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Introduction

Presentations at the 9th Conference on
Retroviruses and Opportunistic Infec-
tions, held in Seattle, February 24 to 28,
2002, continued to shed light on the
complex interactions between HIV and
the immune system. Major topics of dis-
cussion included natural hosts of simi-
an immunodeficiency virus (SIV) infec-
tion, the dynamics of T lymphocytes, the
myriad mechanisms utilized by HIV to
avoid host immune responses, and the
central role of dendritic cells in HIV
pathogenesis. Promising new data
emerged from initial results of a candi-
date HIV-1 vaccine able to induce more
potent cellular immune responses, rais-
ing hopes for the new generation of vac-
cines currently entering human clinical
trials.

Natural Hosts of SIV Infection

There is now little doubt that the global
pandemic of HIV infection originated as
a result of cross-species transmission
from nonhuman primates infected with
SIV; thus analysis of the biology of non-
human primate lentiviruses may offer
important insights on AIDS pathogene-
sis and the potential for new human
lentiviral infections. In the Bernard
Fields Memorial Lecture, Hahn provided
an interim analysis of one of the most
comprehensive ongoing surveys of the
extent of SIV infection in nonhuman pri-
mates in Africa (Abstract L1). Analysis of

specimens obtained from bushmeat (ie,
monkeys killed for food) and pet mon-
keys revealed that antibodies to SIV
were present in 13 of 16 species sam-
pled. These results documented infec-
tion in 4 species not previously known to
be infected with SIV, and molecular anal-
ysis of viral sequences amplified by
polymerase chain reaction identified 5
new SIV lineages. The overall seropreva-
lence in all species analyzed was 20%
and exceeded 90% in some sexually
active nonhuman primate adults. These
data dramatically reinforce the existence
of a diverse reservoir of SIV strains in
nonhuman primates and underscore the
potential for new introductions of pri-
mate lentiviruses into the human popu-
lation.

From evidence primarily obtained
from captive animals, chimpanzees
infected with SIVcpz have long been sus-
pected of being the primary origin of the
HIV-1 epidemic. However, there have
been no solid data on the prevalence of
SIV infection in chimpanzees in the wild,
an elusive goal that has been frustrated
by the difficulties inherent in trying to
obtain samples from an endangered and
reclusive species. Armed with improved
techniques to document SIV infection in
the urine and feces from chimpanzees
living in East Africa and West Africa,
Hahn was able to confirm the existence
of SIV-infected chimps in the wild,
although the seroprevalence was sur-
prisingly low. Only 1 in 152 animals ini-
tially tested was found to be infected
with SIVcpz. Interestingly, the one chim-
panzee found to be SIV-infected in the
initial survey was from a troop in
Tanzania’s Gombe National Park that
has been studied for decades by Goodall
and her associates. Expanded testing of
chimpanzees in Gombe identified 3
additional animals infected with SIV. 

These new data extend the boundary
of SIVcpz infection eastward into Tanzania
and also document that 2 different
chimpanzee subspecies (Pan troglodytes

troglodytes and Pan troglodytes schweinfurthii)
can serve as reservoirs of infection. The
relatively infrequent infection of chim-
panzees with SIV in the wild suggests
that chimpanzees may have been more
recently infected by another nonhuman
primate species, a possibility reinforced
by recent data obtained from a survey of
greater spot-nosed monkeys (Cour-
gnaud et al, Abstract LB1). Genetic anal-
ysis of 2 complete sequences of SIVgsn

genomes revealed a close relationship
to SIVcpz in envelope, suggesting the pos-
sibility that SIVcpz may have been derived
from infection of chimpanzees by
greater spot-nosed monkeys.

The fact that natural hosts of primate
lentiviruses do not develop AIDS has
prompted an intensive effort into defin-
ing the virologic and immunologic
mechanisms that underlie the lack of
disease. One of the best-studied natural

hosts of SIV is the sooty mangabey, a
species native to West Africa. Despite
SIV plasma viral levels of 105 to 107

copies/mL, sooty mangabeys remain
immunologically normal. However,
cross-species transmission of the sooty
mangabey virus (SIVsm) into people
(resulting in HIV-2) or Asian macaques
(resulting in SIVmac, the most widely used
virus for nonhuman primate studies)
induces AIDS. 

Feinberg described recent efforts to
better understand host-virus interac-
tions in sooty mangabeys (Abstract
S24). Debunking the theory that the lack
of pathogenicity in this species may be
due to a lack of cytopathic effect of the
virus in vivo, he noted that administra-
tion of the reverse transcriptase
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inhibitor PMPA (now approved for use in
humans as tenofovir disoproxil fumarate
[tenofovir]) induced a rapid decay of
plasma viral levels similar to that
observed in HIV-infected people and
SIV-infected macaques, a result that
strongly suggests the rapid death of
sooty mangabey SIV-infected CD4+ T
lymphocytes in vivo. Despite the loss of
infected CD4+ T lymphocytes, the key to
the sooty mangabey’s ability to maintain
normal immune function appears to be
its ability to avoid widespread immune
activation and the associated increased
rates of CD4+ and CD8+ T-cell apopto-
sis. The precise mechanisms responsible
for the lack of generalized immune acti-
vation are not clear, but may include a
combination of decreased SIV-specific
immune responses and lower rates of
indirect cell activation and death (ie,
death of cells not directly infected with
SIV). 

This latter point was reinforced by a
presentation from Kaur and colleagues
(Abstract 22), who analyzed T-cell
turnover in sooty mangabeys using the
nucleoside analogue bromodeoxyuri-
dine (BrdU). Interestingly, despite the
rapid turnover of SIV-infected CD4+ T
cells described above, no differences in
uptake or decay rates of BrdU-labeled
CD4+ or CD8+ T lymphocytes were
observed between SIV-infected and
uninfected mangabeys. This result rein-
forces the concept that in this natural
host of SIV infection, the virus fails to
induce indirect mechanisms of acceler-
ated T-cell activation and destruction
that ultimately result in CD4+ T-cell
depletion.

T-Cell Dynamics

Although loss of CD4+ T lymphocytes is
a hallmark feature of HIV disease, the
precise mechanisms that lead to deple-
tion of CD4+ T cells remain incomplete-
ly understood and have often provoked
contentious debate. In recent years,
there has been increasing consensus
that the rates of CD4+ and CD8+ T-cell
turnover in HIV-infected people and SIV-
infected macaques are increased by 2- to
5-fold compared with uninfected con-
trols. However, the effects of antiretrovi-
ral therapy on T-cell turnover and the rel-
ative roles of increased CD4+ T-cell
destruction and impaired T-cell produc-

tion in CD4+ T-cell depletion have
remained controversial. A conference
symposium on T-cell turnover and
thymic function brought together sever-
al of the leading scientists in this field
to attempt to resolve these issues. 

Perelson (Abstract S9) highlighted
the utility of mathematical modeling in
the analysis of T-cell turnover data gen-
erated in HIV-1-infected subjects who
underwent a 7-day infusion of deuterat-
ed (2H) glucose. Accurate modeling of
CD4+ and CD8+ T-cell labeling and
decay kinetics required the use of a 2-
compartment model including a source
of unlabeled lymphocytes. In this
model, proliferation and death rates of
CD4+ T cells in untreated subjects were
increased by 6.3- and 2.9-fold, respec-
tively, compared with normal controls.
The calculated mean proliferation rate
of CD8+ T cells was 7.7-fold higher in
HIV-infected subjects, although the
death rate of CD8+ T cells was not
increased. Institution of highly active
antiretroviral therapy (HAART) resulted
in significant decreases in CD4+ and
CD8+ lymphocyte proliferation and
death rates after 5 to 11 weeks. 

Similar data were presented by
Kovacs (Abstract S10), who studied
rates of labeling and decay of BrdU-
labeled lymphocytes in 17 HIV-infected
volunteers. Mathematical modeling of
the decay of BrdU-labeled cells support-
ed the existence of 2 populations of
lymphocytes, one rapidly proliferating,
the other slowly proliferating. The mag-
nitude of plasma HIV RNA levels corre-
lated with the size of the proliferating
pool but, interestingly, not with the
death rate of lymphocytes. The major
effect of HAART was to decrease the size
of the proliferating pool. Data support-
ing the existence of 2 pools of short-
lived and long-lived T cells were also
provided by Hellerstein and colleagues
using metabolic labeling with deuterat-
ed glucose or water (Abstract 102).
Hellerstein’s group also observed an
expansion of the short-lived, rapidly
turning over lymphocyte pool in
untreated HIV infection. 

Miedema and colleagues (Abstract
S11) addressed the multiple perturba-
tions of T-cell homeostasis in HIV-
infected patients, which include altered
distribution of cells between peripheral
and lymphoid compartments, increased

rates of lymphocyte turnover driven by
immune activation, and increased
turnover of naive T cells. HIV-1 strains
able to induce syncytia and to utilize the
CXCR4 coreceptor (SI/X4 strains) were
uniquely able to infect and lyse naive
CD4+ T cells. McCune (Abstract S12)
emphasized the interplay between the
thymus and the peripheral T-lymphocyte
pool in attempting to maintain T-cell
homeostasis in the face of HIV-mediated
CD4+ T-cell destruction. Interleukin (IL)-
7 is one molecule that appears to medi-
ate feedback between the peripheral
lymphoid pool and the thymus, serving
to increase naive T-cell production.
However, therapeutic use of this mole-
cule is likely to be limited by its ability to
increase HIV replication, and so recent
studies are beginning to examine the
utility of growth hormone, which has
increased thymic output in rodent mod-
els. Preliminary results from 2 pilot stud-
ies (Napolitano et al, Abstract 511-M;
Pires et al, Abstract 513-M) suggested
beneficial effects of growth hormone on
thymic tissue size and circulating naive T
cells in HIV-infected subjects, but more
detailed clinical studies will be required
to more rigorously evaluate the utility of
growth hormone in accelerating the pro-
duction of naive T cells.

Taken together, these presentations
highlighted the fact that untreated HIV
infection results in accelerated peripher-
al destruction of CD4+ T cells and an
associated increase in CD4+ T-cell pro-
duction. CD4+ T-cell depletion is there-
fore likely to result from an imbalance in
these rates of T-cell production and
death, rather than an absolute decrease
in the rate of CD4+ T-cell production.
There was also a consensus regarding
the ability of HAART to decrease rates of
CD4+ T-cell proliferation and death,
most likely by decreasing the size of the
short-lived, rapidly turning over pool of
T lymphocytes. These presentations also
represent a shift in the debate from the
magnitude of T-cell turnover in HIV
infection to a renewed focus on how HIV
infection perturbs T-cell homeostasis, a
topic that will probably provoke ongoing
controversy for years to come.

The contribution of the thymus in
maintaining T-cell homeostasis was sub-
sequently examined by Arron and col-
leagues (Abstract 101). Based on the
decay of T-cell receptor excision circles
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(TRECs) following thymectomy of juve-
nile rhesus macaques, the authors esti-
mated a daily thymic production rate of
approximately 107 T cells per day, repre-
senting about 0.01% of all T cells in a
macaque. Although SIV infection
reduced TREC levels in both thymec-
tomized animals and sham-operated
controls, no differences in disease pro-
gression or lymphocyte naive and mem-
ory subsets were observed between
these groups. These data reinforce the
notion that peripheral destruction of
CD4+ T lymphocytes, rather than
reduced thymic output, plays a major
role in inducing CD4+ T-cell depletion in
untreated SIV (and presumably HIV)
infection. However, they still leave open
the question of whether de novo produc-
tion of naive CD4+ T cells in the setting
of HAART may play a beneficial role in
restoring normal immune function.

Immune Responses to HIV

One of the significant challenges in the
development of an HIV vaccine has been
the difficulty in generating potent and
broadly neutralizing antibody responses.
In his plenary talk, Wyatt (Kwong et al,
Abstract L4) provided a detailed analysis
of the mechanisms utilized by HIV to
evade neutralizing antibody responses.
A variety of structural characteristics of
the HIV envelope facilitate immune eva-
sion, including its remarkable degree of
glycosylation, conformational changes
of the envelope that occur during virus
binding, steric barriers, shedding of the
viral envelope, and the high mutation
rate in the variable domains. Wyatt high-
lighted in particular the recessed nature
of the CD4 binding site of gp120, which
represents an exceptionally difficult site
for antibodies to block. Binding of CD4
to gp120 induces a conformational
change in the envelope protein that may
be mimicked by structure-based mu-
tants. Use of these conformationally
fixed glycoproteins may prove to be
effective in inducing more broadly neu-
tralizing antibody responses.

The analysis of neutralizing antibody
responses to HIV has been problematic,
plagued by considerable variations in
techniques and the difficulty of generat-
ing a reproducible source of autologous
virus. Using a novel approach involving
neutralization of recombinant HIV

strains expressing envelope proteins
derived from patient samples, Richman
and colleagues (Abstract LB5) described
the evaluation of neutralizing antibody
responses to autologous virus se-
quences in a cohort of 15 subjects with
primary HIV infection. Although 13 of 15
subjects generated strong neutralizing
antibody responses to autologous virus
sequences, there was rapid evolution of
envelope to escape the concurrent neu-
tralizing antibody response. In other
words, antibody responses at 25 weeks
after infection were able to neutralize
virus isolated at the time of infection but
not virus isolated at later time points.
Reproducing the finding of "original
antigenic sin" previously observed in

influenza virus infection, neutralizing
antibody titers able to neutralize the ini-
tial virus sequences continued to rise
with time, despite the inability to neu-
tralize concurrent HIV-1 isolates. These
data provide compelling evidence that
most individuals are capable of produc-
ing antibodies able to neutralize virus at
time points early in infection, but that
continued evolution of the virus results
in a series of mutant viruses that are not
efficiently neutralized by autologous
antibody responses.

A leading explanation for the rela-
tively weak CD4+ T-cell response to HIV
has been that these cells are selectively
infected by HIV-infected antigen-pre-
senting cells, yet little direct evidence
has been presented to support this
hypothesis. Douek and colleagues
(Abstract LB7; Nature, 2002) analyzed the
frequency of HIV infection in HIV-specif-
ic CD4+ T cells identified by intracellular
cytokine staining. Compared with
cytomegalovirus-specific CD4+ T cells or
total memory CD4+ T cells, HIV-specific
CD4+ T cells were preferentially infected

by HIV. However, only a small fraction of
HIV-specific CD4+ T cells were infected
(0.01%-1%), an interesting finding that
suggests that a substantial proportion
of virus-specific CD4+ T cells are able to
proliferate after they encounter antigen-
presenting cells expressing HIV epi-
topes, yet escape infection. In individu-
als undergoing structured treatment
interruptions (STIs), the increase in HIV
infection of CD4+ T cells occurred pre-
dominantly in HIV-specific CD4+ T cells.
In one such subject, up to 50% of all HIV-
infected cells were HIV-specific. These
data help to document one mechanism
for the loss of HIV-specific CD4+ T-cell
responses and also raise questions
about whether STIs in chronically infect-
ed subjects will ultimately prove benefi-
cial in boosting virus-specific CD4+ T-
cell responses.

An alternative explanation for rela-
tively weak HIV-specific CD4+ T-cell
responses may lie in the intrinsic
immunogenicity of the envelope pro-
tein. Grundner and colleagues described
the results of immunization of mice and
rabbits with recombinant core gp120
proteins from which V1 and V2 and por-
tions of the N- and C-termini had been
deleted (Abstract 105). Antibody respon-
ses to the core subunit of 2 primary iso-
lates, but not the laboratory isolate
HXBc2, were relatively weak, but could
be boosted by the addition of a heterol-
ogous T helper epitope. Similar results
were obtained with deglycosylated enve-
lope proteins. Although it will be impor-
tant to extend this analysis to macaques
and humans, these results suggest that
the envelope sequences of primary iso-
lates may have evolved to minimize
recognition by CD4+ T cells, and that
inclusion of heterologous T helper
sequences may enhance vaccine-
induced responses against gp120.

HIV-specific CD4+ T-cell responses
were also the subject of a number of
poster presentations. Work from numer-
ous laboratories clearly documented
that HIV-specific CD4+ T-cell responses
are present during acute and chronic
infection, but are generally not detected
using standard proliferation assays
(Malhotra et al, Abstract 203-T; Malhotra
et al, Abstract 204-T; Palmer et al, Ab-
stract 208-T; Yassine-Diab et al, Abstract
215-T; and Iyasere et al, Abstract 216-T).
This phenomenon was elegantly demon-
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early in infection



strated by Yassine-Diab and colleagues
(Abstract 215-T), who identified HIV-
specific CD4+ T cells using human
leukocyte antigen (HLA) class II tet-
ramers and showed that fluorescently
labeled cells failed to divide following in
vitro stimulation.

Research on CD8+ T-cell responses
to HIV and SIV over the past several
years has increasingly focused on defin-
ing mechanisms used by these viruses
to evade a relatively vigorous cytolytic T-
lymphocyte (CTL) response. O’Connor
and colleagues (Abstract 98; Nat Med,
2002) described the results of a compre-
hensive study analyzing complete viral
genomes of 21 macaques infected with
the SIVmac239 molecular clone. By 4 weeks
after infection, escape from at least 1
CTL epitope had occurred in 19 of 21
animals. Escape mutations appeared to
occur selectively in high-avidity CTL epi-
topes. Together with the data on neu-
tralizing antibody responses presented
by Richman and colleagues (Abstract
LB5), these presentations dramatically
underscored the role that viral mutation
plays in evading both humoral and cel-
lular immune responses. 

A role for replication senescence of
HIV-specific CD8+ T cells was proposed
by Brenchley and colleagues (Abstract
217-T). Using a combination of intracel-
lular cytokine staining and fluorescent
labeling to track cell division in vitro,
these authors demonstrated that HIV-
specific CD8+ T cells expressing CD57
were markedly impaired in their ability
to proliferate following antigenic stimu-
lation. Evidence for replicative senes-
cence was provided by the fact that
these cells expressed lower levels of
TRECs.

Immune Reconstitution

In a plenary talk, Autran (Abstract L3)
highlighted the advances that have been
made in understanding the complex
effects of HAART on immune function.
The initial phase of CD4+ T-cell recovery
after institution of HAART consists pri-
marily of peripheral memory T cells.
Thereafter, a slower, sustained increase
in naive CD4+ T cells is observed, which
most likely reflects de novo production
from the thymus. A balanced recovery of
both naive and memory T cells is neces-
sary for restoration of a diverse T-cell

repertoire able to maintain T-cell mem-
ory and also to respond to new
pathogens. 

However, in spite of these beneficial
effects of HAART, reconstitution of HIV-
specific immune responses remains
incomplete. HIV-specific CD4+ T-cell
responses are not found in most chroni-
cally infected individuals after HAART
(at least as detected by standard prolif-
eration assays; see discussion in previ-
ous section). Moreover, HIV-specific
CD8+ T-cell responses decline with the
loss of antigenic stimulation. In contrast
to patients with acute HIV infection,
efforts to use STIs to boost host control
of viral replication in chronically infect-
ed individuals have generally been
unsuccessful, and have also resulted in
a loss of HIV-specific proliferative
responses. These results have placed a
renewed emphasis on therapeutic vacci-
nation. An ongoing European trial is
examining whether vaccination with a
highly attenuated poxvirus (ALVAC
vCP1452), inactivated HIV (HIV Im-
munogen [Remune, Immune Response
Corporation, Carlsbad, Calif]), or both,
in combination with HAART, will be able
to induce stronger immune responses
that may be able to better contain HIV
replication.

A key question for immune reconsti-
tution is whether HIV-infected individu-
als can mount cellular immune respons-
es to new epitopes. Altfeld and col-
leagues (Abstract 107) addressed this
question in the context of patients
undergoing STIs. The investigators
examined ELISPOT responses in periph-
eral blood and lymph nodes to a panel
of multiple epitopes selected on the
basis of HLA type. The characteristic
expansion of HIV-specific CD8+ T cells in
peripheral blood seen with the rebound
of viremia occurred largely as a result of
the expansion of preexisting HIV-specif-
ic CD8+ T cells in lymph nodes rather
than as an induction of new responses.
Future studies will need to address this
question in the context of therapeutic
vaccination as well.

Intermittent infusions of IL-2 in com-
bination with antiretroviral therapy have
been well-documented as leading to
sustained increases in CD4+ T-cell
counts. However, detailed information
on the mechanisms underlying this
expansion of CD4+ T cells has been lack-

ing. Analysis by Kovacs and colleagues
of lymphocyte proliferation using deu-
terium labeling revealed that patients
receiving IL-2 had substantial prolifera-
tion of both CD4+ and CD8+ T lympho-
cytes and, surprisingly, a markedly pro-
longed survival of CD4+ T cells (Abstract
103). This latter finding may well explain
why relatively infrequent IL-2 infusions
may lead to prolonged increases in
CD4+ T cell counts. A companion pre-
sentation by Sereti and colleagues
(Abstract 104) demonstrated that the
expansion of CD4+ T cells following IL-2
therapy is predominantly composed of a
population of CD25+ T cells that
expresses some naive markers but has a
lower content of TRECs, and therefore
most likely represents an expansion of
peripheral T cells rather than recent
thymic emigrants.

Dendritic Cells and Mucosal
Immunology

The past few years have seen an explo-
sion of research into the multifaceted
properties of dendritic cells (DCs) and
the critical role they play in HIV trans-
mission, replication, and efficient induc-
tion of antigen-specific CD4+ and CD8+
T-cell responses. In a plenary talk, Pope
(Abstract L2) provided a comprehensive
overview of the current state of research
on interactions between DCs and T cells
in the context of HIV and SIV infection.

There are 2 phenotypically distinct
types of DCs currently known. Myeloid
DCs are CD11c+, express toll-like recep-
tors (TLRs) 2 and 4, and respond to IL-4,
granulocyte macrophage colony-stimu-
lating factor (GM-CSF) and type I inter-
ferons. Plasmacytoid dendritic cells are
CD11c –, TLR 9+, and are unique in
expressing the IL-3 receptor CD123,
which makes them responsive to IL-3.
When stimulated, as with an initial
encounter with a pathogen, plasmacy-
toid DCs secrete abundant type I inter-
ferons, which in turn can stimulate
myeloid DC and thus provide a bridge
between innate and pathogen-specific
immunity. Unlike plasmacytoid DCs,
which are present only in the blood and
lymph nodes, myeloid DCs are also
abundantly present at body surfaces,
including mucosal sites. Since mucosal
transmission is the predominant mode
of HIV spread in the majority of infected
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individuals, myeloid DCs are the first
cells encountered by the virus. Since
early events are important determinants
of the ultimate outcome of HIV infec-
tion, the initial interactions between
virus and DCs are an important area of
research. 

Previous work by Pope had demon-
strated that in the absence of Nef, SIV
replication in immature DCs is severely
curtailed. She now presented data show-
ing that the presence of Nef in immature
DCs induces production of the che-
mokines MIP-1α, MIP-1β, and RANTES,
and the cytokine IL-12. Further, Nef also
enhances the ability of immature DCs to
induce syngeneic T-cell proliferation.
These effects of Nef may modulate the
extent of activated T-cell recruitment
and viral replication at the site of entry
and thereby influence pathogenicity.

Several presentations addressed the
expression of dendritic cell-specific
ICAM-3 grabbing nonintegrin (DC-
SIGN), an HIV/SIV adhesion molecule,
and its closely related homologue, DC-
SIGNR, on DCs in vivo at different
anatomical sites. DC-SIGN is a C-type
lectin primarily expressed on myeloid
DCs, which binds with high affinity to
gp120 of HIV and SIV. Once virus is
bound to DC-SIGN, it can be transmitted
efficiently to susceptible T cells express-
ing CD4 and the coreceptors CCR5 or
CXCR4. 

Iwasaki (Jameson et al, Abstract 28)
presented data on immunohistochemi-
cal analysis of human and rhesus
macaque intestinal and genital tissue
using monoclonal antibodies to DC-
SIGN and DC-SIGNR. DC-SIGN was not
expressed on plasmacytoid DCs. In the
ileum, clusters of DC-SIGN+ cells that
were CD11c- and CD123-negative were
detected subepithelially in the dome
and interfollicular regions of Peyer's
patches. DC-SIGNR expression was
observed on endothelial cells in the
ileum. Myeloid DCs expressing high lev-
els of DC-SIGN were present throughout
the entire thickness of human rectal
mucosa, and DC-SIGN+ cells co-
expressing CD4 and CCR5 were localized
just beneath the luminal epithelium. In
contrast, Langerhans’ cells (LCs) in the
vaginal epithelium did not express DC-
SIGN. Instead, DC-SIGN was moderately
expressed in subepithelial DCs in the
lamina propria of the vaginal mucosa.

Similar findings were observed in rhesus
macaques. These results provide a phys-
ical basis for the observation of a higher
risk of HIV transmission via rectal as
compared to vaginal intercourse, and
suggest that the proximity of DCs
expressing DC-SIGN to luminal epitheli-
um is important for mucosal transmis-
sion of primate lentiviruses.

Expression of DC-SIGN, along with
CD4 and coreceptors, can also act in cis
to promote HIV infection and replication
in the DC-SIGN-expressing cells.
Although DC-SIGN is almost exclusively
detected in myeloid DCs, there are some
reports of its presence in non-myeloid
DC cells, most notably on a subset of
alveolar and placental macrophages
(Soilleux et al, Abstract 109), and in
perivascular macrophages and micro-

glial cells in the brain (Shawver et al,
Abstract 63). The expression of DC-SIGN
on non-DCs may be one mechanism of
expanding the tissue tropism of HIV or
SIV in infected hosts. Further, molecules
other than DC-SIGN may also mediate
HIV transmission. This was highlighted
by the finding that SIV can infect and
replicate in macaque DCs in the pres-
ence of blocking antibodies to DC-SIGN
(Pope, Abstract L2). The demonstration
of the similarities between human and
macaque DCs and the generation of
macaque-specific reagents has opened
the way to exciting future studies that
can directly address the in vivo role of
DCs in the early events of HIV transmis-
sion.

Although HIV contact with DCs clear-
ly facilitates transmission and viral
replication, DCs are also required for the
generation of an effective anti-HIV
immune response. Macaque DCs pulsed
with infectious or inactivated SIV were

capable of eliciting interferon-γ secre-
tion from SIV-specific T cells (Pope,
Abstract L2). However, if HIV infection
were to impair DC function, this could
abrogate HIV-specific immunity and pro-
vide yet another mechanism of promot-
ing HIV replication. Several investigators
provided evidence that HIV infection can
affect the number and function of
myeloid and plasmacytoid DCs
(Abstracts 99, 252-T, 253-T, 255-T). Both
myeloid DCs and plasmacytoid DCs are
decreased in individuals chronically
infected with HIV-1 (Barron et al,
Abstract 252-T; Jones et al, Abstract 253-
T). Myeloid DCs from untreated HIV-1-
infected individuals with high viral loads
had an impaired ability to stimulate
allogeneic T-cell proliferation in a mixed
leukocyte reaction (Donaghy et al,
Abstract 255-T). 

Further, in one study (Loré et al,
Abstract 99), mature DCs from subjects
with acute HIV infection appeared to
have impaired activation, as suggested
by low levels of expression of CD80 and
CD86 molecules, when compared to DCs
isolated from individuals with acute
Epstein-Barr virus infection. In all, these
data suggest that impairment of DC
function does occur in HIV infection and
may contribute to the inability of the
host to clear HIV infection.

Despite the central role that viral
shedding from mucosal surfaces plays in
transmission of HIV, there has been rel-
atively little information on what cell
types are predominantly responsible for
release of HIV into mucosal secretions.
Brodie and colleagues (Abstract 27) ana-
lyzed the distribution of HIV RNA and
DNA in rectal lymphocytes, macro-
phages, and dendritic cells from men
who were shedding HIV rectally. Al-
though mucosal T lymphocytes were the
most common cell expressing HIV RNA,
HIV-infected macrophages had signifi-
cantly higher levels of HIV RNA, espe-
cially in subjects with advanced disease.
Rectal shedding of HIV was also detect-
ed in 6 subjects on HAART, 2 of whom
had plasma HIV-1 RNA levels of less
than 200 copies/mL at the time of study.
These data suggest that macrophages
may be a major source of viral shedding
from mucosal sites, even in some
patients on potent antiretroviral therapy
with plasma HIV-1 RNA below detection
levels.

The similarities 

between human and

macaque DCs open 

the way to exciting 

future studies
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Vaccines

In a plenary talk (Abstract L5), Emini
presented data on the results of ongoing
phase 1 human clinical trials with 2 can-
didate HIV vaccines, one a plasmid DNA,
and the other a replication-defective
adenoviral type 5 (Ad5) vector contain-
ing codon-optimized HIV-1 clade B gag
DNA. The vaccines have been designed
with the aim of inducing vigorous Gag-
specific CD4+ and CD8+ T-lymphocyte
responses. The plasmid HIV-1 gag DNA
vaccine has been tested in 109 HIV-1-
seronegative volunteers. Twenty-four
were administered placebo, 42 received
1 mg DNA, and 43 received 5 mg of the
DNA vaccine at 0, 4, 8, and 26 weeks.
Weak interferon-γ ELISPOT responses
were detected in less than 50% of indi-
viduals after 4 immunizations. Stronger
and sustained interferon-γ ELISPOT
responses were observed in 6 of 9 volun-
teers who received 3 doses of 108 viral
particles of the Ad5-Gag vaccine. Cross-
clade recognition of Gag from clades A
and C HIV-1 was demonstrated in more
than 75% of the responders, suggesting
that this vaccine may be immunogenic
across diverse populations. Subjects
with preexisting high neutralizing anti-
body titers to Ad5 were less likely to
develop Gag-specific immune responses
following immunization. This barrier
may be overcome by using higher doses
of the Ad5-Gag vaccine, or using a DNA
prime/Ad5 boost approach. Both of
these modalities are currently being
tested. Encouragingly, both vaccines
were well tolerated and few minor
adverse effects were reported. 

Emini discussed a survey of HIV-1-
infected subjects in the United States,
Brazil, Thailand, and Malawi that showed
a remarkable degree of similarity among
diverse population groups in the major
proteins targeted by anti-HIV-1 T-cell
responses and in the magnitude of T-cell
responses. A high degree of cross-clade
recognition for T-cell responses against
HIV-1 Gag and Nef was observed
between clades A, B, and C. These
results are encouraging and suggest, as
mentioned previously, the possibility
that vaccines encoding structural HIV
proteins of one clade may be immuno-
genic across diverse populations.

Although promising in terms of
immunogenicity, Ad5 vector-based vac-

cines may be limited in their utility in
populations with a high prevalence of
preexisting antibodies to the adenovirus
type 5. One potential way out of this
conundrum is with the use of ade-
noviruses derived from another primate
species. Ertl (Fitzgerald et al, Abstract
LB4) presented data on a novel replica-
tion-defective adenoviral vaccine carrier
based on E1-deleted recombinants of
the chimpanzee serotype 68 (AdC68).
The AdC68 construct encoding the HIV-1
Gag protein induced a vigorous Gag-
specific CD8+ T-cell response which was
not inhibited in animals pre-immune to
human Ad5. 

Although the HIV or SIV regulatory
proteins are attractive vaccine candi-
dates and have yielded promising
results in previous nonhuman primate
studies, a trial using HIV-1 IIIB or 89.6p
Tat or Tat toxoid did not show any pro-
tection in rhesus macaques, despite
induction of vigorous Tat-specific
humoral and cellular responses in a
subset of animals (Silvera et al, Abstract
289-W).

Dendritic cells are highly immuno-
genic and thus provide an attractive
vehicle for delivery of a vaccine antigen
candidate. This approach was tested in
rhesus macaques (Abstracts 73, 286-W,
and 312-W). In a presentation by Zhu
and colleagues (Abstract 73), autolo-
gous myeloid DCs generated in vitro
after positive selection and culturing
with IL-4 and GM-CSF were pulsed with
chemically inactivated SIVmne and
matured in vitro. Mature autologous
DCs were infused subcutaneously 48
hours after the antigen pulse. Six infu-
sions of DCs were given and the
macaques were challenged with
pathogenic SIVmne 3 weeks after the last
DC infusion. Seven of 10 challenged
macaques had lower viral loads, and all
animals maintained their CD4+ T-cell
counts, in contrast to the control
macaques. Surprisingly, T-cell responses
as assessed by proliferative and
ELISPOT assays were observed only in a
subset of vaccinated animals and were
generally weak. Further studies are war-
ranted to optimize this potentially
promising approach. 

Lisziewicz and colleagues (Abstracts
286-W and 312-W) have developed
another novel vaccination approach
designed to enhance mobilization of

antigen-specific DCs in vivo. They used a
plasmid DNA vaccine encoding a repli-
cation- and integration-defective simi-
an-human immunodeficiency virus
(SHIV; DermaVir, Georgetown University
Research Institute for Genetic and
Human Therapy, Washington, DC),
which is formulated in polyethyleni-
mine-mannose (PEIm). Topical applica-
tion of the DNA vaccine to shaved skin
results in mobilization of LCs to the der-
mis. PEIm facilitates transduction of LCs
in the epidermis and uptake of DNA by
the LCs. DNA-expressing LCs were
shown to migrate to the T-cell areas of
the draining lymph node and elicit a vig-
orous SIV-specific CD8+ T-cell response
(Abstract 286-W). When macaques with
late-stage AIDS that were receiving STI-
HAART were immunized topically with
DermaVir, there was a dramatic decline
in the rate of viral load rebound so that
viral load gradually declined to unde-
tectable levels (Abstract 312-W). Viral
control was associated with induction of
vigorous SIV-specific T-cell responses.
These results suggest that there is a
reserve of functional DCs even in late-
stage AIDS, and that use of autologous
DCs as a vehicle may be a promising
approach. Further studies will be
required to determine the efficacy of
these vaccine approaches in protecting
or mitigating the effects of HIV/SIV infec-
tion.
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mutation confers resistance to the spe-
cific drug.

Content Changes

In this revision, “primary” or “secondary”
mutations in the protease gene have
been redefined as “major” or “minor”
mutations to avoid confusion regarding
the order in which the mutations may
occur. In general, major mutations are
either (1) selected first by the drug; or
(2) are shown at the biochemical or viro-
logic level to lead to an alteration in
drug binding or an inhibition of viral
activity or replication. By themselves,
major mutations have an effect on phe-
notype. In general, these mutations tend
to be the major contact residues for drug
binding. On the protease inhibitor fig-
ure, the codon numbers for major muta-
tions are marked in boldface type (see
key).

Minor mutations, in general, appear
later than major mutations, and by
themselves have not been shown to
have a significant effect on phenotype.
In some cases, their effect may be to
improve replicative fitness of virus carry-
ing major mutations. On the protease
gene figure, the codon numbers for
minor mutations are marked in lightface
type (see key).

Other changes to the figures include
noting the effect of the E44D mutation
on response to zidovudine, clarifying the
role of the V108I and P225H mutations
to efavirenz resistance, and adding an
explanation of the M184V mutation and

its contribution to phenotypic resistance
to abacavir.

Future Updates

The IAS-USA Drug Resistance Mutations
Group will consider the next update after
the 6th International Workshop on HIV
Drug Resistance and Treatment
Strategies, to be held in June 2002 in
Seville, Spain. In the meantime, we wel-
come evidence-based comments to this
paper. Please send your comments,
along with the relevant supporting refer-
ence citations, to resistance@iasusa.
org; submissions will be considered for
the next update.
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New information continues to accumu-
late on drug resistance mutations in
HIV-1 and their relevance to clinical
practice. The Drug Resistance Mutations
Group of the International AIDS
Society–USA (IAS–USA), originally a
subgroup of the IAS–USA Resistance
Testing Guidelines Panel,1 monitors the
influx of information and maintains a
current list of mutations that impact
drug susceptibility. This list is published
as the IAS–USA Drug Resistance
Mutations Figures and is updated regu-
larly. The most recent update and adap-
tation was published in this journal and
posted on the IAS–USA Web site
(www.iasusa.org) in December 2001.2

The new graphic presented here
includes relevant data presented at the
9th Conference on Retroviruses and Op-
portunistic Infections, held in Seattle,
Wash, in February 2002.3

New Graphic Display

These new figures feature a simpler
graphic display of the information for
easier reference. The nucleotide reverse
transcriptase inhibitor (ntRTI) category,
including only tenofovir disoproxil
fumarate (tenofovir DF), has been com-
bined with the nucleoside reverse tran-
scriptase inhibitor (nRTI) category. For
all mutations, the codon number, rather
than a mark, appears on the gene.
Finally, the nRTI-associated mutations
(NAMs) are indicated as pink lines in the
background. Where a codon number
marks the NAM, data indicate that the
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Amino acid abbreviations are: A, alanine;
C, cysteine; D, aspartate; E, glutamate; F,
phenylalanine; G, glycine; H, histidine; I,
isoleucine; K, lysine; L, leucine; M, methion-
ine; N, asparagine; P, proline; Q, glutamine; R,
arginine; S, serine; T, threonine; V, valine; W,
tryptophan; Y, tyrosine.

For each amino acid residue, the letter above the bar indicates the amino acid associated
with wild-type virus and the letter(s) below indicate the substitution(s) that confer viral resis-
tance. The number shows the position of the mutation in the protein. Mutations selected
by protease inhibitors in Gag cleavage sites are not listed because their contribution to resis-
tance is not yet fully defined. NAMs indicates nRTI-associated mutations; nRTI indicates
nucleoside reverse transcriptase inhibitor; NNRTI indicates nonnucleoside reverse transcrip-
tase inhibitor. The figures were last published in this journal in December 2001.
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Footnotes
1The 69 insertion complex, consisting of
a mutation at codon 69 (typically T69S)
and followed by an insertion of 2 or
more amino acids (S-S, S-A, S-G, or oth-
ers), is associated with resistance to sev-
eral nRTIs. The 69 insertion is often
accompanied by mutations at other
sites. Some other amino acid changes
from the wild-type T in codon 69 without
the insertion may also be associated
with broad nRTI resistance.

2Multi-nRTI-associated mutations
(NAMs): mutations associated with
cross-resistance to nRTIs (except
lamivudine).

3The reverse transcriptase mutation
M184V may enhance susceptibility. This
effect may be overcome by an accumula-
tion of NAMs. The clinical significance of
this effect is not known.

4One study reported that the E44D or
V118I mutation confers lamivudine
resistance in a zidovudine-resistant
background (Hertogs et al, Antimicrob
Agents Chemother, 2000). Analysis from
AIDS Clinical Trials Group 241 associat-
ed the E44D mutation with a significant-
ly worse response to treatment with
zidovudine and didanosine, with or
without nevirapine (Precious et al, AIDS,
2000).

5The D/C/S substitutions in reverse tran-
scriptase codon 215 do not confer
zidovudine resistance and suggest that
virus evolved from the zidovudine-resis-
tant mutant T215Y to a variant that is
more fit in the absence of drug. In vitro
studies indicate that T215Y may emerge
quickly from T215D/C/S in the presence
of drug; in vivo relevance is possible but
not yet proven.

6One of the following (K65R, L74V) by
itself or a combination of a few of the
following (NAMs, E44D, T69D/N, V118I)
can lead to didanosine resistance.

7V75T/M/S/A are seldom observed in
patients in whom stavudine has failed. 

8When present with NAMs, the M184V
mutation is selected by abacavir and
contributes to phenotypic resistance to

abacavir. However, when present alone,
the M184V mutation does not appear to
be associated with a reduced virologic
response to abacavir. 

9One article reports that the E44D or
V118I mutation confers low-level resis-
tance to lamivudine when accompanied
by several of the NAMs (M41L, D67N,
L210W, T215Y/F, K219Q/E) in the
absence of a concurrent M184V muta-
tion (Hertogs et al, Antimicrob Agents
Chemother, 2000). One abstract
(D’Arminio-Monforte et al, 8th CROI,
2001), reported no association over the
short term between E44D or V118I and
virologic response to a lamivudine-con-
taining combination regimen.

10In vitro data suggest that 4 or more
NAMs (M41L, D67N, K70R, L210W,
T215Y/F, K219Q/E) will lead to a signifi-
cant degree of resistance; the actual
clinical cut-off for tenofovir DF IC50 or a
detailed relationship between specific
multiple NAMs and tenofovir DF IC50 has
not yet been published. Clinical trial
results indicate reduced plasma HIV-1
RNA responses to tenofovir DF in
groups of patients in whose plasma
virus 3 or more NAMs, including either
M41L or L210W, were identified (Miller
et al, 9th CROI 2002). The group of
patients with plasma virus in which any
accumulation of D67N, K70R, T215Y/F, or
K219Q/E were identified (in the absence
of detection of M41L or L210W) did not
have a diminished average HIV-1 RNA
response to tenofovir DF in that data
set.

11The K103N or Y188L mutation by itself
can substantially reduce the clinical util-
ity of all currently approved NNRTIs.

12Accumulation of these mutations (2 or
more) substantially reduces the clinical
utility of all of the currently approved
NNRTIs.

13There are some in vitro data suggesting
that the Y318F mutation, alone or in the
presence of K103N and Y181C, de-
creased susceptibility to delavirdine in
primary HIV infection. This mutation
was observed only rarely in clinical iso-
lates. An effect of the Y318F mutation on
efavirenz susceptibility in vitro was
detected if the K103N mutation was also

present. However, confirmatory data
and/or analyses in clinical HIV infection
are needed to confirm clinical relevance.

14V108I and P225H each contribute to
efavirenz resistance when present in
combination with other NNRTI muta-
tions. Although V108I or P225H alone
does not confer measurable resistance
in laboratory strains of HIV-1, their pres-
ence in a clinical isolate may indicate
prior selection for efavirenz-resistant
variants.

15The Drug Resistance Mutations Group
has reclassified resistance mutations in
the protease gene as either “major” or
“minor” rather than “primary” or “sec-
ondary” (if known).

Major: In general, major mutations
are either (1) selected first by the
drug; or (2) are shown at the bio-
chemical or virologic level to lead to
an alteration in drug binding or an
inhibition of viral activity or viral
replication. By themselves, major
mutations have an effect on pheno-
type. In general, these mutations
tend to be the major contact residues
for drug binding.

Minor: In general, minor mutations
appear later than major mutations,
and by themselves have not been
shown to have a significant effect on
phenotype. In some cases, their
effect may be to improve replicative
fitness of virus carrying major muta-
tions.

16Accumulation of these mutations (4 or
5 or more) is likely to cause multi-pro-
tease inhibitor resistance.

17For indinavir, the mutations listed as
major may not be the first mutations
selected, but they are present in most
patient isolates in combination with
other mutations.

18Major and minor mutations have not
been designated for lopinavir/ritonavir-
associated resistance since there are
currently no clear data defining degrees
of influence with this drug combination.
The accumulation of 6 or more of these
mutations is associated with a dimin-
ished response to lopinavir/ritonavir.
The product information states that 7 or
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8 mutations confer resistance to the
drug. However, more recent data suggest
as few as 4 mutations can be associated
with high-level resistance (Prado et al,
AIDS, 2002). Further clinical experience
and research are needed to better define
the mutations that affect the effective-
ness of lopinavir/ritonavir.

19Protease mutation L63P is common in
viruses that have never been exposed to
protease inhibitors (Kozal et al, Nat Med,
1996) and may be more prevalent in
viruses from patients in whom a pro-
tease inhibitor-containing regimen has
failed. However, by itself, protease
mutation L63P does not cause any
appreciable increase in the IC50 for any
protease inhibitor. L63P is listed for
lopinavir/ritonavir (and not any other
protease inhibitor) because the pre-
scribing information approved by the US
Food and Drug Administration lists it as
one of the numerous mutations that
together predict a lack of viral load
response to lopinavir/ritonavir-contain-
ing regimens.
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Characteristics of HCV Infection

Initial infection with hepatitis C virus
(HCV) is characterized by rapid viral
replication. Alanine aminotransferase
(ALT) levels increase dramatically over
the course of the initial 1 to 3 months
but may be highly variable thereafter.
Following the initial period of viremia,
humoral and cellular immune responses
develop, but in most cases are insuffi-
cient to clear the infection (Liang et al,
Ann Intern Med, 2000). HCV has 6 major
subtypes; in the United States, approxi-
mately 70% of HCV isolates from infect-
ed patients are genotype 1. Multiple
strains of HCV are present in an individ-
ual patient; hence, the virus exists as a
quasi species.

HCV infection rates based on anti-
body-positive status in individuals at
risk for HIV infection include rates of
70% to 80% in injection drug users and
8% to 10% in men who have sex with
men. A recent study in an AIDS Clinical
Trials Group population, which was rep-
resentative of all patients with HIV in the
United States, showed an overall HCV
seroprevalence rate of 37% (Sherman et
al, Clin Infect Dis, 2002). In contrast, stud-
ies in volunteer blood donors in the
United States indicate a seroprevalence
rate of 0.4%. 

Approximately 80% to 85% of individ-
uals with acute HCV infection develop
chronic infection (defined as continuing
viral replication). The mechanisms that
permit apparent clearance in the 15% to

20% in whom chronic infection is not
established remain unclear, although
infection with a narrow range of viral
quasi species and more vigorous
humoral and cellular immune responses
may be major factors (Farci and Purcell,
Semin Liver Dis, 2000). 

Over the course of about 20 years,
approximately 20% of individuals with
chronic infection develop cirrhosis and
some patients may progress to death
from liver failure or hepatocellular can-
cer. However, progression appears to be
highly variable. In studies of progression
to cirrhosis after known exposure, rates
have varied from 2.4% over 17 years (in a
study of women in Ireland who were
infected via contaminated anti-D[RH1]
immune globulin) to 32.3% over 7.5
years (in patients in Italy infected via
transfusion). Factors associated with
poor prognosis for chronic HCV infec-
tion include male sex, age at HCV acqui-
sition of more than 40 years, alcohol
consumption, iron overload, and im-
munosuppression (Thomas et al, JAMA,
2000).

The incidence of HCV infection
dropped dramatically after the mid-
1980s; the reasons for this decrease
remain unclear, although it likely reflects

changes in practice in injection drug
use. However, the prevalence of chronic
infection is increasing and is expected
to triple from current rates by about
2015 (Armstrong et al, Hepatology, 2000).
This projected increase is of great con-
cern, since the health care system is
already stressed at current levels of liver
transplantation and expenditures for
chronic liver disease.

Rational use of HCV diagnostic tests
in patient management includes sero-
logic testing and qualitative HCV RNA
testing for diagnosis, and liver biopsy for
prognosis. ALT level can be quite vari-
able and is not a reliable indicator of
severity of disease. Studies in asymp-
tomatic individuals positive for HCV
RNA indicate that ALT levels are normal
in 31%, increased by less than 2 times
the upper limit of normal (ULN) in 42%,
and increased by greater than 2 and 3
times the ULN in 15% and 12%, respec-
tively. Similarly, neither the genotypic
nor the viral load is an accurate indica-
tor of the degree of histologic injury
(Goedert et al, J Infect Dis, 2001). The
degree of fibrosis on initial liver biopsy
provides important prognostic informa-
tion; as shown in Figure 1 (Yano et al,
Hepatology, 1996), the rate of progression

Perspective
New Insights in HIV and Hepatitis C Virus Coinfection

At the International AIDS Society–USA
course in Los Angeles in March 2002,
Margaret J. Koziel, MD, discussed
recent studies of HIV and hepatitis C
virus coinfection and its effect on the
course and management of both dis-
eases.

Dr Koziel is Assistant Professor of
Medicine at Beth Israel Deaconess
Medical Center, Harvard Medical
School, in Boston, Mass.
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Figure 1. Rate of progression to cirrhosis in chronic hepatitis C virus (HCV) infection accord-
ing to degree of fibrosis on initial liver biopsy (grades A to C in the METAVIR scoring system
for fibrosis indicate progressively higher fibrosis score and worsening fibrosis on a 0-4 scale).
Adapted with permission from Yano et al, Hepatology, 1996.
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to cirrhosis is markedly increased in
those with more severe fibrosis. 

Genotyping and assessment of HCV
viral load are useful for determining
duration of anti-HCV treatment; how-
ever, response to treatment can be
assessed by quantitative HCV RNA
assay. Management of patients with
HCV infection must include counseling
regarding avoidance of alcohol con-
sumption and any drug that might dam-
age the liver (including limiting the use
of acetaminophen). It is also important
that patients receive vaccination
against hepatitis A virus, especially
those at increased risk of acquiring
infection (eg, men who have sex with
men and injection drug users), since the
relative risk of hepatic failure is
increased 8-fold in patients with HCV
infection who acquire hepatitis A infec-
tion. 

Effect of HIV Infection on HCV
Disease

A variety of data indicate that coinfec-
tion with HIV and HCV results in
increased HCV viral load as immune
deficiency progresses, increased risk of
HCV perinatal and sexual transmission,
and possible alteration of HCV-specific
immune responses and accelerated pro-

gression of HCV disease. However, the
most important clinical issue is whether
HIV coinfection results in more rapid
progression of liver disease. Figure 2A
shows the more rapid advance in fibro-
sis grade occurring in coinfected
patients versus HCV-infected matched
controls in a study using paired liver
biopsies (Benhamou et al, Hepatology,
1999). Figure 2B shows the more rapid
progression to cirrhosis among coinfect-
ed patients in another study using
paired liver biopsies, with risk of cirrho-
sis at 20 years being about 40% in coin-
fected patients compared with about
10% in those with HCV disease alone (Di
Martino et al, Hepatology, 2001). 

A recent meta-analysis of 6 studies
used liver biopsy data, documented cir-
rhosis, or data on hospitalized patients
dying from liver failure or hepatocellular
carcinoma to assess outcome (Graham
et al, Clin Infect Dis, 2001). The results
indicate that risk of progression to cir-
rhosis in HCV disease is increased 3.6-
fold in HIV-infected patients. A recent
study by Bica and colleagues (Clin Infect
Dis, 2001) shows a marked increase in
mortality from end-stage liver disease
(ESLD) among cohorts of HIV-infected
patients, with the proportion of deaths
attributable to ESLD-related deaths
increasing from 11% in 1991 and 14% in

1996 to 50% in 1998. One third of
patients in the 1998 cohort had a recent
history of discontinuing potent anti-
retroviral therapy due to hepatic toxicity.
More than half who died with ESLD had
either plasma HIV RNA levels below
assay detection limits or CD4+ cell
counts greater than 200/µL 6 months
prior to death. However, many important
questions remain, such as whether
these rates will change in the era of
potent antiretroviral therapy.

Effect of HCV Infection on HIV
Disease

Coinfection with HCV appears to be
associated with diminished immune
reconstitution with antiretroviral thera-
py in HIV-infected patients. In a cohort
study of 3111 HIV-infected patients, HCV
infection was associated with a signifi-
cantly reduced likelihood of achieving a
CD4+ cell increase of greater than or
equal to 50/µL (Greub et al, Lancet,
2000). This significant association was
maintained when analysis was restricted
to the 1596 patients with plasma HIV
RNA levels persistently less than 400
copies/mL. Although diminished capaci-
ty for immune reconstitution has been
observed in other studies as well, not all
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studies support this finding. The impact
of HCV infection on HIV disease pro-
gression to AIDS remains unclear. As
shown in Figure 3, however, there are
data indicating a more rapid progres-
sion to AIDS and to death among coin-
fected patients with low HIV viral load
who have high HCV viral load than
among those with low HCV viral load
(Daar et al, J Infect Dis, 2001). 

HCV infection may also complicate
management of HIV disease by increas-
ing the risk of liver toxicity of protease
inhibitors and toxicity of antituberculo-
sis medications. One study has indicat-
ed increased risk of nephrolithiasis
associated with indinavir in coinfected
patients (Brodie et al, AIDS, 1998). In
addition, there have been case reports
of liver failure during immune reconsti-
tution; it has been suggested that such
failure may occur in some patients as a
result of the increased recognition and
destruction of HCV-infected hepatocytes
during immune reconstitution under
potent antiretroviral therapy (Price et al,
J Clin Virol, 2001; John et al, AIDS, 1998).

Effect of HCV Infection on
Antiretroviral Therapy

A number of studies indicate that HCV-
infected patients are at increased risk of
hepatotoxicity associated with potent
antiretroviral regimens. In one recent

study in HIV-infected patients receiving
potent therapy, grade 3 or 4 hepatotoxi-
city was more common in patients with
HCV or hepatitis B virus infection than
in patients without such coinfection. It
was noted, however, that 88% of the
coinfected patients tolerated non-riton-
avir regimens without grade 3 or 4 toxic-
ity (Sulkowski et al, JAMA, 2000). Risk
factors for hepatotoxicity included riton-
avir use and CD4+ cell count increase to
greater than 500/µL. 

In a subsequent study, hepatotoxici-
ty, defined as any increase in liver
enzymes, occurred in 14.9% of HCV-
infected patients versus 5.6% of patients

without HCV coinfection (Aceti et al, J
Acquir Immune Defic Syndr, 2002). Severe
toxicity, defined as a greater than 5-fold
increase in enzymes, occurred in 4.8%
versus 1.1% of patients. Risk of
increased ALT was associated with all
protease inhibitors, but only ritonavir
use was associated with severe hepato-
toxicity. In another study (Monforte et
al, J Acquir Immune Defic Syndr, 2001), the
hazard ratio for aspartate aminotrans-
ferase elevation to greater than 200 U/L
was 4.01 for HCV-infected patients com-
pared with those without HCV infection.
This study found no association of liver
enzyme increases with any particular
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antiretroviral regimen. It is important to
note that trials of new agents often
specifically exclude patients with evi-
dence of chronic liver disease due to
HCV infection, so that understanding
the true degree of risk from a particular
regimen may be difficult until there is
extensive phase 4 experience.

Effect of Antiretroviral Therapy
on HCV Disease

One study has shown a large reduction
in progression to cirrhosis in HIV/HCV-
coinfected patients in association with
the use of protease inhibitor-containing
regimens versus no protease inhibitor
treatment (Figure 4; Benhamou et al,
Hepatology, 2001). However, other recent
data do not support this finding. It is
possible that studies comparing the
effects of protease inhibitor therapy ver-
sus non-protease inhibitor treatment
are open to selection bias, since pa-
tients with more severe HCV-associated
liver disease may be precluded from
receiving protease inhibitor treatment
owing to increased risk of hepatotoxici-
ty. This is obviously an important area
for future research.

Treatment of HCV Infection in
Patients With HIV Disease

The current recommended drug treat-
ment for HCV infection is pegylated
interferon alfa plus ribavirin. Pegylated
interferon alfa-2b/ribavirin treatment
was associated with sustained virologic
response (absence of detectable virus
for 6 months after treatment) in 54% of
511 patients, compared with a 47%
response rate with the formerly used
regimen of thrice weekly standard inter-
feron alfa-2b/ribavirin (Manns et al,
Lancet, 2001). Among patients with geno-
type 1 HCV infection, who are the major-
ity of patients in the United States, sus-
tained response rates with the combina-
tion interferon alfa/ribavirin regimens
have been reported at 42% with pegylat-
ed interferon alfa-2b at 1.5 µg/kg (signif-
icantly greater than standard interferon
alfa/ribavirin treatment), 34% with pegy-
lated interferon alfa-2b at 0.5 µg/kg, and
33% with standard interferon alfa at 3
million units. Response rates with these
regimens in patients infected with HCV
genotypes 2 or 3 were reported at 82%,
80%, and 79%, respectively. 

A number of small studies have
examined the effects of interferon

alfa/ribavirin treatment in patients with
HIV disease (Table 1), with most having
been reported only in abstract form. The
3 fully reported studies showed sus-
tained response rates of 35%, 14%, and
40% in small groups of patients (Landau
et al, AIDS, 2000; Zylberberg et al, Gut,
2000; Sauleda et al, Hepatology, 2001).
Only 1 study has reported the effect of
pegylated interferon alfa/ribavirin in
coinfected patients, with a 33% sus-
tained response rate (Pérez-Olmeda et
al, 9th CROI, 2002). However, this
European study included a much greater
proportion of patients with genotype 3
HCV infection than is characteristic of
HCV-infected populations in the United
States, which would tend to increase the
proportion of sustained responders.
Although the virologic response rates at
least appear to be lower in coinfected
patients than in those without HIV infec-
tion based on the extant literature, there
are data suggesting that histologic out-
come of treatment does not differ
between coinfected patients and those
without HIV infection. As shown in
Figure 5, a recent study showed no sig-
nificant differences in changes in inflam-
mation grade and changes in fibrosis
grade with treatment for HCV liver dis-

Table 1. Reported Studies of Interferon Alfa/Ribavirin Treatment for HCV Disease in Patients with HIV Infection

Study           N          Overall Response               Sustained Response      Comments
Number    Percent Number     Percent

Landau et al, 
AIDS, 2000

Zylberberg et al,
Gut, 2000

Bochet et al (abstract)

Sauleda et al, 
Hepatology, 2001

Kostman et al (abstract)

Bini et al (abstract)

Pérez-Olmeda et al 
(abstract)*

20

21

56

20

53

32

65

10/20       50%

6/21         29%

– –

– –

– 26%

– –

– 50%

7/20           35%

3/21          14%

10/56        18%

–               40%

– –

– 22%

– 33%

Median CD4+ cell count of 350/µL.
No change in plasma HIV RNA levels.

2/10 subjects with plasma HIV RNA lev-
els below detection limit at baseline had
HIV RNA increase to detectable levels.

26% dropout rate.

2/10 subjects with plasma HIV RNA lev-
els below detection limit at baseline had
HIV RNA increase to detectable levels.

54% dropout rate.

25% dropout rate.

14% dropout rate.

HCV indicates hepatitis C virus.
*Treatment was pegylated interferon alfa/ribavirin. 
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ease according to HIV infection status
(Di Martino et al, AIDS, 2002).    

Adverse effects of interferon alfa treat-
ment include a characteristic flu-like
syndrome, anemia (myelosuppression)
gastrointestinal symptoms, alopecia,
somnolence, depression (including sui-
cidal ideation), thrombocytopenia, and
neutropenia, including a reduction in
CD4+ cell count but not percentage of
CD4+ cells. Ribavirin, which is a nucleo-
side analogue, causes a hemolytic ane-
mia in 8% to 10% of nonimmunocom-
promised patients. In addition, there are
theoretical concerns that ribavirin may
interact with nucleoside reverse tran-
scriptase inhibitors (nRTIs) to decrease
efficacy of the nRTIs by decreasing intra-
cellular phosphorylation and increase
the risk of mitochondrial toxicity and
metabolic adverse effects. Ribavirin
treatment has been associated with lac-
tic acidosis in patients receiving potent
antiretroviral therapy, and zidovudine
and ribavirin may be antagonistic in
terms of their antiretroviral effects. 

Summary
Available data suggest that patients
coinfected with HCV and HIV have an
accelerated HCV disease course. HCV
infection may impact HIV disease course
by inhibiting immune reconstitution
and impairing ability to use potent
antiretroviral therapy and other HIV-
related medications. There is a potential
role for drug treatment for HCV infection
when histologic disease is present in
patients with HIV disease, although

additional data on the effectiveness of
treatment in this population are needed.
If interferon alfa/ribavirin therapy is
used in HIV-infected patients, it is
important to monitor for hepatotoxicity,
HIV RNA level, CD4+ cell percentage,
anemia, and immune reconstitution-
related hepatic destruction during HCV
therapy. 

Presented in March 2002; reviewed and updated by Dr
Koziel in May 2002.
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Virologic failure of potent antiretroviral
therapy remains common in clinical
practice, and is often associated with
the emergence of a drug-resistant HIV.
One recent population-based study
demonstrated that approximately 78%
of viremic patients in clinical care har-
bor drug-resistant HIV (Richman et al,
ICAAC, 2001). Many factors are known to
contribute to the inability of potent
antiretroviral therapy to completely
suppress viral replication, including
preexisting resistance, limited drug
potency, nonadherence, altered drug
metabolism, tissue compartmentaliza-
tion, and, for unclear reasons, advanced
HIV disease. 

Although much is known about the
causes of virologic failure, much
remains unknown about its long-term
clinical consequences. Patients in
whom virologic failure occurs often con-
tinue to respond to their combination
treatment, in that plasma HIV-1 RNA
level does not return to pretreatment
levels and CD4+ cell counts remain ele-
vated for a prolonged duration. CD4+ T-
cell count changes were recently stud-
ied in a cohort of 291 patients experi-
encing continuous virologic failure of
protease inhibitor therapy, with most
patients being on a second “failing” reg-
imen (Deeks et al, AIDS, 2002). The
majority of patients maintained some
gain in CD4+ cell count above pretreat-
ment levels after more than 3 years of

continuous virologic failure (Figure 1).
The change in plasma HIV-1 RNA levels
below the pretreatment baseline level
was the single most important predictor
of CD4+ T-cell outcomes in this cohort.
Specifically, sustained CD4+ T-cell gains
were observed as long as patients main-
tained a change in HIV-1 RNA level of at
least 0.7 log10 copies/mL below baseline.

Still, it is clear that virologic failure
ultimately results in immunologic
decline and clinical progression. A
recent report from the Swiss HIV Cohort
showed that the relative risk for progres-
sion to a new AIDS event or death was
markedly increased according to incre-
ments in average plasma HIV-1 RNA
level over time from the start of potent
antiretroviral therapy. This result indi-
cates that residual viral replication dur-
ing therapy is predictive of disease pro-
gression (Egger et al, 9th CROI, 2002). In
other words, although some patients do
well for years with low to moderate lev-
els of viremia, it is clearly preferable to
achieve and maintain a plasma HIV-1
RNA level as low as possible.

Why Does Viral Load Often
Remain Below Pretreatment
Levels After Emergence of
High-Level Resistance?

Plasma HIV-1 RNA levels often remain
below pretreatment baseline levels after
emergence of high-level drug resistance.
Factors that may contribute to this phe-
nomenon include viral replicative capac-
ity or fitness, characteristics of the HIV-
specific cellular immune response, and
persistent activity of some drugs against
resistant variants. The role of viral
replicative fitness in viral replication
under antiretroviral drug pressure has
recently been investigated.

In an attempt to identify factors in
the prolonged maintenance of relatively
low and stable plasma HIV-1 RNA level
despite the likelihood of significant
antiretroviral resistance, investigations
were performed (Deeks et al, N Engl J
Med, 2001) in a group of patients with
virologic failure who underwent a struc-
tured treatment interruption. All pa-
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tients were on long-term protease
inhibitor regimens, had detectable plas-
ma viremia, and exhibited clear evi-
dence of protease inhibitor resistance.
All patients stopped antiretroviral drugs
and were followed up weekly. 

With regard to drug resistance char-
acteristics, most patients exhibited a
similar pattern, as shown by data from 4
representative patients (Figure 2A).
Levels of phenotypic resistance to pro-
tease inhibitors remained relatively sta-
ble over a period of weeks following
treatment interruption. At a time point
that differed among patients, a rapid
dramatic shift took place in viral pheno-
type from resistant to wild-type virus,
with a complete shift occurring over a
median of 2 weeks. This rapid shift in
drug resistance generally occurred for all
drugs simultaneously. Analysis of plas-
ma HIV-1 RNA level and CD4+ cell count
changes before and after the shift in viral
phenotype showed that the shift was
associated with a marked increase in the

23

rate of HIV-1 RNA increase and the rate
of CD4+ cell count decrease (Figure 2B).

The investigators hypothesized that
the rapid increase in viremia in these
patients during treatment interruption
was due to the greater replicative fitness
of the wild-type virus that rapidly
emerged in this setting. To assess this
hypothesis, they used a recently devel-
oped assay to measure viral replicative
capacity. It should be noted that
“replicative fitness” refers to the ability
of a species or strain to compete in a
defined environment with other species
or strains (eg, the resistant virus is more
fit than wild-type virus in an environ-
ment defined as a patient on potent
antiretroviral therapy). Assays that mea-
sure viral fitness thus require direct
competition between strains in vitro
(mixing experiments) or in vivo; these
traditional assays are laborious and
expensive and can only be performed on
a small number of samples. In contrast,
the replicative capacity assay provides a

noncompetitive measure of the inherent
ability of a given strain to replicate. It
can be used with a large number of spec-
imens and requires only a small amount
of plasma.

In this recombinant virus assay,
which was devised by modifying a phe-
notypic assay, vectors containing
patient-derived HIV reverse transcrip-
tase or protease undergo a single round
of replication. The vector contains a
luciferase gene that permits quantita-
tion of replication that is then compared
to the level of replication of a wild-type
HIV reference strain. The result is pro-
vided as the ratio of study-strain replica-
tion to reference-strain replication. One
potential drawback is that the assay
measures only reverse transcriptase and
protease activity, and thus does not
account for other potential compensato-
ry mechanisms in the virus that could
affect replicative ability. 

Use of the replicative capacity assay
in samples from patients in the treat-
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ment interruption study showed that
change in replicative capacity from
baseline to 12 weeks after treatment
interruption was strongly correlated
with change in plasma HIV-1 RNA level
over this period (Figure 3). The relative
fitness of the resistant and wild-type
strains was assessed by quantitating rel-
ative proportions of the resistant and
wild-type phenotypes in weekly samples
from each patient, allowing calculation
of the slopes of decrease in drug-resis-
tant virus and increase in wild-type
virus. These studies showed that the fit-
ness differences between the wild-type
and resistant virus averaged more than
50% per generation. The findings using
this gold-standard measure of fitness
correlated very strongly with findings on
the replicative capacity assay, suggest-
ing that the latter may provide a good
indication of what is occurring in vivo.
Overall, these findings indicate that the
benefit observed in patients with persis-
tent viremia on protease inhibitor regi-
mens is at least in part a reflection of
maintenance of a viral population with
reduced replicative capacity. 

Is There a Role for Viral Fitness
Measurements in Clinical
Management?

If measurement of viral fitness is to have
a role in clinical management of HIV dis-

ease, it needs to provide information
that is useful in predicting outcome in
patients in whom virologic failure has
occurred. To assess the predictive capa-
bility of fitness measurements, Barbour
and colleagues (9th CROI, 2002) investi-
gated viral evolution parameters in a
separate cohort of 20 patients who
remained on protease inhibitor regi-
mens despite incomplete viral suppres-
sion. Plasma HIV-1 RNA level remained
at less than 10,000 copies/mL over 24
months on the failing regimen in more
than half of the patients studied.
Ongoing viral replication in the pres-
ence of drug was associated with
increasing protease inhibitor and nRTI
resistance in most patients. Increased
resistance was observed in some
patients even as the plasma HIV-1 RNA
level remained stable and low. Replica-
tive capacity was low and remained low
in most patients. Achievement of the
steady-state level of viremia was charac-
terized by a substantial reduction in
viral evolution, and the drug-resistant
variants remained the primary virus
population at the end of follow-up. 

These data suggest that it may be
possible to monitor viral fitness over
time and to predict long-term treatment
outcome based on replicative capacity
and level of drug resistance. However,
there are other factors involved in main-
tenance of treatment benefit despite
virologic failure, with additional data

suggesting that although reduced
replicative capacity may be a necessary
condition for durable benefit, it is not a
sufficient condition. For example, it has
previously been observed that immuno-
logic and virologic benefit might not be
achievable in patients with advanced
disease despite presence of virus with
extremely low replicative capacity. As
with untreated patients, numerous fac-
tors are likely important determinants of
long-term outcome in partially treated
patients, and more than one such factor
might be needed to ensure durable
treatment benefit in the presence of
drug-resistant HIV.

Altered Pathogenicity of Drug-
Resistant HIV

It is clear that plasma HIV-1 RNA levels
can remain partially suppressed in some
patients despite the emergence of drug-
resistant variants, and that this partial
suppression is related to several factors.
It is also clear that CD4+ T-cell counts
can remain elevated in such patients,
and that this sustained CD4+ T-cell ben-
efit is partially explained by the treat-
ment-mediated decrease in plasma HIV-
1 RNA level. What remains unclear is
whether sustained CD4+ T-cell gains
occur for other reasons that are inde-
pendent of the level of partial viral sup-
pression. In other words, is there any
evidence that for any given level of
viremia, immunologic outcomes are
improved for patients with drug-resis-
tant HIV versus wild-type HIV?

The relative virulence or patho-
genicity of the protease inhibitor-resis-
tant virus was addressed in a study that
examined the immunologic mecha-
nisms underlying sustained increases in
CD4+ cell count in patients with pro-
tease inhibitor-resistant viremia (Deeks
et al, J Infect Dis, 2002). The investigators
observed CD4+ cell turnover in vivo in
untreated patients with wild-type virus,
in patients with virologic failure with
drug-resistant virus maintained on sta-
ble antiretroviral therapy, and in pa-
tients with plasma HIV-1 RNA below
detection limits on potent therapy. The
median fractional replacement rate of
the total peripheral CD4+ T-cell popula-
tion in patients with drug-resistant virus
was significantly lower than that
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observed in the untreated group
(P<.001). However, the difference
between the virologic failure group and
the group with undetectable HIV-1 RNA
levels was not significant (P=.32). Based
on these fractional replacement rates,
the estimated median CD4+ T-cell half-
lives for the 3 groups were 68 days (viro-
logic failure group), 22 days (untreated
group), and 82 days (virologic "success"
group). Similar trends were observed in
the CD8+ T-cell population. These data
indicate that the drug-resistant virus
may be less virulent (ie, cause less CD4+
T-cell turnover) in vivo than the wild-
type virus, even after controlling for the
level of plasma viremia. Further research
is needed to elucidate the complex
dynamic between the host immune sys-
tem and characteristics of the virus. In
summary, some patients experience
durable virologic and immunologic ben-
efit despite incomplete viral suppres-
sion and the emergence of drug-resis-
tant HIV. The mechanisms underlying
this benefit are likely multifactorial and
interrelated. 

Host Genetics as Predictor of
Treatment Outcome

Host genetic factors likely have a major
influence on both HIV disease course
and response to treatment. One intrigu-
ing strand of research in this regard
involves the role of human leukocyte
antigen (HLA) haplotypes in determin-
ing treatment outcome. Class I HLA
molecules occur on all cells and present
peptides to receptors on CD8+ T cells,
whereas class II HLA molecules occur on
antigen-presenting cells and present
peptides to receptors on CD4+ T cells.
HLA haplotypes vary widely among indi-
viduals, and it is likely that in every indi-
vidual infected with HIV, only some com-
ponents of the virus are presented to the
immune system. Given the strong influ-
ence of genetic polymorphisms within
HLA and the chemokine receptors on
disease progression in untreated HIV
infection, it is reasonable to assume
that such polymorphisms are likely to
predict the response to potent antiretro-
viral therapy. However, data supporting
this hypothesis have been inconsistent
(O'Brien et al, AIDS, 2000; Malhotra et
al, J Clin Invest, 2001).

In a recent study to assess effects of
viral and host genetics on drug resis-
tance (Moore et al, 9th CROI, 2002), viral
genotype and presence of specific host
haplotypes were determined in a large
cohort of patients with continued
detectable viremia while receiving
potent antiretroviral therapy. The V82A
protease mutation associated with indi-
navir resistance was, as would be
expected, significantly more common in
patients receiving indinavir than in
patients not receiving indinavir (odds
ratio, 4.3). However, the presence of the
HLA-A2 haplotype, which recognizes a
portion of HIV protease overlapping the
V82 amino acid residue, had an inde-
pendent effect in predicting the pres-
ence of the V82A mutation (odds ratio,
5.4). 

Such findings indicate that there are
strong independent effects of drug and
host immune pressure on viral evolu-
tion. Similar studies may help explain
why, for example, the majority of
patients who develop nelfinavir resis-
tance do so via the D30N resistance
mutation rather than the L90N pathway.
Continued research in this area may
ultimately allow prediction of viral evo-
lutionary pathways in individual pa-
tients, enabling selection of drug treat-
ment to maximize response and to avoid
pathways that lead to cross-resistance.
It is likely that the near future will bring
a number of retrospective analyses of
defined patient cohorts that shed addi-
tional light on the influence of host
genetics on treatment response.

Conclusions

Maintenance of viral suppression to lev-
els below 50 HIV-1 RNA copies/mL is not
feasible in many patients with current
antiretroviral therapy. Thus, a thorough
understanding of the determinants of
viral evolution and disease progression
under potent antiretroviral therapy is
needed to define better treatment
strategies. In addition to using resis-
tance testing, therapeutic drug monitor-
ing, and adherence monitoring to opti-
mize treatment outcome, clinical man-
agement may ultimately also include
measures of viral replicative fitness, viral
pathogenicity, and assessment of host
genetics.
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Therapeutic drug monitoring (TDM) is defined as a strategy by
which the dosing regimen for a patient is guided by repeated
measurements of plasma drug concentrations. If the concentra-
tion is not within a predefined target range, the dose is adjust-
ed to bring this level within this target range (Figure 1). The 2
main reasons to undertake TDM in clinical situations are to
avoid drug toxicity and to improve therapeutic efficacy. The his-
tory of TDM in clinical medicine is relatively brief, even though
the concept that both efficacy and toxicity of a drug are dose-
and concentration-dependent has been well established. Use of
TDM in clinical medicine has been clearly linked to the devel-
opment of assays that are accurate, sensitive, specific, and have
a rapid turnaround time. 

Although TDM is used in the treatment of several diseases,
there is very little rigorous scientific evidence that its use has
improved clinical outcome in patients.1 The use of TDM in the
prevention of drug toxicity has a stronger basis than the use of
TDM for improved efficacy. This should not be surprising since
therapeutic outcome is multifactorial and includes the impor-
tance of individual drug-taking behavior. For the treatment of
HIV infection, TDM has another layer of complexity: incomplete
viral suppression during therapy may result in HIV mutations so
that drug susceptibility may become a moving target. This is
quite unique compared with other diseases where TDM has
been applied, in which the target concentration range remains
the same throughout therapy.

The use of TDM in the pharmacotherapy of HIV infection is
gaining momentum despite the fact that there are no clear-cut
therapeutic ranges established for any of the antiretroviral
drugs. HIV treatment requires the concomitant use of multiple
drugs for durable viral suppression; however, TDM usually
involves the monitoring of only a single drug concentration. The
utility of TDM to improve therapeutic outcomes in HIV-infected
patients has not been definitively demonstrated in large clinical
trials, and therefore its use should be considered investigation-
al. In this article we will review the criteria required for the use
of TDM in clinical medicine and evaluate how antiretroviral
drugs fare in this regard. In addition, we will review data from
the few prospective clinical trials that have been published or
presented that address the utility of TDM in the management of
HIV infection. Unfortunately, there are no prospective studies
that have attempted to measure the cost-effectiveness of TDM
in the treatment of HIV infection. 

Review

John G. Gerber, MD, and Edward P. Acosta, PharmD

Abstract. Therapeutic drug monitoring (TDM) is increasingly
being used in clinical practice in order to improve the thera-
peutic outcome in HIV infection. The use of TDM requires cer-
tain pharmacologic, analytical, and clinical criteria in order to
interpret the plasma concentrations appropriately. In this
context, we have reviewed whether there are enough data
to recommend the widespread use of TDM in the treatment
of HIV infection. Nucleoside reverse transcriptase inhibitors
are prodrugs that require intracellular metabolism for activi-
ty, so as a group they would not qualify for TDM in plasma.
Although TDM potentially could be helpful in improving the
efficacy and reducing the toxicity of protease inhibitors and
nonnucleoside reverse transcriptase inhibitors, without clear-
ly defined therapeutic ranges for many of these drugs and
with few prospective TDM trials showing efficacy, plasma
TDM has to be considered as an experimental tool in most
clinical settings.
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Figure 1. The mechanism by which therapeutic concentrations for
a drug can be established. The ordinate represents drug concentra-
tion and the abscissa represents a time factor on therapy. The bot-
tom saw-toothed line shows concentrations where therapeutic fail-
ure results from suboptimal drug concentration. The middle line
represents the optimal drug concentration for therapeutic success.
The top line shows the concentrations that result in therapeutic fail-
ure secondary to toxicity from high drug concentrations. 
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Criteria for TDM Use in Clinical Medicine

The required criteria for the use of TDM in clinical medicine
were described by Spector and colleagues in 1988.2 These crite-
ria are reviewed below in the context of antiretroviral drugs and
characteristics that make drugs candidates for TDM (Table 1).

Analytical Criteria

A drug assay is available with high specificity, small sample volume require-
ments, reasonable cost, and rapid turnaround time.

Very sensitive and specific assays are available for all the pro-
tease inhibitors, nonnucleoside reverse transcriptase inhibitors
(NNRTIs), and nucleoside reverse transcriptase inhibitors
(nRTIs) using high-performance liquid chromatography with
ultraviolet (HPLC-UV) detection or liquid chromatography-mass
spectrometry/mass spectrometry (LC-MS/MS). However, nRTIs
are more complex than protease inhibitors and NNRTIs since
they circulate in the plasma as prodrugs and require intracellu-
lar phosphorylation to the active triphosphate metabolite. As a
result, plasma concentrations of nRTIs may not always reflect
activity in the intracellular compartment. A good example is
didanosine, which has a very short plasma half-life but a long
intracellular half-life and duration of action.3 Since it has been

very difficult to measure accurately the intracellular concentra-
tions of many nRTI triphosphates, nRTIs may not be good can-
didates for TDM and thus will not be included in the discussion
of the other criteria for TDM. The analytical criteria required for
application of TDM is met by the protease inhibitors and
NNRTIs; the cost and turnaround time criteria will likely be met
as more laboratories undertake the analysis of these drugs. 

Pharmacokinetic Criteria

There is significant interindividual variability in pharmacokinetics, resulting
in large variability in achieved plasma concentrations. Adequate pharma-
cokinetic data concerning the drug are available.

Although a fixed dose is administered to all adults taking pro-
tease inhibitors and NNRTIs, large variability in achieved plas-
ma concentrations has been well documented for all the drugs
in clinical use.4-7 A number of pharmacokinetic studies have
been conducted on currently available antiretroviral drugs as
reviewed in a recent position paper on TDM.8 All protease
inhibitors have large intersubject variability in achieved plasma
concentration following fixed-dose administration (Figure 2).
This variability becomes a concern when the achieved trough
concentration is below the concentration necessary for inhibi-
tion of viral replication, thereby creating the potential for the
evolution of drug-resistant isolates. Administration of ritonavir
with other protease inhibitors tends to reduce the pharmacoki-
netic variability of the protease inhibitors, but the intersubject
variability still remains high.9 Large interindividual variability is
also present with achieved plasma concentrations of NNRTIs,
yet it is unclear whether failure of NNRTI-based therapy is due
to low plasma concentrations. Achieved plasma concentrations
for nevirapine are orders of magnitude higher than what is
required for viral inhibition in vitro.10 However, quasi species
with high-level drug resistance circulate as minority strains, and
therefore adequate exposure to concomitant nRTIs is likely cru-
cial in maintaining successful therapy with most of the NNRTIs. 
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Table 1. Characteristics of Antiretroviral Drugs Applicable
for Therapeutic Drug Monitoring

Criteria          Evaluation   

Analytical

Drug assay is accurate, specific, precise,
requires small sample volume, yields
rapid results, and is inexpensive

Pharmacokinetic

Pharmacokinetic data are available

Significant interpatient pharmacokinetic
variability exists

Pharmacologic

Pharmacologic effect is related to drug
concentration 

Drug has a narrow therapeutic index

Drug has constant pharmacologic effect
over extended period of time

Clinical

Clinical studies have documented the
therapeutic and toxic ranges of the drug

√

√

√

√

±

±*

±

√ indicates sufficient data are available for antiretroviral drugs to
meet the specified criterion; ± indicates some data are available but
the criterion has not been met. *Depends on the extent of viral
inhibition. Adapted from Spector et al, Clin Pharmacol Ther, 1988.
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Figure 2. The extreme variability of the pharmacokinetics of a pro-
tease inhibitor (indinavir) following standard dosing (800 mg q8h).
Similar data showing large intersubject variability in pharmacoki-
netics are available for other protease inhibitors. Adapted with per-
mission from Acosta et al, Pharmacotherapy, 1999.
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There are many reasons behind pharmacokinetic variability
of these lipophilic drugs. There is undoubtedly variability in
drug solubilization and absorption from the intestinal tract.
Multidrug-resistant proteins such as P-glycoprotein likely
impede the bioavailability of protease inhibitors. In addition,
the large variability of CYP3A expression in the small intestine
and the liver can result in significant variability in the drug's
bioavailability and systemic clearance. Based upon the large
intersubject pharmacokinetic variability of protease inhibitors
and NNRTIs and the sufficient data available on their pharma-
cokinetic profiles, both drug classes qualify for TDM.

Pharmacologic Criteria

Pharmacologic effect is proportional to the plasma drug concentration. A
narrow range exists between the efficacious and toxic concentrations. A con-
stant pharmacologic effect over an extended period of time exists.

Higher plasma concentrations of protease inhibitors have
resulted in a greater HIV-1 RNA response during initial dose-
ranging studies as well as in clinical trials. This is not surprising
since the basic tenet of pharmacology is that a concentration-
response relationship exists with all clinically active drugs.
Under certain circumstances, however, this relationship may not
always hold true. One is the presence of active metabolites that
can contribute to the overall therapeutic activity of the drug. Of
the available protease inhibitors and NNRTIs, only nelfinavir is
associated with a measurable active metabolite in the plasma.11

The hydroxylated metabolite is designated as M-8 and is gener-
ated by nelfinavir's oxidation by CYP2C19.12 M-8 and nelfinavir
have equipotent in vitro activity against HIV. At this point, it is
unclear to what extent the M-8 metabolite contributes to the
overall antiretroviral activity after nelfinavir administration. It is
likely that M-8 plasma binding is significantly less than nelfi-
navir plasma binding, so that the fraction of the drug that equi-
librates intracellularly may be higher for M-8 than for nelfinavir.
More research is required since in clinical use nelfinavir appears
to be more effective than what would be predicted from its plas-
ma concentration alone.

Protein binding is another factor influencing the concentra-
tion-response relationship for protease inhibitors because
changes in overall binding of these drugs could affect the way
total drug concentrations are interpreted. HIV replication occurs
within cells, and protease inhibitors have to reach their intra-
cellular target for activity. At equilibrium, the unbound concen-
tration of a drug in plasma should be equivalent to the unbound
concentration in the cell as long as there are no energy-depen-
dent pumps that can transport drugs against a concentration
gradient. The importance of the unbound concentration of a
drug for activity was clearly demonstrated by the lack of clinical
activity of the protease inhibitor SC-52151.13 Because of its high
degree of protein binding, the drug showed no activity despite
achieving seemingly adequate plasma concentration based on
in vitro anti-HIV activity. 

Protease inhibitors are organic bases that are mostly bound
in plasma to α1-acid glycoproteins (AAGs), which are acute-
phase reactants whose concentrations increase under condi-
tions of infection and acute inflammation.14 The extent of pro-
tein binding of protease inhibitors is dependent upon the con-

centration of AAGs.15 Higher concentrations of AAGs result in
increased protein binding of protease inhibitors. Changes in
protein binding for drugs like indinavir, which is only 60% plas-
ma bound, will not greatly affect plasma-unbound concentra-
tions and antiretroviral activity. In contrast, changes in protein
binding for highly protein-bound drugs, such as nelfinavir and
lopinavir, will significantly alter their activity at an equivalent
plasma concentration. Thus when total plasma concentration of
a highly protein-bound drug is interpreted, the same concentra-
tion with variable protein binding may not translate into equiv-
alent antiretroviral activity. Nonetheless, there is some evidence
that the pharmacologic effect of protease inhibitors is propor-
tional to the plasma concentration in drug-naive subjects.16

The treatment of HIV infection requires multiple drugs for
durable efficacy. For NNRTIs, the concentration-response rela-
tionship is less firmly established, but data with efavirenz
increasingly point in that direction.7 It is presently unclear if
concomitant use of all the nRTIs will result in an equivalent
antiretroviral efficacy at a specific protease inhibitor or NNRTI
concentration. It is this high level of pharmacologic complexity
in the treatment of HIV infection that makes the relationship
between plasma concentration of protease inhibitors and
antiretroviral response difficult to predict. 

The therapeutic ranges for protease inhibitors and NNRTIs
are difficult to evaluate because most drugs cannot be pushed
to maximally tolerated doses. There are both absorption and
tolerability limitations for these agents. It is likely that most
drugs used in the treatment of HIV infection have a narrow
range between the tolerated dose and the systemic concentra-
tion required for durable suppression. Gatti and colleagues
clearly demonstrated that adverse effects of ritonavir are corre-
lated to both peak and trough concentrations.17 The tolerability
of ritonavir is dose dependent and most patients do not toler-
ate the usual dose necessary for durable antiretroviral efficacy,
600 mg twice daily. Consequently, ritonavir is used mainly as a
metabolic inhibitor of other protease inhibitors at a lower and
better-tolerated dose. 

For nelfinavir, for which most of the toxicity is gastrointesti-
nal, there is no relationship between plasma concentration and
the development of diarrhea.18 Nephrotoxicity caused by indi-
navir has been related to a peak plasma concentration (Cmax)
above 10 µg/mL.19 Since indinavir has a very short plasma half-
life, a large amount of drug has to be administered to maintain
adequate trough concentrations (Ctrough). As a result, the
peak/trough ratio for indinavir is the highest among the pro-
tease inhibitors. The high Cmax of indinavir can be manipulated
by using lower indinavir doses with low-dose ritonavir to pro-
long the drug's plasma half-life.20

For NNRTIs, central nervous system (CNS) toxicity associat-
ed with efavirenz has been shown to be related to plasma con-
centration, and the concentration necessary for maximal activi-
ty is not far from the concentration that results in CNS toxicity.7 

The presence or evolution of resistant viral strains will
determine whether antiretroviral drugs exhibit a constant phar-
macologic effect over an extended period of time. The HIV
reverse transcriptase gene does not contain a “proofreading”
mechanism, and as long as the virus is replicating, it can gener-
ate mutations that confer reduced susceptibility to antiretrovi-
ral drugs. If viral replication is contained, a constant pharmaco-
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logic effect over an extended period of time does indeed occur
for both the protease inhibitors and the NNRTIs. If mutated and
phenotypically less susceptible viral strains evolve during ther-
apy, the pharmacologic effect is not constant over even a short
period of time. Higher concentrations of drugs may need to be
achieved to control viral replication to the same extent as dur-
ing initial therapy.

Based on these pharmacologic criteria, the applicability of
TDM to antiretroviral drugs is variable. Since treatment of HIV
infection requires the concomitant use of multiple drugs, mon-
itoring only a single drug (eg, a protease inhibitor or NNRTI)
may not be appropriate. Both the therapeutic efficacy and the
toxicity of protease inhibitors and NNRTIs may demonstrate
synergy, antagonism, or additive effects when combined with
the various nRTIs or each other. The presence of baseline minor-
ity drug-resistant mutations and the evolution of drug resis-
tance over time can make the concentration necessary for
antiretroviral efficacy a moving target.

Clinical Criteria

Clinical studies exist that define the therapeutic and toxic ranges of the drug.

A therapeutic range has not been formally defined for all drugs
in clinical use for HIV, but concentration-response data are
available for most of the protease inhibitors and NNRTIs. One
problem is the uncertainty as to which pharmacokinetic param-
eter best defines the therapeutic and toxic exposures of the
drugs. The Ctrough is usually monitored to determine adequate
drug exposure because it is the easiest to collect for both the
patient and the investigator; however, this parameter requires
an accurate recall of when the last dose of the drug was admin-
istered. Calculating an accurate area-under-the-curve value
would require obtaining specimens over an extended period of
time, which is unrealistic in a busy clinical setting. Logically,
Ctrough should define the lowest drug concentration during a
dosage interval and thus define the minimum effective concen-
tration of the drug, but this has not been prospectively validat-
ed for any of the antiretroviral drugs. 

In terms of toxicity, the trough and the peak drug concen-
trations each may play an important role. For example, Cmax may
best approximate the risk of indinavir-induced nephrotoxicity,19

but other toxicities such as skin and nail abnormalities may be
related to total drug exposure. Marzolini and colleagues
attempted to define the  therapeutic range of efavirenz by retro-
spectively correlating CNS toxicity with plasma concentrations
in a small group of subjects, some of whom were experiencing
virologic failure.7 Although this may be one way to define the
therapeutic ranges for drugs, prospective studies that validate
these drug concentrations with observations of efficacy and tox-
icity would certainly strengthen the argument for TDM. 

In drug-naive subjects, the Ctrough necessary for continued
viral suppression has been defined best for indinavir. This con-
centration is approximately 100 ng/mL, which is close to the
protein-binding-corrected 95% inhibitory concentration for indi-
navir in vitro.16 However, the determination of the Ctrough neces-
sary for durable virologic suppression is made in the presence
of concomitant nRTIs, and whether all of the nRTIs interact with
the protease inhibitors at the same potency in vivo has not been

studied. Abacavir, for example, which is a much more potent
antiretroviral drug than stavudine, may quantitatively con-
tribute to successful therapy more than stavudine when used
concomitantly with protease inhibitors.21,22

Prospective Clinical Trials

There are only a few prospective studies that have examined the
utility of TDM in the treatment of HIV. ATHENA was a prospec-
tive trial of TDM in which analyses of a subgroup of patients on
indinavir or nelfinavir were performed.23 Ninety-two treatment-
naive patients were randomized to receive nelfinavir 1250 mg
twice daily using TDM or no TDM. A concentration ratio (CR)
was used to assess drug exposure and make dosing modifica-
tions in the TDM group. A measured drug level (drawn at any
time following an unobserved dose) was compared with a pop-
ulation average concentration-time curve. A ratio of 1 meant the
patient’s concentration was the same as the population average
on that occasion. If the first nelfinavir CR was less than 0.9, tak-
ing the drug with food was discussed with the patient. If the
subsequent CR remained less than 0.9, the dose was increased
to 1500 mg twice daily, and low-dose ritonavir was added if the
third CR was low. The average turnaround time for the assay
results was 4 weeks. 

By intent-to-treat (ITT) analysis, the proportions of patients
achieving plasma HIV-1 RNA levels below 500 copies/mL at 1
year were 81% and 59% in the TDM and no-TDM groups, respec-
tively (P=.03). The authors suggested that these results reflect-
ed differences in drug efficacy because the main reason for drug
discontinuation in the no-TDM group was virologic failure,
which was more frequent for the no-TDM group. 

The ATHENA study also examined the effect of TDM in sub-
jects receiving indinavir 800 mg 3 times a day, indinavir 800 mg
with 100 mg ritonavir twice daily, or indinavir plus ritonavir at
400 mg each twice daily. The acceptable CR for indinavir was
defined as 0.75 to 2.0. This analysis showed more favorable out-
comes in the group randomized to TDM. By ITT analysis, 75%
and 48% of subjects had plasma HIV-1 RNA levels below 500
copies/mL in the TDM and no-TDM arms, respectively, at 1 year.
This difference was secondary to toxicity, since there were very
few virologic failures and far fewer subjects in the TDM arm
dropped out of the study for toxicity reasons than those in the
no-TDM arm. These data suggest that TDM may be potentially
useful in the management of antiretroviral therapy for both effi-
cacy and toxicity reasons. Although these substudies of the
ATHENA trial had positive results, concerns remain regarding
the statistical power of the study to detect differences between
groups and whether clinicians truly followed dose change rec-
ommendations.

PharmAdapt was a prospective study comparing the use of
TDM versus no TDM in treatment-experienced patients in whom
therapy failed.24,25 A total of 257 subjects enrolled in this study,
but the presented data were limited to 180 subjects receiving
protease inhibitor-containing regimens. Ninety-six subjects
were in the control group and 84 subjects were in the TDM
group. All subjects had genotypic resistance testing prior to ran-
domization, and drug therapy was determined on the basis of
these results. The TDM group had a dose modification at week
8 based on week 4 trough concentrations. The targeted protease
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inhibitor exposure was a trough concentration above the pro-
tein-binding-corrected median inhibitory concentration (IC50) of
wild-type HIV described in the literature. At week 8, 6% of the
control group had a physician-determined protease inhibitor
dose modification. Physician- and protocol-driven dose modifi-
cations occurred in 17% of subjects in the TDM group. At week
12, the change in plasma HIV-1 RNA level was equivalent in
both groups (–2.61 log10 in the control group; –2.32 log10 in the
TDM group). Also at week 12, plasma HIV-1 RNA levels below
200 copies/mL were observed in 52% of the control group and
45% of the TDM group. A 32-week analysis reported virologic
effects in the 2 groups similar to those at week 12. 

This TDM study was the first to report negative results; how-
ever, concerns regarding the study design deserve comment. It
is unclear how the protein-binding-corrected IC50 was chosen as
the appropriate target concentration for protease inhibitors. In
addition, it is likely that wild-type IC50 concentrations were too
low for an adequate antiviral response in the majority of drug-
experienced subjects. Furthermore, dosage adjustment at week
8 may have been too late to prevent evolution of the virus in a
group of subjects in whom protease inhibitor-based regimens
were failing. Finally, a power analysis was not performed. If 17%
of subjects required dose modification in the TDM group versus
6% in the control group, a sample size greater than 180 may
have been necessary to demonstrate virologic differences across
treatment approaches. 

A prospective, randomized clinical trial evaluating concen-
tration-controlled versus fixed-dose therapy with zidovudine/
lamivudine/indinavir in 40 treatment-naive patients has been
reported by Fletcher and colleagues.26 Subjects in the fixed-dose
arm received standard zidovudine 300 mg twice daily, lamivu-
dine 150 mg twice daily, and indinavir 800 mg every 8 hours.
Subjects randomized to the concentration-controlled arm
received doses to maintain plasma concentrations of at least
0.17, 0.4, and 0.13 mg/L for zidovudine, lamivudine, and indi-
navir, respectively. Treatment duration was 52 weeks, and adher-
ence was measured using the ratio of medication taken (derived
from pill counts) to that prescribed. Intensive pharmacokinetic
analyses were made at week 2, and secondary pharmacokinetic
measurements were made at week 28. Dose changes in the con-
centration-controlled arm were implemented at week 4 based
on the pharmacokinetic data collected at week 2, and a
Bayesian-estimation feedback algorithm was employed using
subsequent single concentration-time points for further dosage
refinement. Sample-size calculation was based on variability in
drug exposure, toxicity, and differences in plasma HIV-1 RNA
level at the 5% significance level with 80% power. Seven subjects
terminated the study early and were not included in the phar-
macokinetic or virologic analyses. Zidovudine, lamivudine, and
indinavir doses were altered in 44%, 31%, and 81% of the con-
centration-controlled recipients, respectively. 

At 52 weeks, in an ITT analysis, 15 of 16 subjects (94%) in the
concentration-controlled arm and 9 of 17 subjects (53%) in the
fixed-dose arm achieved plasma HIV-1 RNA levels below 50
copies/mL (P=.017). The concentration-controlled group
reached undetectable plasma HIV-1 RNA levels more rapidly
than the fixed-dose group: 108 days versus 225 days, respec-
tively (P=.01). No significant differences were found between
groups in terms of occurrence of common adverse events,

including anemia, neutropenia, and nephrolithiasis. Average
adherence rates exceeded 90% for all 3 drugs in both arms and
were not statistically different between the treatment groups. 

This is the longest prospective TDM trial reported to date,
and the first one to apply TDM to all drugs in a regimen of high-
ly active antiretroviral therapy (HAART). The study investigators
concluded that a single-dose approach to treat all patients with
HIV infection may not be optimal. Although this latter study is
the most rigorously conducted of the three, the use of indinavir
alone as the protease inhibitor in a HAART regimen is now fair-
ly unusual. Many physicians now routinely prescribe indinavir
with low-dose ritonavir, which results in higher plasma indinavir
concentrations than indinavir alone.

Conclusions

Where are we in terms of using TDM for managing antiretroviral
drug use in clinical HIV medicine? Widespread use of TDM is not
appropriate at this time. Obtaining random plasma concentra-
tions of drugs with very short plasma half-lives makes interpre-
tation of these data difficult. Using TDM to assess adherence to
therapy is also not an appropriate use of plasma concentrations
for drugs with short half-lives. 

It is critical to determine why multidrug therapy for HIV
infection fails. If in most cases failure is secondary to poor
adherence, then TDM is not the correct way to improve out-
come. Data from Fischl and colleagues, which compared the
results of using directly observed therapy (DOT) with self-
administered therapy in antiretroviral drug-naive subjects, indi-
cate that a major hurdle to therapeutic success in these patients
is adherence to drug administration.27 In that study, results at
week 88 showed that all subjects in the DOT group had plasma
HIV-1 RNA levels below 400 copies/mL; in the self-administered
therapy group, approximately 80% had levels below 400
copies/mL. The percent achieving plasma HIV-1 RNA levels
below 50 copies/mL in the 2 groups was 93% and 60%, respec-
tively. 

If the intent of TDM is to identify a small percentage of
patients who are rapid metabolizers of drugs, performing TDM
early in therapy after reaching a presumed steady-state concen-
tration may be appropriate. TDM may also be an appropriate
way to reduce drug toxicity if data from retrospective clinical
studies indicate a concentration of the drug above which many
patients develop toxicity. However, a prospective study would
be important to confirm that this toxicity can be circumvented
using TDM. Cost-effectiveness analysis should also be a com-
ponent of all clinical trials utilizing TDM. 

TDM also may be appropriate in cases where another drug
needs to be added to a successful therapeutic regimen in which
a drug-drug interaction is possible. Obtaining a plasma concen-
tration of the current drug prior to the addition of the new drug
would define the current drug's therapeutic concentration for
that person, which would then be the target concentration after
the addition of the new drug. For example, if phenytoin, an
inducer of drug-metabolizing enzymes, needs to be added to a
successful protease inhibitor-based regimen, the protease
inhibitor concentrations will likely be much lower following the
addition of phenytoin, and checking a drug level may be useful
to ensure it is not below the average level observed in patients.
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In the treatment of drug-experienced subjects who have
drug-resistant virus, determining a protein-corrected IC50 may
be useful. Applying TDM to then achieve a concentration sever-
al-fold above that IC50 would seem reasonable. Evaluation of the
inhibitory quotient (IQ), in which the phenotypic sensitivity of
the virus to the drug and the plasma concentration of the drug
determine the IQ, is being studied in clinical trials. Well-
designed and adequately powered prospective studies need to
be performed before IQ can be generally recommended for clin-
ical practice.  

The important message about TDM is that it may ultimately
prove useful, but at this time there are not enough data to rec-
ommend its use outside of very specific circumstances. TDM
should currently be viewed as an investigational tool to explore
means of improving therapeutic outcome and reducing toxici-
ties in the treatment of HIV infection.

Financial Disclosure: Dr Gerber has served as a consultant to Agouron, Merck, Roche
Diagnostics, and Roche Pharma. Dr Acosta has served as a consultant to Bristol-Myers
Squibb, Merck, and Roche.
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