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The course of HIV infection varies widely among individuals.
Immunologic and genetic studies of long-term nonprogressors and
exposed yet uninfected persons have helped to elucidate the
mechanisms by which some persons are protected from HIV ac-
quisition or have slow rates of disease progression. This two-part
review describes what is currently known about host factors in
HIV-1 infection. Studies for inclusion were identified by a system-
atic search of PubMed for English-language literature published
from 1988 through June 2000. Abstracts of presentations at major
meetings convened in 2000 were also included if appropriate. The
first part of the review discussed cellular and humoral immunity to
HIV infection. This second part describes genetic host factors—
namely, inheritance of mutant chemokine receptors or ligands,

such as CCR5-A32, CCR2-V64l, stromal cell-derived factor-1 3'a,
and CCR5 promoter polymorphisms, as well as HLA type—that
affect susceptibility to infection and subsequent clinical course.
Soluble inhibitory factors, the cytokine milieu, and concomitant
infections also affect outcome. Knowledge of host responses is
increasingly being applied to new therapeutic strategies, including
early treatment, immune modulation, structured treatment inter-
ruptions, therapeutic vaccination, and new chemotherapeutic
agents, as well as to vaccine development.
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A complex interplay of host and viral factors, many
of which are only beginning to be understood, de-
termines the course of HIV infection. The existence of
long-term nonprogressors and exposed yet uninfected
persons suggests that natural and acquired immunity to
HIV exists and is a major determinant of clinical out-
come.

This article, the second of two reviewing the role of
host factors in HIV infection, discusses the role of ge-
netic host factors—namely, inheritance of mutant che-
mokine receptors or ligands as well as HLA type—in
susceptibility to infection with HIV and subsequent
clinical course. The effects of soluble inhibitory factors,
the cytokine milieu, and concomitant infections are also
described (Table 1, Figure 1).

METHODS

Studies for inclusion were identified by a systematic
search of PubMed for English-language literature pub-
lished from 1988 through June 2000. Abstracts of pre-
sentations at major meetings convened in 2000 were
also included if appropriate. The text and references in
this article reflect a synthesis of the available information
and an attempt to place this information in the context
of the current state of the art.

The funding sources had no direct role in the prep-
aration of this paper or in the decision to submit the
paper for publication.
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CHEMOKINES, CYTOKINES, AND OTHER SOLUBLE
FACTORs
Chemokines

A breakthrough in our understanding of HIV
pathogenesis, and thus in our understanding of host fac-
tors that can affect disease progression and susceptibility
to infection, was the identification in 1996 of chemo-
kine receptors as necessary co-receptors for HIV entry
into CD4 " cells. Chemokines are chemoattractant sub-
stances secreted at sites of infection or injury (64). It had
been known since the mid-1980s that presence of CD4
on a cell surface was necessary but not sufficient for
entry of HIV into the cell. In addition, it was known
that CDS8 cells secrete substances that interfere with the
ability of HIV to infect cells. In 1995, Cocchi and col-
leagues (1) identified these substances as RANTES (reg-
ulated on activation, normal T expressed and secreted);
macrophage inflammatory protein-la (MIP-1a); and
MIP-1B. It was hypothesized that these substances bind
to a receptor that the virus requires for cell entry.

In 1996, Feng and associates (2) isolated CXCR4
(originally referred to as “fusin”), a chemokine receptor
located on T cells that T-cell-tropic (T-tropic) HIV
uses as a co-receptor along with CD4. However, it was
known that RANTES, MIP-1a, and MIP-18 sup-
pressed macrophage-tropic (M-tropic) but not T-tropic
virus. In the same year, several groups published results

showing that the receptor for RANTES, MIP-1a, and
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Table 1. Host Factors in HIV Infection*

Host Factors

Cell-mediated immunity
Cytotoxic T cells

T-helper cell response

Humoral immunity
Local factors
STDs and cytokine milieu
Mucosal cytotoxic T lymphocytes
and antibodies
Dendritic cells

Chemokine receptors
CCR5-A32

CCR2-V64l
CCR5 promoter polymorphisms

Effects on HIV Transmission and Disease Progression

Eliminate virions and virus-infected cells; play prominent role in initial control
of viremia, slowing of disease progression, and perhaps prevention of
infection

Preservation of this response may be vital to preservation of cytotoxic
T-lymphocyte response, and its importance provides theoretic rationale
for early treatment

Role in prevention and control of disease progression is unclear

May upregulate HIV replication
Role in prevention of transmission and disease progression is unclear

Facilitate HIV infection of T cells by capturing and transporting HIV to lymph
nodes and activating T cells

Homozygosity for this deletion is associated with decreased susceptibility to
infection; heterozygosity is associated with delayed progression to disease

Heterozygosity is associated with delayed progression to disease

Several genetic polymorphisms that may affect transmission or disease
progression have been identified—for example, 59029-G homozygosity is
associated with slower progression, and 59356-T homozygosity is associated
with increased perinatal transmission

Reference

Discussed in Part 1

Discussed in Part 1

Discussed in Part 1
Discussed in Part 1

1-21

16-20, 22-30
17,31, 32

rates of disease progression

Chemokines
SDF-1 3'a Homozygosity may be associated with delayed progression to disease 4,17, 19, 24, 26, 33-39
Cytokines Complex interplay of stimulatory and inhibitory cytokines affects HIV 40-49
replication
Other soluble factors Inhibit HIV replication in a noncytotoxic manner 44, 50-54
Other genetic factors
HLA alleles Certain alleles are associated with differing susceptibilities to infection and 55-63

* SDF = stromal cell-derived factor; STD = sexually transmitted disease.

MIP-1 was a chemokine receptor called CCR5 (origi-
nally referred to as “CKR-5”) that is present on macro-
phages, monocytes, and some T cells (3—8). Human
immunodeficiency virus uses these chemokine receptors
as co-receptors for entry. The interaction between the
virus envelope protein gp120 and CD4 induces a con-
formational change that allows interaction between the
virus and the chemokine receptor and ultimate fusion of
the virus and host cell membrane (65-68).

Thus, the currently held model is that M-tropic
HIV strains (termed R5 wviruses) infect macrophages,
monocytes, and T cells by using the host’s expression of
CD4 and CCRS5 as co-receptors. T-tropic HIV strains
(termed X4 viruses) infect T cells by using CD4 and
CXCR4 as co-receptors (69) (Figure 2). However, the
chemokine system is complex and often redundant, and
the above model does not always apply. For example,
some M-tropic strains of HIV can use other co-recep-
tors, such as CCR2 or CCR3, instead of CCR5 for

entry into macrophages. In addition, syncytium-induc-
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ing variants with dual tropism that can use CCR5 or
CXCR4 as co-receptors have been isolated (6, 7, 70).
The host’s natural ligands for these co-receptors are
relevant because they may interfere with HIV entry into
target cells (Table 2). CCR5 binds RANTES, MIP-1a,
and MIP-18, which are members of the B-chemokine
family and are often referred to as CCR5-using chemo-
kines. CXCR4 binds a member of the a-chemokine
family, stromal cell-derived factor-1 (SDF-1). CCR2
binds monocyte chemotactic protein-1 (MCP-1) through
MCP-5. CCR3 binds MCP-3 and MCP-4 and eotaxin
1 and 2 (64). For further information on other chemo-
kine receptors that serve as co-receptors for HIV and
simian immunodeficiency virus (SIV), see reference 92.
The ligands for the chemokine receptors can block
viral entry by interfering with viral binding to the recep-
tor or by downregulating the receptor (93). The CCR5-
using chemokines—RANTES, MIP-1¢, and MIP-18—
can block M-tropic strains of HIV, whereas SDF-1
blocks T-tropic strains. CD4 T cells from exposed yet

15 May 2001 | Annals of Internal Medicine

Volume 134 * Number 10 | 979



REVIEW Host Determinants in HIV Infection and Disease, Part 2

Figure 1. Schematic overview of host responses at the cellular,

local, and systemic levels.
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At the cellular level, CD8™ cytotoxic T cells (C7Ls), with the help of CD4" T-helper cells, lyse HIV-infected cells (discussed in part 1 of the review).
Soluble factors and neutralizing antibodies inhibit viral replication. Macrophage-tropic HIV (R5) infects cells bearing CD4 and CCR5 co-receptor.
T-cell-tropic HIV (X4) infects cells bearing CD4 and CXCR4 co-receptor. RANTES (regulated on activation, normal T expressed and secreted);
macrophage inflammatory protein (MIP)-1a; and MIP-1B—natural ligands for the CCR5 receptor—block R5 from infecting CCR5-bearing cells.
Stromal cell-derived factor (SDF)-1, the natural ligand for the CXCR4 receptor, may block X4 from infecting CXCR4-bearing cells. Macrophages from
persons bearing the CCR5-A32 mutation and thus lacking the CCR5 co-receptor are not infected by macrophage-tropic HIV (R5). At the local level,
mucosal CTLs and mucosal IgA may inhibit initial viral replication (discussed in part 1). Concomitant infections activate T cells, providing target cells
for HIV to infect. Systemically, such inhibiting factors as CTLs, antibodies, interferon (/FN), and interleukin (/)-16 are countered with such stimulating
factors as tumor necrosis factor (7NNF), IL-1, IL-6, and co-infections. Interleukin-10 inhibits IL-6 and TNF-c. The rectangular bars indicate sites of

blockade. STD = sexually transmitted disease.

uninfected persons have been shown to produce in-
creased levels of RANTES, MIP-1«, and MIP-183 and
to suppress replication of M-tropic strains of HIV-1 (94,
95). High levels of CCR5-using chemokines have been
associated with slower disease progression (96). How-
ever, other studies have found no quantitative difference
in production of RANTES, MIP-1e, or MIP-183 by
peripheral blood mononuclear cells of 16 discordant
heterosexual couples (97) or between long-term nonpro-
gressors and progressors (98). Some in vitro studies have
even suggested that RANTES, MIP-1«, and MIP-1f3
may upregulate replication of HIV in macrophages and
monocytes by recruiting activated target cells (99-101).
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Furthermore, in vivo levels of RANTES in HIV-in-
fected persons have been shown not to be correlated
with HIV-1 viral load (102). Further research is needed
to clarify the true clinical relevance and regulatory roles
of these and other chemokines in HIV infection (103,
104).

The finding that chemokine receptors are used by
HIV as co-receptors for cellular entry led to the discov-
ery of genetic host factors that can affect susceptibility to
infection with HIV or the rate of progression to disease
once infection is established. The best characterized of
these genetic traits is the CCR5-A32 mutation, which
was identified in 1996 (9, 10). The mutation is a 32—
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base pair deletion that results in a shortened protein. In
the United States, the frequency of the allele is 11% in
white persons but only 1.7% in black persons. Persons
who are homozygous for the deletion have decreased
susceptibility to infection with HIV, although they can
still be infected with T-tropic strains of the virus, which
use the CXCR4 co-receptor for cell entry (9, 11, 12).
Dean and colleagues (9) studied a cohort of persons
with hemophilia, intravenous drug users, and men who
have sex with men. Seventeen of 612 uninfected persons
(compared with 0 of 1343 infected persons) were ho-
mozygous for the CCR5-A32 mutation. In addition, the
Chicago arm of the Multicenter AIDS Cohort Study of
men who have sex with men revealed a 3.6% prevalence
of homozygosity among at-risk but uninfected persons
compared with a 1.4% prevalence in blood samples
from random white men and 0% prevalence among
HIV-infected persons (11). Reports of HIV-infected
persons homozygous for the CCR5-A32 mutation exist
but are rare (105-108). One study of such a person
demonstrated that the virus isolated from this person
was homogeneous, T-tropic, and syncytium-inducing
and exclusively used CXCR4 for entry (13).

With few exceptions (14, 15), most studies have
found that persons heterozygous for the CCR5-A32
mutation are not less susceptible to HIV infection (9,
11, 12). Data do suggest, however, that heterozygotes
for the CCR5-A32 mutation have delayed progression
to AIDS or death (11, 12, 16-20). In the study by
Dean and colleagues (9), the frequency of heterozygosity
was significantly greater in long-term nonprogressors
than in progressors and rapid progressors. Liu and co-
workers (10) found that peripheral blood mononuclear
cells of parents of uninfected homozygous persons rep-
licated virus less efficiently. Presumably, heterozygosity
limits the number of co-receptors available for HIV
binding. Indeed, CCR5 density on the surface of the
CD4" T cell has been correlated with viral load in per-
sons with untreated HIV-1 infection (21). Studies in-
corporating viral phenotype have suggested that the
protective effect of CCR5-A32 heterozygosity against
disease progression is lost when the infecting virus is
syncytium-inducing or T-tropic (109, 110), although
this has not been confirmed in other studies (18). This
discrepancy may be due to dual tropism of syncytium-
inducing viruses.

Several other mutations in the coding region of
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Figure 2. Interaction of HIV with its coreceptors.
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The interaction between the virus envelope protein gp120 and CD4
induces a conformational change that allows interaction between the
virus and the chemokine receptor and ultimate fusion of the virus and
the host cell membrane. Macrophage-tropic (M-tropic or R5) HIV infects
cells bearing CD4 and the CCR5 chemokine receptor. This interaction is
blocked by natural ligands for CCR5: RANTES (regulated on activation,
normal T expressed and secreted); macrophage inflammatory protein
(MIP)-10; and MIP-1P. T-cell-tropic (T-tropic or X4) HIV infects cells
bearing CD4 and the CXCR4 chemokine receptor. This interaction may
be blocked by stromal cell-derived factor-1 (SDF-I), the natural ligand
for CXCRA4.

the CCR5 gene have been identified (111). A point
mutation in CCR5—a T—A substitution at position
m303—encodes a truncated protein and, when found
in the compound heterozygous state with A32, produces
a phenotype of resistance to HIV-1 primary isolates in
vitro (112, 113).

Another genetic mutation that affects disease pro-
gression is the CCR2-V64I mutation, which results in
normal levels of expression of the CCR2 receptor. This
mutation has not been shown to affect susceptibility to
infection, but HIV-infected persons heterozygous or ho-
mozygous for this mutation appear to progress to AIDS
or death more slowly (16, 17, 19, 22-26); some studies,
however, have not confirmed this effect on progression
to disease (20, 27-29). Unlike the CCR5 mutation,
which is found primarily in white persons, the frequency
of the CCR2-V64I allele is 10% to 25% in both black
and white persons and in all other ethnic groups stud-
ied. Studies of infected commercial sex workers in
Nairobi, Kenya, suggested that the presence of the mu-
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Table 2. Selected Chemokine Receptors and Ligands*

Chemokine Co-receptor Ligand

CCR5 RANTES, MIP-1a, MIP-18

CXCR4 SDF-1

CCR3 MCP-1, MCP-2, MCP-3, MCP-4, MCP-5
CCR2b MCP-3, MCP-4, eotaxin

Potential Blockers of CCR5 and CXR4 Selected References

AOP-RANTES, met-RANTES, 9-68 RANTES, 71-82
NNY-RANTES, SCH-C, TAK-779, PRO-140
AMD 3100, T-22, met-SDF-13, ALX40-4C 82-91

* MCP = monocyte chemotactic protein; MIP = macrophage inflammatory protein; RANTES = regulated on activation, normal T expressed and secreted; SDF = stromal

cell-derived factor.

tation helped to explain slow progression in 21% to
46% of slow progressors (22).

It is unclear how heterozygosity for a mutant form
of a chemokine receptor that most strains of HIV-1 do
not use for cell entry could affect disease progression.
The allele is not associated with a dysfunctional co-
receptor, and the protective effect may involve cross-
regulation with other co-receptors (30). It has been
suggested that the CCR2-V64] mutation tracks with
another mutation through linkage disequilibrium, par-
ticularly in the regulatory or promoter region of CCR5
(16, 23, 24). A polymorphism within the regulatory
region of CCR5, 59653-T, is in linkage disequilibrium
with the V64I mutation, but the functional significance
of this finding is unclear (17, 23, 24).

A third genetic trait that may affect progression to
AIDS involves SDEF-1, the chief ligand for CXCRA4.
Stromal cell-derived factor-1 has been shown to block
infection with X4-variant HIV-1 (33, 34). The mutated
gene, SDF-1 3’a, involves a mutation in an untrans-
lated region of the gene and may upregulate the synthe-
sis of SDF-1, thus competitively inhibiting T-tropic
strains of HIV from binding. Persons with HIV infec-
tion who are homozygous for this mutation have been
shown to experience delayed progression to AIDS but
do not exhibit decreased susceptibility to infection with
HIV (17, 26, 35). In contrast, other studies have shown
that SDF-1 3’a homozygosity is associated with accel-
erated disease progression (24, 36-38), increased viral
replication (39), or no effect on disease progression (19).
However, one of these studies (36) showed prolonged
survival after diagnosis of AIDS, suggesting a late pro-
tective effect of homozygosity.

Several genetic polymorphisms have been identified
within the CCR5 regulatory or promoter region that
may affect HIV transmission or disease progression, pos-

sibly through effects on levels of CCRS5 expression
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(114). Persons infected with HIV who are homozygous
for allele 59029-G within the CCR5 promoter regula-
tory region may progress to AIDS more slowly than do
those who are homozygous for the 59029-A allele (31).
Other promoter haplotypes may lead to more rapid
disease progression (17). Homozygosity for CCRS5-
59356-T, a polymorphism that occurs more frequently
in black persons than in white or Hispanic persons, has
been strongly associated with an increased rate of peri-
natal HIV-1 transmission (32).

CX3CRLI is a recently described HIV co-receptor,
particularly expressed in brain, whose ligand is fractal-
kine. Homozygosity for a specific haplotype, CX3CR1
1249 M280, has been associated with accelerated disease
progression (115). Recent work has also suggested that
polymorphisms in the chemokine RANTES promoter
can influence the risks for HIV infection and disease
progression (116). This finding may explain previously
conflicting results on the protective or putative role of
RANTES. Finally, data suggest that chemokine receptor
gene polymorphisms may affect response to potent
antiretroviral therapy (117-119).

Cytokines

The chemokines are a subset of the broader, com-
plex network of cytokines. These polypeptides, which
are secreted by cells of the immune system and other cell
types (such as fibroblasts), are involved in immunoregu-
lation. An array of cytokines, which can be stimulatory
or inhibitory or both, help determine the balance of
HIV replication within the host (40, 120). In vitro stud-
ies of peripheral blood mononuclear cells and lymph
node mononuclear cells from HIV-infected persons in-
dicate that these cytokines control HIV replication. For
example, tumor necrosis factor-c, tumor necrosis fac-
tor-f3, interleukin-1, and interleukin-6 are proinflamma-
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tory cytokines whose levels are elevated in HIV-infected
persons and that enhance HIV replication (41, 50). Tu-
mor necrosis factor-a, probably the most important and
potent of the HIV-inducing cytokines, activates NF-kB,
a cellular transcription factor that induces the expression
of HIV (42, 43). In contrast, interferon-, interferon-f3,
and interleukin-16 suppress HIV replication (121).
Other cytokines, such as interleukin-2, interleukin-4,
interleukin-10, transforming growth factor-3, and inter-
feron-vy, have been shown to induce or suppress HIV
expression, depending on experimental conditions
(122-125). Their role in vivo is unclear. Important in-
teractions occur among these cytokines. Interleukin-10
inhibits HIV replication by blocking secretion of tumor
necrosis factor-a and interleukin-6 (126). In addition,
the chemokine and cytokine networks may interact.
For example, interleukin-2 upregulates expression of
CCR1, CCR2, and CCR3, and other cytokines may
affect expression of CCR5 and CXCR4. Interhost vari-
ability in the balance of these endogenous cytokines may
also affect progression of HIV-related disease (44).
Patients infected with HIV may experience a burst
of viremia during intercurrent illness or opportunistic
infection (127). An exogenous stimulus such as an op-
portunistic infection can activate the immune system
and thus increase the number of targets for HIV entry
by increasing the number of activated CD#4 cells. These
opportunistic pathogens can also lead to expression of
HIV-inducing cytokines, such as tumor necrosis fac-
tor-a, interleukin-6, and interleukin-1 (45). Increased
viremia during co-infection with tuberculosis (46, 128)
and bursts of viremia after administration of influenza
vaccine or tetanus toxoid may be explained by the above
factors (47-49, 129, 130) It has been postulated that
immune activation due to chronic parasitic illnesses in-
creases susceptibility to infection with HIV and acceler-
ates progression to disease once infection is established,
and thus may partially account for rapid disease progres-
sion associated with HIV in Africa (131). A recent study
in Ethiopia demonstrated a decrease in HIV plasma viral
load after eradication of helminthic infections (132).

Other Soluble Factors

In 1986, investigators noted that depletion of CD8
cells from peripheral blood mononuclear cells of HIV-
infected patients resulted in a marked increase in viral
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replication in the remaining CD4 cells. This suppression
of HIV by CD8 cells was thought to be mediated at
least in part by soluble factors, since suppression could
occur without cell-cell contact between the CDS effec-
tor cells and CD4 cells—that is, through a semiperme-
able membrane (51). One logical conclusion would be
that chemokines, which are the natural ligands for the
HIV co-receptors and have been shown to suppress HIV
infection in vitro, are indeed these soluble factors. How-
ever, studies of CD8 suppressor activity suggest that
RANTES, MIP-1¢, and MIP-1f3 are not fully respon-
sible for the suppressive activity mediated by this soluble
factor, the specific identification of which has been elu-
sive (44, 50, 52, 133). Controversy exists over the iden-
tification and role of noncytolytic, non—-HLA-restricted
CD8-mediated soluble factors in the prevention of ac-
quisition of HIV infection and in control of disease
progression (50, 52-54, 133-141).

HLA Tyre

Several studies have suggested that specific alleles of
HLA loci are associated with different rates of progres-
sion (55, 56, 142, 143) and varying susceptibility to
HIV infection (144-147). The class I alleles B35 and
Cw4 have consistently been associated with accelerated
progression of disease (57-59). In addition, heterozygos-
ity at all HLA class I loci appears to be protective (56,
60). In a cohort of HIV-infected white persons, long-
term nonprogression in 28% to 40% of nonprogressors
was ascribed to heterozygosity at all HLA class I loci, the
absence of alleles B35 and Cw4, or both (148). The
alleles B57 (55, 61, 62) and B27 (55, 61, 149, 150)
have most consistently been associated with long-term
nonprogression, and homozygosity for HLA-Bw4 was
recently found to be associated with long-term non-
progression to AIDS (151). A study of a more strictly
defined cohort of potential long-term nonprogressors
(persons with stable CD4 cell counts and HIV RNA
levels < 50 copies /mL after at least 2 years of untreated
HIV infection, many of whom had been infected for
more than 13 years) demonstrated a dramatic associa-
tion between the HLA B*5701 class I allele and nonpro-
gressive infection. Eighty-five percent of long-term non-
progressors (11 of 13) but only 9.5% of progressors (19
of 200) had this allele (63). However, one of the largest
studies of associations between HLA haplotypes and
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progression found that although B27 and B57 were as-
sociated with long-term nonprogression, more robust as-
sociations with long-term nonprogression were found

with B14 and C8 (152).

IMPLICATIONS FOR CURRENT ANTIRETROVIRAL
THERAPEUTICS

The introduction of potent antiretroviral therapy
has resulted in significant decreases in morbidity and
mortality among HIV-infected persons (153, 154). The
ability of potent antiretroviral therapy to produce viral
suppression led to the hypothesis that HIV might be
eradicable within 2 to 3 years of therapy (155, 156).
However, this optimism was muted when it was shown
that even patients taking potent antiretroviral therapy
who had undetectable viral loads for as long as 30
months harbored a latent reservoir of resting CD4"
T cells carrying replication-competent virus (157, 158)
and that this reservoir was established very early during
primary infection. Initiation of potent antiretroviral
treatment during symptomatic acute seroconversion did
not prevent establishment of this reservoir (159). The
half-life of these cells has been estimated to be anywhere
from 6 to 44 months, and the reservoir can be replen-
ished by small bursts of viremia or persistent, unrecog-
nized low-level replication (160-162). Thus, even if po-
tent antiretroviral therapy could completely suppress
replication, the time to eradication would be 10 to 60
years. Even more worrisome, recent studies have sug-
gested that potent antiretroviral therapy does not com-
pletely suppress replication (160, 163) and that drug-
resistant HIV-1 can be selected in vivo during successful
drug therapy with only transient episodes of viremia
(164). Thus, current therapy, while producing dramatic
clinical improvement, is unlikely to eradicate the virus
(165), and adjuncts to potent antiretroviral therapy that
are based on knowledge of host determinants in HIV
infection are being investigated. This section highlights
areas of current clinical interest and is not intended to
be a comprehensive review of immune-based treatment.

Given the challenge presented by the reservoir of
latently infected resting T cells, one approach is to acti-
vate these cells during potent antiretroviral therapy by
using interleukin-2, thus facilitating recognition and de-
struction of these HIV-expressing cells by effector cells
of the immune system or viral-mediated cytolysis. In
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a nonrandomized study, Chun and colleagues (166)
showed that the size of the pool of latently infected
CD4™" T cells in patients with HIV who received potent
antiretroviral treatment and interleukin-2 was smaller
than that among patients who received potent combina-
tion antiretroviral treatment alone. In a subset of pa-
tients treated with cycles of interleukin-2 in addition to
antiretroviral therapy, replication-competent HIV was
undetectable in peripheral blood mononuclear cells and
lymph node cells, although a small proportion of cells
persistently harbored proviral DNA (166). Notably, a
follow-up study revealed that when these patients
stopped taking potent antiretroviral treatment, plasma
viral rebound and re-emergence of the reservoir of
CD4" T-cells with replication-competent HIV oc-
curred within a few weeks (167). A recent randomized
trial of interleukin-2 in combination with potent anti-
retroviral therapy conducted in Europe found that pa-
tients receiving interleukin-2 experienced higher rates of
CD4 normalization but did not experience greater de-
creases in the size of the latent reservoir (168). Pilot
studies using other activators of T cells and macro-
phages—such as CD3 monoclonal antibodies (OKT3);
lipopolysaccharide; and other cytokines, such as GM-
CSF and interleukin-12—have been described or are
ongoing (169-172)

Although many approaches to immune-based ther-
apy derived from in vitro data and pathogenesis studies
in humans have been contemplated, the greatest clinical
attention has focused on the role of interleukin-2. The
clinical efficacy of this cytokine in combination with
antiretroviral therapy is currently being studied in a
large multinational study, the Evaluation of Subcuta-
neous Proleukin in a Randomized International Trial
(ESPRIT), sponsored by the National Institute of Allergy
and Infectious Diseases.

Other immunologic approaches to treatment ad-
dress the concern that patients with undetectable viral
loads while taking potent antiretroviral therapy may no
longer be able to maintain a vigorous HIV-specific hu-
moral or cellular immune response in the face of re-
duced antigenic stimulation. Studies have shown that
HIV-specific cytotoxic T-cell lymphocyte (CTL) effec-
tor and memory responses decline during suppression of
viremia with potent antiretroviral therapy (173-177).
This finding provides a rationale for early treatment dur-
ing acute infection, which was discussed in part 1 of this
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review (178-180); autovaccination through structured
treatment interruption; and therapeutic vaccination.

Autovaccination through structured treatment in-
terruption involves brief periodic interruptions in ther-
apy, which presumably allow viral rebound that is ro-
bust enough to stimulate the host immune response but
limited enough to allow rapid suppression with reinitia-
tion of therapy. The goal of autovaccination is that
treatment might eventually be stopped because the host
immune response will continue to effectively control
viremia. Studies have suggested that transient increases
in viral load during treatment are associated with an
increase in virus-specific CTL precursors and lympho-
proliferative responses (173, 181), and some patients
who have interrupted treatment, particularly those with
strong HIV-specific immune responses, have experi-
enced control of viremia in the absence of antiretroviral
therapy for prolonged periods (182, 183).

Encouraging preliminary results of a structured
treatment interruption trial in persons who started tak-
ing potent antiretroviral therapy during acute HIV-1
infection show that treatment interruption leads to viral
rebound that responds to reinitiation of therapy, that
treatment interruptions are associated with augmenta-
tion of the HIV-specific T-helper cell responses and
CTL responses, and that the magnitude of this aug-
mentation increases with repeated interruptions (184).
Follow-up revealed that five of eight persons treated
with antiretroviral therapy during acute infection who
underwent one or two supervised treatment interrup-
tions remained free of medication and had HIV RNA
levels less than 500 copies/mL a median of 6.5 months
after discontinuing treatment (184). Modest improve-
ments in cellular immune responses have also been
found in chronically infected persons undergoing struc-
tured treatment interruption (185, 186). Many trials of
structured treatment interruption are under way, some
of which have suggested that repeated treatment inter-
ruption may lead to immunologic control of viremia in
the absence of antiretroviral therapy (187-192). Con-
cerns with this approach are potential development of
resistance, “seeding” of sanctuaries during viremia, and
potential increases in the reservoir of latently infected
CD#4 cells.

Structured treatment interruption in this context is
to be differentiated from the use of structured treatment
interruption in patients in whom antiretroviral therapy
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has failed. The goal of the latter strategy is the reversion of
drug-resistant virus to wild-type virus in the hope of im-
proving response to an antiretroviral regimen (193-195).
Another strategy for patients who respond to antiretroviral
therapy is structured intermittent therapy, which in-
volves cycling on and off antiretroviral therapy in an
attempt to diminish drug toxicity and prolong effective
therapy with minimal risk for resistance (196, 197).

Therapeutic vaccination involves application of ex-
ogenous antigenic stimulation to stimulate the host’s
waning immunity in the setting of controlled viremia
(198). Before or during the transition to the era of po-
tent antiretroviral therapy, studies of therapeutic vacci-
nation of HIV-infected persons with inactivated HIV-1
immunogen or subunit vaccines showed improvement
in HIV-specific cellular and humoral immunity but no
substantial clinical benefit (199-204). In two random-
ized, double-blind, placebo-controlled trials of therapeu-
tic vaccination superimposed on antiretroviral therapy
(if prescribed)—one involving HIV-1 immunogen
(envelope-depleted inactivated virus) (203) and one
involving recombinant gpl60 vaccine (204)—patients
receiving the therapeutic vaccine showed improved
HIV-specific T-helper activity and modestly improved
CD#4 cell counts compared with those not receiving the
vaccine, but the rate of progression of clinical disease
was not reduced. Other trials have suggested improve-
ment in some clinical variables with therapeutic vacci-
nation (205, 2006).

Trials involving therapeutic vaccination in the set-
ting of potent antiretroviral therapy have also shown
improved HIV-specific cellular immune responses (207,
208). Trials of therapeutic vaccination in the setting of
fully suppressive potent antiretroviral therapy, under-
taken in the hope that the heightened cellular immune
response will be able to control viremia once potent
antiretroviral therapy is discontinued, are currently un-
der way in animals and humans (209-211). In addition,
delivery of HIV antigen through dendritic cells may re-
store anti—-HIV-1 CD8™" T-cell responses during potent
antiretroviral therapy (212, 213).

Therapeutically, intense efforts are under way to de-
velop HIV entry inhibitors (214, 215). T-20, a synthetic
peptide that inhibits infection by disrupting the HIV
gp41 conformational changes associated with membrane
fusion, has been shown in vivo to potently inhibit HIV
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replication and represents a new class of antiviral agents
that block membrane fusion and viral entry (216). Ther-
apeutic agents that interfere with chemokine co-recep-
tors might also block membrane fusion and viral entry.
Agents that block or prevent expression of CCR5 might
prove fruitful and safe for prevention of as well as ther-
apy for HIV infection. Persons who are homozygous for
the CCR5-A32 mutation appear to experience no ad-
verse health consequences related to lack of a functional
CCR5 receptor. The known inhibitory effects of the
ligands for CCR5—RANTES, MIP-1a, and MIP-15—
have led to consideration of their use as potential ther-
apeutic agents to limit HIV entry or replication (217).
However, actual use of CCR5-using chemokines them-
selves has potential disadvantages. These chemokines
may recruit HIV-susceptible cells through chemotaxis,
increase T-tropic HIV replication (71), and even in-
crease infectivity of M-tropic viruses (218). However,
development of modified or truncated RANTES mole-
cules, such as AOP-RANTES, 9-68 RANTES, and met-
RANTES, may block HIV without activating chemo-
taxis or proinflammatory effects and without increasing
levels of T-tropic HIV (71-76).

Anti-CCR5 monoclonal antibodies are also being
investigated for antiviral activity (77-79). Finally,
SCH-C, a small molecular antagonist of CCR5 that is
orally bioavailable and has potent in vitro antiretroviral
activity, is another potential new therapeutic agent (80)
(Table 2).

Similarly, modified ligands for the CXCR4 receptor
represent another potential therapeutic approach (82,
83). The bicyclam AMD-3100 blocks HIV-1 entry
through CXCR4 and inhibits binding of SDF-la to
CXCR4 but does not itself trigger cell signaling (84—
86). Other small molecule inhibitors that block T-tropic
HIV-1 have been identified, such as ALX40-4C and
T22 (87, 88). Unlike CCR5, CXCR4 and its ligand
SDF-1 have been shown to be crucial for fetal develop-
ment and survival in animals. Mice lacking CXCR4 or
SDF-1 die perinatally. The CXCR4 receptor and its li-
gand SDF-1 appear to be involved with B-cell lympho-
poiesis, bone marrow myelopoiesis, cardiac develop-
ment, cerebellar development, and vascularization of the
gastrointestinal tract (89, 90, 219). Clinical application
of CXCR4 blockers may therefore be limited, although
the effect on embryogenesis may not present a problem
beyond the early stages of development.
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Other areas of investigation are the development of
ligands that prevent a given receptor from being ex-
pressed on a cell surface, administration of CD4 cells
with decreased expression of CCR5, gene therapy to
prevent receptor expression through antibodies or al-
tered ligands, and development of pseudoviruses or vec-
tors that express CD4 and chemokine receptors and
thus could target HIV-infected cells to deliver antiviral
treatment or kill HIV-infected cells (220-222). Refer-
ences 223 through 226 offer further review of these
topics.

The potential utility of targeting CCR5 as a site of
inhibition of HIV is clear, but concern has been raised
that this might select for viral strains that use CXCR4
and may be more pathogenic. However, the transition
from R5 to X4 viruses may occur slowly, suggesting that
selection pressure suppresses the transition to use of
CXCR4. Indeed, several studies have suggested that
early appearance of the syncytium-inducing variants can
be suppressed by immunologic mechanisms (227-229)
Thus, inhibition of CCR5 will not necessarily lead to
rapid emergence of highly pathogenic viruses (230).
However, the X4 viruses that arise in CCR5-A32 ho-
mozygotes may be accompanied by more rapid decreases
in CD4 cell counts, and caution is therefore warranted
(13). In addition, mouse models using N-terminal mod-
ification with RANTES have shown that HIV-1 infection
can be blocked in vivo, but use of RANTES antagonists
selected for virus that can use the CXCR4 co-receptor,
suggesting that blockage of the CCR5 co-receptor alone
may not be sufficient (81). Combination approaches in-
volving two chemokine receptor blockers or a chemo-
kine receptor blocker in addition to other fusion or
entry inhibitors are being explored (82, 91).

IMPLICATIONS FOR VACCINE DEVELOPMENT

One of the key impediments to successful develop-
ment of an HIV-1 vaccine is lack of knowledge of the
definitive immunologic correlates of protection. How-
ever, the study of exposed yet uninfected persons and
long-term nonprogressors has yielded insights into this
critical question (231). Current opinion is that a suc-
cessful vaccine will need to elicit strong, durable, and
broadly directed CTL and neutralizing antibody re-
sponses with cross-clade activity. Efforts are under way
to achieve this goal using a number of candidate vac-
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cines, including recombinant envelope subunits; live vi-
rus vectors expressing HIV gene products, such as vac-
cinia or canarypox constructs; “prime-boost” strategies
that involve live virus vectors and subunit boosters; and
DNA vaccines (232-245). A wide array of formulations
and delivery systems are under investigation (246-250).
Ultimately, phase I1I studies of newer candidate vaccines
will be needed to determine efficacy (251, 252).

The aim of an effective vaccine ideally would be to
produce sterilizing immunity in all recipients. However,
even a vaccine with a smaller but significant effect on
reducing transmission or one that did not affect trans-
mission but ameliorated disease progression (253-255)
would offer substantial benefit. References 256 and 257
provide further discussion of the current status of HIV
vaccine development.

SUMMARY

Research efforts during the past several years have
provided insight into the complex host response to HIV
exposure and infection. Specifically, immunologic and
genetic studies of long-term nonprogressors and exposed
yet uninfected persons have helped to elucidate the
mechanisms by which some persons have slow rates of
disease progression or are protected from HIV acquisi-
tion. Application of this knowledge to therapeutic strat-
egies involving new chemotherapeutic agents, immune
modulation, structured treatment interruptions, and
therapeutic vaccination is ongoing. Most important, this
knowledge is being used to identify the effective in vivo
immune responses that control HIV replication in in-
fected persons and to mimic these responses in HIV-
negative persons in the hope of developing a truly effec-
tive HIV vaccine.

GLOSSARY

CCR2-V64I: A substitution of valine for isoleucine in the
CCR2 receptor gene, resulting in normal levels but altered first
transmembrane region of the CCR2 receptor, which has been
associated with delayed progression of HIV-related illness.

CCR5: A chemokine receptor present on macrophages, mono-
cytes, and some T cells, particularly memory T cells. Along with
CD4, CCRS5 acts as a co-receptor for M-tropic HIV.

CCR5-A32: A 32—base pair deletion in the CCR5 gene that
results in a shortened and nonfunctional protein. Homozygosity
for CCR5-A32 is associated with decreased susceptibility to HIV,
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and heterozygosity is associated with delayed progression of HIV-
related illness.

Chemokines: Chemoattractant cytokines that are secreted by
a variety of cells to attract neutrophils, T cells, macrophages,
eosinophils, and basophils to sites of inflammation, infection, or
injury.

a-Chemokines: Ligands that bind to chemokine receptors of
the CXC (for example, CXCR4) family and are chemotactic pri-
marily for neutrophils, including but not limited to stromal cell—
derived factor-1, the chief ligand for CXCRA4.

B-Chemokines: Ligands that bind to chemokine receptors of
the CC (for example, CCRS5) family and are chemotactic primar-
ily for T cells, macrophages, cosinophils, basophils, natural killer
cells, and dendritic cells. This category includes RANTES (regu-
lated on activation, normal T expressed and secreted); macro-
phage inflammatory protein (MIP)-1a; MIP-18; monocyte che-
motactic protein; and eotaxin. Of these, RANTES, MIP-1a, and
MIP-18 are the CCR5-using chemokines.

CXCR4: Chemokine receptor located on T cells, particularly
naive T cells, which, along with CD4, acts as a co-receptor for
T-tropic HIV.

Cytokines: Polypeptides secreted by cells of the immune sys-
tem and other cell types, such as fibroblasts, that are involved in
immunoregulation. Cytokines can be stimulatory, inhibitory, or
both.

Macrophage-tropic (M-tropic) HIV: HIV variants with a non—
syncytium-inducing phenotype that in vitro infect monocyte-
derived macrophages bur not established CD4" T-cell lines.
Also called R5 variants because they use the CCR5 co-receptor
for entry, they tend to be the predominant variant during early
infection.

Stromal cell-derived factor-1 3'a: A point mutation in the
untranslated region of the SDF-1 gene that, in the homozygous
state, may affect progression to AIDS.

T-cell~tropic (T-tropic) HIV: HIV variants with a syncytium-
inducing phenotype that infect established CD4" T-cell lines.
Also called X4 variants because they use the CXCR4 co-receptor
for entry, they tend to emerge during a later stage of HIV infec-
tion.
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A wonderful fact to reflect upon, that every human creature is constituted to be that
profound secret and mystery to every other. A solemn consideration, when | enter a
great city by night, that every one of those darkly clustered houses encloses its own
secret; that every room in every one of them encloses its own secret; that every
beating heart in the hundreds of thousands of breasts there, is, in some of its
imaginings, a secret to the heart nearest it! Something of the awfulness, even of

Death itself, is referable to this.

Charles Dickens
A Tale of Two Cities
New York: Random House; 1996
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