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Abstract

Infection with HIV results in the dissemination of the virus to a number of target
compartments which may act as sanctuary sites for the virus. Sanctuary sites for
HIV may be divided into cellular and anatomical sites. Cellular sites for HIV include
both productively and latently infected CD4+ lymphocytes, macrophages and
dendritic cells while anatomical sites include blood, lymph nodes, central nervous
system (CNS), genital tract, spleen and lung. Some of these sites may be
inaccessible to some classes of antiretroviral drugs e.g. some protease inhibitors
penetrate poorly into the CNS and genital tract. Mathematical models have been
used to predict the importance of sanctuary sites and trafficking of virus between
compartments on the pathogenesis of HIV infection. This review will discuss recent
understanding of the role of sanctuary sites in the persistence of HIV in the host.

Key words

Introduction

Studies on the dynamics of HIV replication have
demonstrated that the virus is highly active during
the long clinically asymptomatic phase of the dis-
ease'®. As many as 100 million virus particles are
produced each day by HIV infected host cells and
although the immune system may limit the infection,
HIV-is never eradicated from the host. The lymph
nodes appear to be the most active sites for HIV repli-
cation,*® and it is clear
tion in infected individu
rate of progression to AIDS and death. The success
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changes in steady-state levels of viral RNA in
blood"?7. The half-life of virus in plasma has been
calculated to be as little as 3 m, with the half-life of
productively infected CD4 T-lymphocytes being 24
hours™®. Intravenous inoculation of SIV into rhesus
macaques indicated that viral particles were rapid-
ly cleared from the blood compartment in less than
5 m. The cleared virus was predominately degrad-
ed but detectable levels of SIV RNA were recovered
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Fig. 1. Dissemination of HIV following Sexual Transmission.

Dynamics of HIV replication

Important insights into the understanding of viral
reservoirs have come from the analysis of changes
in levels of virus following initiation of antiretroviral
therapy (reviewed in’). The biphasic nature in the
rate of decay of plasma virus is due to differences
in the kinetics of replication in different infected cell
populations’. The major cell of HIV infection is the
CD4 T-cell which accounts for over 99% of replicat-
ing virus within the host. However, there is some
controversy over which cells are the most important
target during primary infection. Infected macrophages
while accounting for < 1% of total infected cell bur-
den are important in disseminating HIV throughout
the host and a possible mechanism of dissemina-
tion-of HIV-(shownin-(Fig.1)'?). CD34 progenitor
cells are very susceptible to infection with HIV and
distinct quasi- species
the bone marrow ¢
Macrophages have been shown to be a major tar-
get cell for HIV in the bone rp
macrophages, Langerhans
the mucosal surfaces are i
the sexual transmission g
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virus is cleared from productively infec
cells which is accompanied by a 99% éef ﬂ%é rpuy\?l

cation in tissues’. Three cellular sources of virus are
important for the persistence of HIV following the
initiation of HAART. Extra-cellular virus trapped on
the surface of follicular dendritic cells (FDCs) in the
germinal centres of lymph nodes®"18-8 virus repli-
cating within tissue macrophages and latently in-
fected CD4 T-cells’. The half-life of viable replica-
tive competent virus trapped on the surface of den-
dritic cells was 14 days and following the initiation
of HAART follicular hyperplasia and cell activation
continued in the germinal centres of lymph nodes
for at least 6 months'™. A bi-phasic dissociation of
HIV from FDCs has been postulated®. Virus trapped
on the surface of FDCs provide a sanctuary site in
which HIV is protected from the effects of HAART.
Although, some new NNRTIs may be able to inhibit
endogenous reverse transcriptase activity within viri-
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establishment of HIV in the primary phase of the
disease?®. The number of infected macrophages
appear to be low but macrophages are resistant to
the cytopathic effects of HIV and are relatively long
lived cells which would allow the constitutive re-
lease of virus over the life time of the cells®24, The
infection of cells from the monocyte/macrophage
lineage enables the dissemination of HIV to target
tissues and may provide a vehicle for the trafficking
of viruses between target organs™. Infection of tis-
sue macrophages increases late in the disease
process during opportunistic infections resulting in
an increase in the number of macrophages that are
infected and the amount of virus produced from
these cells?242627 Distinct differences have been
detected in the quasispecies that infect CD4 T-cells
and macrophages indicating that virus evolves sep-
arately in these cells. Heterogeneity in HIV proviral
DNA from CD4 T-cells was much higher than that
found in monocytes or in viral RNA from plasma®.
Analysis of V3 loop sequences from plasma and
PBMCs clearly demonstrated compartmentaliza-
tion?. Acquisition of resistant mutations in lympho-
cytes may also differ from cells of the monocyte/
macrophage lineage because nucleoside ana-
logues show greater activity in monocyte derived
macrophages due to the lower endogenous nucle-
oside pools within these cells®. The peculiar char-
acteristics of HIV replication and efficacy of anti-
retroviral drugs in macrophages have a natural
counterpart in lymphoid tissue where macrophages
provide a major focus of infection for HIVS!. Viral in-
fection of macrophages should be considered in
therapeutic strategies wanting to achieve optimal
effects in all tissue compartments where the virus
seeks sanctuary®'.

Decay rates of HIV-1 in latently infected cells in-
dicate that eradication of HIV-1 following initiation of
HAART may take as long as 60 years®. Therefore,
latent infection of resting CD4 T-cells by HIV-1 pro-
vides a mechanism for life-long persistence of
virus. In patients with incomplete suppression of vi-
ral replication there is clear evidence of evolution of
HIV genomic RNA sequences (reviewed in’). How-
ever, in some patients with complete suppression of
plasma viraemia, virus recovered following treat-
ment failure was genotypically identical with base-
line samples taken 2 years prior to failure, indicating
the persistence of latently.infected. cells reviewed.in’.

Blood and lymph noted part of this pU

In the majority of patients plasma viraemia be-
comes undetectable within 3 months after initiating
HAART and this is accompanied by a significant re-
duction in the number of productively infected cells
in the lymph nodes but HIV RNA expression could
still be detected in these cells®. Others found no
evidence of viral replication in blood or lymph
nodes of patients with plasma viral load of < 20
copies/ml¥.

Compartmentalization

Kepler and Perelson in 1998 proposed a mathe-
matical model in 1998 that predicted that the erad-
ication of HIV from the host will depend on the ca-
pability of totally suppressing viral replication in all
infected cells within the sanctuary sites and on the
elimination of these cells either due to natural death
or destruction by the cellular immune system3. In
their model, partial suppression of HIV replication in
sanctuary sites resulted in the evolution of resistant
virus and treatment failure. In one compartment
systems there was a relatively narrow window of
drug concentrations that allowed evolution of resis-
tant variants®. When the system was enlarged to
consider two spatially distinct compartments held
at different drug concentrations where penetration
of drug into one is sub-optimal, the range of drug
concentrations that permitted the development of
resistance increased®. In the host the opportunity
for the generation of resistance to occur was
widened by having one compartment in which mu-
tants were generated such as a sanctuary or region
of low drug concentration that HIV can enter and a
second compartment in which the drug concentra-
tion is high enough to give a selective advantage to
the mutant. The process of generating mutants in
one compartment and selecting them in another
may be repeated a number of times to achieve a
step wise accumulation of resistant mutants. This
became a particular problem if there was significant
trafficking of viruses between the two compart-
ments. In a sanctuary where the drug penetrance is
small, partially resistant strains can proliferate
and produce more resistant strains which are then
able to re-seed other compartments®. The role of
sanctuaries in the evolution of drug resistance is
likely to be even more central for HAART when 3 or
more drugs are used as many mutations may be
needed for treatment fa|Iure
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Fig 2. Sanctuary sites and trafficking of HIV-1 between compartments.

in the blood are also found in the other body com-
partments*. However, subtle differences in muta-
tions detected in various compartments may prove
to be important when assessing the effectiveness of
therapy. Sequential sampling at body compart-
ments is not always possible due to the invasive na-
ture of some technigues.

The mechanisms responsible for parallel evolu-
tion of virus in different organs are poorly under-
stood, but tissue specific tropism of different HIV
quasispecies, variations in the replication rates of
virus in the different tissues and local immune re-
sponses are all likely to be involved*!. Caution
should be used when interpreting genotypic data
as one study showed that despite clear differences
in the V3 loop sequences of the major variants re-
covered from different tissues all HIV variants
showed identical cell tropism and replicative kinet-
ics in primary cells in vitro*2. These issues are im-
portant in formulating a model for the emergence of
drug resistance in vivo and for understanding drug
trafficking and virus turnover (Fig. 2). Several stud-
ies have noted a discordance in the distribution of

Table 1. Sanctuary sites where disEinct HIV quasispecies
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quasispecies in PBMCs, plasma, spleen, brain, se-
men, lymph nodes and lung (Table 1). This indi-
cates that there are anatomically distinct indepen-
dently evolving HIV quasispecies at these sites®.
The evolution of independent quasispecies may
be even more localised as distinct genotypes of
HIV have been recovered from different regions
of the brain®. It is conceivable that antiretroviral
drugs may penetrate some areas of organs with dif-
fering efficacies leading to variations in resistance
patterns within a compartment*3. Phylogenetic
analysis of the V3-V5 envelop region of HIV con-
firmed tissue specific compartmentalization of
blood-brain viruses but also showed that there was
some trafficking of quasi-species between the two
sites*. This makes the analysis of quasispecies re-
covered from different compartments complex.
Subtle changes in target cell maturation may also
be important for the replication of HIV. Expression of
CD4 and appropriate coreceptors correlated with
HIV entry into thymocytes but factors related to ac-
tivation and maturation were important for the repli-
cation of HIV#. Furthermore, quasispecies within
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nervous system thereby facilitating the creation of a
reservoir of HIV that could potentially reinfect pe-
ripheral tissues. The lymphatic system could pro-
vide a potential pathway through which CNS reser-
voirs of HIV could directly reinfect lymphoid tis-
sue®. It has been shown that protease inhibitors
penetrate poorly into the male genital tract®. Dura-
bility of antiviral effect following removal or cessa-
tion of therapy varies between cell types and this is
likely to be the case in individual body compartments.
The long half-life of NNRTIs in plasma could result in
patients who stop therapy receiving monotherapy
with NNRTI for a period which could lead to the de-
velopment of resistance against these drugs.

Brain and CSF

Sanctuary sites for HIV such as the brain have
been recognised as contributing to the success of
the infection®’. HIV mediates a productive infection
of brain macrophages/microglial cells®?. HIV can be
detected in the CSF during seroconversion and
molecular analysis of the V3 loop shows substantial
homogeneity between CSF and blood genotypes
early in infection which is lost as disease progresses.
Redistribution of HIV quasispecies to the brain from
other sanctuary sites has been observed in patients
who progress to AIDS dementia complex, although
quasispecies also evolved independently in the
brain when compared to the spleen’’. Although,
others found no differences between the V3 loops
of clones from the brain and spleen of three indi-
viduals who died of HIV encephalitis and this may
be due to the advanced nature of disease in these
subjects®.

The decay of HIV RNA viral load in CSF following
the initiation of HAART was comparable to that ob-
served in the plasma®. However, interruption of
therapy resulted in a rapid rebound of viral load in
the CSF. The same mutations associated with resis-
tance to antiretroviral drugs in HIV quasispecies
from plasma are also common in CSF%. Active ef-
flux transport out of the CSF is a predominant
mechanism limiting nucleoside analogue access to
the central nervous system®6. Few studies exist that
measured the half-life of drugs in tissues. The com-
parison of pharmacokinetics of AZT in CSF and
plasma revealed that AZT penetrated into the CSF
more slowly with a longer half-life®”. Poor uptake of
protease inhibitors mtoN C’ﬁ%r?g m
early breakthrough of &Z Qtf F

failing HAART®®, Nelfinavir did not penetrate |nto the

CSF*° while indinavir was ol ut(gr
@Pm both %SF

concentrations®. Poor reducti and

Genital Tract

It is well established that HIV is found in semen,
either as cell free or cell associated virus®, yet the
source of the virus has not been established. Some
individuals demonstrated disproportionally high lev-
els of HIV RNA in seminal plasma compared to blood
plasmab*® HIV replication persisted in plasma and
seminal fluid of nucleoside analogue experienced
subjects who switched HAART regimens due to ther-
apy failure®®. Although in retroviral naive patients
triple combination antiretroviral therapy with a pro-
tease inhibitor containing regimen was found to ef-
fectively reduce cell free HIV RNA in semen®’.

Protease gene sequencing from semen and
PBMCs indicated that viral populations from the two
sources are distinct®®8. In particularly, mutations
associated with resistance to Pls were found in the
blood but not semen. However, mutations associat-
ed with resistance to Pls have been recovered from
the DNA of seminal cells and differences in the mu-
tation patterns observed in PBMCs and seminal
cells noted®82. Mutations associated with resis-
tance to antiretroviral therapy were also found in the
female genital tract’. Distinct genetic evolution was
reported in blood and cervical secretions of women
infected with clade A viruses”'. Some evidence was
found for trafficking of viruses between compart-
ments but once seeded at target sites virus evolved
independently”.

Lung

Comparison of the genetic sequence of the V3 loop
of gp120 recovered from alveolar macrophages
AMs and PBMCs has revealed tissue specific se-
quences’>"®, Structural differences seen in this re-
gion are associated with HIV tropism for macrophage
or T-cells’. Consequently, variation in the V3 se-
guences between AMs and PBMCs may merely be
indicative of selectivity of the diffferent viral cell
types. HIV strains from AMs, but not from peripher-
al blood cells, contain V3 domain nucleotide se-
qguences with a greater degree of homogeneity in
the C-terminal region’. This suggests that strains
infecting AMs have evolved further from a pre-
sumed ancestral species than those infecting blood
monocytes. It is possible that, as the disease pro-
gresses, viral strains in lung and blood are notin.a
state of unrestricted bidirectional traffic but, instead

For complete eradica-
t%ttyg)mlﬁlt is esseitpgat drugs exert optimal
th%rapeutlc effects and suppress replication in all

(egmipartments’. In the lung, this in-
voIves the ab|l|y of "drugs to penetrate alveolar
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therapy or lack of compliance®'. However, epidemi-
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cess of HAART in reducing opportums
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Conclusions

A clear understanding of how HIV evolves once
seeded within target organs and sanctuary sites is
of major importance in devising protocols for eradica-
ting the virus from the host. Despite HAART low lev-
els of HIV replication occur in various sanctuary
sites and this virus may seep back into the circula-
tory system to re-infect CD4 cells. Viral infected
cells trapped in these sanctuary sites may contin-
ue to produce virus for years. Predictions that
virus trapped on the surface of FDCs may remain
viable for years, if correct, would provide an inac-
cessible sanctuary site for HAART. Protocols need
to be devised to eliminate virus from these target
cells. However, the differential uptake of drugs into
the CNS, genitals and lymph nodes is of grave
concern if HAART is ever to be effective at elimi-
nating HIV from sanctuaries. The ultimate goal is
the elimination of HIV from the host but this seems
increasingly unlikely even with immune restoration
strategies.
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