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INTRODUCTION HIV-1 Cellular Entry

Following in vitro demonstrations that tumor necrosis factor
alpha (TNF-a) greatly enhances the transcription of human
immunodeficiency virus type 1 (HIV-1) in chronically infected
mononuclear cells (67, 106, 252), it became clear that the
pathogenesis of HIV-1 infection and AIDS is intimately re-
lated to the activation state of the host immune system. Al-
though immunological activation in response to invading or-
ganisms is essential in order to mount an effective host
response, paradoxically this may also provide an immunologi-
cal environment that actually drives viral replication and dis-
ease progression in HIV-infected persons. A clear understand-
ing of the effects of immune activation on HIV-1 infection in
vivo is therefore crucial to our overall understanding of the
immunopathogenesis and mechanisms of transmission of this
virus.

Figure 1 summarizes the broad effects of immune activation
on HIV-1 infection in vivo, not only highlighting the impact on
the biology of the virus but also indicating the clinical conse-
quences that may potentially result. Immune activation as a
result of the host response to either HIV-1 itself or the pres-
ence of exogenous stimuli may impact the viral life cycle at the
cellular level. This may not only result in increased HIV-1
replication systemically or at localized anatomical sites but may
also lead to changes in HIV-1 phenotype and genotype, in-
crease apoptosis of host immune cells, and suppress hemato-
poietic regeneration. Local immune activation in the genital
tract associated with sexually transmitted diseases (STDs) may
increase the risk of sexual and mother-to-child transmission of
HIV-1, and it is hypothesized that systemic immune activation
accelerates disease progression and reduces the survival of
HIV-1-infected persons. Immune activation has also been a
key theme in therapeutic approaches to the control of HIV-1
replication and elimination of the infection, and the existence
of immunologically quiescent mononuclear cells containing la-
tent, integrated provirus has also been identified as one of the
major obstacles to achieving a therapeutic cure for this infec-
tion in persons receiving highly active antiretroviral therapy
(HAART) (60, 103, 362). This paper provides a broad review
of the interrelationship between immune activation and the
biology, immunopathogenesis, transmission, progression, and
treatment of HIV-1 infection in vivo. Consideration of specific
antiviral immune mechanisms, however, does not fall within
the scope of this review.

MECHANISMS BY WHICH CELLULAR ACTIVATION
ENHANCES HIV-1 REPLICATION

The life cycle of HIV-1 is intimately related to the activation
state of its host cells. HIV-1 is dependent on host cell surface
receptor expression for entry, on many cytoplasmic pathways
for the afferent and efferent events of its life cycle, and on the
transcriptional machinery within the host cell nucleus for viral
gene expression.

HIV-1 typically enters host cells through the interaction of
the viral envelope protein, gp120, with CD4 and a chemokine
coreceptor on the surface of the host cells. The B-chemokine
receptor, CCRS, is critical in the initial establishment of
chronic HIV-1 infection in vivo; transmitted strains predomi-
nantly have V3 loop sequences that predict the use of this
coreceptor (373), and individuals in whom this receptor is
genetically deficient are largely resistant to infection (202). In
contrast, disease progression is often associated with the emer-
gence of syncytium-inducing (SI) variants that utilize the
CXCR4 a-chemokine receptor (70), although this is not a
prerequisite for disease progression (79). The relative expres-
sion of these coreceptors determines the relative susceptibility
of cells to HIV-1 infection. Typically, CXCR4 is expressed by
immunologically naive CD45RA™ T lymphocytes whereas
CCRS5 is expressed by more activated CD45RO™ T lympho-
cytes (32, 366). While chemokine receptor expression is
strongly linked to cellular activation (32, 257, 366), the regu-
lation of expression is clearly complex and different costimu-
latory signaling pathways may have reciprocal effects on B-che-
mokine receptors (reviewed in reference 49).

Immune activation resulting from the presence of opportu-
nistic infections, other inflammatory stimuli, or the antigenic
stimulus of HIV-1 infection itself may affect the surface ex-
pression of these coreceptors by uninfected mononuclear cells,
thereby modulating their susceptibility to HIV-1 infection. For
example, Mycobacterium avium infection (341) and exogenous
interleukin-2 (IL-2) treatment (350) are each associated with
upregulation of CCRS expression on peripheral blood mono-
nuclear cells in vivo and lipopolysaccharides (LPS) upregulate
CXCR4 expression on macrophages in vitro (240). Possibly in
response to increasing immune activation, CCRS expression
increases with HIV-1 disease progression in vivo, and this may
be an important determinant of the clinical course of infection
(80, 285). Furthermore, chronic immune activation associated
with the high prevalence of coinfections among HIV-infected
persons in Africa may be responsible for the increased CCRS
expression by peripheral blood mononuclear cells in persons
living in this region (167), which favors HIV-1 strains that
utilize this coreceptor (66).

Certain coinfections in HIV-infected persons may also in-
crease the susceptibility of mononuclear cells to HIV-1 infec-
tion by exerting additional effects on viral entry. Cytomegalo-
virus (CMV) encodes a chemokine receptor homologue, US28,
which distantly resembles the human chemokine receptors,
CCRS5 and CXCR4. This CMV-encoded receptor facilitates
the entry of HIV-1 into CD4™ human cell lines (272), although
it is not known whether such a mechanism operates in vivo.
Human herpesvirus 6 (HHV-6), another common opportunis-
tic infection in HIV-infected persons, induces the expression of
the CD4 receptor on y/d T lymphocytes (207) and natural killer
(NK) cells (209), rendering them susceptible to HIV-1 infec-
tion. Similarly, there is evidence that herpes simplex virus type
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FIG. 1. Consequences of immune activation in HIV-1 infection in vivo. This conceptual diagram highlights the broad consequences of immune
activation on the biology of HIV-1 and on lymphoid cell populations in vivo and their subsequent effect on HIV-1 transmission, disease progression,

and survival in HIV-1-infected persons.

1 (HSV-1) facilitates the entry of HIV-1 into keratinocytes,
which do not express the CD4 receptor. The formation of
HSV-1/HIV-1 virion hybrids is thought to mediate this process,
and HSV-1-encoded envelope proteins facilitate entry into
keratinocytes (154).

The inflammatory immune response to opportunistic infec-
tions also provides a permissive microenvironment for cell-to-
cell transmission of HIV-1 (217). Antigen-presenting cells
(APCs) are important reservoirs of HIV-1 (220, 224, 331), and
during the process of antigen presentation there is intimate
association between APCs and lymphocytes (Fig. 2). During
this process, intercellular signaling through costimulatory and
intercellular adhesion molecules augments the induction of
potent cellular activation and proinflammatory cytokine secre-
tion, leading to marked upregulation of HIV-1 transcription in
infected cells (233, 259, 305, 306, 351). High local concentra-
tions of HIV-1 and proinflammatory cytokines, together with
the state of heightened cellular activation, also provide the
ideal microenvironment for intercellular spread and propaga-
tion of HIV-1 (217, 305, 306, 351).

Upregulation of adhesion molecules during inflammatory
processes may further promote virus-induced cell-cell fusion,
thereby facilitating the direct spread of virus between cells
(156). Furthermore, antigen presentation results in the activa-
tion and clonal expansion of CD45RO™ memory CD4" T
lymphocytes, which constitute a pool of susceptible target cells
for HIV-1 propagation. Thus, by a variety of means, opportu-
nistic infections and other inflammatory stimuli may facilitate
the cellular entry of HIV-1 and virus transmission within the
host mononuclear cell pool.

HIV-1 Reverse Transcription

Following entry into the host cell, HIV-1 RNA must un-
dergo reverse transcription to cDNA and then be imported to
the nucleus for integration as a provirus into the host genome.
HIV-1 replicates preferentially in CD45RO " memory T lym-
phocytes rather than the more immature and immunologically
quiescent CD45RA™ naive lymphocytes (316, 363). This cell
subset selection appears to be due to the inability of HIV-1 to
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FIG. 2. Replication and intercellular transmission of HIV-1 is increased during antigen presentation. Macrophages serve as long-lived
reservoirs of HIV-1 infection. During antigen presentation (both HIV-1 antigens and other antigens), activation of macrophages and CD4* T
lymphocytes leads to potent upregulation of proinflammatory cytokine secretion and HIV-1 transcription. This provides the ideal microenviron-
ment for transmission of HIV-1 to CD4" cells and for rapid HIV-1 replication in an expanding pool of activated memory (CD45RO™) cells.
Selective infection of antigen-specific memory CD4™" cells may also lead to selective loss of this clone of cells.

complete reverse transcription in CD45RA™ T cells (369, 370),
despite comparable viral entry into the two cell subsets (316).
Following virus uptake, the resultant postfusion complex
within the cytoplasm is labile, and in the absence of activation
signaling the virus loses its capacity to initiate a productive
infection (363). However, through the induction of the intra-
cellular transcription factor NF-AT (nuclear factor of activated
T cells) (173), for example, proinflammatory cytokine signaling
enables the preintegration complex to complete reverse tran-
scription and continue through the viral life cycle (333, 369,
370). Thus, proinflammatory signaling associated with the
presence of opportunistic infections and other inflammatory
stimuli in the host may facilitate completion of the afferent
HIV-1 life cycle in both memory and naive cells.
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HIV-1 Proviral Transcription

Cellular transcription factors and the HIV-1 LTR. HIV-1
proviral transcription is greatly influenced by the state of host
cell activation and is regulated by sequences in the 5’ long
terminal repeat (LTR) of the viral genome. A number of these
regulatory sequences resemble those present in human cellular
genes and are able to specifically bind numerous host cell
transcription factors. In this way, HIV-1 is able to harness the
cellular transcriptional machinery in order to replicate, and
this results in the coordination of viral transcription and cel-
lular activation.

The HIV-1 5’ LTR comprises three functionally discrete
regions (reviewed in references 10, and 113) (Fig. 3). The
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FIG. 3. Cellular transcription factors that bind to the HIV-1 LTR. The HIV-1 promoter is functionally divided into the modulatory enhancer
region and the core promoter region, which both lie upstream of the transcription start point, and the transactivation response region (TAR), which
lies downstream. The interaction of these cellular transcription factors with the HIV-1 promoter results in the tight coordination of HIV-1

replication to the activation state of the host cell.
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transactivation response region binds the virus-encoded Tat
transactivating protein, which is essential to achieving signifi-
cant levels of virus transcription. The core promoter region
mediates a basal level of HIV-1 transcription in response to
SP1 transcription factors and TATA binding proteins. How-
ever, the key mechanism by which host cellular activation en-
hances HIV-1 transcription is the recognition of a number of
inducible host transcription factors by the modulatory en-
hancer region, which lies upstream of the core promoter region
within the 5’ LTR (reviewed in references 10 and 113).

The modulatory enhancer region contains at least six de-
fined elements that bind cellular transcription factors (113),
and the best characterized of these is nuclear- factor-kB (NF-
kB) (reviewed in reference 16). This heterodimeric molecule is
present in a preformed state in the cytoplasm, complexed with
inhibitory IkB proteins. On exposure of the cell to various
activating stimuli, including TNF-«, IL-1, LPS, and phorbol
esters, phosphorylation of IkBs leads to their dissociation from
active NF-«kB (reviewed in reference 16). Physiologically active
NF-kB then translocates to the nucleus, where it mediates the
activation of viral and cellular gene transcription by binding to
its specific recognition sequences in the enhancer region (re-
viewed in reference 10). Other transcription factors may also
synergize with NF-«kB to further increase transcription (266).
For example, in lymphocytes, certain members of the NF-AT
family bind to the kB regulatory elements and synergize with
NF-«kB and Tat in transcriptional activation of HIV-1 (174).
The NF-kB pathway represents an important mechanism by
which bacteria, viruses, and other inflammatory stimuli may
enhance HIV-1 replication.

In vitro studies of the effects of activation of HIV-infected
cells of the monocytic lineage show the regulation of viral
transcription to be more complex than that observed in lym-
phocytes. Activation of cells of the monocytic lineage may
either increase or decrease HIV-1 transcription, and this de-
pends on a number of factors, including the cell type studied
and the stage of differentiation of the cells (26, 276, 347). Also,
induction of alpha/beta interferon (IFN-a/B) secretion leads to
the suppression of HIV-1 transcription in these cells (161,
347). In vivo, however, macrophages activated in the presence
of tuberculosis (TB) are highly productive sources of HIV-1
replication (188, 245, 254).

Cytokines and HIV-1 transcription. Since HIV-1 replication
is closely regulated by the host cell transcriptional machinery,
it comes under the influence of a complex network of proin-
flammatory and immunoregulatory cytokines (42, 105, 106).
TNF-a, which plays a pivotal role in HIV-1 pathogenesis (227),
induces HIV-1 transcription in both macrophages and T lym-
phocytes via the NF-kB pathway (67, 106, 227, 252). Other
proinflammatory cytokines (IL-1, IL-2, and IL-6) also induce
HIV-1 replication (reviewed in reference 273). IL-6 synergizes
with TNF-a to enhance HIV-1 replication at transcriptional
and posttranscriptional levels in monocytic cells but not lym-
phocytes (275). IL-1 increases HIV-1 replication in promono-
cytic cell lines by enhancing TNF-a-mediated induction of
NF-«B (128). In addition to these proinflammatory cytokines,
it is possible that other host-encoded immune mediators may
play a role in the induction of HIV-1 transcription during the
inflammatory response (85, 117).
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TABLE 1. Viruses that enhance HIV-1 replication in vitro through
gene products that directly transactivate the HIV-1 LTR

Virus Gene product Reference
HTLV-1 Tax 308
HBV HBx 304
CMV 1E1 159
HSV-1 1E110, 1E175 242
HHV-6 112

Transactivating DNA viruses and HIV-1 transcription. It is
clear that a wide variety of copathogens may indirectly enhance
HIV-1 transcription through proinflammatory cytokine induc-
tion. However, certain DNA viruses are also known to encode
gene products that directly transactivate the HIV-1 LTR (116)
(Table 1). Because of the ability of these DNA viruses to
directly induce HIV-1 transcription and their high prevalence
as coinfections in HIV-infected persons, much attention has
focused on these viruses as potentially important cofactors in
HIV-1 disease progression. The impact of these coinfections
on HIV-1 load and disease progression in vivo is discussed
later in this review.

Influence of Ty 1- and T;;2-Type Responses
on HIV-1 Infection

In addition to cytokine-induced cellular activation, it has
been hypothesized that qualitative T-helper (Ty)-type re-
sponses may also impact AIDS pathogenesis. A switch in the
predominant response from type 1 (Ty1) to type 2 (T42) and
production of the associated cytokines may be related to, and
even facilitate, disease progression (65, 213). Indeed, some
studies have found that T;;2 and type 0 (Ty0) lymphocyte
clones are more permissive to HIV-1 replication in vitro than
are Tyl clones (213, 339). More recent studies indicate that
HIV-1 disease progression is associated with increasing secre-
tion of IL-10, a defined T2 cytokine (317, 325). However,
these findings and the putative role of modulation of T} re-
sponses in HIV pathogenesis remain controversial (99, 132).

The controversy concerning the role of Ty;-type responses in
HIV-1 pathogenesis has, however, raised an important ques-
tion about whether coinfections that modulate these Ty re-
sponses might also impact the natural history of HIV-1 in vivo
(21, 22). Parasitic diseases, which commonly coinfect HIV-
infected persons in developing countries, typically induce a
dominant T2 lymphocyte immune environment that modu-
lates immune responses to other antigens. Thus, mice with
schistosomiasis mount T2 responses when subsequently chal-
lenged with nonparasite antigens that normally induce Tyl
responses (182, 263, 357). Similarly, schistosomiasis in humans
impairs Ty;1 responses to tetanus toxoid immunization, with
cellular production of IFN-y, a T1 cytokine, being inversely
related to the worm burden (297). Possibly as a consequence of
this Ty; modulation, mice with schistosomiasis show impaired
CD8™" cytotoxic lymphocyte activity and reduced clearance of
vaccinia virus (1). These observations have led to the hypoth-
esis that T;2 modulation of the immune system resulting from
coinfections with parasitic diseases may facilitate HIV-1 repli-
cation in coinfected persons (21, 189), although data to sup-
port this are lacking.
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SYSTEMIC IMMUNE ACTIVATION IN RESPONSE
TO HIV-1 INFECTION

The course of HIV-1 infection is characterized by a biphasic
viremia. Following the dissemination and propagation of
HIV-1 in the lymphoid tissues during primary infection, en-
gagement of the host antiviral immune response coincides with
a fall in the plasma virus load to a set-point level (reviewed in
reference 260). In the absence of effective antiretroviral ther-
apy, the HIV-1 load progressively increases, with failure of the
immune system to control virus replication (295). These viral
dynamics are accompanied by marked systemic changes in the
immune system.

Primary HIV-1 Infection

Uncontrolled viral replication during primary HIV-1 infec-
tion initially leads to activation of a marked cell-mediated
immune response with (i) increased numbers of activated
CD8* T lymphocytes expressing CD38, CD45RO, and
HLA-DR (73); (ii) increased numbers of NK cells (310); (iii)
elevated concentrations of the immune markers soluble CD§
(sCD8), soluble TNF-receptor type II (sTNF-RII), neopterin,
and soluble CD30 (sCD30) in blood; and (iv) increased con-
centrations of the cytokines IFN-y, TNF-o, and IL-1p (19, 133,
287, 310). Marked early increases in IFN-y secretion have been
found to correlate with oligoclonal expansion of CD8™ T cells,
which is a dominant feature in the immune response to pri-
mary HIV-1 infection (133); this cellular immune response is
later accompanied by the development of the humoral re-
sponse (179). Elevated levels of immune markers decline as
the disease enters the chronic phase (310). Although the ma-
jority of productive HIV-1 replication occurs in activated
CD4" lymphocytes, the ability of HIV-1 to also infect rela-
tively inactive, nonreplicating cells (375) may permit the estab-
lishment of host infection. Subsequent activation of the im-
mune system may serve to drive viral replication but also
ultimately limit viral dissemination.

Chronic HIV-1 Infection

Although the hallmark of HIV-1 infection and AIDS is im-
munodeficiency resulting from functional and numeric loss of
CD4* T lymphocytes, throughout the course of chronic HIV-1
infection there is also a heightened state of systemic immune
activation (14, 20, 214). The envelope glycoprotein gp120 of all
HIV-1 subtypes is a potent immunogen (348) and leads to
activation of both macrophages and lymphocytes (reviewed in
reference 48) and induction of proinflammatory cytokines
(169, 230, 286). HIV-1 infection may also prime immune cells
for enhanced TNF-a and IL-6 secretion on exposure to bac-
terial products (23), further leading to greatly heightened im-
mune activation during opportunistic infections.

Cell surface and soluble markers of immune activation.
During chronic HIV-1 infection, elevated numbers of activated
CDS8" lymphocytes are present in the peripheral circulation,
expressing CD38, HLA-DR, CD57, and CD71 (20, 197, 203,
214), and they play an important role in the host antiviral
response (144, 251, 302). CD4™" lymphocytes, although numer-
ically depleted, are also activated, and a significant proportion
express HLA-DR and CD25 (214). Increased levels of CD71
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are detectable on peripheral B lymphocytes, and production of
immunoglobulins G and M is augmented (225).

Concentrations of cytokines and soluble immune activation
markers in plasma are stably elevated in HIV-infected persons
when measured serially over weeks and months (15), and this
observation correlates with the finding that the plasma HIV-1
load is also remarkably stable during the early, asymptomatic
phase of infection (53). However, with progression of HIV-1
disease, increasing concentrations of sCD8 (20, 247), soluble
CD14 (sCD14) (201), TNF-a (14, 15, 298), and neopterin
(reviewed in reference 17) in serum reflect increasing activa-
tion of CD8" lymphocytes and macrophages, respectively.

Elevated concentrations of a variety of other soluble im-
mune markers in serum correlate with disease progression in
HIV-infected persons. These include neopterin, B,-micro-
globulin, sSTNF-RII, and soluble CD25 (sCD25) (20, 97, 98,
197, 298, 371). An increase in immune activation generally
precedes the inflection point of CD4 ™" T-cell levels and HIV-1
load (248, 298), adding support to the hypothesis that immune
activation is instrumental rather than simply a consequence of
HIV-1 pathogenesis. Indeed, increased immune activation, as
determined by lymphocyte phenotype or measurement of sol-
uble immune markers, correlates with shortened survival in
HIV-1-infected persons (97, 98, 123, 214, 372). Moreover, in
advanced disease, survival correlates more strongly with T-
lymphocyte expression of CD38 than with the plasma virus
burden or virus chemokine receptor usage (120).

TNF-a pathway. Chronic activation of the TNF-a-signaling
pathway plays a pivotal role in HIV-1 pathogenesis (reviewed
in reference 227), leading to increased HIV-1 transcription
(discussed above), induction of mononuclear cell apoptosis,
and suppression hematopoiesis (discussed below). The HIV-1
envelope glycoprotein gp120 directly induces TNF-a secretion
by peripheral blood mononuclear cells (169, 230, 286) and
directly upregulates viral replication in an autocrine and para-
crine manner in chronically infected cell lines (42, 67, 274) as
well as in peripheral blood mononuclear cells (338). Thus,
following the initial establishment of host infection, ongoing
propagation of HIV-1 may be promoted by continual immu-
nological activation and induction of TNF-a secretion by the
virus itself. The importance of chronic induction of the HIV-1
LTR by TNF-a in HIV-1 pathogenesis may, in part, explain
why HIV-1 is more pathogenic than HIV-2. The HIV-2 en-
hancer responds more weakly to TNF-a and NF-kB than does
the HIV-1 enhancer (142). Indeed, the plasma virus load is
much lower in individuals infected with HIV-2 than in those
infected with HIV-1 (278), and this difference has been con-
firmed to be due to reduced viral transcription rather than
differential susceptibility of mononuclear cells to the two virus
types (277).

Data indicate that increased TNF-a secretion may represent
a primary disturbance in the immune system, which leads to
more generalized secondary manifestations of immune activa-
tion (197, 210). TNF-«, together with these secondary immu-
nological effects, also plays an important role in the depletion
of the CD4" lymphocyte population, as discussed below.

Immune activation and CD4" lymphocyte depletion. The
major part of the chronic phase of HIV-1 infection is clinically
asymptomatic. However, the advent of HAART permitted new
studies of viral and cellular kinetics, which revealed HIV-1
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infection to be a highly dynamic process (158, 346). There is
massive covert HIV-1 replication in the lymphoid tissues at all
stages of HIV-1 infection (92), and this is accompanied by the
continual destruction and regeneration of CD4" lymphocytes
(158, 3406). It is estimated that productively HIV-1-infected
cells and plasma virions have average life spans of only 2.2 and
0.3 days, respectively, and the average total HIV-1 production
is estimated to be 10.3 X 10° virions per day (265). The devel-
opment of the characteristic T lymphocytopenia with disease
progression in HIV-1-infected persons is the result of a com-
plex pattern of gradual changes in T-cell subset composition
with depletion of both CD4™ and CD8" naive (CD45RA™)
and CD4" memory (CD45RO™) subsets (reviewed in refer-
ence 63). Several mechanisms have been proposed to explain
this lymphocytopenia, including virus-induced cell death, im-
mune destruction of infected cells, apoptosis, and impaired
lymphocyte regeneration.

In view of the very small proportion of CD4™ cells that are
actually infected with HIV-1 (143), direct HIV-mediated cyto-
pathic effects and elimination by immune mechanisms such as
cytotoxic T-lymphocyte killing and antibody-dependent cellu-
lar cytotoxicity would not be sufficient to account for the rapid
CD4" cell turnover that occurs in HIV-infected persons (5,
265). Apoptosis, resulting from inappropriate induction of ac-
tivation-induced cell death, represents a more important
mechanism that leads to depletion of both CD4" and CD8"
lymphocytes in HIV-1-infected persons (3, 138, 231). During
the chronic phase of HIV-1 infection, the generalized immune
activation that is associated with HIV-1 increases signaling
through the proapoptotic pathways of T lymphocytes, and a
high proportion of the cells subsequently undergoing apoptosis
are activated memory cells expressing HLA-DR, CD38,
CD45RO and Fas (127). TNF-q, as well as promoting HIV-1
transcription (as discussed above), plays a key role in activation
of the proapoptotic mononuclear cell pathways, and differen-
tial signaling through type I and type II TNF receptors regu-
lates these different effects (194).

Importantly, induction of apoptotic cell death occurs not
only in virus-infected cells but also in noninfected bystander
cells, which are the predominant cells lost (102). The suscep-
tibility of mononuclear cells to apoptosis in HIV-infected per-
sons correlates with the degree of lymphocyte activation in
peripheral blood (127) and in lymphoid tissue (244). Modeling
analysis also suggests that the degree of systemic immune ac-
tivation correlates with CD4™" T-cell losses (197). However,
studies analyzing the correlation of the frequency of apoptosis
and HIV-1 disease progression have yielded contradictory re-
sults (127, 232, 244), possibly reflecting the fact that apoptosis
does not represent the single dominant mode of T-cell deple-
tion.

More recent experimental evidence using a mathematical
interpretation of telomere length in CD4" cells subsets sug-
gests that the rate of CD4™ cell production is only moderately
increased in HIV-1-infected persons (360), decreasing the like-
lihood that hematopoietic exhaustion represents the major
cause of lymphocytopenia in AIDS. Quantification of thymic
output by measuring the excisional DNA products of T-cell
receptor gene rearrangement indicates that HIV-1 infection
impairs thymic maturation of naive (CD45RA™) lymphocytes
(90). Furthermore, there is also evidence of impairment of
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hematopoiesis within the bone marrow. Both HIV-1 envelope
glycoproteins and proinflammatory cytokines (including
TNF-a) suppress bone marrow progenitor cells (114, 212).
Thus, it is now clear that CD4™" lymphocyte depletion is the
result of a combination of specific virus-induced cell death,
widespread activation-induced loss of the memory (CD45RO™)
pool, and impaired renewal of the naive (CD45RA™) cell pool.

In addition to the generalized loss of CD4™" cells, immune
activation may lead to the clonal deletion of CD4™ cells during
the process of major histocompatibility complex class II-re-
stricted antigen presentation (216, 220, 331), as discussed
above. This process might contribute to the progressive loss of
T-cell responses to common recall antigens observed during
HIV-1 disease progression (65). Selective loss of cells with
specific V-beta regions leads to restriction of the T-cell recep-
tor repertoire and may also result from immune dysregulation
(126, 163, 284). While it was previously hypothesized that such
cellular loss may be the result of an HIV-encoded superantigen
leading to selective activation and subsequent deletion of these
cells, there is little evidence to support this. The functional
impact of this phenomenon is also not known but persists
despite the commencement of HAART (71, 195).

EXOGENOUS IMMUNE-ACTIVATING STIMULI
AND HIV-1 REPLICATION

The plasma HIV-1 load is relatively stable during the clini-
cally asymptomatic phase of chronic HIV infection, and the
level probably represents a balance between activation-driven
viral replication and the host antiviral response. However, al-
though minor self-reported illnesses have little or no impact on
virus load (53), many clinically significant, exogenous inflam-
matory stimuli are associated with significant increases in the
systemic HIV-1 load. This is presumably due to the accelera-
tion of virus production in actively replicating cells as well as to
the induction of latent virus in immunologically quiescent cells
(40, 58).

Immunizations

Serial measurement of the plasma HIV-1 load in HIV-in-
fected persons receiving immunizations has enabled the impact
of clearly defined immune-activating stimuli on HIV-1 repli-
cation in vivo to be determined. Administration of tetanus
toxoid leads to increases in the plasma HIV-1 load (250, 319),
which typically rises threefold above baseline and peaks 2 to 4
weeks postimmunization; thereafter, the load declines to base-
line levels by approximately 5 weeks (250, 319). The ability to
detect proviral DNA in blood and lymph nodes (319) and to
isolate HIV-1 from blood (258) is also enhanced following
tetanus toxoid immunization.

Increases in the plasma HIV-1 load have been observed in
the majority of patients following administration of oral chol-
era toxin (a 2- to 60-fold increase has been detected) (255) and
pneumococcal vaccine (a 1- to 586-fold increase has been de-
tected) (38) but not hepatitis B immunization (53, 55). More-
over, studies of the impact of influenza immunization have
yielded contrasting results, with patients having either large
increases (up to 369-fold) (157, 290, 320) or no increases (38,
109, 122, 283, 368) in their virus load.

The contrasting findings in these studies may result from
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clinical differences in the study populations, differences in the
use of antiretroviral agents, and variations in the immunoge-
nicity of the vaccine preparations. Another factor that may be
important in determining whether immunizations induce a rise
in the HIV-1 load is the stage of disease. For example, in a
study of influenza immunization in HIV-infected persons,
Staprans et al. found an approximately 10-fold mean rise in
HIV-1 load in persons with CD4" counts of <200 X 10%liter
compared to a mean increase of >50-fold in persons with
CD4* counts of >500 X 10%liter (320). In contrast, no in-
crease in plasma HIV-1 load was detectable in recent HIV-1
seroconverters following pneumococcal, Haemophilus influen-
zae type b, or diphtheria toxoid immunization (165).

Viral Infections

As discussed above, much interest has focused on certain
viruses that encode transcription factors, which directly trans-
activate the HIV-1 LTR and thereby increase HIV-1 replica-
tion in vitro (Table 1). However, there are relatively few data
on the effects of these viral coinfections on the HIV-1 load in
vivo.

Acute reactivation of HSV-1 and HSV-2 frequently causes
oral and genital lesions in HIV-infected persons, and such
acute episodes are associated with a 3.4-fold median increase
in the plasma HIV-1 load (234). Furthermore, of great impor-
tance with respect to HIV-1 transmission is the finding that
HIV-1 can frequently be detected in genital ulcers caused by
HSV-2 in men (299). The levels of CMV and HIV-1 in plasma
appear to be independent of one another (35), and the CMV
load and HIV-1 proviral load in autopsy tissues were found to
be discordant (94). Although shedding of HIV-1 in semen is
positively associated with shedding of CMV, the two processes
appear to have independent immunological controls (181).

Among persons with advanced immunosuppression, HHV-6
causes is a common disseminated infection and is regarded as
an important potential cofactor in HIV-1 replication and
CD4™" T-cell loss (reviewed in reference 208). Depending on
the cell type and conditions, HHV-6 may either enhance (112,
207, 208) or suppress (13) HIV-1 replication in vitro. However,
a postmortem tissue study found that levels of HHV-6, but not
HHV-7 or CMV, were associated with the HIV-1 proviral
DNA load, suggesting that replication of the two viruses is
linked in vivo (94).

Human T-cell leukemia virus types 1 and 2 (HTLV-1 and
HTLV-2), hepatitis C virus (HCV), and hepatitis B virus
(HBV) are common coinfections in HIV-1-infected intrave-
nous drug users. Although HTLV-1 gene products enhance
HIV-1 replication in vitro (34), coinfection with this virus is not
associated with increased plasma HIV-1 load or other markers
of disease progression in vivo (146, 300). HBV and HCV are
able to increase (304) and suppress (318), respectively, HIV-1
replication in vitro. However, there are no data on the impact
of HCV and HBYV coinfections on HIV-1 load in vivo.

Bacterial Infections

Although bacteria are not known to encode gene products
that directly transactivate the HIV-1 LTR, certain bacterial
products are able to induce HIV-1 replication via NF-k B-
dependent mechanisms in latently infected, resting CD4™" cells
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(239) and cells of monocytic lineage (233, 276). Thus, by means
of cellular activation, bacteria may enhance HIV-1 replication
in vivo.

Many studies have shown that Mycobacterium tuberculosis
and certain mycobacterial cell wall components induce HIV-1
replication in vitro (125, 196, 307, 374), enhance the viral
infectivity of monocytes (329), and increase the transmission of
HIV-1 from monocytes to lymphocytes (217). Although latent
M. tuberculosis infection has no impact on the plasma HIV-1
RNA load (221), the development of active TB may lead to
marked increases (up to 160-fold) in the plasma HIV-1 load
(125, 328). Coinfected persons have higher HIV-1 RNA con-
centrations than do CD4-matched persons with HIV-infection
but no opportunistic infections (177). Furthermore, in patients
with pleural TB, the HIV-1 load is greater in pleural fluid
compared than in plasma (Z. Toossi, unpublished data), indi-
cating that viral replication is enhanced at the site of myco-
bacterial disease.

The potential for TB to increase the HIV-1 load in vivo may
be greater than that of other common opportunistic infections
because of the chronic clinical course of active TB, the critical
role that TNF-a plays in the host response to mycobacterial
disease (172), and the marked systemic immune activation that
accompanies M. tuberculosis/HIV-1 coinfection (185, 336). Al-
though resolution of TB with antituberculosis drug treatment
in a small group of Western subjects was associated with a
marked decline in the HIV-1 load (125), little or no reduction
in virus load was seen in larger cohorts of African patients
successfully treated for TB (192, 344) (L. Morris, D. J. Martin,
L. Sacks, S. Pendle, L. Page-Shipp, H. Bredell, T. C. Quinn,
and R. E. Chaisson. Abstr. 5th Conf. Retroviruses Opportu-
nistic Dis., abstr. 259, 1998). In coinfected West Africans, per-
sistent elevation of the plasma HIV-1 load was associated with
sustained elevation of TNF-a concentrations in plasma, de-
spite the resolution of other parameters of immune activation
during TB treatment (192). In view of this, pentoxifylline and
thalidomide, both inhibitors of TNF-a-mediated activation of
the HIV-1 LTR, have been evaluated as adjuncts to antituber-
culosis drugs in coinfected persons. Use of these drugs was not
associated with a substantial reduction in HIV-1 load (177,
344), and trials using more potent immunosuppressant therapy
such as corticosteroids are currently in progress.

Although M. avium enhances HIV-1 replication in mononu-
clear cells in vitro (85, 117), prospective clinical studies have
found that M. avium bacteremia is not associated with an
increase in the plasma HIV-1 RNA concentration (140).
Moreover, no reduction in plasma virus load has been ob-
served following treatment of this opportunistic infection (140,
211). Since M. avium typically causes disease in individuals
with advanced immunosuppression, it is conceivable that the
rate of HIV-1 replication in such patients is either maximal or
obtunded by antiretroviral drugs, which were received by the
majority of patients in these studies.

Acute increases in plasma HIV-1 load have been observed in
association with a wide variety of acute bacterial coinfections,
including pneumonia and otitis media caused by Streptococcus
pneumoniae and H. influenzae (41, 222), Pneumocystis carinii
pneumonia (88, 326), and a variety of other infections (326). A
median increase in the HIV-1 load of five- to eightfold from
baseline was observed in these studies, and in the three studies
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with an adequate duration of follow-up the median virus load
decreased to near baseline levels 2 months after treatment for
the bacterial coinfection was initiated (41, 88, 222). Thus, there
is consistent evidence that acute bacterial infections are asso-
ciated with increases in the plasma HIV-1 load that are revers-
ible following treatment of the infection.

Several bacteria that may be present in the genital tract have
been demonstrated to upregulate HIV-1 replication through
induction of NF-«B; these include lactobacilli (178), Gard-
nerella vaginalis (149), and Treponema pallidum (327). While
the organisms that cause bacterial vaginosis lead to increases in
the concentrations of in TNF-a and IL-1B in the genital se-
cretions (324), the impact of these organisms on the HIV-1
load is not currently known. The impact of STDs on the biol-
ogy of HIV-1 in the genital tract and on HIV-1 transmission is
considered later in this review.

Parasitic Infections

A large proportion of the world’s HIV-infected population
live in developing countries, where coinfection with parasitic
diseases is very common. Malaria infection induces a potent
proinflammatory cytokine drive and is potentially an important
cofactor for HIV-1 disease progression. Plasmodium falcipa-
rum induces HIV-1 replication by a TNF-a-dependent path-
way in vitro (367). In one study, adults in Malawi with acute
falciparum malaria coinfection had a sevenfold-higher median
plasma HIV-1 load than did HIV-infected controls who did not
have malaria but who were not matched for stage of HIV
disease; 4 weeks after anti-malaria treatment, a small but sig-
nificant decrease in plasma viremia accompanied the more
substantial reduction in TNF-a concentrations (160). In con-
trast, falciparum malaria has not been found to adversely im-
pact HIV-2 RNA or proviral load in infected persons in West
Africa (11, 12). This may relate to differences in transcriptional
activation of the two viruses, with the HIV-2 enhancer re-
sponding weakly to TNF-a and NF-«kB in comparison to the
HIV-1 enhancer (142).

Among other parasitic diseases that commonly coinfect
HIV-infected persons in some developing countries, visceral
leishmaniasis, an intracellular protozoal infection, has
emerged as an important opportunistic infection (331a; re-
viewed in reference 358). Studies indicate that Leishmania
donovani can enhance HIV-1 replication in monocytoid cells in
vitro (25), and the HIV-1 plasma load is higher in leishmania-
infected persons than in HIV-infected controls without coin-
fection (280). However, two small studies of the impact of
antileishmania treatment on the plasma HIV-1 load yielded
conflicting results (24, 44). Antigens of Toxoplasma gondi, an-
other intracellular protozoon and a common cause of oppor-
tunistic infection in persons with AIDS, also increases HIV-1
replication in mononuclear cells in vitro (18), but in vivo data
are lacking.

Schistosomiasis is also a common coinfection in HIV-in-
fected persons in some countries. It has been hypothesized that
the dominant T2 lymphocyte responses that accompany S.
mansoni infection may promote HIV-1 replication in vivo.
However, a study of 30 HIV-1-infected patients with schisto-
somiasis in Kenya found that effective treatment of schistoso-
miasis was not accompanied by a reduction in the plasma
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HIV-1 load (189). There is a very high prevalence of gastro-
intestinal helminthic infections in people living in developing
countries. However, there is only a single unpublished report
suggesting that clearance of such parasites with anthelmintic
drugs has a beneficial effect on the plasma HIV-1 load (D.
Wolday, S. Maayan, Z. G. Mariam, S. Britton, A. Landay, and
Z. Bentwich, Abstr. 7th Conf. Retroviruses Opportunistic In-
fect., abstr. 139, 2000).

Other Inflammatory Stimuli

Little is known about the effect of fungal infections on
HIV-1 replication in vivo. However, Cryptococcus neoformans
induces HIV-1 replication and enhances HIV infectivity in
vitro (147, 267) and cryptococcal meningitis leads to an in-
creased HIV-1 load in cerebrospinal fluid (241). It is also likely
that inflammatory stimuli of any etiology, if of sufficient inten-
sity, will upregulate HIV-1 replication in vivo. For example,
evidence of increased HIV-1 replication has been found in
blood and resected intestinal tissue from a patient with severe
acute ulcerative colitis (309) and also in serous fluid obtained
from the bullous skin lesions of a patient with Stevens-Johnson
syndrome (81).

Thus, it is clear that many different immunological stimuli
impact the plasma HIV-1 load in vivo, including immuniza-
tions as well as viral, bacterial, parasitic, and fungal infections
and other inflammatory stimuli. In addition to increasing the
plasma HIV-1 load, these stimuli may have other important
effects on the biology of HIV-1 infection in vivo.

IMMUNE ACTIVATION AND BIOLOGY
OF HIV-1 IN VIVO

Immune Activation and HIV-1 Load

In the previous section we reviewed the impact of a wide
variety of different exogenous immune activating stimuli on the
HIV-1 load in blood plasma. Due to the comparative ease of
sampling and measuring the HIV-1 load in blood plasma
rather than in tissue samples, a great majority of these data are
derived from measurements of the HIV-1 RNA load in blood.
However, although measurements of the plasma HIV-1 load
are important predictors of disease progression (229), it must
be recognized that lymphoid tissue is the major cellular reser-
voir (>98%) of viral replication in persons not receiving
HAART (261). Moreover, during the clinically asymptomatic
stages of disease, there is also dissociation between HIV-1 load
in blood and lymphoid tissues (261). Thus, measurements of
blood plasma HIV-1 load incompletely assess the impact of
exogenous inflammatory stimuli on HIV-1 replication in vivo.

HIV-1 load in body tissues. Proinflammatory cytokines are
constitutively expressed at high levels in the lymphoid tissues
of HIV-infected persons (131). However, using double-stain-
ing techniques for HIV-1 RNA or DNA and for TNF-a ex-
pression, studies of the colocalization of TNF-a expression and
HIV-1 replication in tissue biopsy specimens have yielded con-
tradictory results (200, 249). Nevertheless, evidence suggests
that exogenous inflammatory stimuli in vivo do impact HIV-1
replication in lymphoid tissues as well as in blood. Tetanus
toxoid immunization increases the detection of HIV-1 RNA
and proviral DNA in lymph nodes (319), mycobacterial and
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pneumocystis infections increase HIV-1 RNA detection in
lymph nodes (240), and focal antigen presentation leading to
intense immunological activity increases HIV-1 expression in
the white pulps of the spleen (56, 130).

HIV-1 load in anatomical compartments. While systemic
immune activation may lead to increases in the HIV-1 RNA
concentration in both blood and lymphoid tissues, enhance-
ment of virus replication may be even greater at the primary
anatomical site of inflammation and may be compartmental-
ized from that occurring in blood. Thus, the HIV-1 load is
greater in bronchoalveolar lavage fluid than in plasma in pa-
tients with pulmonary TB and HIV-1 coinfection (245), and
the virus load is also greater in pleural fluid than in plasma in
those with pleural TB (Toossi, unpublished). Similarly, the
HIV-1 load in cerebrospinal fluid is compartmentalized from
blood (37, 62), and the virus load is higher in cerebrospinal
fluid than in blood in persons with either cryptococcal (37) or
tuberculous (241) meningitis.

Perhaps of greater importance, infections in the genital tract
may not only disrupt the mucosal barrier but also increase the
local HIV-1 load in genital secretions, promoting sexual and
mother-to-child transmission of HIV-1. HIV-1 detection in
semen is increased in men with urethritis and gonorrhea (68,
243), and treatment of these infections lowers the seminal
plasma HIV-1 load (68). Similarly, detection of HIV-1 proviral
DNA in the female genital tract is associated with cervical
inflammation and increased vaginal discharge (64, 166, 180).
More specifically, Neisseria gonorrhoeae and Chlamydia tracho-
matis infections enhance the detection of HIV-1 RNA in cer-
vicovaginal secretions, an effect that decreases after successful
treatment of the STDs (118). Also, a 200-fold mean increase in
the HIV-1 load was observed in the genital secretions of
women who developed ulceration and inflammation of the
cervix (193, 364); this effect on the HIV-1 load was strikingly
compartmentalized to the genital tract and correlated strongly
with parallel increases in local concentrations of proinflamma-
tory cytokines (193). Not only are these findings in the genital
tract important with respect to HIV-1 transmission, but also
mastitis in lactating HIV-infected women is associated with an
increased virus load in breast milk and with increased vertical
transmission of HIV-1 (303). Thus, irrespective of any impact
on systemic viral burden, inflammatory lesions at specific an-
atomical sites may have a major impact on local HIV-1 repli-
cation, which may have important consequences for the trans-
mission of HIV-1, as discussed later in this review.

Cellular compartments of HIV-1 replication. The level of
cell-free HIV-1 in blood is maintained by continuous rounds of
de novo infection in short-lived lymphocytes (158), and the
great majority of cell-free HIV-1 in plasma (>98%) is thought
to be derived from lymphocytes rather than cells of the mono-
cytic lineage (265). Nevertheless, APCs serve as important
reservoirs of HIV-1 (220, 224, 331). Increasing concentrations
of TNF-a (14, 15, 298), sCD14 (201), and neopterin (17) in
serum suggest that activation of macrophages increases with
HIV-1 disease progression, and this is further heightened in
the presence of opportunistic infection (188, 190, 192). Mac-
rophages may therefore constitute an increasingly productive
source of HIV-1 in the latter stages of the disease course,
especially in the presence of opportunistic infections (254,
342).
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Data to support this hypothesis are limited and largely relate
to the impact of opportunistic infections with mycobacteria,
which are pathogens that reside within macrophages. Both
macrophages (329) and lymphocytes (111) obtained from pa-
tients with pulmonary TB show enhanced susceptibility to pro-
ductive infection with HIV-1 in vitro. However, using in situ
hybridization, lymph node biopsiy specimens from HIV-in-
fected persons with M. avium or P. carinii infection indicate
that in addition to lymphocytes, tissue macrophages are highly
productive sources of HIV-1 replication (254). Although these
results differ from those of others (335), analysis of HIV-1 in
plasma samples by using an immunomagnetic HIV-1 capture
technique confirms that the macrophage compartment contrib-
utes significantly to the cell-free plasma HIV-1 load in patients
with pulmonary TB (188). Moreover, detection of HIV-1 de-
rived from CD14" macrophages is enhanced in pleural fluid
samples obtained from HIV-infected patients with pleural TB
and in plasma of HIV-infected individuals with acute P. falci-
parum malaria (T. Pisell, Z. Toossi, I. Hoffman, S. T. Butera,
and S. D. Lawn, Abstr. AIDS Pathog. Conf. abstr. 146, 2001).

Thus, evidence suggests that cells of the monocytic lineage
are important sources of virus replication during opportunistic
infections. These cells may also play an important role in the
persistence and pathogenesis of HIV-1 infection (reviewed in
reference 115), serving as long-lived viral reservoirs that are
able to transmit virus to other cells (220). It is possible that
increased seeding of HIV-1 provirus into these cells during
opportunistic infections may contribute to the adverse long-
term effects of opportunistic infections on the deterioration of
immune function (51, 352).

Impact of HIV-1 Genotype

Typically, a homogeneous virus population proliferates in
blood during primary HIV-1 infection (373) and subsequently
undergoes rapid genotypic diversification following the devel-
opment of HIV-1-specific cytotoxic T-lymphocyte responses
(314). A markedly heterogeneous virus population is thus
present in the blood of persons with chronic HIV-1 infection
(136, 279), and these viruses are similar to those present in the
lymph nodes, bone marrow, and spleen (337). However, there
is genotypic compartmentalization of viruses present in the
brain, lungs, and testes (337, 361) from those in blood.

Immune activation may lead to the differential expression of
HIV-1 genotypes, both in the systemic circulation and at ana-
tomical sites of inflammation. Studies of microdissected
splenic white pulps revealed exquisite compartmentalization of
HIV-1 genotypes, resulting from highly localized antigen stim-
ulation (56). Tetanus toxoid immunization may result in tran-
sient expression of previously undetectable HIV-1 quasispecies
in blood (256). Genotypic differences have been found to exist
between the major HIV-1 species present in blood and in
bronchoalveolar lavage fluid obtained from diseased lung seg-
ments in persons with pulmonary TB (245), and HIV-1-in-
fected individuals with active pulmonary TB have greater viral
genotypic diversity than do HIV-1-infected controls (69). In-
creased viral genotypic diversification driven by immune acti-
vation may increase the chance of the expression of more
virulent quasispecies with the potential to affect disease pro-
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gression. However, there are currently no data to support such
a hypothesis.

Differential expression of HIV-1 quasispecies in the genital
tract may also be important with respect to HIV-1 transmis-
sion. It is clear that despite the presence in of a genotypically
diverse pool of HIV-1 in plasma of persons with chronic HIV-1
infection, only selected strains are transmitted by the sexual
route (373) or from mother to child (359). Among the pool of
latent proviruses present in the cellular reservoirs of the fe-
male genital tract, some may represent the transmissible virus
strain that originally infected the host. It is possible that in-
flammation in the genital tract may lead to local expression and
shedding of this transmissible virus. In support of this hypoth-
esis, cervical ulceration has been shown to greatly increase the
HIV-1 load in the female genital tract, and the majority of this
virus was from locally increased replication (193, 364). HIV-1
present in semen and blood in males is also genotypically
compartmentalized (72, 269, 376), with virus in semen arising
from a distinct cellular reservoir (43, 170). The presence of
STDs associated with increases in semen viral load (68, 230)
may possibly lead to the differential expression of viral quasi-
species that impact virus transmission.

Impact on HIV-1 Phenotype

Aspects of the HIV-1 phenotype that may be affected by
immune-activating stimuli in vivo include the ability to induce
syncytium formation, the finding of coreceptor usage, and the
incorporation of host surface cell molecules into the viral en-
velope. Few data are available for the first two factors, al-
though Ostrowski et al. reported that tetanus immunization in
one patient who harbored both SI and non-syncytium-inducing
(NSI) viruses resulted in the preferential enhancement of the
NSI strain (256). With regard to coreceptor expression, it has
been suggested that heightened immune activation arising
from exogenous immune-activating stimuli in African individ-
uals (289) may be responsible for the increased expression of
HIV-1 strains that are dependent on the CCRS coreceptor
(66). This might be a result of viral selection due to the pref-
erential expression of CCRS in these individuals (167).

On budding from host cells, HIV-1 particles incorporate a
variety of host molecules in the virion envelope (reviewed in
reference 330) and thereby may acquire a surface phenotype
that reflects that of the host cell (46). Immune-activating
events result in the upregulation of many host cell surface
molecules that may be incorporated in the envelope of budding
viruses. Indeed, upregulation of intracellular cell adhesion
molecule 1 (ICAM-1) and HLA-DR on the surface of mono-
nuclear cells leads to increased incorporation of these mole-
cules in the envelope of progeny HIV-1 particles in vitro (50,
108). Both HLA-DR and ICAM-1 serve as adhesion molecules
and, when present in the envelope, enhance the infectivity of
the virus in vitro (46, 50, 108), possibly by promoting virus-cell
interactions.

These in vitro findings may be important for the pathogen-
esis and transmission of HIV-1 in vivo. Among HIV-infected
persons, detection of HIV-1 bearing HLA-DR in the envelope
is increased in the plasma of those with pulmonary TB com-
pared those without TB (186). There is also evidence that viral
incorporation of HLA-DR is increased at local anatomical
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sites of inflammation. In HIV-infected persons with pleural
TB, detection of HIV-1 bearing HLA-DR is increased in pleu-
ral fluid compared to plasma (S. D. Lawn, T. Pisell, Z. Toossi,
and S. T. Butera, ASM Conf. Abstr., Tuberculosis 2000: Past,
Present, and Future, abstr. 66, 2000). Also, in HIV-infected
women with cervical inflammation and ulceration, detection of
HIV-1 bearing HLA-DR is increased in genital secretions
compared to that in plasma (193). It is possible that by means
of increased incorporation of HLA-DR in the HIV-1 envelope,
opportunistic infections and other inflammatory stimuli may
promote the propagation of HIV-1 in mononuclear cells in
vivo and lead to increased transmissibility of virus locally ex-
pressed in the genital tract (193). However, there are no data
that demonstrate whether this is a pathophysiologically signif-
icant mechanism in vivo.

In the HIV-1 envelope, HLA-DR is also functional in supe-
rantigen presentation (291), and thus increased viral incorpo-
ration of this molecule in the presence of opportunistic infec-
tions may lead to further enhancement of host cellular
activation. Although other host cell molecules are also present
in the HIV-1 envelope (188; reviewed in reference 330), their
significance, if any, to the immunopathogenesis and transmis-
sion of HIV-1 is not known.

IMMUNE ACTIVATION AND HIV-1 TRANSMISSION

Sexual Transmission

Worldwide, heterosexual contact is the predominant mode
of HIV-1 transmission, particularly in sub-Saharan Africa and
increasingly so throughout Asia (332). As well as behavioral
risk factors, a wide variety of biological risk factors are asso-
ciated with the risk of heterosexual transmission (reviewed in
reference 292). These relate both to the ability of the infected
person to transmit infectious virus and to the susceptibility of
the partner to infection with the virus on exposure.

The plasma viral load has been identified as the major pre-
dictor of the risk of sexual transmission of HIV-1 (253, 264,
282). Heterosexual transmission is uncommon in persons with
a plasma viral load of <1,500 HIV-1 RNA copies/ml (282), and
it is therefore possible that immune-activating stimuli that re-
sult in an increased systemic HIV-1 load may increase the risk
of HIV-1 sexual transmission.

As discussed above, localized immune activation may have
marked effects on HIV-1 replication within the genital tract,
and aside from the virus load in the systematic circulation,
undoubtedly the characteristics of the locally expressed virus in
the genital tract are major determining factors for HIV-1
transmission risk. Indeed, in women transmitting HIV-1, the
increased risk of transmission associated with an increasing
plasma virus load may simply reflect the direct correlation
between the HIV-1 loads in plasma and in the genital tract
(148).

The direct impact of STDs on the local biology of HIV-1 in
the male and female genital tracts may have important conse-
quences for the risk of sexual transmission of HIV-1. There is
a clear association between both ulcerative and non ulcerative
STDs and increased risk of sexual transmission of HIV-1, even
after adjustment for sexual behaviour (reviewed in references
292 and 345); the association with genital ulcer disease is



764 LAWN ET AL.

particularly strong (45, 86, 152). This effect may, in part, be due
to breaches in the genital epithelium, which is an effective
barrier to HIV-1 (135). Development of mucosal ulceration
would expose activated inflammatory mononuclear cells and
render an uninfected recipient more susceptible to acquisition
of HIV-1 (292). In addition, many studies have documented
that the HIV-1 load in the genital tract is increased in the
presence of STDs and genital tract inflammation (193; re-
viewed in references 292 and 345). Major increases in the
concentrations of proinflammatory cytokines and immune ac-
tivation markers were found to strongly correlate with major
increases in the virus load in the genital secretions of HIV-
infected women on development of genital ulceration (193,
365). The frequent detection of HIV-1 in genital ulcers caused
by HSV-2 (299) may be the result of both the proinflammatory
drive and the direct transactivation of the HIV-1 LTR by
HSV-encoded gene products. Furthermore, of importance
with regard to homosexual transmission of HIV-1, inflamma-
tion of the anorectal mucosa is an independent determinant of
HIV-1 RNA shedding and HIV-1 DNA detection in the ano-
rectal canal (176).

In addition to effects on the genital epithelium and local
virus load, STDs may have other important local effects on the
biology of HIV-1. As discussed above, local cellular activation
may result in alterations in the HIV-1 envelope phenotype and
genotypic repertoire and may lead to expression of viruses with
greater transmissibility. Furthermore, genital secretions in the
presence of genital tract inflammation contain not only in-
creased HIV-1 load but also high concentrations of proinflam-
matory cytokines that theoretically may actually activate gen-
ital tract cells in uninfected sexual contacts, potentially
enhancing their susceptibility to HIV infection (193).

Mother-to-Child Transmission

Mother-to-child transmission of HIV-1 may occur before,
during, or after birth (reviewed in reference 246). Immune
activation associated with local infections in the placenta, the
maternal genital tract, and the breast (during lactation) may
affect the biology of HIV-1 at those sites and increase the risk
of virus transmission.

HIV-1 load in maternal blood and genital secretions. The
HIV-1 load in plasma is a major determinant of mother-to-
child HIV-1 transmission as well as of heterosexual transmis-
sion (87, 100). An HIV-1 RNA concentration in blood greater
than 100,000 copies/ml is associated with increased risk of
mother-to-child transmission (100, 377). An increased plasma
HIV-1 load may increase the transplacental transmission of
virus to the fetus in utero as well as exposing the baby to
increased virus concentrations in the female genital tract in-
trapartum. Maternal STDs (218, 219), Epstein-Barr, virus
shedding (271), vaginal candidiasis, and cervical inflammation
(262) are all associated with increased HIV-1 transmission,
possibly due to the local impact on the biology of HIV-1 in the
genital tract, as discussed above.

Chorioamnionitis. Acute inflammation and chronic inflam-
mation of the placental membranes, which are associated with
prolonged rupture of the membranes and with preterm birth
(124), are risk factors for mother-to-child transmission of
HIV-1 (reviewed in references 124, 322, and 340). Massive
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secretion of proinflammatory cytokines by local inflammatory
mononuclear cells in the amniotic fluid infected with bacteria
(7) may increase local HIV-1 replication and account for the
increased risk of mother-to-child transmission associated with
chorioamnionitis. Placental malaria is also a common cause of
placental inflammation in tropical countries, and some data
suggest that this also increases the risk of mother-to-child
transmission of HIV-1 (33), although ongoing studies have yet
to confirm this.

Mastitis and lactation. It is estimated that breastfeeding
increases the rate of mother-to-child transmission of HIV-1 by
7 to 22% (reviewed in reference 246). Although the mecha-
nisms and factors associated with transmission of HIV-1
through breast milk are not clearly defined, mastitis, an inflam-
matory process in the breast, is associated with an increased
HIV-1 load in breast milk and increased mother-to-child trans-
mission of HIV-1 (303). Mastitis may increase the HIV-1 load
in breast milk by opening up the paracellular pathways be-
tween mammary alveolar cells, allowing inflammatory cells and
extracellular fluid to enter the milk, or even by promoting
HIV-1 replication in infected mononuclear cells present in the
inflammatory breast tissue.

Immune activation in the neonate. In addition to maternal
factors, the level of immunological activation in the neonate
may determine the risk of neonatal acquisition of HIV-1 from
an infected mother. During the first months of life, especially
in African infants, TNF-a concentrations in blood are higher
than those present in adults and are able to stimulate higher
levels of HIV-1 replication in HIV-infected cell lines (39). This
may be an important factor in the acquisition of perinatal
HIV-1 infection.

IMMUNE ACTIVATION AND HIV-1 DISEASE
PROGRESSION

A multitude of viral and host factors may affect the progres-
sion of HIV infection in vivo: HIV-1 infection progresses more
rapidly than HIV-2 infection (223); genetic factors affect cel-
lular susceptibility to HIV-1 infection (356); specific viral and
host gene deletions may both impair HIV-1 pathogenesis (76,
77, 162, 175); there are intersubject variations in specific anti
viral mechanisms such as cytotoxic T-lymphocyte activity (144);
and some individuals are able to prevent or contain HIV-1
infection by undetermined immunological mechanisms (47,
153). In addition to these viral and host factors, there is evi-
dence that immune-activating stimuli may affect disease pro-
gression in HIV-1-infected persons (reviewed in reference 29).

In comparison to other host and viral factors, the relative
contribution of immune-activating stimuli to disease progres-
sion is difficult to assess and remains incompletely defined. It is
suggested that induction of successive increases in systemic
HIV-1 load may lead to more rapid deterioration in the al-
ready impaired immune system and may also hasten the ap-
pearance of mutant viruses that may escape the established
antiviral mechanisms. The plasma HIV-1 load is a major indi-
cator of the prognosis (229), and there is abundant evidence
that exogenous immune-activating stimuli cause increases in
HIV-1 replication in blood (38, 41, 125, 234, 250, 255, 290, 319,
320, 326), in tissues (56, 249, 254, 319), and in anatomical
compartments (37, 62, 193, 241, 245). However, the epidemi-
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ological evidence to support the hypothesis that immune-acti-
vating stimuli also accelerate HIV-1 disease progression in the
longer term is less clear.

Retroviral Disease Progression in an Animal Model

Data from studies of an animal model of retroviral disease
suggest that immune activation does indeed accelerate disease
progression and reduce survival. In a study by Folks et al.,
uninfected and simian immunodeficiency virus (SIV) mac 251-
infected rhesus macaques were subjected to pronounced im-
mune activation at regular intervals by repeated immunization
with a combined preparation of allogenic cells, keyhole limpet
hemocyanin, and tetanus toxoid (107). Survival was shorter in
SIV-infected monkeys receiving immunization than in control
groups of monkeys subjected to either SIV infection or immu-
nization alone. Reduced survival in this model did not corre-
late with increased viral load in blood, possibly due to a plateau
effect in viral replication in these animals (F. Villinger and
T. M. Folks, unpublished data).

Impact of Chronic Viral Coinfections

Many of the data regarding the impact of coinfections on
progression and survival of HIV-infected persons come from
studies of chronic viral coinfections. Among the herpesviruses,
epidemiological evidence confirms that CMV coinfection is
associated with reduced survival (294, 312, 315). Furthermore,
a meta-analysis of studies of acyclovir prophylaxis of HSV
infection indicates that prevention of HSV infection or reac-
tivation of HSV latent infection leads to improved survival of
persons with HIV-1 infection (164). Evidence for accelerated
HIV diseases progression due to coinfection with HHV-6,
though, is anecdotal (31).

Although HCV coinfection has had no impact on HIV-1
progression in several cohorts (89, 204, 281, 365), other studies
have detected accelerated HIV-1 progression among a cohort
of hemophiliacs (75) and among subgroups of HCV-coinfected
persons, including those with HCV-1 coinfection (296) and
those with early HIV-1 disease (270). In contrast, in studies
published to date, coinfections with HTLV-1 or HTLV-2 (145,
155, 301) or with HBV (119, 311, 313) have shown no impact
on HIV-1 disease progression, even though these viruses up-
regulate HIV-1 replication in vitro. Together, these studies
show that some, but not all, viruses that induce HIV-1 repli-
cation in mononuclear cells in vitro are associated with an
adverse clinical effect on HIV-1 disease progression in coin-
fected persons.

Impact of Other Opportunistic Infections

As discussed below, it is very difficult to determine epidemi-
ologically whether opportunistic pathogens reduce patient sur-
vival through a direct effect on mortality alone or whether they
also accelerate the loss of immune function and enhance dis-
ease progression. In light of this, many of the following data
are limited in promoting our understanding of the effects of
immune-activating events on HIV-1 disease progression.

P. carinii pneumonia, M. avium complex disease, Candida
esophagitis, toxoplasmosis, cryptosporidiosis (51), and TB
(198) are all associated with an increased risk of death in
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HIV-infected persons that is independent of the CD4™" lym-
phocyte count. However, a further important finding is that
despite successful anti-TB treatment, HIV-infected individuals
surviving TB coinfection have an increased incidence of new
opportunistic infections, accelerated decline in immune func-
tion, and increased mortality (352). This indicates that TB has
an adverse effect on HIV-1 disease progression and leads to
reduced survival that is independent of TB-associated mortal-
ity. A meta-analysis of chemoprophylaxis against TB in HIV-
infected persons in both developing and industrialized coun-
tries found increased survival in those who were tuberculin
skin test positive (355). Similarly, the survival of Western sub-
jects with AIDS is prolonged by chemoprophylaxis of P. carinii
pneumonia (52) and M. avium complex (236). However, in
contrast, P. falciparum malaria was not found to affect the rate
of disease progression in infants with congenital HIV-1 infec-
tion (134), and Mycoplasma infections (hypothesized as playing
an important cofactor role [235]) were not found to contribute
to the rate of disease progression (2).

Limitations of the Epidemiological Data

Many of the studies of the effects of immune activation on
the biology of HIV-1 infection in vitro and in vivo would
suggest that exogenous immune-activating stimuli may have a
substantial impact on disease progression in HIV-infected per-
sons. However, the epidemiological data to support this hy-
pothesis are limited. It is difficult to differentiate between in-
creased mortality directly associated with opportunistic
infection itself and that attributable to a cofactor effect accel-
erating HIV-1 progression. Similarly, it is not known whether
increased survival in HIV-infected persons receiving antimi-
crobial chemoprophylaxis simply reflects decreased mortality
directly attributable to fewer opportunistic infections or
whether it also reflects the prevention of a cofactor effect on
HIV-1 disease progression.

Studies of the comparative survival of HIV-infected persons
following recovery from different opportunistic infections are
largely unhelpful in determining the relative cofactor effect of
different copathogens, since these organisms cause disease in
persons with different levels of immunosuppression, giving rise
to lead-time bias in the results. Indeed, some infections, such
as TB, may occur during the clinically asymptomatic phase of
HIV-1 infection, and there may be a long lag time before any
adverse effect on clinical disease progression becomes appar-
ent; many studies have an insufficient duration of follow-up to
detect this. In persons in developing countries, synergy be-
tween multiple infectious agents may cause an adverse effect
on HIV-1 progression; in this case, it is possible that elimina-
tion or prevention of only a single factor may not yield any
apparent benefit on survival or disease progression, and mul-
tiple interventions may be required (189).

It has been suggested that opportunistic infections such as
TB may serve as markers of immunosuppression that are in-
dependent of the blood CD4" Ilymphocyte count, potentially
confounding case-control studies in which groups are matched
based on their blood CD4" lymphocyte count (78). Indeed,
matching cases and controls in such studies primarily by CD4"
lymphocyte count is likely to be inadequate, and more sophis-
ticated matching of multiple variables, including the plasma
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HIV-1 load, may match more optimally for preexposure prog-
nosis (30, 229). Such a matching process, however, would be
far less easily applied to large epidemiological studies that are
required to address this question.

Thus, there are many difficulties in designing epidemiologi-
cal studies to determine whether exogenous immune-activating
stimuli impact the natural history of HIV infection. Although
many studies have attempted to examine the effect of TB on
HIV-1 progression, an extensive review of the epidemiological
data was unable to conclude whether TB impacts progression
of immune deficiency (78).

Disease Progression in HIV-Infected Persons
in Developing Countries

It is hypothesized that chronic immune activation due to TB,
helminth infections, recurrent malaria, and waterborne patho-
gens may accelerate the progression of HIV-1 infection to
AIDS, particularly in persons living in sub-Saharan Africa and
other developing parts of the world (21, 22). Indeed, the level
of systemic immune activation as assessed by cytokine produc-
tion and levels of immune activation markers in serum is
higher in African subjects than in matched subjects living in the
West (288, 289). Furthermore, the plasma HIV-1 load was
reported to be greater in men living in sub-Saharan Africa than
in individuals living in Europe or the United States who were
matched for blood CD4* lymphocyte count (91).

If the effect of coinfections on HIV-1 progression were sub-
stantial, one would expect that disease progression would be
faster and survival would be shorter in those living in Africa,
where such events are far more frequent. Data from sub-
Saharan Africa, albeit limited in several respects, suggest that
survival may be shorter than in comparable populations of
HIV-infected persons in the West (reviewed in references 129,
237, and 238). A more recent report of a seroconverter cohort
in Haiti also support this (82). However, the differences in
survival may simply indicate differences in the virulence of
prevalent pathogens and disparities in access to health care
between HIV-infected persons in the West and those in devel-
oping countries (reviewed in reference 129). There is clearly a
great need for further data to determine the effect of these
copathogens on disease progression among HIV-infected per-
sons in these countries, since such knowledge would have im-
portant public health implications regarding approaches to
addressing the HIV-1 epidemic in such parts of the world.

TREATMENT STRATEGIES

In this review, we have documented that immune activation
in response to HIV-1 infection plays a central role in the
immunopathogenesis of AIDS and that both systemic and local
exogenous immune-activating stimuli may further affect the
progression and transmission of this disease. Direct or indirect
reduction of immune activation is therefore central to thera-
peutic strategies in HIV-infected persons.

Immunosuppressant Drugs in
Treatment of HIV-1 Infection

Several factors provide a clear rationale for the use of im-
munosuppressive treatments in HIV-1 infection (151). Im-

CLIN. MICROBIOL. REV.

mune activation (i) promotes HIV-1 replication in vitro (58,
106, 252, 333, 369) and in vivo (125, 319, 326), (ii) increases
during the clinical progression of HIV-1 infection (14, 197,
298), (iii) is an independent risk factor for death (120), and (iv)
may contribute to CD4™ T-cell loss in HIV-infected persons
through the induction of apoptosis (3, 138). In addition, auto-
immunity has previously been hypothesized as possibly playing
an important role in HIV-1 pathogenesis (reviewed in refer-
ence 260). Various immunosuppressive drugs have been used
in HIV-infected persons to target the secretion of TNF-a by
macrophages (thalidomide and pentoxifylline) or to reduce the
activation status of lymphocytes (cyclosporin A and mycophe-
nolic acid) or have been used because of more generalized
immunosuppressive properties (prednisolone).

Pentoxifylline and thalidomide. Both thalidomide and pen-
toxifylline decrease the production of TNF-a, resulting in re-
duced NF-kB-mediated HIV-1 replication in mononuclear
cells in vitro (28, 101, 215). However, in clinical trials of pen-
toxifylline in HIV-infected persons, the viral load did not de-
crease despite diminished TNF-a production by stimulated
peripheral blood mononuclear cells (83, 84). Similarly, thalid-
omide treatment has not been found to reduce either the
HIV-1 load or the TNF-a concentration in serum in HIV-
infected persons, despite leading to other improvements in
immune function (150).

Cyclosporin A. The nuclear factor of activated T cells (NF-
ATec), a transcription-enhancing factor for IL-2 (95), is a cel-
lular factor that induces a highly permissive state for HIV-1
replication in primary CD4" cells (173). Cyclosporin A po-
tently suppresses T-cell activation by forming a complex with
the molecular chaperone cyclophilin A, which then inhibits the
production of NF-ATc by blocking the phosphatase activity of
calcineurin (95). There is also evidence that cyclosporin A has
direct antiviral activity by inhibiting the normal interaction
between Gag polyprotein and cyclophilin A (206) and also by
preventing the incorporation of cyclophilin A into virions
(323). In vitro, cyclosporin inhibits HIV-1 infection and repli-
cation within T-cell lines (343). However, initial results from
studies of the effects of cyclosporin A in HIV-infected persons
were contradictory (8, 268). Long-term follow-up of a group of
such patients suggests that treatment may have a short-term
beneficial effect on the CD4™ lymphocyte count but no effect
on p24 antigenemia (199). No randomized, placebo-controlled
clinical trials of the use of cyclosporin in HIV-infected persons
have been published, although an early report from such a
study suggests that low-dose cyclosporin has little effect on
immune activation in HIV-infected individuals (L. H. Cala-
brese, et al., Abstr. 7th Conf. Retroviruses Opportunistic In-
fect., abstract 373, 2000).

Glucocorticoids. Glucocorticoids have broad anti-inflamma-
tory and immunoregulatory properties (reviewed in reference
74). They regulate gene expression by binding to glucocorticoid
response elements, and the LTRs of many retroviruses, includ-
ing HIV-1, contain sequences with homology to glucocorticoid
receptor elements (168). Opposing effects on HIV-1 transcrip-
tion have been found in vitro, depending on the cell line used
(36, 184, 293). However, glucocorticoids also inhibit apoptosis
in HIV-infected persons (205), leading to sustained increases
in peripheral CD4™ T-cell counts (9). Although prednisolone
therapy was found to decrease the activation of CD4™" cells and
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levels of immunoglobulins in a group of HIV-infected persons,
no reduction in the level of HIV-1 RNA in plasma was ob-
served (9). In a small study of four patients, short-term steroid
treatment reduced serum neopterin and TNF-RII levels and
was associated with a transient significant decrease in the
plasma HIV-1 load (171). However, two other, larger trials of
prednisone treatment in persons with either asymptomatic dis-
ease (9) or advanced HIV infection (228) found no beneficial
reduction in the plasma HIV-1 load.

Other immunosuppressive agents. Mycophenolic acid, in
addition to inhibiting HIV-1 reverse transcription, was recently
reported to deplete the activated pool of CD4™ T lymphocytes
in vivo and warrants further investigation in controlled clinical
trials (54). Numerous other immune-based therapeutic strate-
gies for HIV infection have been previously reviewed (93, 321,
334). The drive to develop immunosuppressive agents was, at
least temporarily, superseded in the mid-1990s when HAART
was introduced.

HAART, Immune Activation, and Latency

HAART leads to dramatic decreases in the plasma HIV-1
load followed by gradual reconstitution of the immune system
(141, 195). The profound changes in viral and cellular dynam-
ics during HAART lead to a generalized decrease in the level
of immune activation. Secretion of proinflammatory cytokines
decreases (4, 6, 27, 96, 110, 121); CD8" (27, 96, 121) and
CD4*% (27) T cells and monocytes (4) in peripheral blood
acquire more inactive cell surface phenotypes; and cellular
expression of CCRS and CXCR4 viral coreceptors (6) and
soluble adhesion molecules (226) also decreases. Moreover,
the numeric restoration of the peripheral CD4* T-lymphocyte
population is also accompanied by a reversal of the functional
impairment of CD4 T cells with restitution of IL-2 secretion
(349). Thus, by inhibiting HIV-1 replication, HAART substan-
tially reverses the immunopathological processes that result
from the infection.

However, HAART has now brought the issue of viral latency
very much to the forefront, and this provides a huge new
therapeutic challenge. Only a small proportion of the pool of
HIV-infected mononuclear cells in vivo are transcriptionally
active at any point in time (5), and much of the inactive virus
exists in a transcriptionally incompetent, unintegrated form
(59, 369). However, following the introduction of HAART, it
has become clear that antiretroviral agents fail to eliminate
HIV-1 from the body despite prolonged suppression of vire-
mia. HIV-1 provirus can exist in a latent, integrated form in
inactive circulating CD4™ T lymphocytes (59, 103, 362) and
monocytes (183). These latent viral pools, together with se-
questered sites that support ongoing low-level HIV-1 replica-
tion (61, 139), are major obstacles to a therapeutic cure of
HIV-1 infection by HAART.

In the pre-HAART era, the rationale for the use of the
majority of immunomodulating therapeutic strategies was to
suppress activation-induced HIV-1 replication (151). Now,
however, new immunomodulating strategies used in conjunc-
tion with antiretroviral agents are directed at activating, and
thereby purging, the latently HIV-1-infected cellular pool (57).
It has been found that cytokines that activate T cells are able
to induce HIV-1 replication in vitro in latently infected CD4™
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T cells obtained from infected persons receiving HAART (58).
Following this observation, clinical trials of IL-2 in combina-
tion with HAART indicate that the size of the latent pool of
resting CD4 " cells that contain replication-competent HIV-1
can be reduced (57) but not eliminated (60). At present, the
complexity of the host-virus relationship seems to present an
insuperable barrier to the elimination of HIV-1 from infected
persons.

Prevention and Treatment of Coinfections

The widespread use of HAART in the treatment of HIV-
infected persons in westernized countries has resulted in a
phenomenal decrease in the incidence of opportunistic infec-
tions and has greatly increased survival. For these individuals,
the antiretroviral drugs are the major determinant of prognosis
and the potential cofactor effect of opportunistic infections is
now a more minor consideration. However, the vast majority
(>95%) of the world’s HIV-infected people do not currently
have access to antiretroviral drugs. Most of these people live in
developing countries, where the quality and access to health
care is often limited and where there is a high incidence of
endemic infectious diseases such as malaria, TB, and infections
by helminths and waterborne pathogens, which may adversely
affect HIV-1 disease progression. Prevention or early treat-
ment of these diseases may therefore represent an important
strategy in addressing the HIV-1 epidemic in developing coun-
tries.

In addition to its use in prophylaxis of P. carinii infection in
HIV-infected persons living in industrialized countries (104),
trimethoprim-sulfamethoxazole prophylaxis reduces morbidity
and mortality in HIV-infected patients with TB in Africa
though the prevention of other opportunistic infections (354).
Clearly, antibiotic prophylaxis represents an important strategy
that should be further evaluated. The use of isoniazid as pro-
phylaxis against TB in HIV-infected persons reduces the inci-
dence of TB; however, overall cohort survival was improved in
only in one of four community-based studies using this strategy
(reviewed in reference 78), but survival was improved in a
meta-analysis of purified protein derivative-positive patients
(355). To date, no studies have examined the important ques-
tion of whether recurrent treatment of gastrointestinal hel-
minths or prophylaxis of malaria has a beneficial effect on
HIV-1 disease progression in HIV-infected persons living in
areas where these diseases are endemic. In addition to pro-
phylactic measures, the rapid and effective treatment of op-
portunistic infections in HIV-infected persons is clearly impor-
tant. Delays in the diagnosis and commencement of treatment
of infections such as TB not only have acute consequences on
morbidity and mortality but also may lead to escalation of any
adverse affect on the HIV-1 burden (187, 191). In addition to
addressing the effect of coinfections on HIV-infected persons,
it is clear that reduction of the spread of HIV-1 infection is an
extremely important goal. One of the most critical components
of HIV-1 control measures in both westernized and developing
countries is the prevention, diagnosis, and treatment of STDs
(137), which are potent cofactors in the transmission of the
virus within the community.
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CONCLUSIONS

It is clear that the life cycle of HIV-1 is intimately linked to
the activation state of infected mononuclear cells and that
systemic immune activation is both the result of and a driving
force behind the phenomenal viral and cellular kinetics in
HIV-infected persons. Thus, immune activation is central to
the immunopathogenesis of HIV-1 infection in vivo.

The induction of immune activation by HIV-1 envelope gly-
coproteins in vivo stimulates ongoing viral replication and ac-
tivation-induced mononuclear cell apoptosis, thereby promot-
ing the maintenance of infection and progression of disease. In
addition, exogenous immune-activating stimuli such as oppor-
tunistic infections and immunizations enhance HIV-1 replica-
tion in vivo. This not only results in increases in virus load in
the systemic circulation, body tissues, and anatomical compart-
ments but also may induce change in the genotype and phe-
notype of expressed viruses. Epidemiological data, albeit lim-
ited, indicate that by these means, some but not all such
immune-activating stimuli significantly contribute to long-term
acceleration of disease progression in HIV-infected persons. In
the genital tract, the marked effects of immune activation on
the biology of HIV-1 provide plausible mechanisms that would
explain, at least in part, the potent cofactor effect of genital
tract inflammation on sexual and mother-to-child transmission
of HIV-1. Prevention of STDs by both behavioral and biolog-
ical means and treatment of STDs are clearly vital components
of strategies to control the transmission of HIV-1.

The widespread use of HAART in the treatment of HIV-
infected persons in westernized countries has resulted in a
marked reduction in opportunistic infections and a great im-
provement in prognosis; the potential cofactor effect of coin-
fections in these individuals is now a more minor consider-
ation. However, in countries where antiretroviral drugs are not
yet widely available and where there is a high incidence of
opportunistic and endemic infectious diseases, studies on the
effect of such coinfections on HIV-1 pathogenesis are greatly
needed. Research also should determine the effect of treat-
ment and prevention of coinfections on HIV-1 disease pro-
gression. Moreover, the development of simple, nontoxic, im-
munomodulating treatments that reduce the systemic HIV-1
burden and slow the progression of disease may provide ther-
apeutic options in addition to the use of antiretroviral drugs.
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