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HE human immunodeficiency virus (HIV) is

probably the most intensively studied virus in the
history of biomedical research. A large number of
distinct isolates have been cloned and sequenced,
and the genes of the virus and several of the pro-
tein products of these genes have been characterized.'
Furthermore, many of the pathogenic mechanisms
associated with HIV infection that lead to clinical
disease have been established, such as the function-
al abnormalities and quantitative depletio‘n of CD4
T lymphocytes that cause the profound i immunosup-
press1on characteristic of advanced HIV infection.?
It is generally agreed that HIV itself has the pri-
mary role in the mmatlon and propagation of the
pathogenic process.®> Nonetheless, a number of im-
portant issues concerning the pathogenesis of HIV
infection and disease from both a virologic and
an immunologic standpoint remain unresolved. Fore-
most among them is the observation that the viral
burden in perlphcral -blood mononuclear cells is low
at the same time that CD4 T lymphocytes are pro-
gressively depleted and immune function deterio-
rates in most patients.? Although a recent study
demonstrated that in patients with HIV a substan-
tial percentage of peripheral- blood mononuclear cells
are infected with the virus,* the body of evidence
favors an extremely low viral burden in peripheral-
blood mononuclear cells. The recent findings of a
much greater viral burden and greater viral propaga-
tion in lymphoid tissue than in peripheral blood
(see below) may help resolve this issue. The ques-
tion has nonetheless stimulated investigation into
additional mechanisms of immune dysregulation
associated with HIV infection, and a series of im-
munologic and nonimmunologic mechanisms of im-
mune-cell dysfunction and destruction have been
proposed. In this article, we shall outline the avail-
able knowledge concerning the pathogenesis of HIV
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infection .and discuss information that has recently
emerged in this area.

Tue Course or HIV INFECTION

Although the course of HIV infection may vary
somewhat among individual patients, a common pat-
tern of development has been recognized (Fig. 1).°
Primary infection with HIV is followed by the devel-
opmient of detectable humoral and cellular immune
responses to the virus and a prolonged period (medi-
an, 10 years) of clinical latency, during which the pa-
tient is usually asymptomatic, followed by the appear-
ance of constitutional signs and symptoms.® Clinically
apparent disease then develops, and even with treat-
ment,%® death usually ensues within two years.? The
contributions of the different pathogenic mechanisms
of HIV infection probably vary considerably during
each stage of this infection.

Acute HIV Syndrome

In 50 to 70 percent of patients with primary HIV
infection an acute mononucleosis-like syndrome devel-
ops approximately three to six weeks after initial infec-
tion (Fig. 2).!° This period is associated with high lev-
els of viremia, and within one week to three months
there is an immune response to HIV.'>'2 HIV is wide-
ly disseminated during this early stage of infection,'
strongly suggesting that the subsequent course of
HIV infection may be influenced by the seeding of
virus, particularly in the lymphoid organs, during this
short period. Furthermore, the HIV-specific immuni-
ty initiated during this stage is associated with a
dramatic decline in viremia.'"'2 However, this immu-
nity is apparently inadequate to suppress viral replica-
tion completely, since HIV expression persists in
lymph nodés even when plasma viremia is difficult
to detect!® and HIV messenger RNA (mRNA) is vir-
tually undetectable in peripheral-blood mononuclear
cells.!>"

Detectable viremia declines markedly or disappears
weeks to months after the acute syndrome subsides,
and the change is temporally associated with the
emergence of an HIV-specific immune response.'"'?
It is highly likely, however, that viral replication is
never completely curtailed, since it is detectable in
lymph nodes during apparently quiescent stages of
infection.!® Although a substantial percentage of pa-
tients with HIV infection do not have a clinically rec-
ognizable acute syndrome after primary infection, the
events described above probably occur even in the
absence of symptoms.

Clinical Latency

After primary infection, viral dissemination, the
appearance of HIV-specific immunity, and the appar-
ent curtailment of viral replication, most patients
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have a period of “clinical latency” that lasts for
years.® The term clinical latency is misleading, how-
ever, since during this period virtually all patients
have a gradual deterioration of the immune system,
manifested particularly by the depletion of CD4
T cells.?” Furthermore, although a patient always has
many more infected cells that are not expressing de-
tectable HIV mRNA or protein than cells in which
viral expression is readily detected,'*>!¢ there is prob-
ably never a true state of complete microbiologic la-
tency (i.e., no viral expression) during the course of
HIV infection.

The most obvious and quantifiable aspect of the
deterioration that occurs during the clinically latent
stage is the depletion of peripheral-blood CD4 T cells.
Although this depletion may occur even without large
increases in plasma concentrations of virus (as mani-
fested by p24 antigenemia or culturable virus), viral
replication in lymphoid organs, together with the
spectrum of immunologic events that are directly or
indirectly triggered by the virus, may contribute to it.
Thus, HIV disease is clearly progressive during the
so-called latent period.

Clinically Apparent Disease

The inevitable outcome of the progressive deterio-
ration of the immune system that occurs in most pa-
tients with HIV infection is clinically apparent disease
or an acquired immunodeficiency syndrome (AIDS)—
defining illness, either severe and persistent consti-
tutional signs and symptoms or an opportunistic
infection or neoplasm.>!” Exceptions to the direct cor-
relation between deteriorating immune function and
clinically apparent disease are the progressive general-
ized lymphadenopathy that some patients have early
in the course of infection and that may be caused by a
vigorous immune response against HIV in the lymph
nodes'®; Kaposi’s sarcoma, which can occur before the
onset of severe immunosuppression'® and which may
be influenced by a complex interplay of growth fac-
tors??2; and neurologic disease that may reflect direct
or indirect effects of the virus or its products on neu-
rons and other cells of the nervous system.? The pro-
found immunosuppression that occurs during this
phase of HIV infection is the end stage of the immu-
nopathogenic events that began at the time of primary
infection, when the virus disseminated and seeded the
lymphoid organs, and continued for years through the
clinically latent but microbiologically active stages of
infection.

IMMUNOPATHOGENIC MECHANIsSMS oF HIV
INFECTION

Mechanisms of CD4 T-Lymphocyte Dysfunction

In patients with HIV infection, immunosuppres-
sion is due to quantitative as well as functional defects
in CD4 T cells. The potential mechanisms of CD4
T-cell dysfunction are listed in Table 1. Several of
these have been reviewed previously? and will be dis-
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cussed only briefly here. Other, more recently pro-
posed mechanisms will be discussed in greater detail.

Single-Cell Killing and Syncytia Formation

In vitro single-cell killing and syncytia formation
occur through direct HIV-mediated cytopathic ef-
fects.?*?® Single-cell killing may result from the ac-
cumulation of unintegrated viral DNA or from the
inhibition of cellular protein synthesis after HIV in-
fection.?* The formation of syncytia involves fusion of
the cell membrane of an infected cell with the cell
membranes of uninfected CD4 cells, which results in
giant multinucleated cells. A direct relation between
the presence of syncytia and the degree of the cyto-
pathic effect of the virus in individual cells has been
demonstrated in vitro,” and HIV isolated during the
accelerated phase of infection in vivo has a greater
capacity to induce syncytia in vitro.? Syncytia have
rarely been seen in vivo, however. In vitro, their for-
mation may be regulated by the leukocyte adhesion
molecule LFA-1 (lymphocyte-function—associated an-
tigen 1) produced by human CD4 T lymphocytes in-
oculated with HIV.27:%

HIV-Specific Inmune Responses

Both humoral and cellular immune responses con-
tribute to antiviral immunity.> The major antiviral ef-
fects of antibodies are attributed to their neutraliz-
ing properties.3® However, antibodies directed against
some regions of the envelope of HIV may have an
additional protective function related to their abil-
ity to mediate antibody-dependent cellular cytotoxic-
ity after binding to natural killer cells,’ leading to
the killing of HIV-infected cells that express viral-
envelope proteins on their surfaces. HIV-specific cyto-
toxic T lymphocytes may play an important part in
the immune response against HIV, and they have
been found in a substantial percentage of patients
with HIV infection.>*'** These mechanisms of im-
munity and the effector cells involved may have a
dual role, however. The first is a protective role in the
initial immune response to HIV infection, at which
time these mechanisms may help to control or even
clear the infection. The second is a pathogenic role
during the chronic phase of infection, when the same
mechanisms may be involved in the elimination of
HIV-infected cells (i.e., CD4 T cells, follicular den-
dritic cells, and macrophages) and may thus contrib-
ute to the progressive deterioration of the immune
system.

Autoimmune Mechanisms

Nonpolymorphic determinants of major-histocom-
patibility-complex (MHC) class II molecules, par-
ticularly HLA-DR and HLA-DQ, share some degree
of structural homology with the gp120 and gp4! pro-
teins of HIV type 1,** and antibodies to these HIV
proteins could therefore cross-react with HLA class 11
molecules. In fact, antibodies that react with class
IT molecules have been found in the serum of pa-
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Figure 1. Typical Course of HIV Infection.
During the early period after primary infection there is widespread dissemination of virus and a sharp decrease in the number of CD4
T cells in periphera! blood. An immune response to HIV ensues, with a decrease in detectable viremia followed by a prolonged period
of ciinical latency. The CD4 T-cell count continues to decrease during the following years, until it reaches a critical level below which there
is a substantial risk of opportunistic diseases.
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Figure 2. The Progression of HIV Infection from Primary Infection through the Acute HIV Syndrome to the Stage of Clinical Latency.
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tients with HIV infection. These antibodies could pre-
vent interaction between CD4 and class I molecules
expressed on the antigen-presenting cells, thus im-
pairing the cellular interaction required for efficient
antigen presentation and inhibiting antigen-specific
functions mediated by helper CD4 T cells.?*3*

The hypothesis that gp120 functions as an “alloepi-
tope” 3637 is also based on the homology between
HLA-DR and HLA-DQ molecules and this HIV-
envelope glycoprotein. It has been suggested that
gpl20 bound to the CD4 molecules of T cells may
trigger a long-term allogeneic immune response. Both
of these possibilities, however, need to be substantiat-
ed with more convincing experimental evidence before
their role in the pathogenesis of HIV infection can be
determined.

Anergy

Complexes of gp120 antigen and antibody bind to
CD4 molecules, and the CD4 cells become refractory
to further in vitro stimulation through the activation
of their CD3 molecules.® Similarly, in vitro peripher-
al-blood mononuclear cells inoculated with HIV no
longer respond to stimulation with anti-CD3 anti-
bodies.* These findings led to the hypothesis that
a negative signal is delivered to CD4 cells after
their component CD4 molecules react with gp120 or
gpl20—anti-gp120 complexes. In this regard, anti-
gp120 antibodies have recently been detected on CD4
T lymphocytes in patients with AIDS.*

Superantigens

Considerable attention has been given to the possi-
bility that a superantigen, either retrovirally encoded
or unrelated to HIV, may play an important part in
the immunopathogenesis of HIV infection.* Superan-
tigens are microbial or viral antigens that are capable
of binding to nearly all T cells that have a specific
variable region of the B chain of the T-cell antigen
receptor (Fig. 3). Unlike conventional antigenic pep-
tides that bind in the groove of the MHC class 11
molecules, require interaction with specific variable
components (variable a, joining a, variable 8, diversi-

Table 1. Potential Mechanisms of the Func-
tional and Quantitative Depletion of CD4
T Lymphocytes.

Direct HIV-mediated cytopathic effects (single-cell
killing)
HIV-mediated formation of syncytia
Virus-specific immune responses
HIV-specific cytolytic T lymphocytes
Antibody-dependent cellular cytotoxicity
Natural killer cells
Autoimmune mechanisms
Anergy caused by inappropriate cell signaling
thmugh gp120-CD4 mteracnon
Sup diated perturbation of T-cell
subgroups
Programmed cell death (apoptosis)
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Figure 3. Recognition of Conventional Antigens and Superanti-
gens by CD4 T Cells.

In the upper panel, all the variable elements of the « and B chains
of the T-cell antigen receptor are involved in the recognition of
conventional antigenic peptides in the groove of a particular MHC
class |l molecule. In the lower panel, the recognition of superanti-
gens involves predominantly the variable region of the 8 chain of
the T-cell antigen receptor and virtually any MHC class Il mole-
cule. V denotes variable, J joining, D diversity, and Ag antigen.

ty-B, and joining B) of the a and B chains of the T-cell
antigen receptor, and thus result in the stimulation of
only a tiny fraction of T cells, superantigens bind only
to the variable-8 region of the T-cell antigen receptor.
These superantigens therefore induce massive stimu-
lation and expansion of T cells bearing the specific
variable-B regions, followed by deletion or anergy.*?
The superantigen hypothesis regarding HIV infection
stems from the observations that endogenous or exog-
enous retroviral-encoded superantigens stimulate mu-
rine CD4 T cells in vivo, leading to the anergy or
deletion of a substantial percentage of CD4 T cells
that have the specific variable-B regions.** In line
with this hypothesis, there have been reports that
patients with HIV infection have perturbations of
T-cell subgroups bearing certain specific variable-
regions.*®* However, rather than cause deletions of
specific subgroups of T cells, it is more likely that
superantigens, if present in HIV infection, serve as
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potent activators of T cells, rendering them more sus-
ceptible to infection with the virus.

Apoptosis

Programmed cell death, or apoptosis, is a normal
mechanism of cell death that was originally described
in the context of the response of immature thymocytes
to cellular activation.®®? It is a mechanism whereby
the body eliminates autoreactive clones of T cells.®*
It has recently been suggested that both qualltatlve
and quantitative defects in CD4 T cells in patients
with HIV infection may be the result of activation-
induced cell death or apoptosis.®*® Since apoptosis
can be induced in mature murine CD4 T cells after
cross-linking CD4 molecules to one another and trig-
gering the T-cell antigen receptor,*® there has been
speculation that cross-linking of the CD4 molecule by
HIV gpl20 or gp120-anti-gp120 inimune complexes
prepares the cell for the programmed death that oc-
curs when an MHC class II molecule in complex with
an antigen binds to the T-cell antigen receptor (Fig.
4).6667 Thus, the mere activation of a prepared cell by
a specific antigen or superantigen could lead to the
death of the cell, without direct infection by HIV.
However, programmed cell death occurs spontaneous-
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ly in vitro in the absence of an antigenic stimulus and
occurs in CD8 cells.%®® If confirmed, the apoptosis
hypothesis, like the superantigen hypothesis, would
help explain the depletion of CD4 T cells without re-
quiring that each depleted cell be infected with HIV.

INpucTiON OoF HIV EXPRESSION

Although HIV in vitro can infect both resting and
activated CD4 T cells equally well,”! its ability to rep-
licate in T cells is strictly dependent on the state of
activation of the cells.”’"”® Furthermore, efficient viral
replication in monocytes or macrophages depends on
both the activation and the differentiation states of
these cells.® The role of these cells as reservoirs of HIV
and as effectors of tissue damage in organs such as the
brain has been reviewed elsewhere.>>’*

Models of coinfection or simultaneous cotransfec-
tion of cells with HIV and other viruses have demon-
strated that certain viruses, such as cytomegalovirus,
herpes simplex virus, hepatitis B virus, human herpes-
virus 6, and human T-cell lymphotropic virus type I
can up-regulate the expression of HIV.” For the pur-
pose of this discussion, viral expression refers to the
production of viral mRNA or protein and may not
reflect complete viral replication. In addition, the

T-cell Anti-gp120 antibody
antigen

CD4 molecule receptor

CD4 T cell Cross-linking of CD4
molecule; first signal
for programmed

cell death

Superantigen “

Activation of cell by
antigen; second signal
for programmed
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Antigen-
presenting
cell

Conventional antigen

Programmed
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Figure 4. Apoptosis (Programmed Cell Death) in HIV Infection.
In this model, the cross-linking of CD4 molecules to one another by gp120 alone or gp120 in complex with anti-gp120 antibodies provides
the first of two signals required for programmed cell death. Activation of the cell through the T-cell antigen receptor by either conventional
antigen or superantigen is the second signal.
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presence of other microbes, such as mycoplasma, may
induce the expression of HIV.® Of particular rel-
evance was the demonstration that a group of cyto-
kines is capable of regulating the induction of HIV
expression from the state of latent or chronic infection
to active viral expression.”” Many of the cytokines in-
volved in the homeostatic regulation of the human
immune response, such as interleukin-1, interleukin-3,
interleukin-6, tumor necrosis factor (TNF)-a and
TNF-B, interferon gamma, granulocyte—macrophage
colony-stimulating factor, and macrophage colony-
stimulating factor, stimulate HIV replication in cell
lines of monocyte—macrophage lineage with chronic
infection and in primary cultures of cells of the same
lineage.””"® In addition, TNF-a and TNF-B may
induce the expression of HIV in T-cell lines with
chronic infection.”® In contrast, interferon alfa and
interferon beta exert a suppressive effect on HIV in-
fection,®'® as may interleukin-4 and transforming
growth factor-B.7>## Since cytokines may be pro-
duced and may act locally in tissues, without entering
the circulation, their plasma concentrations need not
be elevated for them to have an important role in the
modulation of HIV expression at the tissue level.
The complex immunoregulatory network of cytokines
that maintains immune homeostasis,””’”’° even dur-
ing states of apparent immunologic quiescence, may
serve to sustain a constant level of viral expression,
particularly in the lymph nodes (see below), through-
out the prolonged course of infection.

RoLE oF THE LympHOID ORGANS IN HIV
INFECTION

A number of recent studies have focused on the role
of the lymphoid organs in the pathogenesis of HIV
infection.!®%-% These organs may represent the major
anatomical sites for the establishment as well as the
short- and long-term propagation of HIV infec-
tion.!*% Although most studies necessarily focus on
HIV infection of peripheral-blood mononuclear cells,
the lymphocytes that are in the peripheral blood at
any given time represent only about 2 percent of the
total lymphocyte pool, most of which is in the lymph-
oid organs.®* Hence, in certain pathologic processes
involving lymphoid cells, the peripheral blood may
not accurately reflect the status of disease. Further-
more, specific inmune responses are generated pre-
dominantly in the lymphoid organs® rather than in
the peripheral blood.

The presence of HIV has been demonstrated in
lymphoid organs by in situ hybridization®* and the
polymerase chain reaction (PCR),%* but that does
not mean that lymphoid organs are the preferential
anatomical sites of HIV infection. A study using
. standard PCR to detect HIV DNA and reverse trans-
criptase PCR to detect HIV RNA found 5 to 10 times
more HIV-infected cells®® and higher concentrations
of both regulatory and structural mRNAs'® in the
lymphoid organs (lymph nodes, adenoids, and tonsils)
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of a group of patients than in their peripheral blood.
This viral burden in lymphoid organs is greater
throughout the period of clinical latency.'® In this re-
gard, the assumptions that the body burden of HIV is
very low and that HIV is latent during the long period
of clinical latency, which are based on studies of pe-
ripheral blood, may not be correct.

The role of lymphoid organs as reservoirs of HIV
infection has been confirmed by in situ hybridiza-
tion®>® and electron microscopy.®** In early and in-
termediate disease, HIV particles in complex with
antibodies and complement accumulate in lymph
nodes, where they are trapped within the network
of follicular dendritic cells in the germinal cen-
ters.3%9%.98-100 Follicular dendritic cells function during
the normal immune response to trap antigens in the
environment of the germinal center and to allow
the presentation of antigen to competent immune
cells.'®2!% This is an efficient natural means of initiat-
ing and propagating an appropriate immune response
to antigenic challenge, be it microbial or environmen-
tal. At the early stage of HIV infection, only a few
isolated cells in the lymph nodes have been found to be
infected with HIV, predominantly CD4 T lympho-
cytes and rarely follicular dendritic cells, either in or
outside the germinal centers.”% In the advanced
stages of infection, free viral particles are no longer
detected in the lymphoid organs; HIV is detectable
only in cells®® (and Pantaleo G: unpublished data).
The progression of disease is temporally associated
with the degeneration of the network of follicular den-
dritic cells and the loss of the ability of lymphoid
organs to trap HIV particles, thus contributing to in-
creased viremia (see below).

These observations have allowed the development
of a hypothesis describing the role of lymphoid organs
in the immunopathogenic mechanisms that propagate
HIV infection (Fig. 5). After HIV enters through the
circulation or mucosa, it is carried, like other invading
microbes, to the regional lymph nodes. Primary infec-
tion results in an intense viremia that leads to the
seeding of multiple lymph nodes, which causes detect-
able or subclinical lymphadenopathy,'®'? and the ini-
tiation of an HIV-specific immune response. Associat-
ed with this process is the nodal accumulation of CD4
T cells, either by in situ proliferation or migration to
the lymph nodes. These cells are activated'™ and can
provide help for HIV-specific B-cell responses in the
germinal centers.!® This antigen-driven migration
and concentration of CD4 T cells in the lymph nodes
may contribute to the abrupt decline in the level of
circulating CD4 T cells characteristic of the acute
HIV syndrome.!*'!% Furthermore, the activated
state of these cells facilitates their infection by the
virus trapped in the lymph node, as well as the subse-
quent replication of virus within the’ cells. In this re-
gard, a substantial proportion of CD4 T cells (25 to 50
percent) are activated in the lymph nodes of patients
with HIV infection, as compared with a small percent-
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which may alter the circulatory
kinetics of CD4 T cells, includ-
ing those infected with HIV. Fur-
thermore, HIV-infected cells may
be unable to enter the circulation.
The trapping of virus in lymph
nodes (whether extracellularly or in
T cells that cannot recirculate), the
emergence of HIV-specific immu-
nity, and the death of the initial
pool of infected cells may explain
the clearance of HIV particles and
HIV-infected cells in the circula-
tion during the prolonged period of
clinical latency.

As the late stages of HIV dis-
ease evolve, the architecture of the
lymph nodes is disrupted and the
network of follicular dendritic cells
dissolves, removing the trapping
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can still be identified® (and Panta-
leo G: unpublished data). HIV is
thus free to recirculate, a finding
that has been interpreted as a re-
flection of a massive increase in
the total viral burden in late-stage
disease. However, rather than a
true increase in viral burden, these
high levels of viremia in late-stage
disease may reflect at least in part
the recirculation of HIV particles
removed from the constraints of

Figure 5. The Complex, Multifaceted Roles of the Lymphoid Organs in the Pathogene-

sis of HIV Disease.
FDC denotes follicular dendritic cell.

age (5 to 10 percent) in the blood (Pantaleo G: unpub-
lished data). Cytokines such as TNF-a that are re-
leased by activated germinal-center B cells may con-
tribute to the induction of viral replication.'”” Thus,
the microenvironment of the lymphoid organs is ideal
for the initial establishment and propagation of HIV
infection.

Down-regulation of viral replication in peripheral-
blood mononuclear cells (Graziosi C: unpublished
data) and a decrease in plasma viremia and p24 anti-
genemia''? generally signal the transition from the
acute to the latent phase of HIV infection. However,
HIV is concentrated in lymphoid organs and actively
replicates during clinical latency.'®*® The dichotomy
between the absence of HIV in the peripheral blood
and its presence in lymphoid organs is probably relat-
ed to histopathologic alterations such as follicular hy-
perplasia and the expansion of the network of fol-

lymph-node entrapment.

CONCLUSIONS

The immunopathogenic mecha-
nisms of HIV infection are complex
and not well understood. Although

the clinical course is characterized by a prolonged pe-
riod of latency after primary infection, HIV rep-
lication continues at high levels in the lymphoid
organs during this period. Initial seeding of the
lymphoid organs probably occurs during the period
of viremia soon after primary infection and is often
accompanied by an acute HIV syndrome. These early
events probably play a critical part in determining
the subsequent course of HIV disease. Peripheral-
blood measurements do not accurately reflect the to-
tal-body burden of HIV infection; the lymphoid or-
gans are the major reservoirs of virus and sites of viral
replication. The mechanisms whereby individual CD4
cells are depleted are not entirely clear, and although
HIV itself has a direct or indirect role in the cyto-
pathic process, other mechanisms, such as apoptosis,
inappropriate cell signaling, immune-mediated mech-
anisms, and superantigen stimulation, are being ac-
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tively studied. Recognition of the critical nature of
the events early in the course of infection as well
as the role of the lymphoid organs in the evolution
of HIV disease has important implications not only
for a better understanding of the immunopathogenic
mechanisms of HIV infection, but also in the design
of therapy.
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