mucosal tissues. Furthermore, the intestinal mucosal
immune system is continuously bombarded by dietary antigens, resulting in
continual lymphocyte activation, dissemination, and homing of these activated
lymphocytes (including CCR5+CD4+ T-cells) throughout mucosal tissues. Thus,
the intestinal immune system represents a very large target for HiV-infection,
which is continually generating newly activated CD4+ T-cells that are the
preferred target of infection. Thus, HIV-1 appears uniquely adapted to persist and
thrive in the mucosal-tissue environment. The selective loss of intestinal CD4+
T-cells from immune-effector sites is also likely to explain, at least in part, the
preponderance of opportunistic infections at mucosal sites. It is increasingly
evident that effective therapies and vaccines must be directed towards
eliminating HIV-1 in mucosal tissue reservoirs, protecting mucosal CD4+ T-cells
and stimulating effective mucosal immune responses.
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nents of both cell-mediated and humoral immune
responses as being a key to controlling HIV-1
infection, viral clearance has not been documented
in a single patient, regardless of the levels of HIV-
specific humoral and/or cellular immune responses.
Thus, the true correlates of protective immunity
remain unknown.

Although it is clear that the majority of HIV-1
transmissions occur across mucosal surfaces, it is
increasingly evident that mucosal tissues are also
fundamentally involved in the pathogenesis and
persistence of infection. Moreover, it is increasing-
ly apparent that preventing the global spread of
HIV-1 infection and AIDS will require the protection
of mucosal surfaces, either through effective vaccina-
tion andfor the development of effective treatments
or prophylactic microbicides. Current knowledge
of early events in vaginal HIV-1 transmission has
recently been reviewed!. This review summarizes
the current state of mucosal immunity and the
interplay of HIV-1 infection within mucosal surfac-
es, primarily focusing on the intestinal immune
system.

General mucosal immunology

Mucosal surfaces are moist, epithelial-lined sur-
faces that are frequently or continuously exposed,
either directly or indirectly, to the external environ-
ment. These include the tonsils, salivary glands,
gastrointestinal and reproductive tracts, certain
nasal and lachrymal membranes, and the lungs.
Depending on their location and function, mucos-
al surfaces are frequently exposed to a wide
variety, and often large quantities, of foreign anti-
gens in the environment. For example, the gas-
trointestinal tract is continuously exposed to large
amounts of antigens in the form of food and other
ingested substances. The challenge of differentiat-
ing large quantities of benign antigenic substances
(e.g. food) from small quantities of potential patho-
gens, in conjunction with the need to minimize im-
mune responses to the former, and maximize re-
sponses to the latter, has led to the development
of a highly specialized and compartmentalized
immune system that is separate and distinct from
the systemic immune system.

Increasing evidence suggests that mucosal

the majority of the body’s T-cells and macrophag-
es, it is generally considered to be the largest
immunologic organ in the bodys3. It is also, per-
haps, the most carefully studied mucosal tissue,
at least in rodents. Although the number of T-cells
has not been determined in humans, calculations
in mice indicate that over 40% of the total T-cells
in the body are located within the intestinal epithe-
lium aloneé. This does not include the T-cells in
the lamina propria and organized lymphoid tis-
sues of the intestine, which may represent even
larger numbers of T-cells than in the epithelium.
Furthermore, the vast majority (80-90%) of the
body’s immunoglobulin-producing cells (plasma
cells) are located in the intestine’.

Composition of mucosal lymphoid
tissues

The gut-associated lymphoid tissue (GALT)
consists of both specialized aggregates of lym-
phoid tissue and widely dispersed immune cells.
Aggregates of lymphoid nodules, exemplified by
Peyer's patches in the terminal portion of the
small intestine (ileum), are also found in the
tonsils, the large intestine (colon) and rectum.
Similar, yet solitary, lymphoid nodules are also
scattered throughout the intestinal mucosa. Mor-
phologically and functionally similar to lymph
nodes, these “inductive” lymphoid tissues are
involved in initiating immune responses (Fig. 1).
These structures are rich in B-cells (follicular
region), T-cells (interfollicular areas), and a vari-
ety of antigen-presenting cells, including mac-
rophages and follicular dendritic cells (FDC’s).
Peyer’'s patches and other lymphoid aggregates
in the intestine are covered by a single layer of
specialized epithelial cells, known as follicle-as-
sociated epithelium (FAE), containing substantial
numbers of M-cells (Fig. 1), which play an impor-
tant role in sampling and presenting luminal an-
tigens to the underlying lymphoid cells8. Although
usually present in small numbers at birth, the
number of Peyer’s patches in the human intestine
increases from birth until approximately 12 years
of age, and declines thereafter2. Such age-relat-
ed development suggests that these structures
develop in response to antigenic exposures.
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Figure 1. Comparison of inductive (A) and effector (B) lymphoid tissues in the intestine of a rhesus macaque. A: Photomi-
crograph of a Peyer’s patch consisting of aggregates of lymphoid follicles (F), covered by follicle-associated epithelium (open
arrowheads). A germinal center (GC) is apparent in the center of one follicle. B: Photomicrograph of the jejunum demon-
strating intestinal villi and lamina propria. Lamina propria lymphocytes are present throughout the superficial lamina propria
of the villi (arrows) as well as the deep lamina propria (arrows). Bars = 500 mm.

circulate and eventually return to “effector” sites,
usually the diffuse lamina propria of the tissue where
they were originally activated1o. Effector lymphoid
tissues thus consist primarily of widely dispersed T-
and B-cells distributed throughout the lamina pro-
pria and/or submucosa of mucosal tissues (Fig. 1).
Since lymphocytes have homed to this region follow-
ing antigenic stimulation, the majority are highly
activated, terminally-differentiated, memory T-cells
or B-cells (plasma cells). Since HIV-1 selectively
replicates within activated lymphocytes, this has
tremendous significance for both HIV-1 pathogene-
sis and persistence as discussed below.

Regulation of mucosal
recirculation and homing

Tissue-selective homing of T and B lymphocytes
is mediated by specific adhesion molecules,
chemokines, and their ligands (reviewed in ). For
example, memory cells destined to home to the skin
express the cutaneous lymphocyte antigen (CLA),
whereas memory T-cells homing to the intestine
express high levels of the a,f3; integrin, whose ligand
(MAJCAM-1) is predominantly expressed on en-

estnel lmina meprined Welke conn e U B GASCIES Rt fre

(CD103), regulates the homing of Iymphocytes spe—
cifically to the mucosal epit {9@@
E-cadherin on epithelial cells™. tlII other mucosal-
homing lymphocytes in cirgulation ex| ess high lev-
els of the VCAM-1 reb&pito ChQSU

role in the selective homing of Iymphocytes to bron-

hay) pldy  \/\sp

CLA+ lymphocytes to the skin via CCR4 and
CCR10, respectively.12. In contrast, intestinal lym-
phocyte homing is further regulated by the chemok-
ine receptor CCR9, whose ligand is CCL25 (also
known as thymus-expressed chemokine or TECK).
TECK/CCL25 is selectively expressed on thymic
and small-intestinal epithelium4. Interestingly, TECK/
CCL25 is highly expressed in the small intestine,
and only weakly expressed in the colon, suggest-
ing that even differential trafficking of lymphocytes
to the small and large intestine occurs?'.15.
Homing of mucosal immunoglobulin-secreting
cells is also highly regulated by specific adhesion
molecules and chemokines. The mucosa-associat-
ed epithelial chemokine, MEC/CCL28, produced
by mucosal epithelial cells, is selectively chemot-
actic for IgA-secreting cells expressing CCR1015.16,
MEC attracts IgA- (but not IgG- or IgM-) secreting
cells from both inductive and effector tissues, in-
cluding the intestines, lungs, and lymph nodes
draining the lungs and oral mucosal surfaces. Sim-
ilarly, TECK/CCL25 attracts a subpopulation of IgA-
secreting cells (in addition to CCR9+ T-cells) to the
small intestine’s. This homing may partially explain
the selective production of IgA in mucosal tissues,
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exploit the unigque immunologic properties of the
mucosal immune system. The same features that
limit or prevent most pathogens from infecting and
spreading throughout the host, apparently work to
the advantage of HIV-1 by providing optimal sites for
viral attachment, entry, amplification, dissemination,
and persistence of the virus.

Mucosal CD4+ T-cells and HIV-1
replication

As described above, mucosal effector tissues
are normally in a state of “physiologic inflamma-
tion”. Most of the lymphocytes in effector lym-
phoid tissues are activated, terminally differentiat-
ed cells actively engaged in either cytokine
production, immunoglobulin secretion, prolifera-
tion, and/or increased expression of adhesion
molecules and/or other inflammatory mediators.
Regardless of the cell involved, “activation” is
usually associated with some type of transcrip-
tion. Viruses that require incorporation into host-
cell DNA, and subsequent host-mediated tran-
scription for replication and assembly (i.e.
retroviruses), are thus likely to replicate more effi-
ciently in activated cells. It has been clearly es-
tablished that HIV-1 replicates much more effi-
ciently in activated T-cells in vitro'7-20, presumably
for these reasons. Since the intestine contains the
vast majority of the body’s activated CD4+ T-cells,
this fact alone would suggest that the intestinal
tract would be a preferred site of viral replication
in vivo. In support of this, intestinal mucosal T-cells
have been demonstrated to be much more sus-
ceptible to HIV infection, and support higher lev-
els of viral replication on a per-cell basis as
compared to peripheral blood T-cells?1,

Although studies of the intestinal immune system
during primary HIV-1 infection have not been per-
formed, it is evident from studies in SlV-infected
macaques that mucosal CD4+ T-cells are selec-
tively and profoundly depleted within days of SIV
infection, regardless of the route of inoculation22-24,
Similar results have been observed in early HIV-1
infection of humans, as CD4+ T-cell depletion is
more pronounced in the intestine as compared to
blood2526, [t is also important to point out that this
depletion is specific for, CD4+ T-cells i ﬁ.ector
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and entry into host cells28. The principal corecep-
tor for HIV-1 entry into cells is CCR529.30, the
natural ligands for which are the chemokines
CCL3, CCL4, and CCL5 (previously known as
RANTES, MIP-1a, and MIP-1f, respectively)3’s2,
However, some strains of HIV-1 may use CXCR4
in addition to, or instead of, CCR533. Nonetheless,
it is increasingly apparent that the majority of HIV-
1 strains obtained from patients in early stages of
infection utilize CCR584-36, suggesting that CCR5
strains are selectively transmitted across mucosal
surfaces.

One possible explanation for this is that mucos-
al tissues contain the vast majority of CD4+CCR5+
T-cells in the body. Most of the CD4+ T-cells
residing in the lamina propria of the intestine
and vagina express high levels of both CCR5
and CXCR4212437-39, |In contrast, the majority of
CD4+ T-cells in the peripheral blood and lymph
nodes express CXCR4, but not CCR5. Peripheral
blood cells that do express CCR5 have fewer
such receptors on their surface compared to
mucosal CD4+CCR5+ T-cells21.2437.3%-41 However,
CCR5 expression is not necessarily limited to
mucosal tissues, and there is evidence that CCR5
expression is involved in non-specific inflamma-
tion rather than site-specific homing'2. In support
of this, CCR5 expression may be rapidly induced
on select subpopulations of peripheral-blood
CD4+ T-cells upon certain types of activation in
vitro*2. Interestingly, only antigen-activated “mem-
ory” CD4+ or CD8+ T-cell subsets upregulate
CCR5, whereas mitogen or CD3+ stimulation of
naive cells fails to induce CCR5 upregulation42.
Combined, these data indicate that most CD4+ T-
cells co-expressing CCR5 are located in the mu-
cosal effector tissues, primarily because they have
previously encountered their cognate antigen, be-
come activated, and homed to these sites. This
could be important in explaining much of the
confusion in HIV-1 pathogenesis, as most studies
of HIV-1 are performed using naive, resting cells
obtained from the peripheral blood, rather than
from mucosal tissues.

Thus, it has been proposed that mucosal CD4+
T-cells are highly susceptible to HIV and SIV infec-
tion and loss, because they have an activated,
memory phenotype and express higher levels of
CCR5 than peripheral lymphoid tissugs?1.24.37,39,43,44,
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ly depleted in HIV-1 infected humans, even if resid-
ual CD4+ (CCR5neg) T-cells remain46. Similarly,
marked and persistent depletion of mucosal-hom-
ing (a4p7+) CCR5+CD4+ T-cells has been demon-
strated in the peripheral blood of HIV-1 infected
humans in early HIV infection, despite control of
viral replication by antiretroviral treatment4. Al-
though the mechanisms involved in this selective
CD4+CCR5+ T-cell depletion are still under inves-
tigation, it likely that direct HIV-1 infection and viral-
mediated cell destruction play a major role.

Mucosal HIV-1 localization and
persistence

Mucosal tissues are being recognized as major
sites for viral replication, and persistence in HIV-1
infected patients. HIV-1 infected T-cells and mac-
rophages are consistently found in the intestine of
HIV-infected patients47-50. Moreover, HIV DNA and
RNA can consistently be detected in intestinal
biopsies of HIV-1 infected patients on highly ac-
tive antiretroviral therapy (HAART), even when
plasma virus is undetectablest. Furthermore, lev-
els of HIV in the intestine do not correlate with the
number of years patients received HAART, indi-
cating that no decay in tissue reservoirs occurs
despite prolonged HAARTS!,

SIV-infected cells are also consistently detected
in the intestine of SIV-infected macaques. Their
location depends largely on the stage of infection,
which provides additional clues to the pathogenesis
of mucosal CD4+ T-cell loss. Relatively large num-
bers of SIV-infected lymphocytes are detected in the
intestinal lamina propria in primary SIV infection (7-14
days of infection), which immediately precedes the
marked depletion of CD4+ T-cells specifically within
this compartment. After lamina propria CD4+ T-cells
are depleted, SIV-infected lymphocytes, macroph-
ages, and dendritic cells, are predominantly found
within organized lymphoid tissues, and infected cells
are less frequent in the lamina propria2227.52,

Combined, these data suggest that once the
cells most capable of supporting viral replication
(activated, effector CD4+CCR5+ T-cells in the lam-
ina propria) are eliminated from the mucosa, the
virus then infects other cell types that are less
conducive to infection, and rapid viral replication
(i.e. macrophages, naNO) a—E}E”@fﬂ%
sites such as Peyers patches Through continual
antigen exposures in intestin
cells, some of which may b@éﬁﬁeﬁ&ﬁ@é@ﬂ aﬁ
activated and better able to support viral replica-
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chronically infected patients comes from studies of
virus-specific cytotoxic T-cells (CTL's). Although the
development and magnitude of SIV-specific CTL
responses in the intestine and blood in primary
infection are comparable3, emerging evidence in-
dicates that the percentages of virus-specific CTL
responses are considerably higher in the intestinal
and vaginal mucosal than in blood or lymph nodes
in chronically infected macaques5456. Similarly,
percentages of virus-specific CTL's were recently
reported to be much higher in the intestines than in
the blood of HIV-1 infected humans?. It has been
postulated that the levels of CTL's correlate directly
with levels of viral replication in these tissuess457. If
so, these data argue that higher levels of viral
replication occur in these compartments as com-
pared to peripheral blood or lymph nodes, and that
mucosal tissues are the major tissue reservoirs for
chronic HIV/SIV infection.

Although virus-specific CTL's are consistently
observed in HIV-1/SIV infection, their levels are
obviously not sufficient for protection. Inverse cor-
relations between levels of virus-specific CTL's in
the blood and plasma viremia have been docu-
mentedss-60; however, no patients have cleared
HIV infection, regardless of CTL levels. Further-
more, typical percentages of virus-specific CTL's
in HIV-1 infected patients (1-2%) may be rather
small compared to those reported in other viral
infections. For example, up to 45% of the total
CD8-cells in acute EBV infections may be direct-
ed against a single viral epitopes!. If these levels
are indicative of what is required for protection
from viral infections, CTL levels in HIV-1 patients
tested to date are apparently insufficient. Con-
ceivably, the low levels of HIV-specific CTL's in
HIV-infected patients may reflect inadequate
CD4+ T-cell help, as increasing evidence points
to a requirement for CD4+ T-cells in CTL produc-
tion and expansion62-64,

Mucosal CD4+ T helper cells

CD4+ T-cells have been referred to as the
“orchestrating cells” of the immune system, and
their help is essential in the regulation of CD8+
T-cell responses?8.62:65 A profound and rapid loss
of mucosal effector CD4+ T-cells is, thus, likely to
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greater rate than those without Ol'sé8, suggesting
that CD4+ T-cell turnover and repopulation may
be directly correlated with antigenic stimuli in
mucosal tissues.

CD4+ T-cell responses have been the subject
of intense research, as it has been demonstrated
that vigorous CD4+ T-cell responses were associat-
ed with lower viral loads in HIV-1 infected patients®9.
Unfortunately, other studies have demonstrated that
even HIV-1-specific CD4+ T-cells are highly sus-
ceptible to HIV-1 infection and capable of sup-
porting high levels of viral replication, which lends
caution to the theory of stimulating CD4+ T-cells
as therapy for HIV-1 infection?0. Regardless, HIV-1
seems to have developed multiple, overlapping
mechanisms that thwart the development of effec-
tive immune responses, and ensure its survival in
infected hosts through infecting and eliminating
the very cells necessary for generating and main-
taining protective immune responses.

Mucosal vaccines for AIDS

Developing an effective vaccine for HIV-1 has
proven problematic. However, rapid progress in
understanding mucosal and vaccination immunol-
ogy could result in an effective AIDS vaccine
within the next several years. It is increasingly
evident that inducing protective immune respons-
es specifically within mucosal tissues will be cru-
cial for such a vaccine’!. Recent studies are
providing evidence that eliciting immune respons-
es specifically in mucosal sites may be required
for effective vaccination against SIV/SHIV7273, In
general, vaccines administered systemically pro-
mote systemic, but not mucosal, immune respons-
es7476, A seeming paradox to these observations is
that systemic administration of attenuated SIV/SHIV,
or live viral vectors containing various SIV/SHIV pep-
tides, has been shown to induce fair-to-excellent
protection in nonhuman primate models8.77-81,
However, virus-specific mucosal immune respons-
es have been demonstrated in macaques vacci-
nated with recombinant viral vectors, regardless
of the route of administrations2. As discussed
above, levels of mucosal immune responses (CTL)
may directly correlate with levels of viral replica-
tion and persistence in these compartments. Per-

that effectively deliver and maintain HIV-1 anti-
gens directly in mucosal tissues, are likely to
prove critical for an effective HIV-1 vaccine.

Conclusions and future directions

Numerous studies now indicate that HIV-1 in-
fection causes a profound and persistent deple-
tion of mucosal CD4+ T-cells, particularly those
that are activated, memory, and co-express CCR5.
Given the importance of these “effector” T-cells for
both cell-mediated and humoral immune respons-
es, it is probable that this results in severe impair-
ment of mucosal immune responses throughout
the course of infection, which probably plays a
major role in the failure to develop effective im-
mune responses and contain infection. Regard-
less of whether these cells are lost through direct
viral-mediated destruction or bystander mecha-
nisms, it is clear that preserving and/or replenish-
ing these cells will be key to restoring normal
immune responses in HIV-1 infected patients.
However, therapies aimed at increasing CD4+
T-cell proliferation, or activating naive CD4+ T-cells,
should be approached with caution, as these
could simply provide more “fuel” for viral replica-
tion, and accelerate the onset of AIDS. New ther-
apies that act by blocking or downregulating
CCR5 expression to prevent infection of new cells
are currently in clinical trials83, and these may
provide additive benefits when used in conjunc-
tion with existing therapies; however it is doubtful
that even this approach will be curative. Alterna-
tive approaches aimed at decreasing cell activa-
tion have been proposed, but as described above,
a constant state of “physiologic inflammation” is nor-
mal in the mucosal immune system, and it is uncer-
tain what effects such therapies could have on
normal mucosal immune maintenance and func-
tion. More research into the different types of
immune activation is needed before we can deter-
mine whether, or which, anti-inflammatory thera-
pies would be beneficial in HIV-1 infection. Fur-
thermore, research is desperately needed to
identify markers of latently infected cells in vivo,
so that specific drugs and/or immune therapies
may be directed towards eliminating viral reser-
voirs, particularly in mucosal tissues.
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