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Abstract

The availability of highly active antiretroviral therapy (HAART), that suppresses
replication of the human immunodeficiency virus type 1 (HIV-1), has dramatically
improved the prognosis of HIV-infected patients1. In populations with access to
HAART, the course of the infection has changed from an inevitably fatal disease,
characterized by a high incidence of opportunistic infections, into a potentially-
treatable chronic condition. Unfortunately, HAART does not durably suppress
HIV replication in 20-50% of treatment-naive patients and in up to 50-70% of
treatment-experienced patients2-4. In the majority of patients with viral rebound,
drug-resistance-related mutations are detected5-9.
New infections through transmission of drug-resistant strains to individuals who
have never been exposed to therapy are now being increasingly reported,
despite all HIV prevention efforts. Moreover, recent reports correlate new
infections by drug-resistant virus with suboptimal therapy response, which
raises major public health concerns10-13. Despite a large number of publications
on the rate of primary resistance, it is very difficult to draw general conclusions.
The large variation in methodology and interpretation illustrates the need for
systematic approaches. Global surveillance is urgently warranted to monitor the
circulating HIV-strains. In addition, follow-up research has to be performed to
reveal the impact of drug resistance on future therapy options. This paper
reviews current literature to elucidate the mechanisms, implications and
magnitude of transmission of drug-resistant HIV-1.
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Viral heterogeneity and
development of drug resistance

Infection with HIV is characterized by the ex-
treme genetic diversity of the virus population.
Continuous high replication14 and a high error rate
of HIV-1 reverse transcriptase result in a swarm of
genetic viral variants, called quasispecies. Addi-
tionally, recombination between viral variants may
contribute to the heterogeneity of the quasispe-
cies. Due to the genetic diversity of the HIV-
infection, variants with every possible point muta-
tion are present in the quasispecies15. The variants
continuously evolve and are capable of evading
the host immune responses, acquiring altered cell
tropism and presenting drug-resistant variants.
The heterogeneity of the HIV-1 population within
an infected individual may not be evenly distribut-
ed throughout the body. Disparity has been found
between viral quasispecies and the quantity of
HIV-RNA in different parts the body, particularly in
the brain, blood, genital tract and lymphoid tis-
sue16-19.

Under pressure of therapy, pre-existing variants
with a reduced susceptibility can be selected and
achieve dominance. Use of NRTI-mono- and duo-
therapy often results only in suboptimal suppres-
sion of the HIV-replication, allowing rapid evolve-
ment of resistance20. Combining at least three
drugs in HAART increases the genetic barrier to
resistance, and is capable of achieving suppres-
sion of circulating virus below the limits of assay
detection. As a result, HIV-related morbidity and
mortality have declined impressively1.

However, new major obstacles have arisen.
Complex intake regulations, high pill-burden and
substantial toxicity complicate strict therapy ad-
herence. Variations in pharmaco-dynamics be-
tween individuals, and differential penetration of
drugs in sanctuary sites, may lead to sub-thera-
peutic plasma levels. Furthermore, pre-existing
drug-resistance-related mutations, either resulting
from natural polymorphisms in the quasispecies
or from transmission by treated patients, might
compromise drug susceptibility even before initia-
tion of therapy. As a result of these obstacles,
HAART does not durably suppress HIV-replication
in 20-50% of treatment-naive patients and in 50-
70% of treatment-experienced patients2-4. Detect-
able viral replication during antiretroviral therapy
favors the selection of viruses that carry or devel-
op resistance-related mutations. Hence, it is not
surprising that, in a majority of patients with ther-
apy failure, drug-resistant variants are detected5-9.

Definitions of drug resistance

The terminology that is used in the field of
transmission of resistance may be confusing. Re-
sistance is frequently divided into major (or prima-
ry) resistance mutations and secondary (accessory
or compensatory) resistance mutations. Major mu-

tations are resistance-related mutations that are
selected under drug pressure. They have often a
profound effect on viral drug susceptibility. The
presence of a major mutation results, in most
cases, in an impaired fitness of the viral strain
compared to wild-type in an environment without
drug pressure. As a result, major drug-resistant
mutations may exist in viral quasispecies that
have never encountered therapy, but not at a
frequency enabling detection by resistance as-
says15,21. Alternatively, viral quasispecies that have
encountered therapy in one host, and that are
subsequently transmitted to a new therapy-naive
host, can harbor major drug-resistant mutants in a
drug-free environment.

Secondary resistance mutations are defined as
having little or no effect on drug susceptibility, but
are selected under drug pressure to compensate
for the changes caused by primary mutations.
Variants with secondary mutations may also be
detected as natural polymorphisms in the qua-
sispecies, particularly in the protease gene.

Primary resistance, or baseline resistance, ac-
counts for drug resistance that is present before
initiation of therapy. Primary resistance may be
present as a natural variation due to the heteroge-
neity of the virus or may be the result of transmit-
ted resistance that was selected during therapy in
another patient. In antiretroviral-naive patients, it
may be very difficult, and sometimes impossible,
to differentiate whether secondary mutations re-
sult from a natural variation in the quasispecies or
from transmission after selection under therapy in
another host. Therefore, most reports describing
transmitted resistance only take into account ma-
jor mutations, since their presence in untreated
subjects clearly indicates transmission of resis-
tance (Tables 1-6).

Evolution of drug resistance
in treatment-naive patients

In treated patients carrying drug-resistant HIV
variants, cessation of the complete regimen usu-
ally results in a rapid reappearance of the original
drug-sensitive wild-type22. However, resistant vari-
ants may persist as minority populations in plas-
ma and are maintained as provirus in resting cells
within lymphoid tissue. As soon as therapy is
reintroduced, the resistant variants can be rapidly
reselected23.

In antiretroviral-naive individuals, wild-type may
dominate resistant variants with impaired fitness, if
the infecting quasispecies contained both wild-
type and resistant variants. If, however, through a
founder effect, the diversity of infecting quasispe-
cies is restricted to resistant variants, and no
minority of wild-type variants is present, domi-
nance by wild-type is not possible. In the absence
of drug pressure, the transmitted drug-resistant
quasispecies may revert back to wild-type or
mutate to other more fit variants. Viruses harbor-
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ing a single resistance-related point mutation,
such as M184V in the reverse transcriptase (RT)
gene, may revert more rapidly than variants that
have evolved after multiple mutations24. Also, per-
sistence of transmitted resistant variants for sever-
al months or years in the plasma of the newly
infected subject has been described25,26.

Furthermore, intermediate stages between re-
sistant variants and wild-type or atypical variants
are occasionally detected at codon 215 of viruses
isolated from antiretroviral-naive patients27-29.
These variants emerge from the resistance-related
mutants T215Y and T215F, which need two nucle-
otide changes for reversion to wild-type13,27,28 (Fig.
1). Viruses containing these partial revertants or
atypical mutations are selected because they dis-
play an increased fitness compared to the resis-
tant variants. In vitro experiments have shown that
variants with the atypical mutation 215D, or partial
revertant 215S, can replicate as efficiently as wild-
type, which may explain their persistence in
vivo27,28. Although the partial revertants or atypical
mutants do not, by themselves, confer phenotypic
resistance, they are only one step away from the
resistant variants 215Y or 215F, compared to the
two mutational steps that are needed from wild-
type to 215Y/F. This may indicate an increased
risk for developing resistance under subsequent
treatment with zidovudine or stavudine28.

In the absence of selective drug pressure in the
new host, resistant variants may completely revert
to wild-type, leaving no evidence of transmitted
resistance in the plasma. However, one might
expect that the initial resistant quasispecies will
still be present as archived provirus in resting
cells of the untreated subject.

Detection of drug resistance in
treatment-naive patients

Several assays are used to assess antiretroviral
drug resistance. Phenotypic drug-susceptibility as-
says determine the concentration of an antiretrovi-
ral agent that is required to inhibit HIV-1 replication
by 50% (IC50) or 90% (IC90). The results are com-
pared to the concentration of drug necessary to
inhibit a reference strain of susceptible virus. The
difference in IC50 or IC90 defines the susceptibility
of the virus to the different antiretroviral agents.
Genotypic resistance tests identify nucleotide
changes in the viral genome compared to a viral
reference strain. The profile of mutations is inter-
preted using algorithms that correlate known muta-
tional profiles to phenotypic susceptibility data and/
or clinical outcome. Both tests have shown their
benefits in the clinical practice of treatment-experi-
enced HIV-infected patients30,31, and may become
of clinical value for antiretroviral-naive individuals
too. However, several specific issues need atten-
tion when susceptibility testing is applied to detect
transmission of drug-resistant viruses.

Phenotypic resistance tests and genotypic se-
quence analyses are generally capable of identi-

fying viral populations that make up at least 20%
of the quasispecies. Transmitted resistant vari-
ants, partly overgrown by or reverted to wild-type
may, therefore, be missed, suggesting that these
tests might underestimate the presence of trans-
mitted drug-resistant viruses. More sensitive resis-
tance tests, such as the Line Probe assay, may be
very useful for this indication, but have the draw-
back of only considering a limited amount of
resistance-related positions and frequent hybrid-
ization failure32,33.

While phenotypic susceptibility assays can be
used to measure the actual susceptibility of viral
strains, genotypic sequence analyses are some-
times able to trace the evolutionary pathways of
transmitted drug resistance. Genotypic tests may,
therefore, identify mutations or genetic profiles in
treatment-naive patients that are not necessarily
resulting in phenotypic resistance but may furnish
evidence for transmission of resistant variants in
the past. This is of particular interest for epidemi-
ological research, although it might become clin-
ically relevant too, since there are indications that
certain transmitted mutational profiles may facili-
tate the development of drug resistance under
selective pressure27,28.

Mechanism of HIV-1 transmission

Individuals may be exposed to varying amounts
of virus depending on the route of HIV-1 transmis-
sion. Sexual and vertical transmission generally
involves smaller amounts of virus and infected
cells than transmission due to direct blood-to-
blood contact as occurs during intravenous drug
use or blood transfusion34-36.

Figure 1. Possible evolutionary pathways of mutant
codon 215.
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Regardless the route, transmission is accompa-
nied by a loss of both genotypic and phenotypic
viral heterogeneity37. As a result, the viral popula-
tion proliferating in the blood of recently-infected
recipients is generally more homogeneous than
the markedly heterogeneous quasispecies in
chronically-infected donors34,37-39. The restriction
in quasispecies implies the occurrence of a bot-
tleneck process during transmission and estab-
lishment of infection. This process is determined
by the number of transmitted virions, by the diver-
sity of the transmitted viral quasispecies and by
host factors, such as the mucosal barrier, the
density of target cells and the immune system40.

Recent studies suggest that multiple strains are
frequently transmitted, resulting in more genomic
variation in the recipient than previously reported,
though still not as heterogeneous as the donor
population35,41. Subsequently, variants among the
transmitted population that are most capable of
widespread dissemination might be positively se-
lected41. The viruses that succeed in establishing
infection do not have to be the variants that
displayed the highest fitness under drug pressure
in the donor quasispecies –as demonstrated by
the ability of minor variants from the donor qua-
sispecies to accomplish infection in the recipi-
ent34. This finding might be explained by stochas-
tic processes that influence the diversity of the
viral variants in the inoculum. Another reason for a
shift in quasispecies might be that characteristics
preferred during chronic infection differ from viral
properties selected during transmission and ad-
aptation to the new host.

Transmission of drug-resistant
variants

The first case of transmission of drug-resistant
HIV was reported 10 years ago by Erice, et al.42.
A patient who had never been exposed to therapy
carried a viral variant resistant against zidovudine,
not reflecting a natural variation in drug suscepti-
bility. A few years after the introduction of combi-
nation therapy, Hecht, et al. described the trans-
mission of an HIV variant resistant to multiple RT
and Protease inhibitors43. Since then, transmission
of virus resistant to antiretroviral drugs has been
repeatedly documented through many infection
routes: sexual contact, needle sharing among in-
travenous drug users, perinatal transmission and
accidental exposure of health care workers44-47.
More recently, cohort studies have been pub-
lished describing patterns of baseline drug-resis-
tance profiles in a significant percentage of ther-
apy-naive patients48-50.

Multiple studies have reported impaired enzyme
function and decreased viral fitness of HIV-1 iso-
lates harboring drug-resistant mutations, often re-
sulting in a moderate or low viral load in the
patient51-53. One might speculate that these strains
are also less capable of accomplishing infection
in a new host. The high frequency of primary

resistance in some recent reports seems, however,
to argue against reduced infectiousness of these
viral strains54. On the other hand, if the transmitted
quasispecies also contains drug-sensitive vari-
ants, resistant variants with impaired fitness may
be at selective disadvantage during infection and/
or initial amplification in the new host55,56.

Quite interesting in this perspective, is a recent-
ly published mathematical transmission model
studying primary resistance in recent seroconvert-
ers. It suggests that the frequency of primary
resistance in seroconverters is lower than expect-
ed, based on the prevalence of resistance in the
population of potential transmitters57. In addition,
another report states that primary resistance to
more than one class of drugs is not as common
as may be expected, based on the rate of trans-
mission of resistance and the frequency of drug
resistance in the population58. It is not entirely ruled
out that the differences in frequency of resistance
between the populations might be related to a
lower engagement of risk behavior of treatment-
experienced patients, or to a loss of transmitted
drug resistance in the new host in the short period
after infection. However, the authors conclude that
drug-resistant viruses have a lower transmission
fitness than drug-sensitive viruses57. Another sug-
gested possibility is that individuals carrying drug-
resistant variants frequently transmit drug-sensi-
tive variants57. A third explanation is that it is too
early in the epidemic to observe a high rate of
transmission of (multi-)drug-resistant viruses. It
might be that predominantly drug-sensitive or
NRTI-resistant viruses from the early treatment
period are circulating in current transmitters.

Transmitting population

Transmission of HIV-1 is strongly influenced by
the level of viremia in the HIV-infected donor59-61.
Consequently, it seems logical to relate the rate of
transmission of HIV to the overall level of viremia
in the HIV-infected population. In this perspective,
access to HAART has, by reduction of HIV-RNA
concentrations, the potential to decrease trans-
mission of HIV on a population level59,62. In preg-
nant HIV-infected women, the use of HAART has
indeed shown a profound reduction of HIV inci-
dence in their off-spring. Despite this success in
preventing vertical transmission, HAART is cur-
rently not effective as a “population prevention
measure”. In contrast, prolonged survival of in-
fected patients, continuous injecting drug use and
sexually related transmission, have resulted in an
increased prevalence of HIV-infections in coun-
tries with access to HAART63,64. Although many
patients have adopted safer practices after they
became aware of their infection, some are still
engaged in risk-related behavior as reflected by
the transmission of drug-resistant HIV to individu-
als who have not yet been exposed to therapy.

The impact of HAART on the spread of HIV and
its drug-resistant variants may vary between dif-
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ferent transmitters. For instance, the beneficial
effect of therapy on HIV-RNA load will not reach
individuals who are unaware of their infection
status. Persons with primary infection among this
population may, however, be very infectious, be-
cause viremia in the plasma is extremely high
during the acute phase of infection65. In contrast,
the viremia in semen during acute infection ap-
pears not to be different from that during estab-
lished infection, although this has only been stud-
ied to a limited extent66. Nevertheless, data from
the Swiss cohort prescribe an important role of
primary infection on the spread of HIV-1. One-
third of acutely-infected patients in the cohort
appeared to be infected by persons who had
acquired HIV very recently themselves67. In addi-
tion, they identified five cases of sexual transmis-
sion during the incubation period of primary infec-
tion68. Although seroconverters are rarely assumed
to be the source of drug-resistant viruses, sec-
ondary transmission of resistant virus has been
described in recent HIV infection and may be-
come more frequent in the future64.

Other possible transmitters are chronically-in-
fected individuals that have been diagnosed with
HIV, but not yet exposed to therapy. Toxicity and
complexity of the current antiretroviral regimens
have resulted in new guidelines favoring less ag-
gressive strategies for initiating therapy in this
population. This more conservative approach is
leading to an increased number of individuals
enduring unsuppressed viremia. Since a signifi-
cant dose-response relation between transmission
and the level of viral load has been described,
this new strategy may lead to an increased risk of
transmission at the population level59. If these
antiretroviral-naive persons have been infected
many years ago before the widespread use of
antiretroviral therapy, they are, however, unlikely to
play a significant part in the spread of drug-resis-
tant viruses, since drug-resistant viral variants were
probably not circulating at a high prevalence by then.

Antiretroviral-experienced individuals make up
a third group of possible transmitters. Ideally,
persons taking antiretroviral therapy should be
less efficient in transmitting HIV, at least if their
viral load is successfully suppressed59. Unfortu-
nately, in many individuals on HAART, the viral
load is not below the detection of the commercially
available assays2,4. Furthermore, the limited amount
of therapeutic options supports continued use of
HAART regimens that, even though unsuccessful
from a virology point of view, are capable of
sustaining a prolonged immunologic response.
Since patients experiencing viral rebound fre-
quently harbor drug-resistant variants, they are
the most likely source of transmission of resistant
viruses. However, it has been suggested that the
frequency of transmission of drug-resistant viruses
is less than expected, due to their impaired viral
fitness.

Different models have been proposed to predict
which populations will drive the spread of drug-
resistant strains in the future69,70. The models are

based on data from different cohorts and have a
completely different outcome. The first model that
was based on a small cohort, with low frequency
of transmission of drug-resistance, indicates that
the frequency of viral resistance in a population is
determined largely by the number of individuals
on insufficient or failing therapy, and will be influ-
enced only modestly by secondary transmission
of drug-resistant strains69. The outcome of the
second model, which was based on a population
with a higher frequency of primary resistance,
implies that secondary transmission by antiretrovi-
ral-naive patients will become the major source of
new infections with drug-resistant variants70.

Transmitted resistance
in non-B subtypes

HIV-1 can be divided into three distinct and
highly divergent groups (M, N and O). Globally,
HIV-1 M is the most prevalent and is classified into
a variety of subtypes71. To date, almost all infor-
mation on HIV-1 drug resistance is based on
studies performed on subtype B, which was orig-
inally the most predominant subtype in Western
Europe, Australia and the United States. However,
the majority of HIV-1 infections worldwide are
caused by non-B subtypes, particularly subtype A
and C. Reports on the characterization of non-B
sequences derived from untreated subjects de-
scribe a very low frequency of transmitted primary
resistance-related mutations, reflecting the limited
access to therapy in areas where these subtypes
circulate72,73 (Tables 1-6). In contrast, secondary
resistance-related mutations are observed at a
very high frequency as naturally occurring poly-
morphisms in non-B subtypes73-75. As a conse-
quence, it may be extremely difficult to distinguish
in non-B subtypes between natural polymorphisms
and (transmitted) secondary mutations resulting
from selective drug pressure76. Hence, collection
and characterization of circulating non-B sequenc-
es in areas before introduction of therapy is tre-
mendously important to enable the future evalua-
tion of treatment programs and surveillance of
transmitted drug resistance.

Initiatives to implement therapy in resource-
limited countries have been criticized because of
fear of massive development of drug resistance
in settings with sub-optimal health care facilities.
Surveillance programs need to be installed to
gain a reliable insight into the future spread of
drug-resistant strains, and to create the possibil-
ity for early adjustment of treatment guidelines if
necessary.

In addition, there is increasing evidence that, in
some cases, HIV subtypes may have distinct path-
ways to resistance. For instance, the V106M mu-
tation selected by efavirenz is associated with a
higher prevalence in non-B subtypes and may
arise from a more efficient pathway then that
observed in B subtypes77. Comparable reports
have been published about nelfinavir-related re-
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sistance78. Algorithms for the interpretation of
(transmitted) resistance profiles should take these
specific evolution pathways into consideration.

Sexual transmission

Worldwide, heterosexual contact is the predom-
inant mode of HIV-1 transmission. Although it
seems more logically to relate sexual transmission
to the concentration of HIV in the genital tract, for
reasons of convenience the plasma viral load has
been most frequently identified as the major pre-
dictor of the risk of sexual transmission of HIV-159.
Despite the frequent correlation of HIV-RNA levels
between the two compartments, differences are
observed79, especially in case of local inflamma-
tion and ulceration, which may significantly in-
crease the amount of HIV-RNA in genital fluids
and also the susceptibility to infection80. General-
ly, however, initiation of HAART leads to a reduc-
tion of HIV-RNA in genital secretions of both men
and women parallel with the decline seen in the
plasma81,82. In persons with a plasma viral load of
<1500 HIV-RNA copies/ml, sexual transmission is
uncommon59. Nevertheless, absence of detect-
able HIV-RNA in plasma and genital secretions
does not prove that individuals cannot transmit
HIV. Even if HIV-RNA is completely absent in
genital fluids, individuals may possibly transmit
cells that contain proviral DNA81,83.

Also, the rate and pattern of the emergence of
resistance in the genital fluids can be different
from that in the systemic circulation83-85. These
compartments are, therefore, frequently consid-
ered as biologically separate sites82,84-86, in which
viral replication and evolution are exposed to dif-
ferent selective pressures than in the systemic
circulation39. One determinant of differential virus
evolution may be the poor penetration of some
antiretroviral drugs in the genital tract87. Low region-
al drug levels of protease inhibitors may, for exam-
ple, lead to double-nucleoside therapy in these
compartments, favoring development of resistance.

Because of the major consequences for
transmission of (drug-resistant) HIV, the possibility
of differential expression of HIV-1 quasispecies
and viral load in the genital tract should always be
considered.

Transmission by intravenous
drug use

Injecting drug use is an important mode of HIV
transmission in many parts of the world. Injecting
drug users (IDU) may be less likely to seek care,
and less likely to receive antiretroviral agents even
if they are in care88. In addition, dependence on
addictive stimulants may not always easily be
combined with the requirements for successful
therapy, such as the need to take antiretrovirals
according to a specific time schedule, often ac-
companied by strict dietary regulations89. Insuffi-

cient adherence may put IDUs on therapy at high
risk for acquiring HIV drug resistance. Therefore,
one might expect a higher rate of transmission of
drug resistance in the IDU population. However,
during an outbreak of HIV infection in 1996-1998
among IDUs in British Columbia, Canada, the
frequency of transmitted drug resistance was very
low (2%)90. A possible explanation may be a
limited use of antiretroviral therapy among the IDU
population, despite the free supply of antiretroviral
agents in Canada.

Another possibility may be the nature of the
outbreak, with seroconverters infecting serocon-
verters with drug-sensitive virus. A completely
different picture was observed in a study performed
in 1997-1999 in Vancouver among 81 recently-
infected antiretroviral-naive patients. Twenty-three
percent of IDUs (5 out of 21) carried major drug-
resistance mutations compared to 9% of individu-
als infected by sexual contact (5 out of 56)91. In
the Swiss Cohort, the prevalence of transmission
of drug-resistant viruses was, in 1996-1999, high-
er in recently-infected IDUs (13%) and the homo-
sexual group (11%) compared to the heterosexual
group (6%). However, this difference may be par-
tially explained by early initiation of treatment in the
first two groups, and a high percentage of infec-
tions with non-B subtypes among the last group67.

Mother-to-child transmission

Mother-to-child HIV-1 transmission may occur
during the intrauterine or intrapartum periods, or
postnatally through breast milk. There is evidence
that the majority of HIV-1 transmission occurs at or
around the time of birth92,93, but it is unknown
whether transmission at this time is predominantly
established through a parenteral route (due to
maternal-infant transfusion via the placenta during
labor) or through a mucosal route (due to con-
junctival, oral, or nasopharyngeal exposure to
maternal cervico-vaginal secretions)93. On the
whole, the maternal plasma viral load is a good
predictor of vertical HIV transmission, but there is
neither a level above which transmission always
occurs nor a level below which transmission is
never seen94. Furthermore, despite a general cor-
relation between HIV-RNA in plasma and in the
cervico-vaginal secretions, discordance has been
reported. Since exposure to HIV-1 in the maternal
genital tract during delivery appears to be an
independent risk factor for intrapartum transmis-
sion, the plasma viral load may not be an effective
indicator of risk in these discordant situations95,96.

In the industrialized world, a dramatic decline in
the rate of vertical HIV acquisition has been ob-
served since 1994, when the results from the
PACTG 076-study became available. This study
demonstrated that the use of zidovudine (by the
mother during part of the pregnancy and at labor
and by her child for six weeks) could decrease
perinatal transmission of HIV by 67%97. High level
resistance to ZDV is unlikely to appear after such
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a short period of ZDV therapy and is characterized
by sequential development of mutations, leading to
increasing levels of resistance20,98. In fact, neither
in the PACTG 076 nor in another trial, high level
resistance to ZDV was reported in both women and
children99,100. Whether the presence of ZDV resis-
tance in pretreated women leads to an increased
frequency of perinatal transmission is not clear
because of the low numbers of infected children101.

Recently, cohort studies demonstrated that
combination therapy with protease inhibitors has
led to a further decrease of perinatal transmission
to less than 2%102,103. In general, independent of
their viral load at the time of delivery, women on
antiretroviral therapy display very low rates of
vertical transmission. This may reflect transpla-
cental passage of the drugs, providing post-expo-
sure prophylaxis to the fetus.

In the developing world, the HIV-NET 012 study
demonstrated that a single oral dose of nevirapine
(NVP) given to the mother at onset of labor, to-
gether with a single oral dose given to her new-
born within 48-72 h of life, significantly reduced
vertical HIV transmission in women who were
receiving no other antiretroviral treatment104. The
efficacy, simplicity and low cost of this regimen
make it attractive for use in resource-limited set-
tings. There is, however, substantial discussion
about the impact of this approach on resistance.
A single point mutation is enough to confer high-
level resistance to NVP105. Virus with mutations
that confer resistance to NVP pre-exist commonly
in the maternal viral population, but may be not
present in high enough frequency to be detected
using current genotypic resistance assays106. In
the HIV-NET 012 study it became apparent that a
single dose of NVP may select for virus containing
these mutations, and in 19% of women the fre-
quency of mutant viruses was high enough to
allow detection at six to eight weeks postpartum107.
NVP resistance was detected even more frequently
in infants, but different patterns were seen com-
pared to the mothers. Since both mother and child
received therapy, this is probably not indicative of
vertical transmission of drug-resistant HIV107. The
resistance mutations identified during the early
postpartum period disappeared from detection in
plasma within 12-24 months in the women and
within weeks in the children. However, it is unlikely
that viruses containing the resistance mutations
are totally eliminated from the quasispecies.

The long-term clinical consequences of these
drug-resistant mutations on subsequent prophy-
laxis or treatment are currently unknown. We might
expect that the presence of drug-resistant virus in
the mother increases the probability of vertical trans-
mission, but this has not yet been convincingly
demonstrated108. Although the evidence that resis-
tant strains can be transmitted in the perinatal peri-
od is ubiquitous109,110, the infectiousness of drug-
resistant strains may be decreased compared to
drug-sensitive variants. This is illustrated by case
reports that describe selection against ZDV-resis-
tance mutations during vertical transmission56,101.

Characterization and time trends
of reported transmitted drug
resistance

Large variations are seen in reports from many
European countries describing frequency of drug
resistance in viruses isolated from both recently-
and chronically-infected patients11,111-116. Howev-
er, in most reports with high prevalence rates a
different technique was used111,117,118. An excep-
tion is one report from the UK that shows consid-
erable transmitted resistance identified by regular
genotypic sequence analysis, but this is, however,
not confirmed by another UK-study describing an
identical population119,120.

A high prevalence (20-27%) of major resis-
tance-related mutations in patients infected for
less than one year is described in recent reports
from the United States10,12,121. These reports come
mainly from big cities with large homosexual pop-
ulations that have a long history of easy access to
therapy. In contrast, most reports from Canada
show a low prevalence of primary resistance,
except for one report from Vancouver, which may
represent a similar population as the reports from
the US91,122,123. In South America, where therapy
has been introduced more recently, the frequency
of major resistance-related mutations varied be-
tween 1-2% to 14% detected in predominantly
unspecified therapy-naive populations124-126.

Only a limited amount of information is available
from countries in Africa and Asia with large epi-
demics. The restricted access to therapy in these
areas is reflected in the very low to zero percentage
of major resistance-related mutations in antiretro-
viral-naive subjects72,73,127-130. The African reports,
however, describe, a very high percentage of
secondary mutations reflecting drug-resistance-
related polymorphisms in subtype C.

In countries with a long tradition of access to
therapy, NRTI-related mutations, especially zidovu-
dine mutations, are more frequently identified than
NNRTI- and protease-related mutations. This might
reflect the extensive use of zidovudine monotherapy
in the past. In addition, it might also point out the
characteristic accumulation of resistance-related
mutations that are selected by zidovudine. Rever-
sion of this resistance profile in a drug-free environ-
ment might be more difficult compared to mutational
profiles selected by other drugs, thereby allowing
prolonged detection of zidovudine-related mutations.

The one report from Australia demonstrates a
huge decrease in NRTI-related resistance from
29% before 1996 to 9% in more recent years131.
Similar drops in prevalence of NRTI-resistance
after the introduction of HAART have been report-
ed by other groups118,131-133. The higher frequency
of transmitted resistance against NRTIs in the pre-
HAART area probably reflects less-effective viral
suppression by mono- and duo-NRTI-therapy.
NNRTI- and PI-related resistances have increased
gradually since their introduction in these coun-
tries, but in general do not reach a rate above 10%.
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Overall, individuals identified more recently af-
ter infection have the highest risk of carrying
drug-resistant mutations. This may indicate either
a current rise in transmitted resistance or a de-
crease in detectability of transmitted resistance in
a drug-free environment over time. Finally, primary
resistance to more than one class of drugs varied
extensively between 0 and 16%, making it very
difficult to draw specific conclusions on the fre-
quency of transmission of multi-drug resistance.

Difficulties in assessing the rate of
transmission of drug-resistant virus

In the currently available literature, different
rates of transmission of resistant HIV are reported
(Tables 1-6). These different rates may reflect
variations in access to therapy, therapeutic strat-
egies, adherence or risk-related behavior. Howev-
er, it remains questionable whether the observed
variation is based on real differences in frequency,
or whether it can be explained by multiple dissim-
ilarities in the design of the available studies. Most
studies are retrospective analyses. This enlarges
the risk of non-representative sampling among
different risk groups and geographic areas, limit-
ing the relevancy of the results for other popula-
tions. In addition, selection bias due to small
numbers or testing at specific indications cannot
be ruled out in many studies. Sampling errors can
also lead to inclusion of transmission clusters that
may overestimate transmission rates.

Differences in the studied population may be
particular relevant. Some studies target recently-
infected individuals, whereas others only investigate
the chronically-infected antiretroviral-naive study
population. However, the time that elapsed between
infection and sampling may be quite relevant, be-
cause transmitted drug resistance may revert or be
overgrown in a drug-free environment as present in
the new host. Overrepresentation of patients who
acquired HIV through a specific route of transmis-
sion may also lead to results that can not be gener-
alized to the general HIV-infected population.

Furthermore, as described earlier, the method-
ology used for susceptibility testing may influence
the observed rate of transmitted drug resistance
to a great extent. Centers that identify genotypic
resistance with a hybridization assay generally
detect a higher prevalence of primary resistance,
which might be due to the increased capability of
this assay to detect minority variants111,117,118.
However, these results may be biased by the
commonly high percentage of hybridization failure
with this technique. In addition, the rate of primary
phenotypic resistance is generally lower than ge-
notypic resistance. A possible explanation might
be that several genotypic substitutions reflecting
transmitted drug resistance do not result in de-
creased susceptibility in isolation.

Finally, there is a lack of uniformity in the defi-
nition of transmitted resistance. The currently avail-
able consensus mutations lists are based on drug-

resistant profiles selected by drug pressure and
therefore do not include all indicators of transmis-
sion, such as partial revertants. Authors of the
various reports interpret the consensus lists differ-
ently and frequently make their own adjustments.
The use of different definitions can, however, com-
pletely shift the prevalence of resistance.

Clinical implications of transmitted
drug resistance

Major concerns exist about the clinical implica-
tions of transmitted drug resistance. Although it
might be expected that the response to antiretroviral
therapy is diminished in the case of primary resis-
tance, only limited data assessing clinical outcome
are available at present. In a large North American
cohort, therapeutic outcome for patients infected
with HIV harboring major mutations was not different
from patients infected with drug-susceptible virus-
es122. However the majority of patients in this cohort
were not prescribed drugs to which the virus they
carried exhibited resistance. The small group of
patients who did initiate therapy to which the virus
exhibited possible resistance at baseline, displayed
a relatively inferior virological outcome122. In three
other studies from the United States and France, the
time to viral suppression was significantly prolonged
in individuals carrying virus with major phenotypic or
genotypic drug resistance at baseline compared to
subjects with fully-susceptible virus at baseline10-12.
Also, the time to virological failure was shorter if
primary resistance was present10. Additionally, indi-
viduals from the ICONA cohort (the Italian Cohort
Naive for Antiretrovirals) harboring revertants or atyp-
ical mutants at position 215 of RT, had an increased
risk of experiencing virological failure compared to
those not carrying revertants13. These revertants
have an increased ability to select the RT T215Y/F
mutations that limit the efficacy of thymidine ana-
logues. Of the 13 patients who carried the 215
mutants, 9 experienced virological failure13.

Some groups report a lower baseline viral
load11,113 or a higher CD4 cell count12 in antiretro-
viral-naive individuals carrying primary drug-resis-
tant variants in comparison to individuals with drug-
sensitive virus. These differences might reflect
variations in duration of infection. Alternative inter-
esting hypotheses suggested by the authors are a
decreased viral tropism for tissues involved in T-cell
production or a decreased viral replication capac-
ity of the transmitted resistant viruses11,12,113.

In summary, preliminary data show that transmis-
sion of resistance can compromise therapy out-
come. Longer follow-up of individuals harboring
virus with primary drug resistance is required to
reveal whether primary resistance has only delete-
rious consequences, or whether impaired fitness of
transmitted drug resistance may also positively
affect the rate of clinical progression. Meanwhile,
physicians should consider the possibility of trans-
mission of drug-resistant HIV when initiating thera-
py or prescribing post-exposure prophylaxis.
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Future directions and
recommendations

Current guidelines advise considering drug-sus-
ceptibility testing when transmission of drug resis-
tance is suspected, or at the initiation of therapy
in primary infected patients134,135. Modeling car-
ried out by Weinstein, et al.136 suggest, however,
that offering genotypic resistance testing before
initiation of therapy is cost-effective in a US health
care setting with 4 to 20% prevalence of primary
resistance. Obviously, resistance testing and its
interpretation have to be validated in clinical stud-
ies for the use in recently- and chronically-infect-
ed antiretroviral-naive populations.

Currently available algorithms for interpretation
of susceptibility tests are based on experience with
patients exposed to therapy, and may need mod-
ifications for use in antiretroviral-naive patients.
Specific transmission algorithms could consider
the evolution of resistant viruses after transmission
and should include not only partial revertants to
wild-type but also other specific patterns that may
arise over time from transmitted resistant profiles.

Although transmitted drug-resistant profiles can
be retained in the plasma of the new host for a
considerable amount of time, mutations may be-
come undetectable in the plasma after a while.
However, drug-resistant variants may still be
present, archived as proviral HIV-1 DNA in resting
cells. Sequencing of proviral HIV-1 DNA instead of
regular HIV-1 RNA might elucidate additional in-
formation about the diversity of the quasispecies
in antiretroviral-naive subjects and its evolution
pathways after transmission.

In addition, a more uniform approach, evaluating
the frequency of transmission of drug-resistant virus
and its clinical implications, is needed. In Europe,
27 countries are participating in the SPREAD-pro-
gram, which is a European Commission-supported
initiative. This program (www.SPREAD-europe.org)
is collecting representative quality-controlled geno-
typic and phenotypic data from more than 4000 HIV-
infected individuals. Similar surveillance is under-
taken by Health Canada and the CDC in the USA.
These programs all collaborate within the WHO
program of global surveillance of HIV drug resis-
tance, which is currently being built up.

Conclusion

The prevalence of primary resistant virus varies
widely among reports from a number of regions.
Currently, it is not clear whether the observed
dissimilarities reflect a real difference in the rate of
transmission of drug resistance between regions,
or if they reflect bias induced by a variety of
sampling approaches. Systematic representative
global surveillance of the spread of resistance is
needed to gain insight into the magnitude of this
severe public health problem. Evidently, transmis-
sion of drug-resistant HIV is a serious public
health problem that might endanger therapeutic

options of newly-diagnosed patients. Neither ge-
notypic nor phenotypic tests are validated for use
in the antiretroviral-naive population, indicating
that research is warranted to elucidate the rele-
vance of these tests in a clinical setting. Design of
specific transmission algorithms could support
identification and interpretation of genetic profiles
that may evolve from resistant viruses after trans-
mission. Ultimately, treatment may have to be
adjusted to baseline profiles to avoid the use of
ineffective antiretroviral agents and the further
evolution of drug resistance.
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