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Summary This article reviews the cell and molecular biology of human immuno-
deficiency virus (HIV), emphasizing the features that lead to opportunistic infection
by organisms such as mycobacteria. Mycobacteria, especially M. avium complex and
M. tuberculosis infections, are closely associated with HIV disease. HIV is a very
small retrovirus and its high mutation rate leads to extremely variable viral popula-
tions, both within and between individuals. It is coated with glycoprotein 120
(gp120), which it uses to bind to and infect a range of CD4+ leukocytes, depending
on the co-receptor specificity. T cell-tropic HIV strains tend to use the CXCR-4
chemokine receptor, while macrophage-tropic strains tend to use the CCR-5 chemo-
kine receptor. Immunosuppression is induced in a number of ways. As well as frank
depletion of virus-infected T cells, antigen-specific T cell clones can be selectively
deleted by mechanisms such as defective antigen presentation by HIV-infected
macrophages (activation-induced cell death). Changes in cytokine production in
HIV infection are also proposed. All this leads to falling T cell counts, B cell
dysregulation and macrophage dysfunction. Opportunistic infections exploit this
immunosuppressed environment. Certain infections are prevalent, reflecting factors
such as environmental exposure to pathogens, poor mucosal defences and subcellular
interactions between HIV and, e.g. viral or mycobacterial infections. Opportunistic
infection exacerbates immune destruction by HIV, producing a vicious cycle that is
ultimately fatal.
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DNA deoxyribonucleic acid

TCR T cell receptor

TNF-o tumour necrosis factor o

gpl20 HIV glycoprotein 120

APC antigen presenting cell

MHC major histocompatibility antigen

M tropic macrophage tropic HIV strains

T tropic T cell tropic HIV strains

CSF cerebrospinal fluid

RANTES regulated on activation, normal T expressed and secreted chemokines
MIP-1« macrophage inflammatory protein 1o

CXC chemokines containing a cysteine—any amino acid—cysteine motif
CXCR CXC chemokine receptor

X4 tropic HIV strains that bind to CXCR-4

CC chemokines containing two adjacent cysteine molecules
CCR CC chemokine receptor

RS tropic HIV strains that bind to CCR-5

R5X4 HIV strains that bind to both CXCR-4 and CCR-5

NSI non-syncytium inducing HIV strains

AICD activation-induced cell death

IL-10 interleukin-10

Th-1 T helper subset 1

IgG immunoglobulin G

LAM mycobacterial lipoarabinomannan

H37Ra avirulent strain of M. tb

H37Rv virulent strain of M. tb

Introduction

There are more than 30 million people living with human immunodeficiency virus (HIV)
worldwide."! As the immune system is progressively compromised and HIV infection
develops into clinical acquired immunodeficiency syndrome (AIDS), many opportunistic
infections are encountered, including some important mycobacteria.

Mycobacterium avium complex (MAC) is ubiquitous in the environment and commonly
causes serious opportunistic disseminated infection in AIDS patients who have low circulating
CD4 T cell counts (<50 cells/ml).?

Mycobacterium tuberculosis (M.tb) is also a frequent cause of morbidity and mortality in
HIV-infected patients. With a third of the world latently infected with TB, especially in non-
industrialized countries, much of the HIV-related TB is due to reactivation of dormant bacilli,
often in the earlier stages of HIV disease (CD4 counts of >300 cells/ml). Primary infection is
also a problem, especially in patients with low CD4 cell counts, and, alarmingly, nosocomial
outbreaks (including with multidrug resistant strains) have occurred in healthcare settings.>*
There is a less well documented association between leprosy and HIV, but the two diseases
coexist geographically and co-infection does occur.>®

It is clear then that health professionals and researchers involved with mycobacteria need
a working understanding of HIV disease. This article in the series aims to review and give an
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update on the biology of HIV, highlighting the cellular events behind the clinical association
between HIV and opportunistic infections such as mycobacteria.

The HIV virus - structure and replication

The structure of the HIV viruses helps us understand why they mutate so much and how they
infect and multiply in particular cell types.

HIV-1 and HIV-2 are retroviruses, and are impressively small, simple viruses. The
genome is a mere 9-8 kilobases, coding for just a dozen proteins. The core and matrix of viral
proteins are surrounded by a lipid envelope, which is derived from the host cell as the virus
particle buds off the cell. It can contain host cellular proteins such as HLA and these help to
mask the virus from the immune system. The envelope is also studded with viral envelope
glycoproteins, which are ‘crucial in infectivity and immunogenicity, as we shall see below.
HIV-2 is about 55% sequence divergent from HIV-1 and is serologically distinct, mostly due
to differences in the envelope glycoprotein.’

HIV uses the envelope protein gp120 to bind to cellular receptors (CD4 and a coreceptor)
and fuse with target cells, particularly T cells and macrophages (about which much more
later). Once inside the host cell, the viral genome and reverse transcriptase are unpacked and
the RNA is reverse transcribed into DNA (see Figure 1). Reverse transcriptase is relatively
error-prone, so viral variants are continually produced. This variability underlies many of
the features of HIV infection (see next section). The transcribed DNA is then transported
to the nucleus and randomly integrated into the host genome, and new viral copies are
made by hijacking the host’s cellular machinery (see Figure 1). This process requires the cell
to be activated [e.g. via the T cell receptor (TCR)'® or via the cytokine tumour necrosis
factor-oe (TNF-a)],” so we can immediately see that activation of the immune response
stimulates virus production. This leaves the host in an impossible situation; in attempting to
eliminate the virus (or other opportunistic infections), it can actually trigger further virus
production.

HIV diversity

HIV has a very high mutation rate, giving rise to hugely variable viral populations, both
within an individual and between individuals.

Variation is most prevalent and important in the major immunogenic envelope protein
gp120, where there are several hypervariable regions. Within an individual, the virus can
change over time and in different locations within the body. Between individuals, strains can
vary by around 10% of their total sequence and by as much as 40% of amino acid sequences
in gp120. This has led to the classification of global HIV-1 strains into 11 subtypes (A-J and
0), also called clades.’

As well as making life difficult for epidemiologists, there are at least two major biological
implications of gp120 diversity. Firstly, the constantly changing viral antigens means the
immune system is always a step behind and is less able to mount an effective response. On a
larger scale, this also means the medical community is struggling to find an effective vaccine.
Secondly, because gp120 is used to bind to host cells, infectivity of the virus changes between
strains and over time within an individual, as described below.
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Figure 1. Schematic representation of HIV entry, disassembly, replication and release from susceptible cell
(lymphocyte or macrophage). (1) HIV binds to cell surface via receptors (CD4 molecule and coreceptors). (2)
Viral uncoating in cytoplasm. (3) RNA viral genome transcribed to DNA copy-reverse transcriptase (RT) enzyme.*
(4) DNA copy integrates into host cell genome in cell nucleus via integrase enzyme. (5) Following cell activation
viral DNA is translated to RNA copies in cytoplasm. (6) Viral peptide chains translated from cytoplasmic viral RNA.
(7) HIV proteinase cleaves functional viral proteins from polypeptides.** (8) Virion assembly. (9) Viral release from
cell surface — cell lysis. *RT inhibitors act here. **Proteinase inhibitors act here. (Reproduced with permission from
Davidson’s Principles and Practice of Medicine, 18th edition, Harcourt Brace, 1999.)
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Receptors for HIV

We now know that CD4 is the major cellular receptor for HIV and that there is also a family
of minor coreceptors, which determine the cell types that different HIV strains infect.

It was quite early in HIV research, in 1984, that CD4 was shown to be the major cellular
receptor for the virus, binding directly to gp120.'"'> CD4 is present at high levels on most T
cells and also at lower levels on many antigen-presenting cells (APCs), such as macrophages.
It associates with the T cell receptor complex during antigen presentation, binding with MHC
class II proteins on the antigen presenting cell and acting as a co-stimulatory molecule.

However, the cellular distribution of CD4 went most, but, crucially, not all the way, to
explaining the cellular range of susceptibility to the HIV virus. It was found that some viral
isolates were tropic for T cells (T-tropic), especially those that had been passaged in T cell
lines in the laboratory). Others were tropic for macrophages (M-tropic). Isolates from patients
in early stages of the disease tend to be M-tropic, T-tropic strains appearing in more advanced
disease. M-tropic strains are also more able to infect neural cells — patients succumbing to
AIDS-related dementia tend to have M-tropic strains of the virus in their brain and CSF.’

Then in 1995, Cocchi et al.'® showed that infection of cells by M-tropic isolates was
inhibited by a group of chemokines known as RANTES (regulated on activation, normal T
expressed and secreted), MIP-1ac (macrophage inflammatory protein 1or) and MIP-18 This
prompted a publishing frenzy in 1996 when the second receptor was shown, by molecularly
engineered expression, to be various members of a chemokine receptor family.'*~"” It is the
viral gp120 that also binds to these chemokine receptors.'®'°

At least 10 different chemokine/HIV receptors have now been identified, but the names,
classification and specificity can appear confusing. Put simply, there are two groups. CXC
chemokines (containing cysteine—any amino acid—cysteine) mostly attract neutrophils and
the receptors are designated CXCR. Laboratory-adapted HIV strains, grown for many
passages in T cell lines and which can only infect T cells (and are often able to induce
syncytium formation in host cells), use only CXCR-4 as the coreceptor, so these strains are
also referred to as X4 tropic. Conversely, CC chemokines (containing two adjacent cysteine
residues) attract both monocytes and lymphocytes and the receptors are designated CCR.
Macrophage-tropic HIV strains (including most primary isolates from patients) use the CCR-
5 receptor, are therefore referred to as RS tropic and are usually non-syncytium-inducing
(NSI). To confuse matters further, there are also HIV strains (mostly patient isolates of
primary T cell strains), which are able to use both CCR-5 and CXCR-4, referred to as R5X4
tropic. This classification should be considered as an approximation of reality.'%2°

There is a fascinating clinical observation relating to all this molecular coreceptor
wizardry. There are two known mutations of the CCR-5 gene in humans, both of which
result in failure of the functional receptor to appear on the cell surface. People carrying two
mutant copies of the CCR-5 gene have a protective advantage against HIV infection, and
those with one copy of the mutant gene follow a long-term non-progressive disease
course.?'?? About 1-3% of European-descended populations are protected from HIV
infection because they carry two mutant copies of the CCR-5 gene (CCR-5 del32) and
14% carry one copy. They do not suffer any obvious ill-effects from lacking this chemokine
receptor. It is speculated that the mutation became fixed in the population during the
fourteenth century, when it might have conferred some protection during the bubonic
plague epidemic.

Knowing now how HIV gets into different cell types and that a mutant receptor for HIV is
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sufficient to prevent HIV infection gives researchers some hope for designing drugs that
inhibit HIV entry into cells.

HIV-induced immunosuppression

Among the paradoxes of HIV research have been the facts that a) not enough virus is
produced in the asymptomatic phase of the infection to cause the direct death of the vast
number of T cells that are ultimately destroyed, and b) immune dysfunction is apparent even
before T cell counts have dropped significantly. It is now becoming clear that HIV’s effects
on the immune system are far more extensive than mere depletion of virally infected T cells;
the disruption involves a variety of cell types, both infected and bystanders, plus cytokines
and other soluble molecules.

Gpl120 is the prime suspect in immune disruption, both on the viral surface and as
soluble, extracellular protein (see Figure 2). When it binds to CD4 and chemokine receptors
on T cells or antigen presenting cells, it can block binding of the normal ligands and
therefore interferes with normal antigen presentation and normal chemokine signalling, and,
it can lead to internalization of the receptors and therefore loss of surface receptors. Gp120,
either free or when presented on the surface of antigen presenting cells, can also cause
inappropriate activation of intracellular signalling pathways. This can lead to anergy or even
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Figure 2. HIV-1 interactions with APC cell surface receptors. HIV-1 and its shed surface protein gp120 are able to
interact with a number of receptor molecules on APC. The gp120 protein has binding sites for CD4 and chemokine
receptors such as CCRS. It can also interact with Fc or complement receptors via anti-HIV-1 antibodies. Outcomes of
HIV-1 proteins binding to APC receptors include infection of the cell by HIV-I (a process that can be enhanced by
antibodies to HIV-], antibody-enhanced infection), and phagocytosis of receptor complexes bound to soluble gp120,
leading to the loss of receptors, such as CD4, and possible entry of the receptor/gp120 complex into antigen
processing pathways. It should be noted that all of the HIV-1 receptors are linked to intracellular signalling pathways
that can be activated on binding HIV-1 or gp120 and that this can lead to disruption of the cell’s function. CKR,
chemokine receptor. [Reproduced with permission from Hewson T, Lone N, Moore M et al., Interactions of HIV-1
with antigen-presenting cells, Immunology and Cell Biology, 1999; 77: 289-303 (http://www.blackwell-science.-
com/icb).]
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activation-induced cell death (AICD, a form of apoptosis) being induced instead of cell
stimulation, and is probably a major mechanism by which the functional depletion of T cells
seen in HIV disease occurs.!%?%?* These kinds of antigen-specific mechanisms can explain
how significant damage can be wreaked in the immune system even before the wholesale
collapse in T cell numbers; crucial T cell clones that are needed to combat HIV and other
concurrent infections are being selectively wiped out instead of being stimulated.

In addition to blatant T cell death and functional depletion, the immune system can also
be unbalanced by changes in cytokine production in HIV infection. HIV infection of APCs
modulates production of interferon, interleukin (IL)-10 and IL-12, which can induce a switch
of T cell phenotypes from T helper (Th-1, associated with cell-mediated immune responses)
to Th-2 (associated with humoral responses). This switch in dominant T cell subsets has been
reported in patients as their disease progresses, but the hypothesis is probably rather
simplistic.'®

The loss of T cell clones and the proposed shift in cytokine profile from Th-1 to Th-2 also
compromises other, effector arms of the immune system. B cell dysregulation leads to
spontaneous polyclonal proliferation and IgG secretion, but an impaired response to de novo
antigens.”* Macrophage function, including phagocytosis and intracellular killing of bacteria,
is impaired both by the change in cytokine profile and by the fact that macrophages
themselves are infected by HIV. This is of particular relevance to mycobacteria, which
live inside macrophages.

Course of HIV infection

Armed with the basic biological evidence described above, we can now suggest explanations
for the course of HIV infection.

The (typically M-tropic) virus usually enters an individual by infecting macrophages,
dendritic cells and other CD4+ cells in mucosal tissue. The virus is passed on to systemic
activated T cells and a period of acute infection develops, where virus replication is high and
can be easily detected in the blood and lymph nodes. An initial antiviral immune response
then causes viral titres to drop drastically and a persistent state is established, which can
continue for years. During this time there is a low level of viral production (when new
variants will be continually produced), kept in temporary check by the immune system.
However, there is a slow, persistentdecline in CD4+ lymphocytes. Eventually, more virulent
viral strains (often T-tropic, syncytium inducing) emerge, which leads to a second high level
of viraemia. This is usually coupled with a decline in T cell count to below 300 cells/ul, and is
the point at which opportunistic infections manifest themselves.’

Opportunistic infection in HIV-infected patients

Viruses, fungi, bacteria and parasites all exploit the immunosuppressed environment of
patients with AIDS, often leading to disseminated disease. The likelihood of opportunistic
infection depends both upon the degree of immune dysfunction and on the environment in
which the individual lives (and has lived, for those infections that are reactivated).

The most common viral infections in HIV patients are those of the herpes family. Such
viruses can also enhance HIV production, not only by induction of cytokines, but also directly
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by transactivating factors within co-infected cells. Other viruses include ones associated with
neoplasms, such as human papilloma virus. The B cell polyclonal activation induced by HIV
is favourable for Epstein—Barr virus proliferation and can promote B-cell lymphomas.9

The likelihood of developing opportunistic fungal and parasitic infections in HIV depends
largely on the geographical location of the patient and therefore their exposure to the
pathogen. For example, exposure to Cryptococcus neoformans is universal (though particu-
larly in Africa), whereas histoplasmosis occurs mainly in the United States of America.**
Toxoplasmosis and leishmaniasis are good examples of protozoal infections exacerbated or
reactivated by HIV.

Bacteria thrive in the face of impaired antibody production and macrophage dysfunction
induced by HIV. Poor mucosal defences encourage a range of enteric infections, such as
Salmonella and Shigella, which can lead to bacteraemia. Since mycobacteria prefer to live
inside macrophages, it is obvious that they will benefit from impaired macrophage function.
M. avium, in particular, thrives and leads to disseminated disease, mostly when T cell counts
are very low. It is perhaps surprising that M. leprae is not more of a problem in HIV. Slow
multiplication rate of M. leprae means it cannot quickly colonize an immunocompromised
host. There are only very few reports of some degree of association between HIV and
leprosy’ and of HIV altering the clinical course of leprosy cases.’

Tuberculosis, on the other hand is remarkable because it can be reactivated somewhat
earlier in HIV infection. This is either because it is a more virulent pathogen or because of
involvement of more specific mechanisms, such as functional depletion of antigen-specific T
cell clones which were holding latent infection in check. The proposed Th-1/Th-2 switch
would also facilitate the proliferation of mycobacteria (which are controlled more effectively
by a Thl-mediated response). The question of whether there is a more specific relationship,
on a cellular level, between mycobacteria and HIV infection, has been addressed by a few
researchers. MAC replication is enhanced by HIV co-infection of cell cultures in vitro,
although the mechanism behind this has not been elucidated.” >’ Conversely, lipoarabino-
mannan (LAM) from M.tb H37Ra (although less so for LAM from virulent M.tb strains) has
been shown to stimulate HIV replication in macrophage cell lines both directly via NF-oB
and via TNF-o production.?®?° So we can see how HIV can facilitate mycobacterial survival,
and that mechanisms exist whereby mycobacteria could facilitate HIV survival.

The terminal phase of HIV disease is therefore a vicious cycle of viral production,
destruction of immune cells, repeated opportunistic infection and further immune
dysfunction, from which the body cannot by itself escape.
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