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HIV HeterogeneIty

One of the first observations made in the evaluation of various 
HIV isolates was the viral heterogeneity involved with the abil-
ity to infect and replicate in primary CD4+ T-lymphocytes and 
macrophages (Levy, 2007). Moreover, whereas all viruses could 
grow in most primary CD4+ T-cells, differences were appreci-
ated when HIV isolates were added to primary macrophages or 
to established CD4+ T-cell lines. Some grew well in macro-
phages and others in the T-cell lines. Those growing in macro-
phages generally did not induce cytopathology or multinucleated 
syncytial cell formation; those growing in T-cell lines were 
syncytium-inducing (SI) viruses (Cheng-Mayer et al., 1988; 
Tersmette et al., 1988).

These early observations were later explained by the recogni-
tion that HIV, after binding to CD4, uses secondary cellular 
receptors for attachment to and subsequent entry into cells 
(Berger et al., 1999). These virus co-receptors are important 
binding sites for chemokines that recruit immune cells to the 
location of their secretion. In high concentration, these chemo-
kines (e.g., MIP-1α; MIP-1β, RANTES) can compete for virus 
attachment to the chemokine receptor (Berger et al., 1999). The 
NSI viruses primarily use the CCR5 receptor and are known as 
R5 viruses; the T-cell line viruses use the CXCR4 receptors and 
are known as X4 viruses (Levy, 2007). Some HIV isolates can 
use both receptors and are called dual/tropic or R5/X4 viruses. 
Generally, during acute virus infection, an R5 virus emerges as 
the dominant type and over time, in many cases, becomes dual/
tropic (Singh and Collman, 2000). Later, in about half of the 
cases, an X4 or more cytopathic strain emerges (Asjo et al., 
1986; Cheng-Mayer et al., 1988). The X4 viruses are associated 
with a more rapid progression to AIDS (Levy, 2009).

Recognition of the co-receptors for binding sites of HIV has 
led to various approaches to block this interaction through spe-
cific drugs. Maraviroc prevents HIV infection via CCR5 (Deeks, 
2006); other drugs in development target CXCR4 (Moyle et al., 
2009). The therapies directed at CCR5 were not considered to be 
detrimental to the immune system, because about 1% of the 
human population lack CCR5 expression (CCR5-) and have no 
obvious immune abnormalities (Berger et al., 1999). These indi-
viduals are much less likely to be infected by HIV unless they 
encounter an X4 virus. However, these CCR5-negative people 

AbstrAct
The challenge of controlling HIV infection involves an under-
standing of the heterogeneity of the virus, its wide cellular host 
range, its primary routes of transmission, and the immunologic 
and intrinsic cellular factors that can prevent its transmission and 
replication. Identification of HIV-infected individuals who have 
survived more than 10 years without signs of the infection and 
without therapy encourages studies examining the natural mecha-
nisms for resistance to infection and disease. Within the immune 
system, emphasis should be given to the innate or natural response 
that appears within minutes of the infection and offers the optimal 
time for controlling HIV. All these parameters in HIV pathogen-
esis underline the information needed to develop optimal anti-
HIV therapies and an effective AIDS vaccine.

IntroductIon

In the 25 years since the discovery of HIV, much progress has 
been made in our understanding of the virus and in recogni-

tion of the importance of the infected host’s response to HIV, 
which can determine the clinical course (Levy, 2009). While the 
wide dispersion of HIV throughout the world has now affected 
people in all countries, its ability to cause the acquired immune 
deficiency syndrome (AIDS) has been greatly curtailed through 
the development, over the past decade, of anti-retroviral drugs. 
They can keep the virus in check by interfering with virus entry 
and replication. Thus, infected persons can have a nearly nor-
mal life for many years. Nevertheless, over time, resistance to 
these drugs occurs, and infected individuals can develop AIDS 
or toxic complications from the use of these drugs. In this arti-
cle, I will review the known characteristics of HIV and vari-
ous aspects of its interaction with cells. The anti-viral immune 
responses of infected individuals will be considered. These fea-
tures have uncovered novel anti-HIV therapies and, it is hoped, 
will also result in an effective AIDS vaccine.
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have been shown to have a greater chance to develop severe dis-
ease from West Nile virus (Glass et al., 2006). It is less certain 
what a drug against CXCR4 would do to compromise the immune 
system. Conceivably, it could lead to the emergence of HIV 
strains that use other co-receptors. Currently, there are at least 9 
chemokine co-receptors that can be used by HIV for attachment 
to various cells of the body (Berger et al., 1999; Levy, 2007).

This heterogeneity of HIV, which is evident biologically, can 
also be appreciated genetically. The 2 types of HIV, HIV-1 and 
HIV-2, exist and differ by about 40% (McCutchan, 2000). In 
addition, based on genetic variations, 3 groups of HIV-1, differ-
ing by about 30% (M, N, and O) have been identified, and 8 
groups of HIV-2 have been recognized (A-H), for which A and 
B are the most common HIV-2 groups in circulation (Marx, 
2005). The largest number of HIV infections has occurred with 
group M HIV-1 strains, which can be further subdivided into 9 
subtypes or clades differing by at least 15% (Robertson et al., 
2000; Peeters et al., 2003). Clade B is the most common virus 
in the United States. It is also found in China, but has emerged 
as well as a recombinant between clades B and C viruses (Liu 
et al., 2008) (see below).

This viral heterogeneity can also be appreciated in the 
change in HIV properties over time in the same individual. Early 
viruses, as noted above, are usually the R5 type, which grow 
slowly to low titer in CD4+ T-cell cultures. Then, when the 
individual develops symptoms or AIDS, a related X4 virus 
emerges, which replicates rapidly to high titer in culture and is 
cytopathic (Fig. 1). This virus can then lead to AIDS much more 
quickly than R5 viruses, although R5 viruses have also been 
associated with 50% of AIDS cases (Kwa et al., 2003).

VIruses In dIfferent tIssues

Another noteworthy finding is that when viruses are isolated from 
different tissues of the same individual (see below), variations in 
their biological property can be found. For example, a virus com-
ing from the blood may have the ability to infect peripheral blood 
mononuclear cells (PBMC) and to down-modulate CD4 expres-
sion, whereas those from the brain can be quite infectious for 
macrophages and not affect CD4 expression (Cheng-Mayer et al., 
1989). This observation indicates that the same virus transmitted 
to an individual can, through multiple replicative cycles, become 
selected in various tissues as a virus related to the transmitted 
virus but having different biologic properties. It may be respon-
sible for the pathology observed in the infected tissue.

Importantly, as cited above, when more than one virus infects 
the same cell (perhaps at the same time, when the CD4 receptor 
has not yet been down-modulated), interactions between the 2 
RNA strands of each virus can take place. Recombination can 
then occur (Robertson et al., 1995). These recombinant viruses 
contain genetic information from 2 or 3 different viruses. Some 
may have genetic regions from up to 7 different subtypes (Levy, 
2009). This observation has suggested that, over time, recombi-
nant viruses will become more common and may take on differ-
ent biologic properties, including resistance to anti-viral drugs 
or ability to infect many cell types. For this reason, recombina-
tion among HIV strains represents a newly emerging challenge 
in HIV pathogenesis.

VIrAL-Host ceLL InterActIons

Within 2 days after transmission, the HIV isolate, often a single 
strain (Keele et al., 2008), enters the bloodstream and can infect 
a variety of different tissues depending on its different biologic 
properties. The number of cell types reported to be susceptible 
to infection is quite large and includes cells of the brain, the GI 
tract, and the kidney, and as well as oral keratinocytes and epi-
thelial cells.

This infection of different cells occurs not only with the free 
virus, but importantly also with virus-infected cells. The latter 
results during the replicative cycle, when HIV integrates its 
proviral DNA into the chromosome of the cell. These cells, pres-
ent in blood and genital fluids, can be a major source of trans-
mission by interacting with cells of the immune system and 
mucosal tissues in the body. When infected cells interact with 
mucosal cells, HIV can be transferred readily to the individual. 
Such virus-infected cells can be found at levels of 50,000 cells 
in some genital fluids, and the efficiency for infected cells to 
transmit the virus is often better than that of the free virus (Levy, 
1988). Moreover, by time-lapse photography, virus-infected 
cells have been shown to transfer HIV to many different cul-
tured cervical or rectal epithelial cells (Phillips and Bourinbaiar, 
1992). These same cells are often resistant to direct infection by 
HIV. Infection most likely occurs by cell-to-cell contact.

HIV transmission via the oral cavity occurs rarely. The 
amount of infectious virus in the saliva is quite low, and virus-
infected cells are not commonly found (Table 1) (Levy and 
Greenspan, 1988). This lack of infection can also be reflected by 
the large number of anti-viral substances found in saliva (Table 2) 
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fig. 1. Replication of early and late HIV-1 isolates from the same 
individual. Replication of 2 strains of HIV-1 recovered from the same 
individual over time. HIV-1SF2 (0), isolated early in the course of infec-
tion, replicates slowly and to low titer in the established HUT 78 T-cell 
line. In contrast, HIV-1SF13 (Δ), recovered when the patient had AIDS, 
grows rapidly and to high titer in the same cells. These and other bio-
logic differences between these 2 strains have been used to distinguish 
viruses in culture as non-virulent and virulent strains. Reprinted from 
Levy (2007) with permission.
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(Levy, 2007). They can block virus infection by both cells and 
free virus.

Host Immune resPonses

With this heterogeneity of HIV isolates and the ability of the virus 
to be transmitted readily through the mucosae and the blood, the 
existence of individuals who have survived a long time with the 
infection (> 10 yrs) without showing signs of the disease and 
without therapy is noteworthy (Levy, 2009). Among these long-
term survivors (LTS) or long-term non-progressors, a subgroup, 
now termed ‘elite controllers’, has been identified. These people, 
for at least 2 and some for over 10 yrs, have not shown the pres-
ence of any virus in the plasma, although they remain infected 
(Saez-Cirion et al., 2007) (Table 3). It is my impression that these 
individuals reflect optimal control of HIV among long-term sur-
vivors and probably possess the same processes of immune resis-
tance as LTS, but their responses are more effective.

The anti-HIV immune activity of infected individuals is 
mediated by the innate or natural immune system and the adap-
tive or acquired immune system. Up until recently, the adaptive 
immune system was given most of the attention by the HIV 
scientific community. The role of the innate immune system, 
however, has now received a greater appreciation (Levy, 2001). 
Cells of the innate immune system include NK cells, NKT cells, 
plasmacytoid dendritic cells (PDC), and γδ T-cells. Circulating 
soluble factors are part of this system and include complement 
and mannose-binding lectin that can attach to HIV directly and 
inactivate it (Levy, 2001). The B- and T-lymphocytes are the 
most active components of the adaptive immunity. In both the 
innate and adaptive immune systems, dendritic cells and macro-
phages, as antigen-presenting cells, can play an important role. 
In a comparison of both immune systems, a key difference is 
that the innate immune system has a rapid immune response 
(from minutes to days), whereas the adaptive immune system 
takes days to weeks. Innate immunity does not need to be anti-
gen-specific, but responds more to conformational structures 
(Levy, 2001). It can therefore interact quickly against viruses 
and bacteria as pathogens without recognizing a specific com-
ponent of a virus or bacterium. The adaptive immune system is 
much more antigen-specific. Both immune systems have been 
conserved through evolution. Evidence suggests that the adap-
tive immune system evolved from the innate immune system, 
probably about 450 million years ago, when the shark developed 
a mandible. At that time, a transposon appears to have entered a 
primitive immunocyte and established the process of gene re-
arrangement, leading to the variations in T-cell receptors and 
B-cell antibodies (Travis, 2009).

In brief, when the innate immune system encounters a patho-
gen, it rapidly secretes cytokines that can have direct antimicro-
bial activities (e.g., interferons) or play a role in increasing both 
NK (an innate immune cell) and adaptive T-cell responses. The 
latter activity involves increasing MHC expression and enhanc-
ing T-lymphocyte functions (Levy, 2009).

InnAte ImmunIty: PLAsmAcytoId 
dendrItIc ceLLs

Among the innate immune cells are dendritic cells (DC). The 
most common DC circulating in the blood is the myeloid den-
dritic cell, which is the primary antigen-presenting cell in the 
body. A more recently recognized DC is the plasmacytoid den-
dritic cell (PDC), which is present in very low levels in the 
blood (2-10 cells/µL) (Siegal et al., 1999). It is the major pro-
ducer of type 1 interferons; PDCs secrete 200-1000 times more 
interferon than any other cell type. The PDC expresses CD4 as 
well as the CCR5 and CXCR4 co-receptors for HIV. Therefore, 
they can be infected by the virus. The infection rate of these 
cells is about 1:1000 PDC in individuals who have circulating 
virus in their blood (Schmidt et al., 2004). These cells also 
express TLR-7 and TLR-9, and it appears that both of these 
innate cell receptors are involved in the response of PDC to HIV 
(Beignon et al., 2005; Schmidt et al., 2005). Our laboratory has 
shown that HIV-infected cells are the most effective inducers of 
type 1 interferons by PDC (Schmidt et al., 2005). Only very 
high concentrations of HIV can induce this interferon produc-
tion. When IFN is released, virus replication within the infected 
cell is markedly reduced (Schmidt et al., 2005).

When the relationship of PDC to the clinical state was exam-
ined, it was noted that long-term survivors have an even higher 
average number of PDC than healthy donors (Soumelis et al., 
2001). Moreover, in individuals who have been acutely infected 
with HIV (within 3 months of transmission), the amount of PDC 

table 1. Isolation of infectious HIV from Saliva [data from Levy 
(2007) and Levy and Greenspan (1988)]

Virus Isolation
Estimated Quantity 

of HIV

Fluid 3/55 < 1
Cells 4/11 < 0.01

table 2. HIV Transmission via the Oral Cavity [see Levy (2007) for 
specific citations]

• HIV and virus-infected cells are at low levels in saliva*
• Innate inhibitory factors in saliva can prevent transmission
 • Secretory agglutinin
 • Secretory leukocyte protease inhibitor
 • Fibronectins
 • Glycoproteins
 • Mucins (e.g., MG1)
 • β defensins
 • Thrombospondin 1

*Infectious HIV has been recovered from the throats of infected 
children.

table 3. Major Characteristics of Long-term Survivors of HIV Infection

• Clinically asymptomatic for ≥ 10 years; no anti-viral therapy
• Normal CD4+ cell number
• Low virus load (measured by plasma viremia; infected PBMC)
• Low immune activation; normal T-reg function
• Elite controllers: undetectable plasma virus for 2-10 years
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circulating in the blood correlates indirectly with the viral load 
(Killian et al., 2006). The highest number of PDC has been 
observed in persons with the lowest viral load (Fig. 2).

In this regard, we have noted that the average PDC number 
among healthy human populations ranges from 2-18 cells/µL. 
This finding suggests that, if infected, individuals who naturally 
have higher numbers of PDC will become long-term survivors, 
protected by this immune response. Anti-retroviral therapy helps 
in bringing more PDC into the blood. The number of PDC is 
restored even sooner than that of CD4+ T-cells (Siegal et al., 
2001). Certain substances can also enhance circulating PDC 
levels (e.g., Flt 3 ligand, G-CSF, thrombopoietin) (Levy, 2007).

InnAte ImmunIty: tHe cd8+ ceLL non-
cytotoxIc AntI-VIrAL resPonse

Many years ago, our laboratory began studying HIV-infected 
individuals who remained healthy and from whom we could not 
isolate virus readily from the blood. We discovered that these 
individuals had CD8+ T-cells that suppressed virus replication 
in target HIV-infected CD4+ cells without killing the cells 
(Walker et al., 1986). This CD8+ non-cytotoxic anti-viral 
response (CNAR) is mediated by a CD8+ cell anti-viral factor 
(CAF), which blocks viral transcription (Mackewicz et al., 
1995; Levy, 2003). This immune activity therefore differed from 
the classic adaptive cytotoxic T-cell response (CTL), which kills 
virus-infected cells. CNAR acts against all HIV-1 and HIV-2 
strains tested, as well as SIV isolates. It is not restricted by Class 
I or Class II molecules, and is a rapid response mediated by a 
cytokine. Therefore, CNAR has characteristics of an innate 
immune response (Levy, 2001). Its clinical relevance was obvi-
ous when we noted that long-term survivors had up to 3 times 
greater CNAR activity than those who progressed to disease 
(Barker et al., 1998).

We believe that CNAR is extremely important in protecting 
individuals from advancing to disease and can prevent infection, 
as noted below with HIV-exposed seronegative people. We have 

also shown that this anti-HIV activity appears to be lost first 
over time, then viral replication returns in the infected individ-
ual, followed by a reduction in CD4+ cell number (Levy, 1993, 
2007). In many studies, CNAR can be restored with the use of a 
variety of cytokines (e.g., IL-2, IL-15, interferon α), as well as 
the interaction of the cells with mature dendritic cells or anti-
bodies to CD3 and CD28 (Levy, 2007). These types of 
approaches, if feasible in therapy, could be helpful in maintain-
ing long-term survival for infected individuals.

HIgH-rIsK exPosed seronegAtIVe IndIVIduALs

In examining individuals who had been exposed on many occa-
sions to HIV without being infected, we found that CNAR was 
also present (Stranford et al., 1999). For example, in wives of 
HIV-infected hemophiliacs, this innate activity was observed if 
exposure had occurred within the preceding 12 months. After 
that time period, CNAR was not detected. Our conclusion is that 
exposure to the virus is needed to maintain this anti-viral 
response. This is a general characteristic of innate immunity: 
Memory responses are usually not found (Levy, 2001), although 
more recently, memory responses have been reported for NK 
cells (O’Leary et al., 2006). There are several genetic and 
immune factors that characterize these high-risk exposed sero-
negative individuals who appear protected from HIV infection 
(Levy, 2007, 2009) (Table 4).

IntrAceLLuLAr IntrInsIc AntI-HIV fActors

Most recently, natural intracellular resistance to HIV replication 
has been described. This type of protection includes host cell 
proteins that inactivate the viral/proviral DNA, such as APOBEC 
3G and F (Levy, 2007, 2009). In addition, TRIM 5α blocks the 
viral capsid from uncoating, and tetherin and a calcium-modulat-
ing protein prevent virus budding (Levy, 2009) (Table 5). These 
cellular processes offer avenues for novel therapies. It is notewor-
thy that APOBEC 3F and 3G, as well as tetherin, can be countered 
by the viral proteins Vif and Vpu, respectively (Levy, 2009).

Besides the type of virus infecting an individual, the intracel-
lular resistance factors, and the host immune response to HIV, 

fig. 2. Correlation of PDC number with viral load in acutely infected 
individuals. Individuals who have been acutely infected with HIV 
(within the preceding 3 months) were evaluated for viral load as well 
as PDC number before receiving any therapy. It is evident that those 
infected individuals with high PDC number had the lowest viral loads.

table 4. Factors That May Protect High-risk Seronegative Individuals 
from HIV Infection

Genetic

• Reduced or lack of CCR5 expression
• Genes closely related to HLA Class I A2 alleles

Immune

• HIV-specific CD4+ T-cells
• HIV-specific CD8+ cell CTL
• CD8+ cell non-cytotoxic anti-viral response
• Increased NK cell function
• Reduced susceptibility of PBMC to infection
• Reduced immune activation
• IgA antibodies react to CCR5 in sera, saliva, and genital fluids
• Cervico-vaginal anti-gp41 antibodies that block transcytosis

Reprinted from Levy (2009) with permission.
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the HLA type of the individual can correlate with the extent of 
HIV disease progression (Levy, 2009). Whether this observation 
relates to an adaptive immune response (e.g., CTL function) or 
to an as-yet-unknown correlation of HLA type to other immune 
responses, perhaps innate, merits further study. In this regard, 
CTL activities could have both beneficial and detrimental 
effects during HIV infection (Zinkernagel and Hengartner, 
1994). Our laboratory emphasizes what appears to be primarily 
beneficial effects of innate immunity (Levy, 2001).

concLusIons

This brief review of virus-host interactions describes directions 
that can be developed for anti-HIV therapies. These approaches 
include targeting the cell-surface receptors (e.g., CCR5), 
increasing the expression of intracellular anti-viral factors, and 
enhancing innate immune responses mediated by soluble prod-
ucts (mannose-binding proteins) or through PDC and CD8+ cell 
activities. Treatments could include the manipulation of various 
cytokines, which can help the DC and CD8+ cell responses—for 
example, Flt-3, G-CSF, CpG, and thrombopoietin for PDC 
activity, and IL-15, IL-2, IFN-α, and CAF for CD8+ cell func-
tion. Nevertheless, it is well recognized that each cytokine can 
have a pleiotropic effect and influence many different cellular 
factors. Just emphasizing the presence of one may not provide 
the optimal solution for a therapeutic strategy.

In terms of adaptive immune activity, the induction of neu-
tralizing antibodies, but not enhancing antibodies, is a major 
objective, both for vaccines and perhaps in post-infection immu-
nization. Enhancing antibodies are a mechanism by which an 
antibody can bind less avidly to a virus and bring the virus into 
T-cells or macrophages via the Fc or complement receptor. Our 
group has shown that enhancing antibodies are present in indi-
viduals as they advance to disease (Homsy et al., 1990).

Finally, the existence of CD4+ T-regulatory cells (and perhaps 
CD8+ T-regulatory cells) is becoming better appreciated (Fazekas 
de St Groth and Landay, 2008). These cells can decrease immune 
activation, which appears to be a major mechanism for pathogen-
esis in HIV-infected individuals (Sodora and Silvestri, 2008). At 
the same time, the cells may reduce the immune anti-viral activi-
ties that are needed to control HIV infection. Therefore, as we 
begin to look at the interplay between immune activation 
and immune response, a balance in the activities of human T- 
regulatory cells must be considered (Levy, 2009).

In summary, long-term survivors provide encouragement for 
a natural control of HIV infection (Table 3). Several of their 
anti-viral characteristics have been known for some time and 
should also include 2 innate immune functions that can help 
them ward off AIDS: PDC and CD8+ cell non-cytotoxic activi-
ties. While anti-retroviral therapies are very effective in block-
ing new infections and inactivating viruses, it is the immune 
system that can control the virus-infected cells that remain as 
reservoirs in the body. Importantly, since so many tissues in the 
body harbor these cells, a cure cannot be achieved merely by 
eliminating HIV from the immune system—which is alone a 
formidable risk. Approaches to removing these cellular reser-
voirs remain a major priority in therapy. It is imperative that we 
put more emphasis on the development of drugs that will 
enhance, in the appropriate way, both innate and adaptive anti-
HIV immune responses. In such a manner, we can direct their 
functions to bring long-term survival (and perhaps cure) to all 
HIV-infected individuals.

AcKnoWLedgments

Research conducted by the author’s laboratory was supported 
by a grant from the National Institutes of Health 5R01AI056992-
06, by the Langendorf Foundation, and by a grant from the 
California HIV/AIDS Research Program (IDO-SF-216). The 
author thanks Araceli Gutierrez for help in preparation of the 
manuscript.

references
Asjo B, Albert J, Karlsson A, Morfeldt-Manson L, Biberfeld G, Lidman K, 

et al. (1986). Replicative properties of human immunodeficiency virus 
from patients with varying severity of HIV infection. Lancet 2:660-662.

Barker E, Mackewicz CE, Reyes-Teran G, Sato A, Stranford SA, Fujimura 
SH, et al. (1998). Virological and immunological features of long-term 
human immunodeficiency virus-infected individuals who have 
remained asymptomatic compared to those who have progressed to 
acquired immunodeficiency syndrome. Blood 92:3105-3114.

Beignon AS, McKenna K, Skoberne M, Manches O, DaSilva I, Kavanagh 
DG, et al. (2005). Endocytosis of HIV-1 activates plasmacytoid den-
dritic cells via Toll-like receptor-viral RNA interactions. J Clin Invest 
115:3265-3275.

Berger EA, Murphy PM, Farber JM (1999). Chemokine receptors as HIV-1 
coreceptors: roles in viral entry, tropism, and disease. Annu Rev 
Immunol 17:657-700.

Cheng-Mayer C, Seto D, Tateno M, Levy JA (1988). Biologic features of 
HIV that correlate with virulence in the host. Science 240:80-82.

Cheng-Mayer C, Weiss C, Seto D, Levy JA (1989). Isolates of human immu-
nodeficiency virus type 1 from the brain may constitute a special group 
of the AIDS virus. Proc Natl Acad Sci USA 80:8575-8579.

Deeks SG (2006). Challenges of developing R5 inhibitors in antiretroviral 
naive HIV-infected patients. Lancet 367:711-713.

Fazekas de St Groth B, Landay AL (2008). Regulatory T cells in HIV infec-
tion: pathogenic or protective participants in the immune response? 
AIDS 22:671-683.

Glass WG, McDermott DH, Lim JK, Lekhong S, Yu SF, Frank WA, et al. 
(2006). CCR5 deficiency increases risk of symptomatic West Nile virus 
infection. J Exp Med 203:35-40.

Homsy J, Meyer M, Levy JA (1990). Serum enhancement of human immu-
nodeficiency virus (HIV) correlates with disease in HIV infected indi-
viduals. J Virol 64:1437-1440.

Keele BF, Giorgi EE, Salazar-Gonzalez JF, Decker JM, Pham KT, Salazar 
MG, et al. (2008). Identification and characterization of transmitted and 

table 5. Natural Intracellular Resistance to HIV Replication

Cellular Protein Mechanism of Action*

APOBEC3G Cytosine deaminase†

Trim5a (Lv-1/Ref-1) Blocks HIV-1 capsid uncoating; 
 affects reverse transcription

Lv-2 Blocks nuclear entry of HIV-2
Tetherin Inhibits virus release**
Murr-1 Inhibits degradation of NFκB

*Other activities may be involved.
†Countered by Vif.
**Countered by Vpu.
See Levy (2007) for specific citations.



18  Levy   Adv Dent Res 23(1) 2011

early founder virus envelopes in primary HIV-1 infection. Proc Natl 
Acad Sci USA 105:7552-7557.

Killian MS, Fujimura S, Hecht FM, Levy JA (2006). Similar changes in 
plasmacytoid dendritic cell and CD4+ T cell counts during primary 
HIV-1 infection and treatment. AIDS 20:1247-1252.

Kwa D, Vingerhoed J, Boeser B, Schuitemaker H (2003). Increased in vitro 
cytopathicity of CC chemokine receptor 5-restricted human immunode-
ficiency virus type 1 primary isolates correlates with a progressive 
clinical course of infection. J Infect Dis 187:1397-1403.

Levy JA (1988). The transmission of AIDS: the case of the infected cell. 
JAMA 259:3037-3038.

Levy JA (1993). HIV pathogenesis and long-term survival. AIDS 7:
1401-1410

Levy JA (2001). The importance of the innate immune system in controlling 
HIV infection and disease. Trends Immunol 22:312-316.

Levy JA (2003). The search for the CD8+ cell anti-HIV factor (CAF). 
Trends Immunol 24:628-632.

Levy JA (2007). HIV and the pathogenesis of AIDS. 3rd ed. Washington, 
DC: American Society of Microbiology Press.

Levy JA (2009). HIV pathogenesis: 25 years of progress and persistent chal-
lenges. AIDS 23:147-160.

Levy JA, Greenspan D (1988). HIV in saliva. Lancet 2:1248.
Liu S, Xing H, He X, Xin R, Zhang Y, Zhu J, et al. (2008). Analysis of puta-

tive N-linked glycosylation sites and variable region of envelope HIV-1 
CRF07_BC recombinant in intravenous drug users in Xinjiang 
Autonomous Region, China. AIDS Res Hum Retroviruses 24:521-527.

Mackewicz CE, Blackbourn DJ, Levy JA (1995). CD8+ cells suppress 
human immunodeficiency virus replication by inhibiting viral tran-
scription. Proc Natl Acad Sci USA 92:2308-2312.

Marx PA (2005). Unresolved questions over the origin of HIV and AIDS. 
ASM News 71:15-20.

McCutchan FE (2000). Understanding the genetic diversity of HIV-1. AIDS 
14(Suppl 3):31-44.

Moyle G, DeJesus E, Boffito M, Wong RS, Gibney C, Badel K, et al. (2009). 
Proof of activity with AMD11070, an orally bioavailable inhibitor of 
CXCR4-tropic HIV type 1. Clin Infect Dis 48:798-805.

O’Leary JG, Goodarzi M, Drayton DL, von Andrian UH (2006). T cell- and 
B cell-independent adaptive immunity mediated by natural killer cells. 
Nat Immunol 7:507-516.

Peeters M, Toure-Kane C, Nkengasong JN (2003). Genetic diversity of HIV 
in Africa: impact on diagnosis, treatment, vaccine development and 
trials. AIDS 17:2547-2560.

Phillips DM, Bourinbaiar AS (1992). Mechanism of HIV spread from lym-
phocytes to epithelia. Virology 186:261-273.

Robertson DL, Sharp PM, McCutchan FE, Hahn BH (1995). Recombination 
in HIV-1. Nature 374:124-126.

Robertson DL, Anderson JP, Bradac JA, Carr JK, Foley B, Funkhouser RK, 
et al. (2000). HIV-1 nomenclature proposal. Science 288:55-56.

Saez-Cirion A, Pancino G, Sinet M, Venet A, Lambotte O (2007). HIV con-
trollers: how do they tame the virus? Trends Immunol 28:532-540.

Schmidt B, Scott I, Whitmore RG, Foster H, Fujimura S, Schmitz J, et al. 
(2004). Low-level HIV infection of plasmacytoid dendritic cells: onset 
of cytopathic effects and cell death after PDC maturation. Virology 
329:280-288.

Schmidt B, Ashlock BM, Foster H, Fujimura S, Levy JA (2005). HIV-
infected cells are major inducers of plasmacytoid dendritic cells (PDC) 
interferon production, maturation and migration. Virology 343:256-266.

Siegal FP, Kadowaki N, Shodell M, Fitzgerald-Bocarsly PA, Shah K, Ho S, 
et al. (1999). The nature of the principal type 1 interferon-producing 
cells in human blood. Science 284:1835-1837.

Siegal FP, Fitzgerald-Bocarsly P, Holland BK, Shodell M (2001). Interferon-α 
generation and immune reconstitution during antiretroviral therapy for 
human immunodeficiency virus infection. AIDS 15:1603-1612.

Singh A, Collman RG (2000). Heterogeneous spectrum of coreceptor usage 
among variants within a dualtropic human immunodeficiency virus 
type 1 primary-isolate quasispecies. J Virol 74:10229-10235.

Sodora DL, Silvestri G (2008). Immune activation and AIDS pathogenesis. 
AIDS 22:439-446.

Soumelis V, Scott I, Gheyas F, Bouhour D, Cozon G, Cotte L, et al. (2001). 
Depletion of circulating natural type 1 interferon-producing cells in 
HIV-infected AIDS patients. Blood 98:906-912.

Stranford S, Skurnick J, Louria D, Osmond D, Chang S, Sninsky J, et al. 
(1999). Lack of infection in HIV-exposed individuals is associated with 
a strong CD8+ cell noncytotoxic anti-HIV response. Proc Natl Acad Sci 
USA 96:1030-1035.

Tersmette M, de Goede RE, Ai BJ, Winkel IN, Gruters RA, Cuypers HT,
et al. (1988). Differential syncytium-inducing capacity of human 
immunodeficiency virus isolates: frequent detection of syncytium-
inducing isolates in patients with acquired immunodeficiency syn-
drome (AIDS) and AIDS-related complex. J Virol 62:2026-2032.

Travis J (2009). Origins. On the origin of the immune system. Science 
324:580-582.

Walker CM, Moody DJ, Stites DP, Levy JA (1986). CD8+ lymphocytes can 
control HIV infection in vitro by suppressing virus replication. Science 
234:1563-1566.

Zinkernagel RM, Hengartner H (1994). T-cell-mediated immunopathology 
versus direct cytolysis by virus: implications for HIV and AIDS. 
Immunol Today 15:262-268.




