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Introduction 

1. Pro logue 

In 1981 the acquired immunodeficiency syndrome (AIDS) was first described 
among homosexual men.1-3 The later so designated human immunodeficiency 
virus type 1 (HIV-1) was identified in 1983-1984 as the etiologic agent of 
AIDS.4" HIV-1 is a retrovirus of the lentivirus subfamily. In 1987 a new ret
rovirus, HIV-2, which is related to, but distinct from HIV-1, was isolated 
from West African patients.8 '9 Infection with HIV-2 predominantly occurs in 
West African countries. 

HIV-1 is the more pathogenic of the two retroviruses and is responsible for 
the majority of AIDS-related morbidity and mortality. Before the availability 
of antiretroviral drugs, the average time from infection with HIV-1 to AIDS 
was 8-10 years and death followed 10-12 months after the AIDS diagnosis.10-

12 

The development of sensitive methods to quantify the amount of HIV-1 RNA 
in serum or plasma and the introduction of new, potent classes of antiretrovi
ral drugs, the protease inhibitors and the non-nucleoside reverse transcrip
tase inhibitors, increased the insight in the replication dynamics of HIV. 
With the availability of combination therapy it became possible to achieve 
durable control of HIV-1 replication in vivo, with reduction of HIV-1 RNA in 
blood to below the limit of detection of commercially available assays for at 
least three years.1315 The advent and widespread use of such potent antiret
roviral therapy in the mid nineties has changed the clinical course of HIV-1 
infection dramatically in a substantial proportion of HIV-1 infected individu
als and has led to a significant decline in the incidence of AIDS and AIDS-
related mortality in the developed world.11'"20 

However, with the currently available antiretroviral drugs eradication of the 
virus from an infected person does not seem to be possible. Despite sustained 
suppression of HIV-1 RNA in plasma several obstacles to such eradication 
can be identified: (1) the presence of anatomical reservoirs for HIV, (2) the 
persistence of latently infected, resting CD4+ T cells, and (3) ongoing low-
level viral replication. 

As a prelude to a review in the following sections of these anatomical and 
cellular reservoirs for HIV and the ongoing low-level viral replication, the 
dynamics of HIV-1 RNA viremia after the start of antiretroviral therapy are 
briefly reviewed first. 
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2. Vira l dynamics after t h e s tar t of po t en t an t i r e t rov i r a l t h e r a p y 

Studies by Wei et al. and Ho et al., published early 1995, gave an important 
insight into the replication dynamics of HIV-1.2122 These studies showed 
that, in spite of the apparently stable situation during the clinically asymp
tomatic phase, HIV-1 infection is in all stages a highly dynamic process in
volving continuous rounds of infection of susceptible cells. In these studies 
nevirapine, ritonavir or indinavir, potent inhibitors of HIV-1 reverse tran
scriptase and protease, respectively, were used alone or in combination with 
other antiretroviral drugs in patients with HIV-1 infection, and plasma HIV-
1 RNA levels were monitored closely. In the first two weeks of therapy the 
concentration of HIV-1 RNA in plasma declined rapidly (minus 2 logio; Figure 
1) and the CD4+ T lymphocyte count increased.2122 The rapid decline in 
plasma HIV-1 RNA levels led to the assumption that the drugs largely pre
vented new infection of susceptible cells, and that the observed decrease re
flected both the clearance of free virions and the loss of cells that produce the 
vast majority of the plasma virus. Mathematical modelling of the data re
sulted in estimates of the virion clearance rate and the rate of loss of virus-
producing cells in vivo.2* The half-lives of free virions and of productively in
fected cells (presumably activated CD4+ T lymphocytes) were calculated to be 
< 6 hours and 1-2 days, respectively.23 Consequently, in an untreated person 
during steady state a total of 1010 virions was estimated to be produced and 
cleared each day.23 Originally it was argued that the rapid increase in CD4+ T 
lymphocyte count following the initiation of antiretroviral therapy reflected 
the pre-treatment rate of CD4+ T lymphocyte production and destruction.2122 

However, in these studies the possibility of redistribution of cells from the 
lymphoid tissue to the peripheral blood, rather than de novo production, was 
not considered.24-29 Several mechanisms have been hypothesised to be in
volved in the rapid turnover of productively infected CD4+ T lymphocytes. 
The virus replication may result in cell lysis either by a direct cytopathic ef
fect or through immune mediated killing.30-31 

The short half-lives of free virions and of productively infected cells thus un
derscore the fact that virus replication is active and ongoing throughout the 
course of the disease and that plasma HIV-1 RNA levels reflect the rate of 
viral replication. 

In subsequent studies, the decline of plasma HIV-1 RNA following the start 
of therapy with a combination of antiretroviral agents turned out to be bi-
phasic (Figure l).35 The initial rapid decline of plasma HIV-1 RNA during the 
first 1-2 weeks is followed by a slower second phase decline with a half-life of 
1-4 weeks.35 
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F i g u r e 1 Hypothetical decay curve for plasma virus levels in a patient treated with highly 

active antiretroviral therapy (HAART). The first phase of decay reflects the short half-life of 

plasma virus and of the productively infected CD4+ lymphoblasts tha t produce most of the 

plasma virus. The second phase of decay reflects the longer half-life of a second population of 

virus-producing cells. The plasma virus levels fall to a new set point that is generally below 

the level of detection of current assays. Virus replication continues at a low level, with only 

very occasional viremic episodes ("blips"). In the hypothetical case of t reatment with regi

mens that completely prevent new infection of susceptible cells by extracellular virus, 

plasma virus levels would drop further until they reached the extremely low levels associ

ated with activation of cells in the latent reservoir. The intrinsic decay rate of this reservoir 

remains to be determined (Annu. Rev. Immunol. 2000. 18:665-708). 

The source of the plasma HIV-1 RNA during this second phase is not pre
cisely known. It is thought that the virus is partially derived from infected 
macrophages, which have a slower turnover rate than productively infected 
CD4+ T cells. The observed decay rate is compatible with the measured turn
over rate of macrophages in uninfected individuals.35 The virus that appears 
during the second phase of decay may also result from the mobilisation of 
free virions trapped on follicular dendritic cells (FDC) in the peripheral lym
phoid tissue. This pool of trapped extracellular virions has been demon
strated to decline with a half-life in the order of 2 weeks in patients on effec-
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tive combination therapy,3'3 and is therefore thought to be an important 
source of virus during the second phase of decline.30 These reservoirs account 
for only a small portion of the total virus production in an untreated individ
ual, but become evident when the cells that produce most of the plasma virus 
have largely disappeared. Under the assumption that there are no additional 
reservoirs, the second phase of decay extrapolates to zero residual infected 
cells in two to three years of completely suppressive antiretroviral therapy.35 

Although these viral dynamics models have been extremely useful in under
standing pathogenesis and response to antiretroviral therapy, many ques
tions remain unanswered. First, these models assume that there are no cells 
or viral reservoirs that decay more slowly than the described cells/viral res
ervoirs that are responsible for the second phase of decay, and that there are 
no sanctuary sites, which are impenetrable by some or all of the antiretrovi
ral drugs (see sections 3 and 4).35 Second, the models of viral decay have been 
built upon the assumption that no new cells arc infected once combination 
therapy is started. This notion has recently been challenged by Grossman 
and colleagues who have suggested that the death of infected CD4+ T cells is 
more appropriately modelled as an ageing process, in which cells that have 
been infected for a longer period of time have a higher probability of dying. 
The use of an exponential decay model would therefore not be appropriate, 
since it does not incorporate the notion that the chance an infected cell will 
die is related to the length of time a cell has been infected.37 In their model, 
combination therapy does not completely block infection of new cells, but 
rather results in a decrease of the amplitude of ongoing HIV infection cycles. 
The currently used combinations of antiretroviral drugs can substantially re
duce the size of these local bursts of viral replication and diminish their fre
quency, but have yet failed to abolish them. 

An increasing body of evidence suggests that there is indeed ongoing viral 
replication even in patients whose HIV-1 plasma RNA levels are below the 
limit of detection of sensitive commercially available assays (see section 5). 
Also, treatment with five drugs has been shown to result in a more rapid ini
tial decline of plasma HIV-1 RNA levels compared to treatment with three 
drugs, consistent with the idea that the currently used combination therapy 
is not completely suppressive.38 
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3. Pharmaco log ica l l imi ta t ions of cu r ren t ly avai lable d rugs 

3.1 Ant i r e t rov i ra l d rugs 

There are currently three classes of antiretroviral drugs on the market. The 
first class is that of the nucleoside analogue reverse transcriptase inhibitors 
(NRTIs). All NRTIs are prodrugs and must be phosphorylated in the target 
cell by host cellular enzymes to form the active compound necessary for the 
antiretroviral activity.3942 These drugs inhibit the replication of HIV in two 
steps. The NRTI-triphosphates (dideoxynucleoside triphosphates (ddNTP)) 
compete with their corresponding endogenous deoxynucleoside triphosphates 
(dNTP) for incorporation into proviral DNA during the process of reverse 
transcription. Once incorporated into viral DNA, ddNTP prevents further 
elongation of the DNA chain since ddNTP lack the essential 3'-OH group re
quired for further synthesis of DNA.41-46 Furthermore, high levels of zi
dovudine monophosphate have been shown to impair HIV-1 reverse tran
scriptase RNase H activity.47 Four groups of NRTIs are registered for treat
ment of HIV-1 infected patients: (1) thymidine analogues (zidovudine (ZDV) 
and stavudine (d4T)), (2) cytidine analogues (lamivudine (3TC) and zalci-
tabine (ddC)), (3) a guanosine analogue (abacavir (ABC)), and (4) an adeno
sine analogue (didanosine (ddl)). 

The second class of antiretroviral drugs consists of the non-nucleoside re
verse transcriptase inhibitors (NNRTIs). These drugs bind directly to the vi
ral reverse transcriptase and block the polymerisation of viral RNA to DNA 
by causing a conformational change that inactivates the enzyme.18-50 NNRTIs 
do not have to be phosphorylated intracellularly. There are three NNRTIs 
commercially available: delavirdine (DLV), nevirapine (NVP), and efavirenz 
(EFV). 

The protease inhibitors (Pis) are the third class of antiretroviral drugs. These 
drugs inhibit the HIV-1 protease enzyme, which is responsible for the post-
translational processing of gag and gag-pol precursor polyproteins.51 As a re
sult, non-infectious, immature virion particles are produced. There are cur
rently six Pis commercially available: amprenavir (APV), indinavir (IDV), 
lopinavir (LPV), nelfinavir (NFV), ritonavir (RTV) and saquinavir (SQV). 
New classes of antiretroviral drugs with other mechanisms of action are be
ing developed and tested, e.g. HIV-coreceptor and HIV-fusion inhibitors. 

3.2 Phosphory la t ion of nucleoside ana logues 

As described in section 3.1, all NRTIs require intracellular phosphorylation 
to exert antiretroviral activity.52 One of the most critical factors that deter-
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mine the antiretroviral potency of NRTIs is the ratio of ddNTP to its com
peting dNTP. Divergent phosphorylation properties of the various NRTIs 
make that the potency of a given NRTI depends on the state of activation of 
the target cell. The thymidine analogues ZDV and d4T are monophospho-
rylated by thymidine kinase, a cell cycle-dependent S-phase enzyme.53-55 As a 
consequence, ZDV and d4T are predominantly active in activated cells.52-50 

The cytidine analogues 3TC and ddC are monophosphorylated by deoxycyti-
dine kinase.52-54-57 The activity of this enzyme is largely activation-
independent, and ddNTP/dNTP ratios are increased in resting cells compared 
with activated cells.56 Therefore, these cytidine analogues are predominantly 
active in resting cells, such as macrophages, monocytes and resting lympho
cytes.52 Also, the adenosine analogue ddl has increased ddNTP/dNTP ratios 
in resting cells and is therefore predominantly active in resting cells.52"54'50 In 
contrast to ddl, the phosphorylation of cytidine analogues can further be en
hanced upon cell activation.5'5 In the case of 3TC, ddNTP/dNTP ratios in 
resting cells were just two-fold higher than in activated cells, whereas for ddl 
ddNTP/dNTP ratios in resting cells were 15.8-fold higher than in activated 
cells.50 ABC is phosphorylated to carbovir triphosphate by the only recently 
discovered enzyme adenosine phosphotransferase.58 

Differences in potency between NRTIs are further explained by differences in 
ability to inhibit syncytium-inducing (SI) versus non-syncytium-inducing 
(NSI) HIV-1 variants. For example, 3TC showed a similar potency in inhib
iting viral replication of SI and NSI HIV-1 variants in contrast to ZDV and 
ddl.59 '60 This was explained by the finding that the p-chemokine receptor 
CCR5 functions as coreceptor for all NSI HIV-1 variants, whereas SI HIV-1 
variants can also use the a-chemokine receptor CXCR4.01"0'5 CXCR4 is ex
pressed predominantly on resting/naive T lymphocyte subsets, whereas the 
expression of CCR5 is low on quiescent T cells.04 As a consequence, ZDV is a 
less efficient inhibitor of SI HIV-1 variants, and ddl is a less efficient inhibi
tor of NSI HIV-1 variants.60 

3.3 Drug transporters 

P-glycoprotein (P-gp) is an energy-dependent efflux pump of various hydro
phobic drugs and belongs to the ATP binding cassette (ABC) family of drug 
transporters.65 '66 P-gp is expressed at the luminal side of the cells lining the 
gastrointestinal tract (jejunum, ileum, and colon), the biliary canalicular sur
face of hepatocytes, and on the apical surface of small biliary ductules.67 In 
the kidney P-gp is localised on the apical surface of the epithelial cells of the 
proximal tubules.67 In the adrenal glands P-gp is expressed on the surface of 
cells in medulla and cortex, and in the pancreas on the apical surface of the 
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epithelial cells lining the small ductules.67 In blood P-gp is expressed at high 
levels on CD4+, CD8+, CD16+ (natural killer (NK) cells), CD19+ (B lympho
cytes), CD20+ (B lymphocytes), CD56+ (NK cells), but not on CD 14+ (mono
cytes) and CD15+ (granulocytes) cells.6871 One of the most interesting locali
sations for P-gp is the luminal surface of capillary endothelial cells of the 
blood-brain barrier, the blood-testis barrier, and the placenta.G772-74 The mul
tidrug resistance 1 (MDR1) gene encodes P-gp. Several polymorphisms have 
been discovered and therefore P-gp has variable expression in the population. 
The function of P-gp has been thoroughly investigated in oncology because of 
its ability to induce resistance to anti-cancer drugs. 

The clinical importance of P-gp function in HIV therapy has only recently 
been recognised and P-gp may play a role in creating anatomical reservoirs 
for HIV by pumping drugs out of the central nervous system (CNS), the male 
genital tract, and limiting oral availability.75'76 The Pis NFV, SQV, IDV, RTV 
and APV are P-gp substrates.7583 The plasma concentrations of NFV, SQV, 
and IDV after oral administration were 2-5-fold higher in Mdrla deficient 
mice than in wild-type mice, suggesting that intestinal P-gp activity limits 
the oral availability of these drugs.75'84 Also, the penetration of NFV, SQV, 
and IDV into the CNS increased 7-, 10-, and 36-fold, respectively, in Mdrla 
knockout mice compared to wild-type mice, indicating that P-gp activity at 
the blood-brain barrier dramatically reduces penetration of these drugs into 
the brain.75-84-85 In peripheral blood mononuclear cells (PBMC) of HIV-1 in
fected patients the intracellular concentrations of IDV, SQV, RTV, NFV, and 
APV were found to be inversely correlated with the degree of MDR-1 expres
sion.78 It is therefore plausible that in the most important target cells of HIV 
P-gp activity might compromise the response to PI therapy. 

P-gp activity can be inhibited by, for example, quinidine, verapamil, ketaco-
nazole, or cyclosporin, and these compounds might therefore increase oral 
bioavailability and the penetration of Pis into the CNS, the male genital 
tract or into lymphocytes.86'87 NFV, SQV and especially RTV can also inhibit 
p.gp.75-83 Theoretically, combinations of Pis that consist of a P-gp substrate 
and RTV could improve the bioavailability and/or the penetration of the Pis 
into the cellular and anatomical reservoirs for HIV. For instance, the highly 
increased oral availability of SQV when administered in combination with 
RTV might in part be due to inhibition of intestinal P-gp activity by RTV, al
though RTV-mcdiated inhibition of SQV metabolism by the cytochrome P450 
3A4 isoenzyme in the gut wall and liver also plays an important role.88'89 It is 
important to note that many P-gp inhibitors are also substrates and/or in
hibitors of the cytochrome P450 3A4 isoenzyme.90'92 
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In 1992 a second member of the ABC-type multidrug transporter family was 
discovered, the multidrug resistance-associated protein (MRP).03 Currently 7 
individual members of the MRP family have been identified.94 As the first 
MRP, MRP-1, was discovered only 9 years ago, it is not surprising that not 
much is known yet about its clinical relevance in oncology, let alone in HIV 
treatment. In vitro the Pis IDV, RTV, SQV and NFV are MRP-1 and -2 in
hibitors.77-80'81 The closely related MRP-4 and -5 are involved in the energy 
dependent efflux of ZDV (monophosphate) and adefovir.95-96 Further investi
gation of the clinical relevance of the different drug transporter families is 
clearly required. 

3.4 Anatomical r e se rvo i r s 

Sub-optimal penetration of antiretroviral drugs into other compartments 
than the blood can create anatomical reservoirs for HIV. Potential anatomi
cal reservoirs are the CNS, the retina and the male genital tract. In these 
tissues a biological barrier prevents the free exchange of compounds between 
blood and tissue. In the CNS (and the retina), this blood-tissue barrier is 
formed by the brain endothelium, which is connected by extensive and com
plete tight junctions.97 In the testis, the blood-tissue barrier is formed by the 
testis endothelium, which is also connected by tight junctions.9899 The per
meability of these barriers is determined by the difference between influx 
(passive diffusion or carrier mediated transport) and efflux (by drug trans
porters, e.g. P-gp). 

3.4.1 Cen t r a l n e r v o u s system 

Already early after infection HIV-1 can be found in the CNS of HIV-1 in
fected individuals.100'101 HIV gains access to the CNS from the blood stream 
either by direct infection of capillary endothelial cells or, more likely, by mi
gration of infected monocytes/macrophages.102 In the brain the virus is local
ised predominantly in the macrophages and the microglia.103'104 Progress in 
understanding the extent of infection within the CNS has been hampered by 
the obvious difficulty in obtaining brain tissue. Cerebrospinal fluid (CSF) can 
be obtained, but there are uncertainties with regard to the relationship be
tween the level of virus in the CSF and the level of virus in brain paren
chyma.105 A significant correlation between HIV-1 RNA levels in CSF and the 
severity of neurological disease (e.g. HIV-associated dementia and HIV-1 en
cephalitis) has been demonstrated.105-109 
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The CNS is considered a biologically separate compartment, in which the vi
rus may be under other selective pressures than the virus in the blood com
partment, resulting in distinct viral quasispecies populations in the CNS 
compared to the blood, lymph nodes and spleen.110-115 HIV-1 RNA concentra
tions in CSF of untreated HIV-1 infected patients do not necessarily reflect 
plasma HIV-1 RNA concentrations.116118 Further, the penetration of antiret-
roviral drugs into this body compartment may be sub-optimal, as the trans
port of drugs through the blood-brain barrier and the blood-CSF barrier may 
be hampered.97 

The blood-brain barrier is formed by brain capillary endothelial cells that are 
fused together by tight junctions. Drugs can penetrate the blood-brain barrier 
either by passive diffusion or by carrier mediated transport. The major de
terminants of passive diffusion through the brain endothelial are lipid solu
bility, molecular weight and plasma protein binding of the drug.119121 

CNS penetration is linearly related to the lipid solubility divided by the 
square root of the molecular weight. Substances with a molecular weight 
above 500 Da are often considered physically unable to cross the cell mem
brane.120 The oil/water partition coefficient (K) is a measure of lipid solubility 
of a neutral compound.122 For acids and bases, lipid solubility is further de
termined by their degree of ionisation, which is pH dependent. For this rea
son, the partition coefficient of such compounds must be determined at 
physiologic pH. There is a hypothetical bell-shaped relation between the 
ability of a drug to diffuse across a membrane and its lipid solubility. Only 
drugs with some degree of lipophilicity and hydrophilicity can partition into 
and out of biological membranes. The diffusion of several antiretrovirals 
across bovine brain endothelial cells has been studied, and NVP was found to 
be moderately lipophilic and most permeable, whereas the NRTIs (ddl, d4T, 
ddC and ZDV), although similar to NVP in size and molecular weight, were 
more hydrophilic and less permeable.123 The Pis IDV, SQV and APV were 
more lipophilic and therefore also less permeable than NVP.123 

Several lipid-insoluble molecules, such as glucose, are actively transported 
trough carrier systems located in the blood-brain barrier.124'125 

The plasma protein binding determines the amount of drug that is available 
to cross cell membranes. In general, the driving force for diffusion of a com
pound into tissue or body fluids is the concentration gradient. When a signifi
cant fraction of a compound is tightly bound to plasma proteins, the concen
tration gradient is determined by the concentration of unbound drug. Only 
unbound drugs are small enough to cross biological membranes. The plasma 
protein binding of antiretroviral drugs ranges from <5% (ddl, d4T, and ddC) 
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to >95% (RTV, SQV, NFV, APV, and EFV).97-98 Physicochemical parameters 
of currently available antiretroviral drugs are described in Table 1. 

The permeability of the blood-brain barrier is finally determined by the ratio 
of the transfer constants (k) for influx and efflux. If these transfer constants 
are equal, free concentrations within plasma and brain tissue will eventually 
become equal in a steady-state situation. Because actual CSF concentrations 
are also dependent on efflux, differences between influx and efflux may ex
plain discrepancies between CSF concentrations and lipid solubility of a 
compound. For example, P-gp is responsible for actively pumping back large 
(> 500 Da), lipid-soluble compounds into the blood, thereby preventing their 
penetration into the brain tissue (see section 3.3). The Pis are a substrate for 
P-gp (see section 3.3) present in the blood-brain barrier.75,84,85 An active ef
flux transport system in both the blood-brain barrier and the blood-CSF bar
rier has also been demonstrated for ZDV, ddl, and probably d4T.126129 

The blood-CSF barrier is formed by the choroid plexuses and the arachnoid 
membrane. The arachnoid membrane has a merely passive role, whereas the 
choroid plexuses actively regulate the composition of the CSF. Adjacent cho
roid epithelial cells are sealed together by tight junctions and these form the 
anatomical basis of the blood-CSF barrier. One side of the epithelial cell is in 
contact with the blood, and the opposite side is in contact with the CSF in the 
ventricles. The most important function of the choroid plexuses is the produc
tion of the CSF. The total volume of the CSF (140 mL) is replaced 4-5 times 
daily. The permeability of the blood-CSF barrier is also defined by the ratio of 
the transfer constants (k) for influx and efflux of a compound. Active influx 
and efflux transport systems are present in the blood-CSF barrier.121 

CSF concentrations of the NRTIs ZDV, d4T, 3TC, and ABC, the NNRTIs 
NVP and EFV, and the Pis IDV, LPV and APV may be in the therapeutic 
range (Table I).97,ii8,i30-i36 However, CSF concentrations of the NRTIs ddl 
and ddC, and the Pis RTV, SQV and NFV appear to be lower than desired or 
undetectable (Table l).9~,i3i,137-140 Lo-w plasma concentrations of various 
antiretroviral agents (e.g. IDV, SQV, NFV, NVP and EFV) have been demon
strated to relate to virological treatment failure,141-145 and sub-optimal 
antiretroviral drug concentrations in the CNS could allow continuing produc
tion of HIV-1 and the emergence of drug-resistant HIV-1 strains, despite 
adequate plasma drug concentrations and systemic virological effi
cacy. 110,138,146 

19 



Chapter 1 

The interpretation of drug concentrations in the CSF is difficult. First of all, 
in most studies the ratio between drug concentrations measured in a single 
CSF and plasma sample is taken as a measure of drug exposure in the CSF, 
without taking into account the time of sampling after drug ingestion. This is 
not accurate, because CSF: plasma ratios tend to increase during the dosing 
interval as a result of the relatively large fluctuation of drug concentrations 
in plasma and the more stable drug concentrations in the CSF.118'147'148 

Therefore, at the time of the maximum drug concentration in plasma the 
CSF:plasma ratio is lower compared to the time of the minimum drug con
centration in plasma. The gold standard for drug entry is considered the ratio 
of the area under the concentration versus time curves (AUC) in CSF and 
plasma. The AUC reflects the exposure to a drug during the full dosing inter
val. However, it is not feasible to perform several lumbar punctures on one 
day to calculate the AUC in CSF. 

Second, the protein binding of the drug should be taken into account. For ex
ample, the free and pharmacologically active fraction of a drug that is 99% 
bound to plasma proteins is only 1% of the reported total drug concentration. 
A compound in the CSF is largely available as unbound drug, as the CSF has 
a relatively low protein concentration. Therefore, absolute drug concentra
tions in CSF should be reported rather than CSF: plasma concentration ra
tios, and ideally these concentrations should be compared with the in vitro 
median inhibitory concentration (IC50).131 

Finally, replication of HIV-1 is thought to take place in brain tissue rather 
than in the CSF and drug concentrations in the CSF do not necessarily re
flect brain tissue concentrations. CSF is an aqueous medium, and it might be 
that highly lipophilic drugs are trapped in the brain tissue consisting of pro
teins and fat. In that case, low CSF concentrations do not indicate poor drug 
penetration into the CNS. However, treatment with a combination consisting 
of RTV and SQV, both lipophilic compounds with undetectable concentrations 
in the CSF, indeed did not result in clearance of HIV-1 RNA in the CSF.139 

3.4.2 Male genital tract 

HIV-1 spreads primarily from HIV-1 infected men to their sexual partners 
via contact with infected semen.149150 The cellular fraction of semen contains 
spermatozoa, immature germ cells, leukocytes (lymphocytes, granulocytes, 
and macrophages), and epithelial cells. HIV can be detected in lympho-
cytes/macrophages and in cell free seminal plasma.151153 The origin of the in
fected leukocytes remains unclear. Acute inflammation of the genital tract is 
associated with an increased number of leukocytes in semen, and this facili
tates HIV transmission.154156 In the absence of inflammation the origin of the 
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leukocytes in semen is less clear. Vasectomy decreases, but does not elimi
nate, the appearance of leukocytes, including HIV-1-infected cells, in semen 
suggesting that cells do not solely originate from the testis and epididymis.157 

This is supported by in situ hybridisation studies localising HIV-1 infected 
leukocytes to the prostate as well as to the seminiferous tubules, the intersti-
tium of the testis, and the epididymal epithelium and stroma.152 The penile 
urethra could also contribute substantial numbers of leukocytes to the semen 
cellular compartment.158 

By means of electron microscopy and in situ PCR HIV-1 has also been found 
to be associated with sperm cells,159161 although this is a controversial issue 
as in other studies HIV provirus could not be detected in motile sperm 
cells.151'153-162 Moreover, the fact that more than 1400 artificial insemination 
procedures with processed sperm from men with HIV did not result in 
transmission of HIV indicates that the motile sperm fraction from semen is 
not likely to transmit the virus.163 

Like the CNS, the male genital tract is considered an anatomical reservoir in 
which HIV may be subject to unique selective pressures, resulting in distinct 
viral quasispecies populations in the male genital tract compared to the 
blood.164'165 The penetration of antiretro viral drugs into this body compart
ment may also be sub-optimal, because of the blood-testis barrier, which is 
formed by tight junctions between testicular (and perhaps prostatic and ve
sicular) endothelial cells. Drugs can penetrate into the male genital tract ei
ther by passive diffusion or by carrier mediated transport. The major deter
minants of passive diffusion through the blood-testis barrier are the degree of 
ionisation, lipid solubility, molecular weight and plasma protein binding of 
the drug.119166 The degree of ionisation of the drug is dependent on its disso
ciation constant (pKa), which defines the pH at which equimolar concentra
tions of non-ionised (neutral) and ionised forms of a compound exist, and the 
pH of its environment.98 Weak acids become ionised with increasing pH, and 
weak bases become ionised with decreasing pH. As non-ionised compounds 
diffuse more readily across lipid barriers, weak acids are more likely to cross 
these barriers when the pH of the fluid (e.g. blood plasma) is less than the 
pKa of the compound, whereas weak bases are more likely to cross lipid bar
riers when present in an environment with a pH greater than its pKa. Addi
tionally, ion-trapping mechanisms will cause acidic compounds to accumulate 
in alkaline compartments, and basic compounds to accumulate in acidic com
partments. In contrast with the CSF (pH 7.3-7.4)"37, ion-trapping of basic 
compounds may be important in the male genital tract, since the pH of blood 
plasma (pH 7.4) is higher than the pH of prostatic fluid (pH 6.5).166 The pH 
gradient between blood plasma and vesicular fluid (pH 7.4 versus pH 7.8) is 
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less. It is therefore unlikely that there will be significant ion trapping for any 
drug in the seminal vesicles. 
As described in the previous section, the oil/water partition coefficient (K), 
molecular weight and the plasma protein binding of a compound also deter
mine the extent of passive diffusion across the blood-testis barrier. Similar to 
the blood-brain barrier, P-gp is also present at the blood-testis barrier and is 
responsible for actively pumping back large (> 500 Da), lipid-soluble com
pounds into the blood, thereby preventing their penetration into the male 
genital tract (see section 3.3).84'85 

Data available on drug concentrations in semen show that the penetration of 
the Pis NFV, RTV and SQV is poor (Table I).i40,i68-i70 The nucleoside ana
logues ZDV, d4T and 3TC, the non-nucleoside analogue NVP and EFV, and 
the Pis IDV and APV penetrate well into the male genital tract (Table 
1)130,170-177 

Sub-optimal antiretroviral drug concentrations in the male genital tract 
could allow continuing production of HIV-1 and the emergence of drug-
resistant HIV-1 strains, despite adequate plasma drug concentrations and 
systemic virological efficacy.173'178180 

Similar to the CSF, there are several factors making the interpretation of 
drug concentrations in seminal plasma difficult. First of all, in most studies 
the ratio between drug concentrations measured in a paired semen/plasma 
sample is reported, without taking into account the time of sampling after 
drug ingestion and possible differences between the two compartments in 
drug elimination. It is largely unknown whether drug concentrations in 
seminal plasma vary during a dosing interval. For ZDV and 3TC little vari
ability in seminal plasma concentrations was observed between dosages, 
whereas NVP and APV concentrations in seminal plasma showed a similar 
pharmacokinetic profile as observed in blood plasma, with varying concentra
tions during the dosing interval.171174'176 Therefore, it is in general not accu
rate to use seminal plasma/blood plasma ratios to describe drug exposure in 
the male genital tract, because these ratios may change in time due to differ
ent shapes of the concentration versus time curves in blood plasma and 
seminal plasma. 
Furthermore, the human ejaculate is composed of secretions from the testis 
(10% of ejaculate volume), the prostate (20-30% of ejaculate volume), and the 
seminal vesicles (50-70% of ejaculate volume), all of which have their own 
physiological characteristics.98 For instance, in the prostate a pH-dependent 
trapping mechanism has been described for antibiotics.181 Therefore, the final 
concentration of a drug in the ejaculate does not necessarily reflect the con-
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centration of the drug in the various compartments of the male genital tract. 
Drug concentrations in the various parts of the male genital tract can be 
studied using the so-called split ejaculate technique (see Chapter 5).182 

Finally, the protein binding of a drug in seminal plasma, which is expected to 
be the same as in blood, should be taken into account when interpreting 
measured concentrations of antiretroviral drugs. Also, because current 
antiretrovirals act intracellularly, data regarding intracellular drug concen
trations, especially concentrations of the NRTI-triphosphates, would provide 
additional information. 

4. Reservoir of latently infected resting memory CD4+ T cells 

Using mathematical modelling of HIV-1 RNA decay curves Perelson and col
leagues estimated that the second phase of viral decay extrapolates to zero 
residual infected cells in two to three years of completely suppressive antiret
roviral therapy (see section 2).35 In these models it is assumed that combina
tion therapy completely suppresses viral replication and that there are no 
cells or viral reservoirs that decay more slowly than the second phase, and 
that there are no sanctuary sites which are impenetrable by some or all of 
the antiretroviral drugs (see section 3).35 However, in 1997 three research 
groups described a pool of resting memory CD4+ T cells harbouring replica
tion competent virus, despite prolonged antiretroviral therapy with suppres
sion of plasma HIV-1 RNA levels below 50-200 copies/mL.183186 Such cells 
could be demonstrated in all patients studied. Upon in vitro stimulation us
ing a combination of cytokines, these resting cells could produce replication 
competent virus.187 This pool of latently infected resting CD4+ T cells may be 
responsible for a third phase of decay in treated patients which indicates that 
viral eradication is not possible within a time frame of two to three years 
(Figure 1). 

HIV-1 can establish a state of latent infection in resting CD4+T cells through 
two mechanisms.188 When productively infected CD4+ T lymphocytes escape 
both immune effector mechanisms and the cytopathic effects of the virus, 
they can revert to a resting memory state, in which there is no viral replica
tion and no or little expression of viral genes, thereby escaping viral cyto
pathic effects and host cytolytic effector mechanisms.189 These memory cells 
have integrated HIV-1 provirus in their genome and are thus said to be in 
the post-integration phase of latency.186'190 

Recently, naive CD4+ T cells harbouring integrated replication competent vi
rus have been described.191-192 An in vivo study demonstrated that latently 
infected naive CD4+ T cells were generated during thymopoiesis, and were 
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subsequently exported to the periphery, where viral expression could be in
duced following T-cell receptor stimulation.191 

A distinct form of latency, called pre-integration latency, arises when resting 
CD4+ T cells are infected with HIV-1.193 CCR5-utilising viruses can enter the 
subset of resting memory CD4~ T cells that express sufficient levels of the 
chemokine receptor CCR5.192 In these cells, reverse transcription of genomic 
HIV-1 RNA can proceed to completion, but subsequent steps in the viral life 
cycle do not occur because of a block in nuclear import of the pre-integration 
complex containing the reverse transcribed HIV-1 DNA.194 If resting CD4+ T 
cells in the pre-integration state of latency are activated by an antigen before 
the pre-integration complex becomes non-functional, nuclear import and pro
ductive infection will occur.193195'196 This pre-integration form of latency ap
pears to be relatively labile, and cells harbouring these pre-integration com
plexes decay with a half-life of * 6 days.197 

In asymptomatic HIV-1 infection, the total number of resting CD4+ T cells 
with integrated HIV-1 DNA was measured to be a minute fraction of the 
whole resting CD4+ T cell population (<0.05% * 107 cells).180'198 These num
bers were determined using an inverse polymerase chain reaction (PCR) as
say that specifically detects integrated HIV-1 DNA by amplifying unique up
stream host genomic sequences.186198 The low frequency may reflect the fact 
that productively infected, activated CD4+ T cells rarely survive both viral 
cytopathic effects and host cytolytic mechanisms long enough to revert to a 
resting state. As would be expected, integrated proviral HIV-1 DNA was pre
sent primarily among resting CD4+ T cells of the memory phenotype, the 
CD45RO+T cells.186 

To determine what fraction of resting CD4+ T cells can be induced to produce 
infectious virus, in quantitative co-culture assays resting CD4+ T cells were 
activated with mitogenic stimuli.180 The frequency of resting CD4+ T cells 
harbouring replication competent virus was found to be very low (7 per 10° 
cells), suggesting that >90% of the integrated HIV-1 DNA as detected by PCR 
is defective.186 

Because the biological function of memory cells is to persist for long periods 
of time, these cells are expected to be long-lived. In treated patients with un
detectable plasma virus levels the mean half-life of the pool of latently in
fected resting CD4T T lymphocytes was calculated to be 6 to 43.9 months, 
leading to a theoretical time for eradication of HIV by antiretrovirals alone of 
10 to 60 years.190'200 The difference in decay rate was attributed to differences 
in suppression of viral replication, since individuals who experienced epi
sodes of plasma viremia had a slower decay rate of their cellular reservoir.201 
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The initiation of a three-drug regimen as early as 10 days after the onset of 
symptoms of a primary HIV-1 infection could not prevent the establishment 
of a pool of latently infected resting CD4+ T lymphocytes, despite successful 
suppression of plasma viremia.202 

Finally, the reservoir of latently infected resting CD4+ T cells has also been 
detected in children with perinatally acquired HIV-1 infection, who achieved 
durable suppression of viral replication during antiretroviral therapy.203 Al
though children are establishing their immunity with increasing numbers of 
memory cells, the fraction of these cells that harbour replication competent 
HIV-1 does not appear to be significantly higher than in adults. The decay 
rate of the latent reservoir in a small group of perinatally HIV-1 infected 
children is similar to the decay rate observed in adults. 

It is important to realise that the decay rate of this cellular reservoir cannot 
be properly assessed unless it is certain that viral replication has been com
pletely stopped by the antiretroviral therapy. Unfortunately, several studies 
have provided evidence that there is residual viral replication during potent 
antiretroviral therapy. 185,200,201,204-225 Unrecognised residual viral replication 
could result in replenishment of the latent reservoir, resulting in underesti
mating the true decay rate of the pool of latently infected cells. 

5. Ongoing low-level viral replication 

In patients on combination therapy with plasma HIV-1 RNA levels below 50 
c/mL, plasma HIV-1 RNA can still be detected using more sensitive tech
niques.210-2n In one study 31 therapy naive, chronically infected patients and 
10 patients with a primary infection were treated for at least 72 weeks with 
combination therapy consisting of three antiretroviral drugs.210 Plasma HIV-
1 RNA levels were measured using a very sensitive assay, with a lower limit 
of quantification of 3 copies/mL. Five of the 10 patients with primary infec
tion, but none of the chronically infected patients maintained their HIV-1 
RNA level at less than 3 copies/mL during the whole study period. Initiation 
of treatment during primary infection and a high baseline CD4+ T cell count 
were associated with a stronger suppression of viral replication. Plasma HIV-
1 RNA levels were also measured with a more sensitive assay in 22 other pa
tients with a sustained suppression of plasma HIV-1 RNA below 50 cop-
ies/mL. In all of these patients, plasma HIV-1 RNA was detectable at levels 
from 5 to 42 copies/mL.211 

The occurrence of occasional "blips" (intermittent low-level viremia) not asso
ciated with pending virological failure, the continued expression of viral RNA 
in lymphoid tissue, and the presence of PBMC-associated unintegrated cir-
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cular forms of HIV-1 DNA or HIV-1 mRNA in a large percentage of patients 
with undetectable levels of plasma HIV-1 RNA also indicate that viral repli
cation is not completely suppressed during triple or quadruple antiretroviral 
drug therapy (Figure 1). 185,200,201,204,200,208-225 i t ls important to realise that low 
level viremia, occasional "blips", and the persistence of virus in tissue do not 
distinguish between virus release by previously infected cells, for example 
latently infected CD4+ T cells that become reactivated, or release from FDC 
in lymphoid tissue, and virus production as a result of new cycles of infection. 
However, the release of virus from FDC in lymphoid tissue might be unlikely, 
as the amount of virus trapped on FDC decreased rapidly upon initiation of 
antiretroviral therapy.36'220 The most convincing evidence for truly ongoing 
"low-level viral replication" is the presence of PBMC-associated unintegrated 
circular forms of HIV-1 DNA and sequence evolution in the viral envelope 
gene in some patients despite sustained undetectable levels of plasma viral 
RNA.200-206'207-215219221-223 To prevent viral resistance and in any attempt at 
viral eradication, an important question is whether intensification of antiret
roviral therapy might reduce this residual viral replication. 

6. The scope of this thesis 

The work described in this thesis involves the issues of anatomical reservoirs 
of HIV-1, the persistence of latently infected resting CD4+ T cells, and ongo
ing "low level" viral replication during potent antiretroviral therapy, as has 
been described in the Introduction (Chapter 1). 
Despite therapeutic drug concentrations in the blood, sub-optimal penetra
tion of antiretroviral drugs into other compartments can create anatomical 
reservoirs for HIV. Potential anatomical reservoirs for HIV are the CNS, and 
the male genital tract. Several studies on the penetration of some of the 
antiretroviral drugs into these anatomical reservoirs are described in Chap
ters 2, 3, and 4. Markers of local inflammation (chemokines) in the CSF 
have been suggested to provide additional information on residual HIV-1 
replication in the brain during antiretroviral therapy. The concentrations of 
soluble tumour necrosis factor (TNF)-receptor (sTNFr)-II and two chemoki
nes in the CSF and blood of patients on three different antiretroviral therapy 
regimens with increasing potency are evaluated in Chap te r 5. 
The persistence of a cellular reservoir, consisting of resting memory CD4+ T 
lymphocytes harbouring replication-competent virus despite prolonged potent 
antiretroviral therapy, represents a major barrier for eradication of HIV. In 
treated patients with undetectable plasma virus levels the mean half-life of 
the pool of latently infected memory CD4+ T lymphocytes was calculated to 
be 6 to 43.9 months, leading to a theoretical time for eradication of HIV by 
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antiretrovirals alone of 10 to 60 years.199'200 One strategy to increase the 
turnover rate of this reservoir might be the activation of these cells. Activa
tion would lead to virus replication within these cells, resulting in cell death. 
The continued presence of antiretrovirals will prevent re-infection of acti
vated cells. Activation might be accomplished by use of OKT3, known to acti
vate T cells through the TCR complex. We performed a pilot study, in which 3 
HIV-1-positive patients were treated with OKT3 and IL-2. Chap te r s 6 and 
7 describe the clinical, virological and immunological results of this approach. 
To prevent viral resistance and in any attempt at viral eradication, an impor
tant question is whether intensification of antiretroviral therapy might re
duce the ongoing low-level viral replication observed during currently used, 
standard of care highly active antiretroviral therapy ("HAART"). In an at
tempt to answer this question we compared, using a modified ultrasensitive 
HIV-1 RNA assay, the degree of viral suppression after three years of ther
apy between a group of patients treated with standard of care therapy and a 
group of patients treated with an alternative multidrug regimen consisting of 
three antiretroviral drug classes. The results are presented in Chapter 8. 
Viral efficacy of available combination antiretroviral therapy decreases be
tween the first and third year of treatment.15 One possible explanation might 
be sub-optimal drug concentrations, due to decreased adherence to antiretro
viral therapy over time or due to a gradual decrease in antiretroviral drug 
concentrations over time despite good adherence. For instance, plasma con
centrations of the PI SQV decreased substantially over time.226 We therefore 
measured drug concentrations of ZDV, d4T, 3TC, ABC and NVP in blood and 
CSF of 15 patients treated with the multidrug regimen during two years of 
follow-up (Chapter 9). 
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