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Abstract

The biological correlates of an effective immune response that could contain or prevent HIV infection
remain elusive despite substantial scientific accomplishments in understanding the interactions
among the virus, the individual and the community. The observation that some individuals appear
to possess resistance to HIV infection or its consequences has generated a host of epidemiologic
investigations to identify biological or behavioral characteristics of these individuals. These data
might hold the keys to developing appropriate strategies for mimicking the effective responses of
those who appear immune. In this paper we review genetic mechanisms including the role of
chemokines and their receptors, cytokines, host genetic immune response to HIV infection, local
immune response correlating with behavioral variables, co-infection and immune based mechanisms
that have been elucidated so far. We offer suggestions for how to use these observations as platforms
for future research to further understand natural resistance to HIV infection through cohort studies,
population genotype sampling, mathematical modeling of virus—host interactions and behavioral
analyses.
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INTRODUCTION

Since the reporting of the first cases of AIDS in 1981, and the discovery of its etiologic agent,
human immunodeficiency virus type 1 (HIV-1), in 1983, there has been substantial scientific
progress in the development of both effective antiretroviral therapy and the understanding of
virus—host cellular interactions. Nonetheless, the correlates of effective immunity to HIV

remain elusive, and the paucity of knowledge has hindered development of effective vaccines.
One approach to understanding the immune response to HIV and why it fails in most people
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lies in examining those few hosts who appear to be resistant either to acquisition of the virus
or to its devastation once acquired.

Two phenomena have indicated that natural resistance to HIV-1 infection, while rare, does
exist. First, there are individuals who have been exposed to HIV, in some cases repeatedly and
over long periods of time, who have remained HIV-uninfected. Such “exposed-uninfecteds”
have been reported among commercial sex workers,1=4 individuals having unprotected sex
with seropositive partners,5!6 infants born to HIV-infected mothers,”+8 health workers with
accidental occupational exposure,gl10 intravenous drug users using contaminated needles, 11
and hemophiliacs exposed to HIV-infected blood.12 Second, there are individuals who have
become infected with HIV but whose disease has not progressed or has progressed very slowly
compared to the average experience. Criteria defining these “long-term non-progressors” have
varied among reports but usually include survival with HIV infection for >7 years with
consistently low levels of HIV-1 RNA and little or no loss of the primary target of HIV, CD4
+ T-cells. Long-term non-progressors have been identified among various groups, including
homosexual men, women, injection drug users and children.13

Some of the same genetic mutations have been found in both exposed-uninfected populations
and in long-term non-progressor populations, suggesting a unifying theory for both conditions,
namely that host traits that prevent or hinder HIV-1 entry into cells will reduce the likelihood
of infection and, should infection occur, slow or entirely eliminate the development of serious
disease. Current HIV vaccine studies would be viewed as successful if they achieved either
prevention of initial infection or amelioration of disease. As natural mechanisms appear
capable of accomplishing both goals, it benefits us to study individuals in whom these
mechanisms seem to be operating. Here we will review the evidence for HIV-1 resistance and
discuss a research agenda for the field.

FACTORS AFFECTING SUSCEPTIBILITY AND DISEASE PROGRESSION

Chemokine and Chemokine Receptor Polymorphisms

Chemokines are chemoattractant cytokines, which are small peptides that are secreted by cells
and serve to regulate chemotaxis (the movement of cells), adhesion, and the activity but not
the proliferation of immune responsive cells and tissues. Once secreted, chemokines attach to
other cells via chemokine receptors present on the target cell surface. Eighteen chemokine
receptors have been identified, each of which can accept more than one chemokine and often
accept many.6 The binding characteristics of chemokine receptors are determined by a specific
gene that codes for the receptor. Most people have two copies of the most common variant of
the gene, denoted as “wildtype” (wt). Others may instead carry one or two copies of a mutated
form of the gene coding for the receptor. In some cases, mutations (or polymorphisms) affect
the binding characteristics of the receptor.

HIV-1 needs two receptors to gain entry into human cells: the CD4 receptor found on some

cells of the immune system and the chemokine binding co-receptor. The chemokine co-receptor
used by most circulating strains of HIV-1 is named CCR5. HIV strains that use this co-receptor
are known as macrophage tropic (M-tropic) or R5 subtypes and account for more than 95% of
incident HIV-1 infections.1413 Other subtypes of HIV, called T-tropic or X4 viruses, require
the slightly different CXCR4 co-receptor in addition to cD4.16 X4 viruses usually appear late
in the course of HIV disease but have on rare occasions been detected close to the time of HIV
acquisition, presumably as the result of direct or indirect transmission from an individual with
advanced disease. Once HIV has bound to CD4 and a chemokine receptor, an area of the virus
is exposed that can fuse with the human cell and permit entry of viral genetic material into the
cell. A schematic of this entry process is shown in Figure. The knowledge of this mechanism
of HIV entry into cells has resulted in the development of a new class of HIV therapy called
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entry inhibitors, which blockade the CCR5 or CXCRA4 co-receptors and prevent ongoing HIV
infection of susceptible CD4+ cells.

Variations in the genes encoding chemokines and chemokine receptors have been found to be
important for both susceptibility to HIV infection and the rate of disease progression following
HIV infection. To date, there are three well-studied variants of chemokine-related genes:
CCR5-A32, CCR2-64l, and SDF1-3'A.

CCR5-A32 is a polymorphism in the gene encoding the CCR5 chemokine receptor in which a
32-base pair region has been deleted. The distribution of CCR5-A32 varies geographically,
with the frequency of the allele being high in Northern Europe and decreasing towards the
south. The frequency of the CCR5-A32 allele in European Caucasians is 5-15% whereas it is
absent in Africans and East Asians. 18 Individuals who have two copies of this mutation (i.e.,
CCR5-A32 homozygous or CCR5-A32/A32) have non-functional CCR5 receptors. This non-
functionality renders CCR5-A32/A32 individuals i |mmune to R5 strains of HIV. Approximately
1% of Caucasians are homozygous for CCR5- A32.17 There have been no clear indications of
adverse health effects of the CCR5-A32/A32 genotype, although there may be beneficial
effects, including a reduced risk of rheumatoid arthritis, an autoimmune illness.18 While
CCR5-A32/A32 individuals are immune to infection with R5 strains of HIV, safer sex and
injection practices are nonetheless imperative as these individuals are susceptible to infection
with other pathogens spread by sex and needles. They also can be infected with strains of HIV
that use receptor sites other than CCR5 to gain entry.

Individuals who possess one copy of CCR5-A32 and one copy of CCR5-wildtype (CCR5-
A32 heterozygous or CCR5-A32/wt) may have altered chemokine rec tor activity.
Approximately 20% of Caucasians are heterozygous for CCR5- A32.17 The impact of the
CCR5-A32/wt genotype on susceptibility to HIV infection has been somewhat controversial.
Results from a meta-analysis of 11 published studies of children perinatally exposed to HIV
did not indicate any significant difference in susceptibility for infants who were heterozygous
for CCR5-A32 compared to those who were homozygous wildtype, CCR5-wt/wit. 19
Nonetheless, there is strong evidence that heterozygosity for CCR5-A32 provides protection
against sexual transmission of HIV infection both from male-to-male as well as from male-to-
female.14:20 Transmission of X4 viruses is not affected by the CCR5-A32 mutation.

AIthou%h not commonly used by most HIV strains, CCR2 is another co-receptor for M-tropic
virus,~+ and a polymorphism at position 64 of the CCR2 gene (CCR2-641) also has been shown
to be important in the transmission and progression of HIV. 22 Unlike CCR5-A32, the
CCR2-641 allele is distributed throughout many different ethnicities. It is estimated that the
aIIeIe frequency is 0.10 in European Caucasians, 0.23 in Africans, and 0.25 in East Asians.

6 While epidemiological studies have been inconsistent, the data suggest that people who are
homozygous for the CCR2-64I allele have some level of natural resistance to the sexual
transmission of HIV.23 There also is evidence that people who are either homozygous or
heterozygous for CCR2-641 experience dela Xed onset of AIDS though the results have been
inconsistent between different populatlons However, the polymorphism has not been shown
to prolong time-to-death following onset of AIDS.25

Mutations in stromal cell-derived factor 1 (SDF-1), arelatively primitive and widely distributed
chemokine, which is the main ligand (binding molecule) for CXCR4, also appear to play a role
in HIV transmission. SDF1-3'A is a mutation in the SDF-1 gene, 21 and individuals
homozygous for SDF1-3'A exhibit reduced rates of progression to AIDS. 16 The frequency of
the SDF1-3'Aallele is 0.21 in European Caucasians, 0.02 in Africans, and 0.26 in East Asians.
16 An interaction effect also has been seen between homozygosity for SDF1-3'A and
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heterozygosity for either CCR5 or CCR2, resulting in a significant increase in protection
against onset of AIDS.16

Like chemokines, cytokines are small proteins secreted by a variety of cell types that regulate
the intensity and duration of the immune response and permit communication among cells.
The role of cytokines in the modulation of HIV infection and the rate of disease progression
remains to be fully understood. Evidence of strong epidemiological associations between
cytokines and HIV disease progression has been limited and, in some cases, inconsistent across
studies.

The cytokine interleukin-4 (IL-4) is known to differentially regulate the HIV co-receptors
CCR5 and CXCR4. IL-4 decreases the levels of CCRS5 on the surfaces of CD4-bearing cells
and increases CXCR4 levels on the same or other cells. Decreased viral entry into host cells
reduces replication of the R5 strain of HIV and correspondingly enhances replication of X4
virus.26 A polymorphism in the regulatory region of IL-4 (1L4-589T), initially identified
among seropositive Japanese individuals, has been reported to have a protective effect against
transmission of HIV through heterosexual contact.2” The authors hypothesized that this
polymorphism was associated with increased IL-4 production, which led to decreased CCR5
levels and protection against R5 virus. A subsequent prospective study of a large cohort of
HIV-infected European Caucasians revealed that IL4-589T also was associated with protection
against disease progression.28 The IL4-589T allele frequency among HIV-infected Japanese
individuals was 0.64 compared to 0.69 among HIV-uninfected individuals.2” The frequency
of the T allele reported in the European Caucasian cohort of HIV-infected individuals, on the
other hand, was 0.15.28 Two recent studies, however, one on HIV-infected homosexual men
and the other on seropositive children, have reported no role for IL4-589T in disease
progression.zg'

A second cytokine, interleukin-10 (IL-10), is known to inhibit HIV replication in vivo.31 A
study by Shin et al.32found thata polymorphism inthe IL-10 regulatory region (IL10-5'-592A)
was associated with significant acceleration in the rate of HIV disease progression. The
frequency of the 1L10-5"-592A allele was 0.24 among Caucasian Americans, 0.40 in African
Americans, 0.33 among Hispanics, and 0.60 in Asians. The authors hypothesized that this
polymorphism decreased IL-10 production and therefore most likely facilitated HIV
replication and accelerated AIDS onset. It is the thesis of the present article that such a finding
would imply that the 1L10-5"-592A polymorphism also would increase not only progression
of disease but also susceptibility to infection, although we are unaware of data confirming the
latter at this time.

Human Leukocyte Antigens

Human leukocyte antigens (HLA) are the group of genes belonging to the human major
histocompatibility complex (MHC), which help the immune system differentiate between “self’
and ‘non-self’ and play an important role in activating the immune system to respond to foreign
substances. HLA genes fall into one of two classes. Class | HLA genes include HLA-A, -B,
and -C and are involved in cytotoxic T cell-mediated immunity, which is thought to be the
primary immune response against virus-infected cells. Class 11 is composed of the HLA-DR,
-DP, and -DQ genes and plays a role in T-helper cell-mediated immunity, which activates an
immune response against extracellular infection.33

An increasing body of evidence is emerging regarding the role of HLA in HIV transmission.
Immune-mediated viral clearance has been reported to play a role in the resistance of some
HIV-exposed-uninfecteds including commercial sex workers in Kenya and infants exposed to
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the virus perinatally.34_36 Differences in protective immune responses among HIV-exposed
individuals have been the focus of many investigations, and the MHC has emerged as an
important determinant of susceptibility (or resistance) to infection.

Concordance or discordance in HLA class | alleles between HIV transmission pairs has been
shown to affect the likelihood of viral transmission. A study in Zambia of 104 persistently
HIV-serodiscordant heterosexual couples and 125 initially serodiscordant couples in whom
HIV infection occurred subsequently showed that sharing of HLA-B alleles resulted in a two-
fold increase in the risk of virus transmission.3” The sharing of genes belonging to HLA Class
| also has been shown to affect maternal-fetal transmission of HIV. A study of HIV-infected
mothers and their children in Kenya found that viral transmission was more likely to occur
with greater HLA class | concordance between mother and child.38

Possession of specific HLA alleles also has been implicated in HIV transmission. A prospective
study of HIV-exposed-uninfected commercial sex workers in Kenya found that possession of
the HLA gene group, A2/6802, was significantly associated with reduced risk of HIV
seroconversion.39 A similar result was found in another study of a mother-infant cohort in
Kenya.40 This association was noted independently of the protective effect of mother-infant
HLA discordance.

Several explanations have been offered for the observed effects of HLA on HIV transmission.
In the context of perinatal transmission, MacDonald et al.38 proposed that intense immune
pressure can give rise to HIV variants that are not easily eliminated by the HLA-concordant
recipient with a similar antiviral repertoire. This immune mediated viral mutational response
has been termed “viral escape.” In relation to sexual transmission, a recent commentary by
Ahuja and Catano?! suggests that HLA allele disparity between the donor and recipient might
lead to immune responses that decrease the likelihood of virus transmission. Alternatively, in
the case of HLA allele sharing, HIV escape mutants from the donor might be preferentially
transmitted to a recipient who shares the same HLA type and therefore the same vulnerabilities
to HIV strains that evolved under pressure from the donor HLA-determined immune system.
Genetically determined HLA sharing is more likely to occur in closed homogeneous
populations, thereby facilitating HIV transmission in such communities.

Repeated Low-Level Exposures: The Example of Kenyan Commercial Sex Workers

There are small populations of people who are resistant to infection with HIV despite repeated
exposure to the virus. The reason for their decreased susceptibility to infection is still unclear
although much work has been done to elucidate the mechanisms involved. The resistant
populations that have been studied mainly include commercial sex workers from Africa and
Thailand among whom the CCR5-A32 mutation has not been observed#2 or is rare.

There is evidence that cytotoxic T-lymphocytes (CTLS) play a role in resistance to HIV
infection although the resistance is believed to be dependent on persistent exposure to HIV.

3 HIV-specific CTL responses have been found in occupationally exposed health care
workers, babies born to infected mothers, regular sexual partners of HIV-infected individuals,
and sex workers with high levels of exposure to HIV.44 Rowland-Jones et al.34 found that sex
workers in Nairobi who were HIV-seronegative had CTL responses targeting epitopes defined
by HIV clade B. Another study also looking at HIV-seronegative Kenyan sex workers found
HIV-specific CD8+ T cells in the genital mucosa of the sex workers suggesting that CTL
responses are protective against heterosexual transmission of HIV infection.# Within a cohort
of exposed-uninfected Kenyan sex workers, a subset of women who did seroconvert were found
to have had lapses in sex work. This apparent interruption in HIV exposure was associated
with a loss of HIV-specific CD8+ responses, suggestinf that constant or frequent exposure to
HIV is needed to maintain a protective CTL response. 6 Despite the evidence for CTL
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involvement in resistance to HIV acquisition, the available data does not establish causation,
leaving the possibility that CTLs are surrogate markers of some other mechanism.

Itis likely that no single immune response can explain the resistance to HIV infection seen in
sex workers and other exposed-uninfected individuals. Immunoglobulin A (IgA) responses
have been found in the cervicovaginal fluids of sex workers in Thailand as well as in other
exposed-uninfected gro 7ps suggesting that local mucosal immune responses may help to
prevent HIV infection.#7 It has also been demonstrated that purified IgA from HIV resistant
sex workers can neutralize HIV isolates from different clades and inhibit HIV infection of
susceptible cells in vitro. 48 This provides further ewdence that IgA may be an important part
of the immune defense against HIV. Belec et al.49 also found evidence of elevated levels of
IgA, IgG, IgM and RANTES (which stands for “regulated on activation normal T-cell
expressed and secreted”), achemokine known to suppress HIV, in the cervicovaginal secretions
of a cohort of HIV-seronegative African sex workers, suggesting that the immune response
may not be limited to just IgA. More research is needed in this area to establish causation.

Co-infection with GB Virus C

GB virus C (GBV-C) is a flavivirus that is primarily transmitted by contaminated needles and
syringes but also can be transmitted sexually. It has no known pathogenic effects. GBV-C is
present in populations throughout the world. GBV-C viremia has been found in 1.8% of blood
donors in the United States, 4% of blood donors in France and 1.3% in Japan. 50,51 gpv-C
has been associated with reduced mortality and increased survival times among HIV-infected
individuals.>2 A study of injection drug users in Italy showed a near-significant (p=0.06)
association with long-term non-progression of HIV disease.”3 Among the long-term non-
progressors, 15 individuals with GBV-C had a mean plasma HIV RNA by PCR of 26,701
copies/ml compared to 35,536 copies/ml among 25 individuals without GBV-C. In vitro studies
have indicated that the secretion of the chemokines RANTES, macrophage inflammatory
protein (MIP)-1a, MIP-1p, and SDF-1 were increased in GBV-C-infected cells compared to
uninfected cells, and CCR5 expression on the surfaces of cells was significantly lower in GBV-
C-infected cells.>4 All of these factors have the potential to reduce susceptibility to HIV
infection.

Other Biological Factors

The risk of HIV-1 infection is also influenced by a variety of other biological factors in the
host.24:9° The stage of HIV infection has a substantial impact on risk of transmission, with
the acute stage and the late stage being characterized by higher viral loads compared to the
middle latent period, thereby increasing the likelihood of transmission during these two phases
of infection. Infection with other viral or bacterial pathogens can mfluence HIV-1 transmission
in some instances by facilitating viral replication and sheddlng 6,57 Damage of the genital
mucosa and lack of male circumcision can also contribute to elevated risk of HIV acquisition.
99 The route of HIV exposure, whether directly into the blood or through mucous

membranes, for example, also may significantly affect the likelihood of infection.

Behavioral Issues Related to HIV Resistance

While numerous studies have delineated the relationships of various behaviors to HIV
transmission, there has been little investigation of how transmission- related knowledge and
beliefs affect HIV acquisition or transmission to others. Some research®0,61 indicates that
myths regarding HIV transmission, such as the belief that one cannot contract HIV from oral
sex, may explain why some individuals place themselves at risk. Beliefs about genetic
resistance to HIV may represent another set of cognitions that undermine safe sex practices.
Some men who have sex with men (MSM) may believe that they are resistant to HIV infection
because they have engaged in high risk behaviors with persons they thought or knew to be HIV
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infected without HIV-seroconverting. The attribution of continued HIV-seronegativity to
genetically-conferred resistance may be incorrect, however, if their partners had low levels of
viremia or if they failed to understand that the risk of HIV acquisition per sexual act seems to
be quite low. Furthermore, dyad-specific issues, such as HLA discordance between donor and
recipient as discussed above, may have lessened the risk of HIV acquisition from one partner
but could have no bearing on the risk of HIV acquisition from others. False beliefs about HIV
resistance thus may cause some individuals to abandon safe sex practices and may be
responsible in part for recent increases in sexual risk-taking among men who have sex with
men.

There is essentially no data on the health beliefs of women regarding natural resistance to HIV
infection and the potential impact of such beliefs on safer sex practices. Among HIV-negative
injection-drug users, a 1997 report asked how important subjects thought various factors had
been to their remaining HIV-uninfected.52 Three percent of injection-drug users in Bangkok
and 70% of injection-drug users in New York City attributed their HIV-uninfected status to
“having a strong immune system.”

Fishbein®3 argued that beliefs concerning the likelihood of consequences of behaviors
influence attitudes towards self-protective actions, such as whether or not to use condoms
during sex. Consistent with this hypothesis, Cochran et al.84 showed that MSM who believe
they are at risk for HIV are more likely to use condoms during sexual encounters, and Bartholow
et al.65 showed that persons taking part in an HIV vaccine study who thought they had been
assigned to receive vaccine were more likely to engage in unprotected anal intercourse than
were those who thought they had been assigned to receive placebo. Aspinwall et al.66 suggested
that believing that one is not at risk predicts high-risk anonymous sex. Furthermore, Halkitis
etal.67 showed that, among MSM, believing that a strong immune system would prevent HIV
acquisition was related to sexual risk-taking with casual HIV-negative or HIV-unknown
partners.

RESEARCH OPPORTUNITIES

The field of natural resistance to HIV infection and disease thus appears to offer numerous
opportunities. First, there are many inconsistencies in the literature that need to be resolved.
The clearest data will come from cohort studies, as cross-sectional studies can be irretrievably
biased by loss of rapid progressors in control groups with HIVV-infection and lack of
comparability in control groups without HIV infection. Historical cohort studies can be
organized from records of physicians and clinics with large at-risk populations that existed at
the time of onset of the HIV epidemic in the late 1970s and early 1980s. Additional studies
could be conducted using archived samples from cohort studies and clinical trials. Stored
samples from the HIVNET vaccine preparedness cohort, for example, might be mined to look
at mechanisms of resistance other than CCR5-A32.14 Among questions that could be asked
from the HIVNET samples are:

Is it possible that the lower HIV incidence rate observed among injection drug users
compared to men who have sex with men in HIVNET might have been due in part to
greater prevalence of infection with GBV-C among the drug users? The role of GBV-
C in mediating the effects of HIV infection also raises the possibility of studies
prospectively evaluating cohorts at risk of HIV-infection for pre-existing GBV-C
infection and consideration for whether to incorporate some aspect of this apparently
non-pathogenic virus into a vaccine model.

Have the associations of the chemokines and genotypes of interest been fully explored
for their ability to explain HIV resistance in HIVNET and other cohort studies?
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Is it possible that broad exploratory methods, such as the use of gene array chips,
could identify novel genotype associations?

Another area of potential research is the mathematical modeling of the within-host dynamics
of HIV replication and how these are determined by HIV receptor densities. Mathematical
modeling of HIV replication dynamics within various CD4+ cell compartments has been well
established by Ho et al.68 The finding that CCR5-A32 heterozygosity is associated with both
reduced susceptibility to HIV infection and a reduced rate of disease progression following
infection should be susceptible to mathematical modeling. It would seem conceptually
straightforward to create a model that would predict the relative susceptibility of different
individuals to HIV and their expected setpoint viral loads (that is, the “steady state” balance
between HIV replication and the immune response in the untreated patient) once infection
occurs on the basis of a modest number of variables, one of which would likely be the density
of CCR5 receptors. A starting point for such modeling could be the mathematical model of
HIV pathogenesis proposed by Wodarz and Nowak.89 This model could be further developed
to explore the implications of variations in the density of CCR5 receptors, chemokine
concentrations, and other host factors on the likelihood of HIV infection and rates of disease
progression. This type of modeling also might be helpful in deciding whether viral setpoints
achieved by participants in HIV vaccine clinical trials who become HIV-infected are affected
by candidate vaccines.

The extent to which HIV-infected or susceptible lay people are aware of the concept of genetic
resistance to HIV infection is also an area where little is known. Information with regard to
these genetic variants has not been widely covered in the popular media. Though there appears
to be some knowledge of this phenomenon in the gay male community of New York City, the
extent to which this information is accurate is uncertain. Initial work in this area®’ suggests
that some knowledge does exist, but there is no clear relationship established between this
cognition and sexual risk taking. Given the complexity of the biological systems (human and
viral) and the complexity of the social systems in the various communities at risk, it will be
important for behavioral studies to consider the impact of this information on belief and
behavior, as has been seen in the impact of information about the uncertainty of HIV infection
through oral intercourse.61

Future studies need to account for an evolving HIV epidemic, with an emphasis on the interplay
between biological, sociological, and psychological phenomena, to understand how knowledge
of genetic resistance interacts with knowledge of HIV treatment within the context of the
community and sexual dyads.
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FIGURE.
A representation of HIV-1 entry into target cells. Downloaded from http://
www.aidsreagent.org/techlib/default.cfm?Action=HIVGraphics, 8/3/05

J Urban Health. Author manuscript; available in PMC 2006 August 11.

Page 13



