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Drug resistance to human immunodeficiency virus (HIV) is a major factor in the failure of antiretro-
viral therapy.1 In order for practitioners to provide effective pharmaceutical care to their HIV patients,
it is essential that they understand the mechanisms of HIV drug resistance as well as the various factors
that can contribute to its emergence. This article is based on didactic content from the infectious disease
section of the Integrated Sequence II Course in the PharmD program at South University. In the course,
students are first given an overview that includes key structural components of HIV and a discussion of
the HIV life cycle. A detailed presentation on the pharmacology of the various classes of antiretroviral
agents follows. The clinical impact and prevalence of HIV drug resistance is then discussed along with
factors that might contribute to it. Mechanisms of drug resistance for each class of antiretroviral agents
are presented in detail followed by a discussion of the basis and clinical utility of HIV drug resistance
testing. Finally, new targets for HIV pharmacotherapy are presented along with an overview of new
antiretroviral agents that are being developed. Content taught in lecture is reinforced by relevant case
studies that students work on in small groups during the recitation period.
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INTRODUCTION
Since its introduction, antiretroviral drug therapy has

dramatically reduced morbidity and mortality associated
with HIV infection. The use of combination drug therapies
can significantly improve HIV patients’ chances for long-
term survival. Unfortunately, the effectiveness of antire-
troviral therapycanbemarkedly reducedby the emergence
of drug resistance. A study by Richman2 in the journal
AIDS reported that 76% of their population exhibited
resistance to 1ormore antiretroviral drugs.While exposure
to antiretroviral drugs can contribute to the development
of resistance by HIV, even drug-naı̈ve patients may be
infected with strains of the virus that are resistant to drug
therapy.3 The presence of antiretroviral drug resistance
is an important cause of treatment failure in HIV patients.
Drug resistant viruses are often resistant tomultiple classes
of antiretroviral drugs. This drug cross-resistance coupled
with the often unpredictable development of drug resis-
tance significantly complicates HIV therapy. Successful
treatment of HIV requires a detailed knowledge of the
various mechanisms by which resistance can arise as well

as an understandingof strategies for overcoming resistance
once it occurs. HIV drug resistance testing is proving to be
a powerful tool that can help clinicians tailor their treat-
ment regimen to the specific HIV strain(s) that infect their
patients. In addition, numerous new agents and classes of
antiretroviral drug are currently under development in an
effort to keep pace with emerging HIV drug resistance.

INSTRUCTIONAL DESIGN
At South University the presentation on HIV drug

resistance is given during our Integrated Sequence II
(ISII) course which is an 8 quarter-hour block of inte-
grated instruction in pharmacology, medicinal chemistry,
and therapeutics. At this point in the program, our stu-
dents have completed a course in Medical Microbiology
and are familiar with the fundamental areas of pharma-
cology and medicinal chemistry taught in Integrated
Sequence I. Within the ISII course itself, the material on
HIV drug resistance is presented after students have
received instruction onpharmacology andmedicinal chem-
istry related to antiretroviral drugs therapy and before
the clinical faculty member begins his/her presentation
of antiretroviral therapeutics. Since students have just
learned the mechanism of action for each of the anti-
retroviral drug classes it is a logical extrapolation to the
mechanism of resistance for each class.When the clinical
faculty member presents antiretroviral therapeutics, they
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can do so knowing that students have an understanding
of drug resistance mechanisms, factors that contribute to
the development of resistance, and the importance of
HIV drug-resistance testing. Student knowledge related
to antiretroviral drug pharmacology and resistance is
reinforced by the presentation of relevant case studies
during a weekly 3-hour recitation period. Students are
given cases at the beginning of the period and then broken
into small pre-assigned groups to work through the cases.
At the end of each case is a series of questions addressing
various aspects of therapeutics, pharmacology, medicinal
chemistry, and pathophysiology related to HIV infection
and treatment. At the end of 2 hours, each group is ex-
pected to write the case and submit it for review and grad-
ing. Each member of the group receives the same grade
for the case write-up and presentation. Giving each student
in the group the same grade stimulates active involvement
in the group process. Students who do not contribute sig-
nificantly during the group breakout sessions are often
pressured by their peers in the group to increase their con-
tribution. During the last hour of recitation, the class is
brought back together and a member from each group
(chosen at random by the faculty member) presents 1 of
the case write-ups to the class and faculty member. Since
students do not know ahead of time which of them will be
presenting, they all need to be familiar with the content of
the final case write-up. Students are encouraged to use
PowerPoint slides or overhead transparencies for their
presentation. During this presentation phase, input and
questions from students and faculty members are likewise
encouraged. Presentation of cases in front of students and
faculty members also allows students to gain valuable
experience in public speaking and case presentation.

Objectives
At the conclusion of the presentation, students should

be able to:
d Discuss various factors that contribute to the
development of HIV drug resistance.

d Explain the mechanism of action for each class
of antiretroviral agents.

d Detail the mechanism of HIV drug resistance to
each class of antiretroviral agents.

d Interpret data on the incidence and extent of HIV
drug resistance.

d Provide an overview of the utility of HIV drug-
resistance testing including a contrast between
phenotypic and genotypic testing.

d Discuss new classes of anti-HIV drugs and poten-
tial new HIV targets that are under investigation.

d Apply the material leaned in this presentation to
clinically relevant case studies.

Factors Contributing to the Development of
HIV Drug Resistance

Several factors related to the life cycle and replication
of HIV are key contributors toward the rapid and wide-
spread emergence of resistance that is seen with this
organism. First theHIV reverse transcriptase (RT) enzyme
is notoriously ‘‘low fidelity’’ (ie, the enzyme is somewhat
nonselective during the copying process) and is prone to
errors when copying viral RNA into DNA. By some esti-
mates, HIV RT makes one error in each HIV genome
per round of replication.4 This translates into roughly 1
mutation for every 2000 nucleosides.While most of these
errors are base substitutions, other mutations such as in-
sertions or duplications, can also occur. Second, HIV has
an exceptionally high rate of replication; several billion
new viral particles may be produced each day in the un-
treated patient. In most HIV-infected untreated adults,
plasma HIV RNA levels range between 103 and 105 cop-
ies/ml, but can be greater than 106 copies/ml in acute
infection or with advanced disease. Since the half-life
of cells infected with HIV is generally 1-2 days,5 HIV
must infect new cells at a very high rate to maintain the
infection at a steady level. This high rate of replication
coupled with the high rate of error for RT means that
numerous HIV ‘‘variants’’ are rapidly formed and propa-
gated. Patients who are infected with HIV can have mul-
tiple variants of the virus present in their system. These
variants can have greatly different sensitivities to antire-
troviral agents, a factor that can significantly complicate
the selection of drugs and the course of therapy. Addi-
tional factors that may contribute to the development of
HIV drug resistance include poor patient compliance,
subtherapeutic blood levels of antiretroviral agents, and
inappropriate choice of antiretroviral agent(s). Patients
should be told to take their HIVmedications as prescribed
and not to miss any doses. Pharmacokinetic factors that
can affect blood levels of antiretroviral agents include
poor oral absorption and alteration of drug metabolizing
enzymes by other agents, as well as various drug-drug
interactions.

While some HIV variants may exhibit intrinsic or
‘‘primary’’ resistance to antiretroviral agents, most drug
resistance develops as a result of exposure to these agents.
Antiretroviral resistance can still occur even during suc-
cessful therapy of HIV infection.6 Any mutations that
confer a selective advantage to a particular viral variant
will allow that particular viral variant to predominate. In
a sense, the very use of antiviral agents exerts a ‘‘selective
pressure’’ that favors propagation of resistant viruses.
The use of multiple drugs in combination is one strategy
of reducing the chance that a resistant viral variant will
survive treatment.
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Mechanism of Action and Resistance for
Antiretroviral Drugs

A listing of most commonly used anti-HIV drug
classes can be found in Table 1 along with their class,
mechanism of action, and major adverse effects. An
excellent review of mechanisms of HIV drug resistance
can be found in Clavel (2004).7

Anti-HIV Nucleoside and Nucleotide Analogues.
HIV belongs to a class of viruses called retroviruses.
These organisms are enveloped viruses that have RNA
as their genetic material and utilize the enzyme reverse
transcriptase. Reverse transcriptase is an RNA-directed
DNA polymerase that copies the HIV RNA genome into
a complimentary DNA strand to form a double-stranded
DNA:RNA hybrid. The DNA/RNA hybrid that is formed
is then copied into a double-stranded DNA copy of the
HIV genome, which is incorporated into the human
genome through the actions of HIV integrase enzyme.
Once the HIV genome is integrated into the human cell,
it may be transcribed and expressed into new viruses by
the host cell machinery. Enzymatic cleavage of newly

formed viral proteins must occur by HIV proteases in
order for new HIV to be functional and infectious.

The nucleoside analogues such as zidovudine (azido-
thymidine, AZT) are comprised of a base (thymidine in
the case of AZT) attached to a ribose sugar in which the
normal 3’ hydroxyl has been replaced by an azido group
(Figure 1). The presence of the 3’ OH is required for
elongation of the growing DNA chain. Replacement
of the OH at the 3’ position prevents bonds from being
formed with this nucleoside. Incorporation of AZT into
the growing DNA chain in place of the normal nucleoside
leads to a ‘‘chain termination’’ that stops polymerization
of the growing DNA molecule (Figure 2). Anti-HIV
nucleoside inhibitors are also referred to as nucleoside
reverse transcriptase inhibitors (NRTIs) since they are
more potent inhibitors of HIVRT than humanDNA poly-
merases. A new class of nucleotide analogues (eg, teno-
fovir) is also available for clinical use. The inhibitory
mechanism of action for these agents is identical to that
of the nucleoside analogues (Table 1), with the main dif-
ference being structural in that tenofovir is an acyclic

Table 1. HIV Drug Classes and their Characteristics

Drug Class Examples Adverse Effects Mechanism

Nucleoside, Nucleotide Analogues Zidovudine Lactic acidosis Competitive inhibitors of HIV
reverse transcriptase

Didanosine Nausea

Zalcitabine Diarrhea

Lamivudine

Abacavir

Stavudine

Emtricitabine

Tenofovir

Non- Nucleosides Nevirapine Rash Non-competitive antagonists that
directly bind and inhibit HIV
reverse transcriptase.

Efavirenz Hepatotoxicity

Delavirdine Dizziness
Insomnia

Protease Inhibitors Ritonavir Dyslipidemia Inhibit HIV protease enzymes that
are responsible for viral maturation

Saquinavir Hyperglycemia

Amprenavir Nausea

Indinavir Diarrhea

Nelfinavir

Atazanavir

Tipranavir

Fosamprenavir

Fusion Inhibitors Enfuvirtide (T-20) Reaction at injection site Prevents fusion of HIV with host cells

All FDA approved antiretrovirals as of October 2005.
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deoxyadenosine (Figure 1). Both nucleoside and nucleo-
tide RT inhibitors must enter the cell and become phos-
phorylated in order to act as synthetic substrates for RT.
Both classes of agents can prevent infection of suscep-
tible cells but will have no effect on cells that already
harbor HIV. Likewise, both classes of agents target the
active site on RT that is involved in DNA polymerization.

Resistance to NRTI’s occurs through 2 mechanisms:
the first is mutation of the residues that results in reduced
incorporation of the NRTI into the growing DNA chain.
While some of thesemutations arise in the actual catalytic
site of RT, a number of these mutations are actually prox-
imal to the active catalytic site of RT but are still able to
cause a conformational change in the enzyme that impairs
binding of the drug to the active site (Figures 2 and 3).
While thymidine analog mutations mainly affect AZT
and stavudine, a number of other mutations have been
observed for other analogs as well. Several of these muta-
tions are can confer significant resistance to many or all
nucleoside analogues. High levels of resistance to the
cytosine analog lamivudine have been observed with
the M184V mutation, while a high level of resistance to
the guanosine analog abacavir appears to require at least
2 or 3 concomitant mutations (eg, M184V, L74V) to be
present at the same time. The secondmechanism of NRTI
resistance is associated with enhanced removal of drug
from its site of attachment at the end of the DNA chain.

These RT mutations allow ATP or pyrophosphate (both
of which are in high concentration within the cell) to bind
at the active site adjacent to the bound nucleoside analog.
The high energy ATP or pyrophosphate can then attack
the bond that binds the drug to DNA, thereby liberating
the drug and terminating its effect.

Non-Nucleoside Reverse Transcriptase Inhibitors
(NNRTIs). Drugs in this class are structurally different
from the nucleosideRT inhibitors. TheNNRTIs bind near
the catalytic site of reverse transcriptase and alter the
enzymes ability to change conformation. This increased
enzyme rigidity prevents its normal polymerization func-
tion (Figures 4 and 5). The side effects of the NNRTIs
are generally less than those of the nucleoside analogues;
however, the main drawback of these agents is the rapid
development of resistance. As a result, the NNRTIs are
never used for monotherapy of HIV infection.

Resistance to this class of agents occurs mainly
through mutation of hydrophobic RT residues within
the binding pocket for the NNRTIs. Since all of the
NNRTIs bind to essentially the same region of RT,
mutations in this area will affect binding of all of the
agents in this class to some extent. This may in part
explain the high rates of HIV cross-resistance within this
class of agents.8

Protease Inhibitors. Newly assembled HIV par-
ticles are not fully functional or infectious until they
have undergone a final ‘‘maturation.’’ This maturation

Figure 1. Structure of a normal nucleoside, the nucleoside
analogue AZT and the nucleotide analogue tenofovir.

Figure 2. Use of AZT by RT causes DNA chain termination.7

Figure 3. RT mutation prevents AZT binding.7

Figure 4. Bound NNRTI inhibits RT polymerase activity.7
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involves cleavage of viral protein precursors by HIV
protease enzymes. These enzymes are encoded by HIV
and offer a unique and attractive target for preventing
HIV maturation. HIV protease enzymes are symmetrical
dimers with a central core that binds the peptides that are
to be modified by the enzyme. Protease inhibitors are
designed to fit and bind at the catalytic site of the enzyme
with high affinity and thereby block its activity (Figure 6).
Inhibition of HIV protease enzymes still allows viral par-
ticles to be formed and released from host cells; however,
the particles released are immature and not infectious.

Resistance to protease inhibitors occurs primarily
as a result of amino acid mutations that arise within or
proximal to the catalytic binding site to the drug (Figure 7).
Replacement of key amino acids within the protease
enzyme can significantly alter the affinity of the enzyme
for binding protease inhibitors. In addition, the geometry
of the catalytic site is altered and enlarged by these
mutations. Since the protease inhibitors bind the catalytic
sites with significantly higher affinity than do the natural
substrates, mutations in this region will have a greater
impact on drug binding than on the endogenous peptides.

Fusion Inhibitors. A drug that acts by blocking the
fusion and entry of HIV into the host cells (enfuvirtide)
has been used clinically. Fusion of HIV with the host cell
membrane is an essential step in viral entry into the cell.
HIV attaches specifically to CD4 (cluster of differentia-
tion) molecules on the host cell membrane though glyco-
protein (gp) 120 on the HIV peplomer (Figure 8). Once
attachment to the host cell occurs, gp41,which constitutes
the stalk of the HIV peplomer, embeds itself in the host
cell membrane. The gp41 peplomer is comprised of 2
adjoining subunits, HR1 and HR2 (Figure 8). The embed-
ding of the gp41 involves the HR1 subunit of gp41 ‘‘slid-
ing’’ over the HR2 subunit to draw the HIV and host cell
membranes closer together (Figure 9). The gp41 fusion
peptide now undergoes a further conformational change
that brings the HIV and host cell membranes in contact
with one another. Fusion ‘‘pores’’ are formed that facili-
tate entry of the HIV nucleocapside (protein capsid 1

HIV genome) into the host cell. The drug enfuvirtide is
a synthetic peptide that binds directly to the HIV gp41
and prevents it from undergoing the conformational
change that leads fusion of the HIV and host cell mem-
brane (Figure 10).

Although just introduced to clinical practice, varying
susceptibility of different HIV strains to enfuvirtide has
already been documented.9 While clinical resistance to
enfuvirtide has not yet been observed, amino acid muta-
tions between residues 36 and 45, which are part of the
binding site for enfuvirtide, have been identified which
confer some acquired resistance to the drug. However,
since the region in which the mutations occur is required
for viral function, enfuvirtide-resistant mutants still rep-
licate poorly and revert back to full-drug susceptibility
once the agent is stopped.

Figure 5. RT mutation prevents NNRTI binding.7

Figure 6. Bound PI blocks protease activity.

Figure 7. Mutation in the protease enzyme reduces PI affinity
and effect.
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Prevalence of HIV Drug Resistance
Investigators have attempted to determine the preva-

lence of HIV drug resistance to various classes of agents.
A large scale study published in 2004 looked at rates
of antiretroviral drug resistance in patients receiving
HAART (highly active antiretroviral therapy).2 Of the
population studied, 72%-80% exhibited resistance to 1
or more antiretroviral classes based on drug sensitivity
assays (Figure 11). Resistance to any 2 classes of agents
was 48% while resistance to 3 classes of agents was
seen in 13% of patients. A second large-scale study by
Weinstock3 reported RT or protease mutations in 90%
of the patients enrolled in their study. This translated
into reduced susceptibility to these classes of agents in
39% of patients. In a study of HIV-infected patients who
failed therapy despite receiving a combination of 3 dif-
ferent classes of antiretroviral agents, the prevalence
drug resistant HIV genotypes was 38%.10

Cross resistance of HIV is also of great concern. This
phenomenon involves development of HIV resistance
to agents within a particular class or with similar mecha-
nism of action, but to which the virus has not been
exposed. A study presented at the Fourth International

AIDS Workshop reported that all patients who failed to
respond to a regiment with the NNRTI efavirenz had
mutations that conferred cross-resistance to the NNRTI
nevirapine.11 Patients who failed a therapeutic regimen
that included nevirapine and efavirenz proved to be
cross-resistant to all available NNRTIs. Similar findings
have also been reported with protease inhibitors. Half
of HIV-infected patients treated with protease inhibitor-
based combinations still fail therapy due to multiple PI
resistance.12

Health officials in New York City expressed great
concern recently when a patient infected with a highly
drug-resistance variant of HIV progressed to full-blown
AIDS in a matter of months.13 Although he was a newly
diagnosed patient who had never received antiretroviral
drugs, the strain of HIV hewas infectedwithwas resistant
to 3 of the 4 available classes of anti-HIV drugs.

HIV Drug Resistance Testing
HIV drug resistance is 1 of the major limiting factors

in the successful treatment of HIV infection.1 Resistance
testing assays have become available that allow clinicians

Figure 8. HIV binding to a host cell.

Figure 9. Fusion of HIV peplomer with host cell membrane.12

Figure 10. Enfuvirtide binds to the HIV peplomer and blocks
it’s movement.12

Figure 11. Prevalence of HIV drug resistance to various drug
classes.2
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to obtain drug susceptibility profiles in their HIV-infected
patients prior to initiating drug therapy. While HIV drug
resistance testing was originally used as a research tool
in clinical trials to explain treatment failure, it has rapidly
moved into the mainstream of clinical HIV therapy. The
goal of HIV drug resistance testing is to aid the physician
in choosing the drug(s) that would be most effective
against the particular HIV strains that infect their patient.
The first attempt at controllingHIV replication is themost
important because the patient gains the most benefit from
minimizing viral replication and maximizing immune
function.14

HIV drug resistance assays fall into 2 categories:
genotypic assays and phenotypic assays. Genotypic
assays analyze the HIV genome in order to detect specific
mutations that can confer drug resistance. Interpretation
of genotypic assay results is done by matching the
results from the individual virus against lists of frequently
updated HIV mutations that are known to confer drug
resistance. These genotypic assays are relatively inexpen-
sive and may now be performed rapidly on site with com-
mercially available assay kits. However, genotypic testing
can only identify documented HIVmutations and may not
detect newmutations that arise in a particular HIV variant.
In addition, since different mutations confer different
degrees of drug resistance, it is often difficult to predict
the actual degree of clinical drug resistance in a virus with
multiple mutations.

In contrast, phenotypic resistance assays examine
the actual drug susceptibility of a particular HIV variant.
HIV genes for reverse transcriptase and protease
enzymes are amplified and inserted into a recombinant
virus which is then exposed to various anti-HIV drugs.
Phenotypic testing provides information on the sensi-
tivity of a particular HIV variant in comparison to a con-
trol isolate with full drug sensitivity. One practical
difficulty associated with phenotypic testing is trans-
lating observed decreases in viral drug sensitivity in
the assay into actual decreases in clinical sensitivity.
What degree of phenotypic resistance needs to be
present for each drug in order to see actual decreases in
clinical effectiveness for that drug? It is only through
large-scale clinical trials that an actual correlation
might bemade between changes in phenotypic sensitivity
and actual drug resistance. So far these clinical/pheno-
typic correlations have only been done for a few anti-
HIV drugs.15 The nature of phenotypic testing makes
assays more technically difficult and expensive, thus
such testing is only carried out at dedicated commercial
facilities.

Investigators have looked retrospectively at the effec-
tiveness of HIV drug resistance testing in improving clin-

ical response to pharmacotherapy. Key trials such as
the GART16 study, VIRADAPT study17 and ARGENTA
study18 reported that HIV patients whose drug selection
was based on genotypic resistance testing had signifi-
cantly lower viral loads than patients who did not receive
resistance testing prior to starting therapy. Reduced viral
loads in these patients translated into reduced morbidity
andmortality.17 A study by Sax19 found that themonetary
cost of HIV drug resistance testing was more than offset
by the long-term cost benefits of reduced morbidity and
improved quality of life. While there are fewer studies
examining the potential clinical benefit of phenotypic
drug testing, several trials have likewise reported signif-
icantly reduced viral loads in patients whose therapy was
guided by phenotypic testing.20 As a result of mounting
evidence regarding the role of HIV drug resistance testing
in improving the pharmacotherapy of HIV infection,21

resistance testing has become a standard of care for HIV
patients, a position supported by the International AIDS
Society and numerous prominent clinicians in the field.
Current guidelines recommend that all recently infected
HIV patients undergo resistance testing before the initia-
tion of therapy. Resistance testing is also indicated in
patients with an established HIV infection who have
had 1 or more treatment failures or who are pregnant.

Strategies for Preventing or Overcoming HIV
Drug Resistance

Pharmacists can play an important role in preventing
the emergence of HIV drug resistance by stressing to
their patients the need for strict adherence to their drug
regimen. Many antiretroviral agents have relatively short
half-lives and missed doses can reduce blood levels of
drug and allow for viral proliferation and the development
of resistance. Numerous studies have correlated good
adherence to drug regimens with improved virologic
response.22-24

Resistance testing is also a key factor in limiting
the impact of HIV drug resistance. Testing of HIV strains
for drug sensitivity allows the clinician to choose the drug
or drug combination that will have the greatest chance for
success, thus reducing viral loads in the shortest possible
time. The use of drug combinations is another important
strategy for preventing or treating HIV drug resistance.
Highly active antiretroviral therapy (HAART) is a very
effective strategy that involves the simultaneous use of
several antiretroviral agents from different drug classes.
The use of multiple drug classes in conjunction with
resistance testing, significantly increases the likeliness
that a particular strain of HIV will be effectively kept in
check. Using HAART it is now possible to reduce viral
loads to nearly undetectable levels in certain patients.
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In light of the global nature of the HIV epidemic, the
World Health Organization (WHO) has endorsed amulti-
faceted approach to preventing the emergence and trans-
mission of HIV drug resistance.25 This approach includes
the use of standardized antiretroviral therapy based on
drugs that are highly active and specific to a particular
geographic region. Active adherence monitoring is also
stressed. The WHO recommends implementation of an
‘‘early warning’’ system for detecting the emergence and
spread of HIV drug resistance. Anti-HIV drugs must be
quality controlled/assured and be made available to
infected patients on an adequate and continuous basis.
Finally, prevention programs can not be ignored. The
patient discussed earlier who had multidrug-resistant
HIV reported having multiple male sex partners and
unprotected sex while using methamphetamines. This
individual may represent a growing population who are
abandoning safe-sex practices now that highly effective
antiretroviral therapies are available. An additional factor
of concern in this case is the increased use ofmethamphet-
amines which can heighten sexual sensation but impair
good judgment.

New HIV Drugs and Targets
Emerging HIV drug resistance has driven the search

for new classes of drugs that target different components
ofHIV and its life cycle.26While a number of newNRTIs,
NNRTIs, and PIs are in development, their mechanism is
identical to currently available agents. The major advan-
tage of these new drugs is improved potency and effec-
tiveness against resistant HIV strains. New formulations
of currently available agents that allow for less frequent
dosing are also an important advance in terms of
improving compliance andmaintaining therapeutic blood
levels. However, if effective HIV therapy is to stay ahead
of emerging HIV resistance, new drug targets and drug
classes will need to become a reality. Several new poten-
tial targets and drugs are currently under investigation.
One new avenue of attack on HIV involves the pharma-
cological blockade of HIV integrase enzyme. This
enzyme is required for integration of the HIV genome
into the host cell genome. Blockade of this enzyme will
prevent incorporation of theHIVgenetic code into human
cells and thus its subsequent expression. Merck Pharma-
ceuticals currently has an agent (MK-0518) in phase II
clinical trials that is directed at this target.

A second new strategy for treating HIV infection
centers on agents designed to block reading of the HIV
genome. Such agents would be ‘‘anti-sense’’ drugs that
bind to a complimentary segment of the HIV genome
and block its activity.27,28 Phase I trials are being com-
pleted for one such agent (HGTV43, Enzo Therapeutics).

Another agent under study (BI-201, BioInvent) is an
antibody that binds to and blocks the HIV tat gene. This
gene is essential for viral activity and its blockade may
effectively block HIV replication. Phase II trials are
currently underway for this agent as well. A third novel
target, HIV vpr protein is blocked by the experimental
drug VGX-410 (Viral Genomix, currently in phase II
trials). This HIV functional protein appears to play an
essential role in survival and replication of the virus in
human cells.

The first HIV ‘‘maturation’’ inhibitors are also cur-
rently undergoing phase II trials (PA-457, Panacos Phar-
maceuticals). These agents are designed to block
processing of viral proteins (in this case the capsid pro-
tein) that are essential for production of mature and fully
functional HIV.29 Another interesting class of novel anti-
HIVagents is directed at disrupting the structural integrity
of the viral capsid. Proteins making up the capsid are
stabilized by the presence of ‘‘zinc fingers’’ and disrupt-
ing these entities appears to prevent the formation of func-
tional viruses. On agent azodicarbonamide did undergo
human clinical testing but was associated with a number
of significant side effects.

Scientists made an interesting discovery that patients
with a mutated cell surface receptor (CCR5) were
resistant to HIV infection. Despite repeated sexual expo-
sure to HIV with high-risk partners, a small percentage of
individuals (2% of Caucasians carry this gene), did not
get HIV30. It has been hypothesized that HIV might
use CCR5 as a cellular ‘‘doorway’’ during the early stages
of infection and that blocking it might prevent HIV
entry.30,31 Though in the early stages, a number of CCR5
inhibitors are under development and preliminary studies
in monkeys indicate they may be highly effective.31

SUMMARY
In order for practicing pharmacists to provide effec-

tive pharmaceutical care for their HIV-infected patients
theymust have a detailed knowledge of the pharmacology
of antiretroviral drugs. Since the effectiveness of these
agents can be greatly affected by HIV drug resistance, it
is vital that students and practicing pharmacists under-
stand mechanisms of HIV drug resistance, as well as fac-
tors that contribute to the emergence of resistance and
ways to overcome it. HIV drug resistance is a complicated
and dynamic topic. New information regarding mecha-
nisms and prevalence of HIV drug resistance is appearing
almost daily in the literature. The ever-changing nature
of this subject requires that students, practitioners, and
faculty members stay continuously abreast of the latest
clinical and scientific developments in this area.
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