
CRITICAL REVIEW

Twenty-Five Years of Lamivudine: Current and Future Use
for the Treatment of HIV-1 Infection

Romina Quercia, MD, PhD,* Carlo-Federico Perno, MD, PhD,† Justin Koteff, PharmD,‡
Katy Moore, RPh, PharmD,§ Cynthia McCoig, MD,¶ Marty St. Clair, BS,k and Daniel Kuritzkes, MD#

Abstract: Innovation in medicine is a dynamic, complex, and
continuous process that cannot be isolated to a single moment in time.
Anniversaries offer opportunities to commemorate crucial discoveries of
modern medicine, such as penicillin (1928), polio vaccination (inacti-
vated, 1955; oral, 1961), the surface antigen of the hepatitis B virus
(1967), monoclonal antibodies (1975), and the first HIV antiretroviral
drugs (zidovudine, 1987). The advent of antiretroviral drugs has had
a profound effect on the progress of the epidemiology of HIV infection,
transforming a terminal, irreversible disease that caused a global health
crisis into a treatable but chronic disease. This result has been driven by
the success of antiretroviral drug combinations that include nucleoside
reverse transcriptase inhibitors such as lamivudine. Lamivudine, an L-
enantiomeric analog of cytosine, potently affects HIV replication by
inhibiting viral reverse transcriptase enzymes at concentrations without
toxicity against human polymerases. Although lamivudine was
approved more than 2 decades ago, it remains a key component of
first-line therapy for HIV because of its virological efficacy and ability
to be partnered with other antiretroviral agents in traditional and novel
combination therapies. The prominence of lamivudine in HIV therapy is
highlighted by its incorporation in recent innovative treatment strategies,

such as single-tablet regimens that address challenges associated with
regimen complexity and treatment adherence and 2-drug regimens being
developed to mitigate cumulative drug exposure and toxicities. This
review summarizes how the pharmacologic and virologic properties of
lamivudine have solidified its role in contemporary HIV therapy and
continue to support its use in emerging therapies.
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INTRODUCTION
Lamivudine (29-deoxy-39-thiacytidine, 3TC) is a first-

generation nucleoside reverse transcriptase inhibitor (NRTI) that
was approved for the treatment of HIV-1 infection in 1995 and
hepatitis B virus (HBV) infection in 1998.1,2 Lamivudine has
been evaluated in more than 50 clinical studies registered on
ClinicalTrials.gov involving .25,000 patients. Since 2002, the
World Health Organization (WHO) has been recommending
treatment regimens for HIV infection, and both 3TC or
emtricitabine (FTC) are preferred components of nearly all
fixed-dose combinations.3 Moreover, in the updated 2016 WHO
guidelines, 3TC continues to be recommended as part of fixed-
dose combinations as first- and second-line antiretroviral therapy
(ART) for adults, adolescents, children, and infants.3 In addition,
WHO recommends that patients coinfected with HIV and HBV
use a first-line ART combination containing tenofovir disoproxil
fumarate (TDF) plus 3TC or FTC. The WHO guidelines are
consistent with those recommended by the International Anti-
viral Society,4 European AIDS Clinical Society,5 and the US
Department of Health and Human Services.6–8 HIV treatment
has evolved to include single-tablet regimens containing potent
3- or 4-drug combinations, and 3TC has remained a well-
established component in many combination strategies as HIV
treatment continues to evolve.

BIOCHEMISTRY OF 3TC
Investigators first reported on the promise of the racemic

mixture of BCH-189 to treat HIV-19 and HBV.10 On separation
of the enantiomers in this mixture, the plus and minus forms of
BCH-189 were found to have activities against the replication of
HIV-1 and HIV-2.11,12 However, the minus (non-natural)
enantiomer was unexpectedly more potent than the plus (natural)
enantiomer, was associated with markedly less cytotoxicity in
human lymphocyte cultures, and was therefore developed as an
antiretroviral therapeutic.11–13 After approval from the US Food
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and Drug Administration (FDA), this levo-enantiomer was
given the name “lamivudine.”

Lamivudine is a nucleoside analog of 29-deoxycytosine9

that exerts its antiviral effects by acting as a DNA chain
terminator (Fig. 1). The active anabolite of 3TC, lamivudine
59-triphosphate, is formed from phosphorylation by intracellu-
lar kinases and competes with naturally occurring cytidine
triphosphate for incorporation into DNA.14,15 Lamivudine is
a potent inhibitor of the reverse transcriptase (RT) enzymes of
HIV-1, with in vitro IC50 in different cell lines with different
HIV-1 strains ranging from 0.002 to 1.14 mM9,11–13 and IC50

against HBV of 0.1 mM10 with limited cell toxicity at
concentrations .1000-fold than those effective against HIV.
The unnatural nucleoside structure of 3TC, an L-(2)-enantio-
mer, is not recognized as a substrate by human polymerases
(all natural nucleosides have a D configuration) at biologically
relevant concentrations. The unique chemical structure of 3TC,
which is characterized by excellent antiviral activity with little
toxicity, strongly contributes to its clinical success.

Early characterization of 3TC revealed that resistance to
the drug develops rapidly in vitro.16 Compared with other
NRTIs, resistance to 3TC or FTC occurs via mutations (see
Table, Supplemental Digital Content 1, http://links.lww.com/
QAI/B131, which shows major mutations associated with
resistance to NRTIs).17 Mutations of codon 184 result in
substitution of isoleucine or valine in place of the wild-type
methionine via a missense mutation (M184I or M184V).16

Amino acid 184 is located in the highly conserved tyrosine–
methionine–aspartate–aspartate (YMDD) motif of HIV-1 RT
(necessary for proper catalytic function of the enzyme) and
confers high-level (.100-fold) resistance to 3TC.16,18 How-
ever, the mutation was also found to increase susceptibility to
zidovudine (ZDV)19 and, subsequently, to stavudine (d4T)20

and tenofovir.21 In addition, by affecting the catalytic
function of RT, M184V lowers processivity and enhances
fidelity of HIV RT, resulting in low viral fitness. Purified
M184V variant proteins have exhibited 2- to 6-fold reduced
mutation frequency compared with wild-type RT,22,23 per-
haps contributing to the reduced rate of drug resistance. The
combination of these effects results in residual antiviral
activity, even in the presence of 3TC monotherapy, in patients
who harbor the M184V/I substitution.24 In a 48-week
prospective study of 58 evaluable patients with virologic
failure on ART containing 3TC and with evidence of
treatment-emergent M184V substitution, immunological or
clinical failure occurred in 69% of patients who discontinued
ART at baseline and 41% of patients who continued ART
with 3TC monotherapy (P = 0.064).24 In addition, in a study
of 1895 patients randomized to receive 3TC, 3TC and
loviride, or placebo in combination with their current regimen
of either ZDV, ZDV and didanosine (ddI), or zalcitabine
(ddC), 3TC reduced the risk of HIV disease
progression by 57% compared with placebo (hazard ratio,
0.42; P , 0.0001).25 Because of the possible benefits of
M184V, guidelines recommend considering continuation of
3TC or FTC in particular situations even if M184V has been
documented.3,26 Clinical data in 132 treatment-experienced,
virally suppressed patients infected with HIV containing
multiple mutations, including M184V, demonstrated that

a boosted protease inhibitor [ritonavir-boosted darunavir
(DRV/r) or ritonavir-boosted lopinavir (LPV/r)] plus 3TC
was superior to boosted protease inhibitor monotherapy, with
only 4 patients [3%; 95% confidence interval (CI) 0.8 to 7.6]
experiencing viral failure after 48 weeks of treatment.27 These
data support the hypothesis that selection of M184V by 3TC
results in residual antiviral activity that can be effective in
controlling viral replication in combination with other
antiviral agents.

PHARMACOLOGY
Lamivudine is rapidly absorbed after oral administra-

tion, with maximum serum concentrations reached between

FIGURE 1. (A) Structures of lamivudine and other NRTIs used
in contemporary HIV therapy. (B) Mechanism of action of
NRTIs. aTenofovir (TFV) is the active moiety of TDF and teno-
fovir alafenamide fumarate (TAF).
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0.5 and 1.5 hours after dosing and a dominant elimination
half-life of approximately 5–7 hours (Table 1).14 The absolute
bioavailability of 3TC is 82% in adults and 68% in children.
Systemic exposure is not affected when 3TC is administered
with food and is consistent across sex and race. The in vitro
intracellular half-life of lamivudine 59-triphosphate is 10.5–
15.5 hours in HIV-infected cell lines and 17–19 hours in
HBV-infected cell lines, which supports a minimum dosing
interval of 12 hours. Approximately 5.2% of 3TC is
metabolized and excreted as a minor product, with the
majority remaining unchanged and undergoing active organic
cationic secretion through the kidneys.28

Considering 3TC’s low metabolic clearance, minimal
binding to plasma protein, and no observed effects on hepatic
metabolism, it is expected that 3TC would have few clinically
relevant pharmacological interactions with concomitantly
administered drugs.14 Of note, ZDV, ddI, cotrimoxazole, and
interferon-a-2b have all been shown to result in minor
pharmacokinetic changes that do not require a dose adjust-
ment.14 In a 2012 study, an unexpected interaction was
observed between oral solutions of abacavir (ABC) and oral
solutions of 3TC,29 which led to a 2017 study to determine
whether sorbitol, an excipient of other antiviral liquid for-
mulations, alters 3TC pharmacokinetics (PK) by altering
osmolarity in the intestine, thus reducing the absorption.30

Maximal concentrations of plasma 3TC were shown to be
reduced in a dose-dependent manner as much as 55% when
coadministered with sorbitol 13.4 g; plasma 3TC exposure was
reduced by 36%–44% in the presence of sorbitol 13.4 g.30

Decreases in plasma exposure corresponded to increased
apparent oral clearance by 57% with sorbitol 13.4 g. Therefore,
it is likely that avoiding coadministration of 3TC and sorbitol-
containing medicines will be recommended, requiring a switch
to tablet regimens.

Because the potential viral replication in reservoir sites,
such as the genital tract and the central nervous system, is an
important challenge to preventing transmission and the future
possibility of cure, it is important to understand the drug’s PK

in these sites.31 On the basis of PK modeling, concen-
trations of 3TC and the active triphosphate analog 3TC-TP
with the first dose were greater than the targeted IC50 in
seminal mononuclear cells and peripheral blood mono-
nuclear cells (PBMCs), partially because of the long half-
life in seminal mononuclear cells (159 hours) compared
with PBMCs (5 hours). Another PK model estimated that
the ratio of 3TC exposure in the cervicovaginal fluid to that
in the blood plasma was between 4.6 and 9.9 (at first dose
and multiple doses) depending on the strength of the dose,
suggesting a high level of 3TC disposition into the female
genital tract.32 By contrast, study results on 3TC penetra-
tion into the central nervous system have been inconsistent.
In a preclinical study in primary human fetal astrocytes and
astrocyte cell lines, 3TC was less potent in astrocytes
compared with PBMCs, resulting in an estimated 90%
inhibitory concentration for 3TC in astrocytes being 12-
fold greater than the maximum 3TC concentration that
could occur in the cerebrospinal fluid (CSF).33 However, in
a PK study of children aged 8–18 years infected with HIV,
the median (interquartile range) CSF concentration of 3TC
was 97 (51–144) ng/mL, which is much higher than the
reported IC50 of 0.5–3.4 ng/mL, suggesting that 3TC
demonstrates antiviral potency in the CSF in children.34

EARLY DRUG DEVELOPMENT
When 3TC was in clinical development, HIV infection

was treated with first-generation NRTI monotherapy using
ZDV, ddI, ddC, or d4T. The limited clinical success of this
approach motivated the investigation of 2-drug combinations.
Clinical trials of ZDV in combination with ddC or ddI were
the first to demonstrate that concurrent or alternating
administration of 2 NRTIs was superior to administration of
ZDV alone.35–37

Lamivudine was evaluated in clinical studies alone and
in combination with ZDV. The NUCA 3001 and NUCA 3002
studies in North America and the NUCB 3001 and NUCB

TABLE 1. Virological, Biochemical, and Pharmacological Characteristics of NRTIs Used in Contemporary HIV Therapy

3TC ABC FTC ZDV TDF* TAF*

HIV-1 reverse transcriptase in MT-4 cells†, mean
(SD, n), mM104–106

2.1 (0.6, 7) 4.0 (1.6, 21) 0.5 (NA, 2–3) 0.040 (0.005, 51) 4.2 (0.8, 2) 0.005 (0.002, 2)

Intracellular half-life, h75,107 10.5–15.5 3.3 .20 3–4 .60 NA108‡

Plasma or serum T1/2, h75,107,109 5–7 1–2 7–10 0.8–1.9 17 0.4

Reverse transcriptase Ki§k, mean (SE), nM110–112 233 (28) 10 (1)¶ 430 (60) 4.4 (2) 980 (NA)# NA

Relative mtDNA content after 25 days of treatment,
mean % vs untreated control cells** (SD)61,113

137 (7) 134 (27) 110 (15) 118 (24) 101 (20) 107 (16)

3TC, lamivudine; ABC, abacavir; EC50, drug concentration needed to inhibit 50% of viral spread; FTC, emtricitabine; IC50, half-maximal inhibitory concentration; Ki, apparent
inhibitor dissociation constant; mtDNA, mitochondrial DNA; n, number of determinations; NA, not available; SD, standard deviation; SE, standard error of the mean; TAF, tenofovir
alafenamide fumarate; TDF, tenofovir disoproxil fumarate; ZDV, zidovudine.

*Active moiety is tenofovir diphosphate.
†IC50 for 3TC, ABC, FTC, and ZDV; EC50 for TDF and TAF.
‡Could not be estimated.
§Inhibition constants for the triphosphate analogs of 3TC, ABC, FTC, and ZDV.
kValues were generated using a homopolymeric RNA/DNA template for 3TC; DNA template for TDF, FTC, and ZDV; and RNA template for ABC.
¶In the form of carbovir, the active metabolite of ABC.
#Average standard error for Ki values for TDF and its analogs was 16%.
**Changes were observed after 25 days of treatment in HepG2 cells for 3TC, ABC, FTC, and ZDV; changes were observed after 10 days of treatment in MT-2 cells for TDF and TAF.
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3002 studies in Europe conducted between 1993 and 1994
were the first randomized controlled trials to evaluate the
efficacy of 3TC.38–41 The trials compared the combination of
3TC and ZDV with ZDV monotherapy38–40 and ZDV in
combination with ddC,42 with change from baseline in CD4+

cell counts as the primary end point; reduction in plasma viral
load was evaluated as an exploratory end point. The results of
these trials at 52 weeks showed increased CD4+ cell counts in
the combination treatment groups, whereas CD4+ counts were
slightly decreased or similar to baseline in the ZDV or 3TC
monotherapy treatment groups, respectively. More impor-
tantly, viral load was significantly reduced at 52 weeks in the
combination group compared with smaller decreases in either
monotherapy group.39 The trials that studied 2 different doses
of 3TC found no significant differences between the 150-mg
twice-daily and 300-mg twice-daily doses in viral load
reduction and CD4+ cell counts.39,40 A subsequent trial
showed similar efficacy in patients receiving 3TC 300 mg
once-daily versus 3TC 150 mg twice-daily when combined
with ZDV and efavirenz (EFV).43

RESISTANCE
The efficacy of 3TC monotherapy was limited by the

early development of a mutation causing the M184I sub-
stitution in RT (followed by emergence of M184V), detected
within the first month of 3TC monotherapy in both treatment-
naive and treatment-experienced patients.28,44 Although HIV-
1 RNA reduction of 1.3 logs occurred in the first 2–4 weeks
of 3TC monotherapy, selection of the M184V mutant virus
resulted in a subsequent rebound in viral load, leading to an
overall viral load reduction of 0.5 logs at 48 weeks.28 An
in vitro analysis of heterogeneous mixtures of M184V and
wild-type HIV showed that the relative concentration of

M184V had to be at least 20% to result in a .1-fold increase
in 3TC resistance and more than 50% to result in a fold
change greater than 3TC’s clinical cutoff of 3.5; these results
were consistent with the reported assay validation data (Fig.
2).45 Interestingly, after selection of M184V, some in vitro
activity of 3TC was retained when it was combined with other
agents, even in the presence of full resistance to 3TC.46 In
vitro studies showed that the M184V variant preferentially
incorporates deoxycytidine triphosphate instead of lamivu-
dine 59-triphosphate 20- to 100-fold more frequently than
wild-type virus.15 This mechanism of resistance contrasts
with the mechanism of ZDV resistance. Reverse transcriptase
carrying ZDV resistance mutations still incorporates ZDV,
but chain termination is relieved by excision of the terminal
nucleotide analog; ZDV resistance mutations accelerate the
rate of excision reaction.47 The M184V mutation sensitizes
HIV-1 ZDV and reverses the effect of ZDV resistance
mutations by reducing the rate of ZDV excision.47 Therefore,
the observed sustained response to 3TC/ZDV combination
therapy is explained in part by the sensitization to ZDV by the
M184V mutation.48 The synergy between 3TC and ZDV
played a crucial role in early suppressive therapy against HIV
and heralded the beginning of the combination ART era with
3TC/ZDV, the first antiretroviral fixed-dose combination.

Mechanistic studies have also demonstrated that
a reduction in HIV replicative capacity by an estimated
10% leads to a reduction in fitness associated with the M184V
variant.48 The presence of the M184V substitution further
reduces the viral fitness of HIV viruses carrying other drug
resistance mutations known to affect viral fitness (eg, K65R
in RT and R263K in integrase).49,50 Slower replication of
mutant viruses may further reduce viral fitness in CD4+

lymphocytes, which possess low concentrations of deoxynu-
cleoside triphosphates.46,51 Interestingly, 3TC has shown

FIGURE 2. Effect of differing relative concentrations of either M184V or K65R mutations when combined with wild-type HIV. 3TC,
lamivudine. Reproduced from Underwood MR, Ross LL, Irlbeck DM, et al. Sensitivity of phenotypic susceptibility analyses for
nonthymidine nucleoside analogs conferred by K65R or M184V in mixtures with wild-type HIV-1. J Infect Dis. 2009;199(1):84–88,
by permission of the Infectious Diseases Society of America.
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residual in vitro activity in monocyte-derived macrophages
(MDMs) in the presence of the M184V substitution that was
potentially driven by specific conditions of these HIV target
cells (Fig. 3).52 In MDMs, resistance to 3TC via the M184V
pathway occurs more slowly than in other cells. Thus,
selection for M184V by 3TC is weaker in MDMs compared
with other cell types, leading to the possibility of residual
activity of 3TC in cells displaying less frequent mitosis
compared with cultured tumor cells.52 The M184I reverse
transcriptase isolated from the serum of a single patient
infected with HIV-1 exhibited decreased DNA polymeriza-
tion in the presence of low concentrations of deoxynucleotide
triphosphate (dNTP) in vitro compared with wild-type HIV
reverse transcriptase, which was explained by the low binding
affinity of M184I to dNTPs.53 Macrophages have lower
dNTP concentrations compared with other cell types (4 and
20 times less than in resting and activated T cells, respec-
tively).54 Interestingly, the HIV M184I virus was unable to
transduce macrophages but was able to transduce cell types
with higher dNTP concentrations. These biochemical and
preclinical data suggest that preservation of M184V by
continued selection pressure of 3TC may be clinically
beneficial by preventing the overgrowth of wild-type virus,46

especially in cells with low dNTP concentrations such
as macrophages.

It has been postulated that the lower replication activity
of M184V variants could result in a reduction in HIV
transmissibility. It has been noted that although M184V is
commonly acquired during treatment with NRTIs, it is rarely
detected in treatment-naive patients, suggesting that M184V
variants are rarely transmitted.55 According to 1 study that
used population genetic sequencing, 67.5% of patients with
virologic failure on first-line treatment harbored M184V
variants compared with only 7% of those who were treatment
naive.55 However, when a polymerase chain reaction–based
method was used to detect minority subpopulations of HIV
variants in the sample, 23.4% of treatment-naive patients
harbored M184V variants, whereas the method of detection
did not substantially affect the reported frequency of other
variants. The differences in the results of the 2 methods reflect
the rate at which M184V is overcome by other genotypes
within the viral population. In 3 individual samples from
treatment-naive patients with M184V originally present, the
percentage of M184V decreased over time and was no longer
detectable between 40 and 61 weeks after the infection. The
combination of these results suggests that the replication

FIGURE 3. In vitro inhibition of wild-type, two-TAM, andM184V HIV-1 by 3TC in P4 cells and MDMs (A) 4 hours pretreatment and (B)
16 hours pretreatment. Data represent mean values of quadruplicate wells. Independent experiments (n = 11) were performed with
MDMs from different donors. 3TC, lamivudine; MDM, monocyte-derived macrophage; RLU, relative light unit; TAM, thymidine analog
mutation. Republished with permission of American Society for Microbiology—Journals, from Perez-Bercoff D, Wurtzer S, Compain S,
Benech H, Clavel F. Human immunodeficiency virus type 1: resistance to nucleoside analogues and replicative capacity in primary
human macrophages. J Virol. 2007;81(9):4540–4550; permission conveyed through Copyright Clearance Center, Inc.
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defect of M184V does not substantially affect HIV trans-
mission, but the reduced fitness causes the elimination of
M184V in the absence of selection by 3TC or FTC.

Studies of mono- and dual-NRTI regimens suggest
residual clinical benefit of 3TC despite the presence of
M184V mutants.39,56,57 For example, in NUCA 3001, plasma
HIV-1 RNA levels remained .0.5 log10 below baseline in
participants who received 3TC monotherapy despite emer-
gence of the M184V substitution and high-level phenotypic
resistance.56 Moreover, in a small pilot study, withdrawal of
3TC in viremic patients with multidrug-resistant HIV and the
M184V substitution led to a 0.5 log10 increase in viral load at
6 weeks, suggesting a persistent antiviral effect of 3TC
despite the presence of the M184V substitution.58 These and
other clinical observations suggest a benefit of continuing
3TC even in the presence of M184V mutants; however,
determining the clinical relevance of this benefit may require
further study.57,59

SAFETY
Since the approval of NRTIs, postmarketing reports of

adverse reactions have been collected,1 and numerous
toxicities were associated with prolonged use of first-
generation NRTIs. A widely accepted hypothesis is that
many of these toxicities result from inhibition of mitochon-
drial DNA (mtDNA) polymerase g.

The potential for mitochondrial toxicity of first-
generation NRTIs was generally high, with ddI, d4T, and
ddC most strongly associated with toxicities and ZDV
showing a weaker, but still relevant, association.60,61 With

the emergence of combination ART, 3TC was combined with
other NRTIs in early trials, which made it difficult to identify
the drug that caused any given AE. However, preliminary
safety data from the NUC trials revealed that the addition of
3TC did not result in toxicities beyond those associated with
other components of the combination regimen.39,40 Similar
safety results have been demonstrated in more recent clinical
studies.62 These data suggested that the safety profile of 3TC
may be different from that of other NRTIs. Active 3TC
metabolites are not concentrated in the mitochondria, which
may explain why a subsequent in vitro analysis revealed that
3TC had no effect on cell growth, lactate production,
intracellular lipids, mtDNA, and mtDNA-encoded respiratory
chain subunit II of cytochrome c oxidase after a long-term
treatment.61 Another explanation for this lack of mitochon-
drial toxicity is the weaker inhibition constant of the minus
enantiomer of 3TC for mitochondrial DNA polymerase g.63

Similarly, the minus form’s weaker inhibition of DNA
polymerase a translates to less toxicity caused by off-target
inhibition of nuclear DNA synthesis. In a case control
retrospective analysis, there was an 87% risk reduction (odds
ratio, 0.13; 95% CI: 0.06 to 0.26; P , 0.001) in experiencing
hyperlactataemea/lactic acidosis while taking 3TC compared
with taking other NRTIs (including TDF, d4T, ABC, ddI, and
ZDV), suggesting that the risk of developing lactic acidosis
is minimal for patients treated with 3TC.64 Thus, from both
in vitro and clinical studies, there is little evidence of
a negative effect of 3TC on mitochondrial biology.

Although morphologic changes (lipoatrophy and lip-
ohypertrophy) and insulin resistance are considered to be
clinical features of HIV, some ART regimens are believed to

FIGURE 4. Proportion of patients in individual studies who achieved viral load ,50 copies per milliliter after 48 or 52 weeks on
therapy. Treatment was lamivudine in combination with antiretroviral drugs listed below the x-axis. ABC, abacavir; d4T, stavu-
dine; DTG, dolutegravir; FPV/r, fosamprenavir/ritonavir; IDV, indinavir; LPV/r, lopinavir/ritonavir; NFV, nelfinavir; ZDV, zidovu-
dine.
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contribute to these metabolic findings. In contrast with results
using thymidine-containing NRTIs, clinical studies of 3TC
plus ABC combination therapy demonstrated small increases
in lipohypertrophy and no increased risk of lipoatrophy.65,66

Similarly, the risk of developing insulin resistance is reduced
with 3TC plus ABC combination therapy compared with
a thymidine-containing combination.66 These data suggested
that 3TC may have a favorable toxicity profile compared with
other NRTIs.

PEDIATRICS
Children infected with HIV at birth are an example of

a population that needs nuanced care. Lamivudine is
approved for children aged 3 months to 16 years when the
dosage is scaled to body weight,1 and it is included as an
NRTI backbone agent in every WHO-recommended first-line
regimen for treatment of children, adolescents, and pregnant
or breastfeeding women at any CD4+ cell count, regardless of
the clinical stage.3 The inclusion of 3TC in recommended
regimens is attributable to its well-established record of
efficacy and safety in children living with HIV.67–69

Lamivudine has been evaluated as a component of
combination therapy for its capacity to decrease the risk of
mother-to-child HIV transmission and infant mortality.70

Antiretroviral therapy prevented HIV transmission to an
estimated 670,000 children in low- and middle-income
countries from 2009 to 2012.71 The Kesho Bora
study demonstrated that infants of mothers treated
with 3TC-containing ART during pregnancy and
breastfeeding had a decreased risk of HIV transmission
(43% reduction, P = 0.029), mortality, and HIV transmission
or death (36% reduction, P = 0.017) at 12 months compared
with mothers treated with ART that did not include 3TC.72

An even greater decrease in HIV transmission risk (48%
reduction, P = 0.02) was seen in infants whose mothers were
treated with 3TC and intended to breastfeed compared with
non–3TC-treated mothers who intended to breastfeed.

COMPARISON OF 3TC AND FTC
Like 3TC, FTC is a dideoxynucleoside analog of

cytosine used to treat HIV infection, and the 2 drugs share
similar characteristics and safety profiles as shown in head-to-
head studies.73,74 Emtricitabine is more potent than 3TC
in vitro and has a longer intracellular half-life (Table 1).75 By
contrast, 3TC achieves higher intracellular levels of the active
triphosphate analog than does FTC.76 The terminal half-life of
FTC 200 mg once-daily is 7.4 hours,77 which is similar to that
of 3TC 300 mg administered once-daily (7.9 hours).78 Similar
to 3TC, single-agent FTC has been shown to select for
M184V in vitro approximately 2 weeks after initiation.79 In
a pooled analysis of trials in which the treatment-naive
patients received EFV plus 2 NRTIs that included
either 3TC or FTC, the frequency of patients with observed
M184V/I variants was 1.0% in patients treated with FTC and
3.2% in patients treated with 3TC (P = 0.009).80 However,
conclusions from this analysis were limited by the nature of
the cross-trial comparison, including different NRTI partners.

Emtricitabine and 3TC are usually considered clinically
equivalent. A phase II dose-escalation study demonstrated
that a daily 200-mg dose of FTC had superior virologic
efficacy compared with 150 mg of 3TC administered twice-
daily.81 However, in the context of combination ART, 3TC-
and FTC-containing regimens have comparable efficacy.82 A
recent review evaluated clinical trials that studied 3TC and
FTC as part of combination therapy for treatment-naive or
treatment-experienced adults infected with HIV from 2002 to
2013.82 Twelve clinical trials provided 15 different random-
ized comparisons, providing data on 2251 patients receiving
3TC and 2662 patients receiving FTC. In the 12 trials,
treatment outcomes were not significantly different. In 3 trials
that compared 3TC and FTC directly, the relative risk of
treatment success was nonsignificant (RR, 1.03; 95% CI: 0.96
to 1.10; P = 0.3). For all 12 trials, the pooled relative risk of
treatment success was not significantly different (RR, 1.00;
95% CI: 0.97 to 1.02). Similarly, there was no difference in
the pooled relative risk of treatment failure (RR, 1.08; 95%
CI: 0.94 to 1.22). A retrospective, exploratory analysis of
pooled data from 3 phase III studies that evaluated the safety
and efficacy of dolutegravir-based regimens provided further
support for the clinical similarity of the 2 agents.83 A Kaplan–
Meier estimate of time to efficacy-related discontinuation or
failure (ERDF), stratified by NRTI backbone and HIV-1 RNA
level at baseline (#100,000 or .100,000 copies per mL),
supported a conclusion that risk of ERDF was not signifi-
cantly different for participants treated with ABC/3TC versus
TDF/FTC (regardless of third agent) overall (HR 0.90, 95%
CI: 0.58 to 1.38, P = 0.63) or in patients with baseline HIV-1
RNA .100,000 copies per milliliter (HR 0.95, 95% CI: 0.55
to 1.65, P = 0.86).

By contrast, a study of 4740 treatment-naive patients
infected with HIV-1 without baseline resistance from the
ATHENA cohort in the Netherlands who were treated with
3TC or FTC plus an NNRTI (EFV or nevirapine) and
tenofovir found that virologic failure occurred more often in
patients treated with 3TC than in patients treated with FTC
[odds ratio (OR; 95% CI) with EFV/tenofovir, 1.78 (1.11 to
2.84), P = 0.016; with nevirapine/tenofovir, 2.09 (1.25–3.52),
P = 0.005].84 However, in another study from the ATHENA
cohort of 1582 treatment-naive patients with HIV who
initiated treatment with 3TC or FTC plus a boosted PI and
TDF, no significant differences in rates of virologic failure
were observed in patients taking 3TC compared with patients
taking FTC.85 Collectively, these findings support the current
US treatment guidelines to consider FTC and 3TC as
interchangeable for initial therapy,6 with the possibility that
further head-to-head prospective studies may be warranted to
evaluate whether the interchangeable nature of FTC and 3TC
should be context specific based on ART regimen.

3TC IN NOVEL 2-DRUG REGIMENS
A new clinical strategy has been proposed to increase

patient adherence and reduce toxicities associated with
chronic ART to improve patient outcomes by switching from
3- or 4-drug combinations to 2-drug regimens. This approach
is recommended by treatment guidelines in specific
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situations.5,6 Clinical trials with treatment-experienced pa-
tients have analyzed the safety and efficacy of switching to
a 2-drug regimen, including several combinations that include
3TC (see Table, Supplemental Digital Content 2, http://links.
lww.com/QAI/B131, which details clinical studies involving
2-drug regimens containing 3TC and an NRTI, non-NRTI,
integrase inhibitor, or boosted protease inhibitor). In the
SALT trial, ATV/r plus 3TC was noninferior to ATV/r plus 2
NRTIs and had significantly fewer treatment discontinua-
tions.86 The similarly designed ATLAS study showed that
ATV/r plus 3TC exhibited superior efficacy to ATV/r plus 2
NRTIs at 48 weeks (P = 0.027).87 In the OLE trial, 3TC
paired with LPV/r showed similar efficacy and tolerability
compared with LPV/r plus 2 NRTIs in virologically sup-
pressed participants.88 Highly ART-experienced adults (n =
27) switched to DTG plus 3TC in the DOLULAM study
maintained viral suppression (,50 copies per milliliter) for
96 weeks with no serious or clinical adverse events.89

Interestingly, ultradeep sequencing analysis determined that
the M184I/V substitution was observed in 63% (n = 17) of
patients enrolled in DOLULAM, yet no virologic failure was
observed over the course of the study.90

The 2-drug treatment strategy with 3TC has demon-
strated success with treatment-naive patients as well. Lam-
ivudine plus LPV/r was noninferior to the 3-drug regimen of
LPV/r plus 2 NRTIs at 48 weeks in the GARDEL trial.91

Because DRV/r is better tolerated than LPV/r,92 the ANDES
trial compared DRV/r plus 3TC with DRV/r plus 3TC/TDF,
and the interim analysis indicated that the study achieved
a secondary end point, noninferiority of DRV/r plus 3TC in
patients achieving HIV-1 RNA ,400 copies per milliliter at
24 weeks.93 The primary end point, viral load ,50 copies per
milliliter at 48 weeks, will be reported after the next phase of
the study is complete. There were 5 serious adverse events
(DRV/r + 3TC, 3; DRV/r + 3TC/TDF, 2), none of which were
considered drug related, and 5 discontinuations from the
study (DRV/r + 3TC, 4; DRV/r + 3TC/TDF, 1). The
PADDLE pilot study evaluated DTG and 3TC as a 2-drug
regimen in treatment-naive patients with HIV-1 infection and
showed that 90% of patients were virologically suppressed at
48 weeks,94 and 100% of patients (n = 18) who were included
in the extension phase maintained virologic suppression at 96
weeks.95 To extend the findings of PADDLE, 3TC was paired
with DTG in patients with HIV-1 RNA ,500,000 copies per
milliliter in the phase II 52-week ACTG A5353 pilot study.96

After 24 weeks, DTG plus 3TC demonstrated potent virologic
efficacy, with 90% of participants (n = 108) meeting the
primary end point for virologic success (HIV-1 RNA ,50
copies per milliliter); 3 participants experienced protocol-
defined virologic failure, including 1 participant with muta-
tions resulting in R263K and M184V detected at week 14.
Pharmacokinetic data showed DTG concentrations below the
limit of detection at $1 visit. Two participants experienced
grade 3 adverse events considered to be treatment related but
did not discontinue the study. Last, in the open-label ASPIRE
trial with 89 patients with virologic suppression on 3-drug
ART, 93.2% of patients who switched to DTG plus 3TC
maintained virologic suppression compared with 91.1% of
patients who remained on their initial regimen (P = 0.71) at

the 24-week primary analysis, demonstrating noninferiority of
DTG plus 3TC.97 These proof-of-concept studies provide the
rationale for 2 phase III trials, GEMINI-1 (clinicaltrials.gov
identifier, NCT02831673) and GEMINI-2 (clinicaltrials.gov
identifier, NCT02831764), which compare DTG/3TC with
DTG plus TDF/FTC in treatment-naive patients. The out-
comes of these studies will provide strong clinical trial
evidence for evaluating this innovative strategy.

CONCLUSIONS
Despite its 25-year history as a component of anti-

retroviral treatment regimens, 3TC continues to be studied,
and new aspects of its fascinating virology and mechanism of
action continue to be uncovered. Over the past 2 decades,
treatment options associated with 3TC have improved as the
combinations have become more potent, safer, and more
convenient.74,91,98–103 (Fig. 4) As new drugs and drug classes
have been approved, regimens that contain 3TC continue to
be widely used in first-line therapy. In developing countries,
3TC is critical to HIV care because of its excellent efficacy
and safety profile and the availability of low-cost generic
versions. Indeed, 3TC is recommended in nearly all first-line
and a majority of second-line combination regimens for both
adults and children. In addition, 3TC has a well-established
PK profile with few drug–drug interactions, which is
important not only for the convenience of combining 3TC
with other drugs in single-tablet regimens but also because of
the prevalence of multiple comedications in certain popula-
tions such as the elderly or hepatitis-coinfected patients.
Among all drugs first approved more than 20 years ago for
HIV treatment, only 3TC continues to be recommended in the
most recent worldwide guidelines. With few drug–drug
interactions and low cost, 3TC continues to emerge and play
a role in new treatment strategies worldwide in combination
with a new generation of antiretroviral drugs and remains an
attractive component for inclusion in future
drug combinations.

ACKNOWLEDGMENTS
The authors thank Teodora Perger of Pharmacovigi-

lance for her critical feedback during the development of the
content for this manuscript. Editorial assistance was pro-
vided under the direction of the authors by MedThink
SciCom, with support from Jeffrey Stumpf, PhD, Julie B.
Stimmel, PhD, and Diane Neer, and was funded by
ViiV Healthcare.

REFERENCES
1. EPIVIR [package insert]. Research Triangle Park, NC: ViiV Health-

care; 2013.
2. EPIVIR-HBV [package insert]. Research Triangle Park, NC: GlaxoS-

mithKline; 2017.
3. World Health Organization (WHO). Consolidated Guidelines on the

Use of Antiretroviral Drugs for Treating and Preventing HIV Infection:
Recommendations for a Public Health Approach. In: 2nd ed. WHO;
2016. Available at: http://apps.who.int/iris/bitstream/10665/208825/1/
9789241549684_eng.pdf?ua=1. Accessed January 31, 2018.

Quercia et al J Acquir Immune Defic Syndr � Volume 78, Number 2, June 1, 2018

132 | www.jaids.com Copyright © 2018 The Author(s). Published by Wolters Kluwer Health, Inc.

 

http://links.lww.com/QAI/B131
http://links.lww.com/QAI/B131
http://clinicaltrials.gov
http://clinicaltrials.gov
http://apps.who.int/iris/bitstream/10665/208825/1/9789241549684_eng.pdf?ua=1
http://apps.who.int/iris/bitstream/10665/208825/1/9789241549684_eng.pdf?ua=1


4. Günthard HF, Saag MS, Benson CA, et al. Antiretroviral drugs for
treatment and prevention of HIV infection in adults: 2016 recommen-
dations of the International Antiviral Society-USA Panel. JAMA. 2016;
316:191–210.

5. European AIDS Clinical Society. Guidelines. Version 9.0. EACS; 2017.
Available at: http://www.eacsociety.org/files/guidelines_9.0-english.pdf.
Accessed January 31, 2018.

6. Panel for Antiretroviral Guidelines for Adults and Adolescents. Guide-
lines for the Use of Antiretroviral Agents in Adults and Adolescents
Living With HIV. Department of Health and Human Services; 2017.
Available at: https://aidsinfo.nih.gov/contentfiles/lvguidelines/
adultandadolescentgl.pdf. Accessed January 31, 2018.

7. Panel on Antiretroviral Therapy and Medical Management of HIV-
Infected Children. Guidelines for the Use of Antiretroviral Agents in
Pediatric HIV Infection. Department of Health and Human Services;
2017. Available at: http://aidsinfo.nih.gov/contentfiles/lvguidelines/
pediatricguidelines.pdf. Accessed January 31, 2018.

8. Panel of Treatment of Pregnant Women With HIV Infection and
Prevention of Perinatal Transmission. Recommendations for the Use of
Antiretroviral Drugs in Pregnant Women With HIV Infection and
Interventions to Reduce Perinatal HIV Transmission in the United
States. Department of Health and Human Services; 2017. Available at:
http:/aidsinfo.nih.gov/contentfiles/lvguidelines/PerinatalGL.pdf. Ac-
cessed January 31, 2018.

9. Soudeyns H, Yao XI, Gao Q, et al. Anti-human immunodeficiency virus
type 1 activity and in vitro toxicity of 2’-deoxy-3’-thiacytidine (BCH-
189), a novel heterocyclic nucleoside analog. Antimicrob Agents
Chemother. 1991;35:1386–1390.

10. Doong SL, Tsai CH, Schinazi RF, et al. Inhibition of the replication of
hepatitis B virus in vitro by 2’,3’-dideoxy-3’-thiacytidine and related
analogues. Proc Natl Acad Sci U S A. 1991;88:8495–8499.

11. Coates JA, Cammack N, Jenkinson HJ, et al. (-)-2’-deoxy-3’-thiacyti-
dine is a potent, highly selective inhibitor of human immunodeficiency
virus type 1 and type 2 replication in vitro. Antimicrob Agents
Chemother. 1992;36:733–739.

12. Coates JA, Cammack N, Jenkinson HJ, et al. The separated enantiomers
of 2’-deoxy-3’-thiacytidine (BCH 189) both inhibit human immunode-
ficiency virus replication in vitro. Antimicrob Agents Chemother. 1992;
36:202–205.

13. Schinazi RF, Chu CK, Peck A, et al. Activities of the four optical
isomers of 2’,3’-dideoxy-3’-thiacytidine (BCH-189) against human
immunodeficiency virus type 1 in human lymphocytes. Antimicrob
Agents Chemother. 1992;36:672–676.

14. Johnson MA, Moore KH, Yuen GJ, et al. Clinical pharmacokinetics of
lamivudine. Clin Pharmacokinet. 1999;36:41–66.

15. Götte M, Arion D, Parniak MA, et al. The M184V mutation in the reverse
transcriptase of human immunodeficiency virus type 1 impairs rescue of
chain-terminated DNA synthesis. J Virol. 2000;74:3579–3585.

16. Boucher CA, Cammack N, Schipper P, et al. High-level resistance to (-)
enantiomeric 2’-deoxy-3’-thiacytidine in vitro is due to one amino acid
substitution in the catalytic site of human immunodeficiency virus type
1 reverse transcriptase. Antimicrob Agents Chemother. 1993;37:2231–
2234.

17. Stanford University. Major nucleoside RT inhibitor (NRTI) resistance
mutations. In: HIV Drug Resistance [Database Online]. Version 8.4. Palo
Alto, CA: Stanford University; 2017. Available at: https://hivdb.stanford.
edu/dr-summary/resistance-notes/NRTI. Accessed June 16, 2017.

18. Larder BA, Kemp SD, Purifoy DJ. Infectious potential of human
immunodeficiency virus type 1 reverse transcriptase mutants with
altered inhibitor sensitivity. Proc Natl Acad Sci U S A. 1989;86:
4803–4807.

19. Larder BA, Kemp SD, Harrigan PR. Potential mechanism for sustained
antiretroviral efficacy of AZT-3TC combination therapy. Science. 1995;
269:696–699.

20. Ly JK, Margot NA, MacArthur HL, et al. The balance between NRTI
discrimination and excision drives the susceptibility of HIV-1 RT
mutants K65R, M184V and K65r+M184V. Antivir Chem Chemother.
2007;18:307–316.

21. Wolf K, Walter H, Beerenwinkel N, et al. Tenofovir resistance and
resensitization. Antimicrob Agents Chemother. 2003;47:3478–3484.

22. Rezende LF, Drosopoulos WC, Prasad VR. The influence of 3TC
resistance mutation M184I on the fidelity and error specificity of human

immunodeficiency virus type 1 reverse transcriptase. Nucleic Acids Res.
1998;26:3066–3072.

23. Drosopoulos WC, Prasad VR. Increased polymerase fidelity of E89G,
a nucleoside analog-resistant variant of human immunodeficiency virus
type 1 reverse transcriptase. J Virol. 1996;70:4834–4838.

24. Castagna A, Danise A, Menzo S, et al. Lamivudine monotherapy in
HIV-1-infected patients harbouring a lamivudine-resistant virus: a ran-
domized pilot study (E-184V study). AIDS. 2006;20:795–803.

25. CAESAR Coordinating Committee. Randomised trial of addition of
lamivudine or lamivudine plus loviride to zidovudine-containing
regimens for patients with HIV-1 infection: the CAESAR trial. Lancet.
1997;349:1413–1421.

26. Pillay D, Albert J, Bertagnolio S, et al. Implications of HIV drug
resistance on first- and second-line therapies in resource-limited
settings: report from a workshop organized by the Collaborative HIV
and Anti-HIV Drug Resistance Network. Antivir Ther. 2013;18:831–
836.

27. Ciaffi L, Koulla-Shiro S, Sawadogo AB, et al. Boosted protease
inhibitor monotherapy versus boosted protease inhibitor plus lamivu-
dine dual therapy as second-line maintenance treatment for HIV-1-
infected patients in sub-Saharan Africa (ANRS12 286/MOBIDIP):
a multicentre, randomised, parallel, open-label, superiority trial. Lancet
HIV. 2017;4:e384–e392.

28. Kumar PN, Patel P. Lamivudine for the treatment of HIV. Expert Opin
Drug Metab Toxicol. 2010;6:105–114.

29. Kasirye P, Kendall L, Adkison KK, et al; on behalf of the ARROW
Trial Team. Pharmacokinetics of antiretroviral drug varies with
formulation in the target population of children with HIV-1. Clin
Pharmacol Ther. 2012;91:272–280.

30. Adkison K, Wolstenholme A, Lou Y, et al. Effect of sorbitol on the
pharmacokinetic profile of lamivudine oral solution in adults: an
open-label, randomized study. Clin Pharmacol Ther. 2018;103:402–
408.

31. Dumond JB, Yang KH, Kendrick R, et al. Pharmacokinetic modeling
of lamivudine and zidovudine triphosphates predicts differential
pharmacokinetics in seminal mononuclear cells and peripheral blood
mononuclear cells. Antimicrob Agents Chemother. 2015;59:6395–
6401.

32. Dumond JB, Nicol MR, Kendrick RN, et al. Pharmacokinetic modelling
of efavirenz, atazanavir, lamivudine and tenofovir in the female genital
tract of HIV-infected pre-menopausal women. Clin Pharmacokinet.
2012;51:809–822.

33. Gray LR, Tachedjian G, Ellett AM, et al. The NRTIs lamivudine,
stavudine and zidovudine have reduced HIV-1 inhibitory activity in
astrocytes. PLoS One. 2013;8:e62196.

34. Van den Hof M, Blokhuis C, Cohen S, et al. CNS penetration of ART in
HIV-infected children. J Antimicrob Chemother. 2018;73:484–489.

35. Meng TC, Fischl MA, Boota AM, et al. Combination therapy with
zidovudine and dideoxycytidine in patients with advanced human
immunodeficiency virus infection. A phase I/II study. Ann Intern
Med. 1992;116:13–20.

36. Collier AC, Coombs RW, Fischl MA, et al. Combination therapy with
zidovudine and didanosine compared with zidovudine alone in HIV-1
infection. Ann Intern Med. 1993;119:786–793.

37. Yarchoan R, Lietzau JA, Nguyen BY, et al. A randomized pilot study of
alternating or simultaneous zidovudine and didanosine therapy in
patients with symptomatic human immunodeficiency virus infection. J
Infect Dis. 1994;169:9–17.

38. Katlama C, Ingrand D, Loveday C, et al; for the Lamivudine European
HIV Working Group. Safety and efficacy of lamivudine-zidovudine
combination therapy in antiretroviral-naive patients. A randomized
controlled comparison with zidovudine monotherapy. JAMA. 1996;276:
118–125.

39. Eron JJ, Benoit SL, Jemsek J, et al; for the North American HIV
Working Party. Treatment with lamivudine, zidovudine, or both in HIV-
positive patients with 200 to 500 CD4+ cells per cubic millimeter. N
Engl J Med. 1995;333:1662–1669.

40. Staszewski S, Loveday C, Picazo JJ, et al; for the Lamivudine European
HIV Working Group. Safety and efficacy of lamivudine-zidovudine
combination therapy in zidovudine-experienced patients. A randomized
controlled comparison with zidovudine monotherapy. JAMA. 1996;276:
111–117.

J Acquir Immune Defic Syndr � Volume 78, Number 2, June 1, 2018 Lamivudine for HIV Treatment

Copyright © 2018 The Author(s). Published by Wolters Kluwer Health, Inc. www.jaids.com | 133

http://www.eacsociety.org/files/guidelines_9.0-english.pdf
https://aidsinfo.nih.gov/contentfiles/lvguidelines/adultandadolescentgl.pdf
https://aidsinfo.nih.gov/contentfiles/lvguidelines/adultandadolescentgl.pdf
http://aidsinfo.nih.gov/contentfiles/lvguidelines/pediatricguidelines.pdf
http://aidsinfo.nih.gov/contentfiles/lvguidelines/pediatricguidelines.pdf
http://aidsinfo.nih.gov/contentfiles/lvguidelines/PerinatalGL.pdf
https://hivdb.stanford.edu/dr-summary/resistance-notes/NRTI
https://hivdb.stanford.edu/dr-summary/resistance-notes/NRTI


41. Carten M, Kessler H. Zidovudine, lamivudine, and abacavir. In:
Skowron G, Ogden R, eds. Reverse Transcriptase Inhibitors in HIV/
AIDS Therapy. Totowa, NJ: Humana Press Inc; 2006:33–76.

42. Bartlett JA, Benoit SL, Johnson VA, et al; for the North American HIV
Working Party. Lamivudine plus zidovudine compared with zalcitabine
plus zidovudine in patients with HIV infection. A randomized, double-
blind, placebo-controlled trial. Ann Intern Med. 1996;125:161–172.

43. DeJesus E, McCarty D, Farthing CF, et al; the EPV20001 International
Study Team. Once-daily versus twice-daily lamivudine, in combination
with zidovudine and efavirenz, for the treatment of antiretroviral-naive
adults with HIV infection: a randomized equivalence trial. Clin Infect
Dis. 2004;39:411–418.

44. Schuurman R, Nijhuis M, van Leeuwen R, et al. Rapid changes in
human immunodeficiency virus type 1 RNA load and appearance of
drug-resistant virus populations in persons treated with lamivudine
(3TC). J Infect Dis. 1995;171:1411–1419.

45. Underwood MR, Ross LL, Irlbeck DM, et al. Sensitivity of phenotypic
susceptibility analyses for nonthymidine nucleoside analogues con-
ferred by K65R or M184V in mixtures with wild-type HIV-1. J Infect
Dis. 2009;199:84–88.

46. Quan Y, Brenner BG, Oliveira M, et al. Lamivudine can exert a modest
antiviral effect against human immunodeficiency virus type 1 containing the
M184V mutation. Antimicrob Agents Chemother. 2003;47:747–754.

47. Meyer PR, Matsuura SE, Mian AM, et al. A mechanism of AZT
resistance: an increase in nucleotide-dependent primer unblocking by
mutant HIV-1 reverse transcriptase. Mol Cell. 1999;4:35–43.

48. Wainberg MA. The impact of the M184V substitution on drug
resistance and viral fitness. Expert Rev Anti Infect Ther. 2004;2:147–
151.

49. Singhroy DN, Wainberg MA, Mesplède T. Combination of the R263K
and M184I/V resistance substitutions against dolutegravir and lamivu-
dine decreases HIV replicative capacity. Antimicrob Agents Chemother.
2015;59:2882–2885.

50. Xu HT, Martinez-Cajas JL, Ntemgwa ML, et al. Effects of the K65R
and K65R/M184V reverse transcriptase mutations in subtype C HIV on
enzyme function and drug resistance. Retrovirology. 2009;6:14.

51. Back NK, Nijhuis M, Keulen W, et al. Reduced replication of 3TC-
resistant HIV-1 variants in primary cells due to a processivity defect of
the reverse transcriptase enzyme. EMBO J. 1996;15:4040–4049.

52. Perez-Bercoff D, Wurtzer S, Compain S, et al. Human immunodefi-
ciency virus type 1: resistance to nucleoside analogues and replicative
capacity in primary human macrophages. J Virol. 2007;81:4540–4550.

53. Jamburuthugoda VK, Santos-Velazquez JM, Skasko M, et al. Reduced
dNTP binding affinity of 3TC-resistant M184I HIV-1 reverse transcrip-
tase variants responsible for viral infection failure in macrophage. J Biol
Chem. 2008;283:9206–9216.

54. Diamond TL, Roshal M, Jamburuthugoda VK, et al. Macrophage
tropism of HIV-1 depends on efficient cellular dNTP utilization by
reverse transcriptase. J Biol Chem. 2004;279:51545–51553.

55. Wainberg MA, Moisi D, Oliveira M, et al. Transmission dynamics of
the M184V drug resistance mutation in primary HIV infection. J
Antimicrob Chemother. 2011;66:2346–2349.

56. Kuritzkes DR, Quinn JB, Benoit SL, et al. Drug resistance and virologic
response in NUCA 3001, a randomized trial of lamivudine (3TC) versus
zidovudine (ZDV) versus ZDV plus 3TC in previously untreated
patients. AIDS. 1996;10:975–981.

57. Miller V, Stark T, Loeliger AE, et al. The impact of the M184V
substitution in HIV-1 reverse transcriptase on treatment response. HIV
Med. 2002;3:135–145.

58. Campbell TB, Shulman NS, Johnson SC, et al. Antiviral activity of
lamivudine in salvage therapy for multidrug-resistant HIV-1 infection.
Clin Infect Dis. 2005;41:236–242.

59. Petrella M, Wainberg MA. Might the M184V substitution in HIV-1 RT
confer clinical benefit? AIDS Rev. 2002;4:224–232.

60. Birkus G, Hitchcock MJ, Cihlar T. Assessment of mitochondrial
toxicity in human cells treated with tenofovir: comparison with other
nucleoside reverse transcriptase inhibitors. Antimicrob Agents Chemo-
ther. 2002;46:716–723.

61. Venhoff N, Setzer B, Melkaoui K, et al. Mitochondrial toxicity of
tenofovir, emtricitabine and abacavir alone and in combination with
additional nucleoside reverse transcriptase inhibitors. Antivir Ther.
2007;12:1075–1085.

62. Sax PE, Tierney C, Collier AC, et al; for the AIDS Clinical Trials Group
Study A5202 Team. Abacavir-lamivudine versus tenofovir-
emtricitabine for initial HIV-1 therapy. N Engl J Med. 2009;361:
2230–2240.

63. Martin JL, Brown CE, Matthews-Davis N, et al. Effects of antiviral
nucleoside analogs on human DNA polymerases and mitochondrial
DNA synthesis. Antimicrob Agents Chemother. 1994;38:2743–2749.

64. Lactic Acidosis International Study Group. Risk factors for lactic
acidosis and severe hyperlactataemia in HIV-1-infected adults exposed
to antiretroviral therapy. AIDS. 2007;21:2455–2464.

65. McComsey GA, Kitch D, Sax PE, et al. Peripheral and central fat
changes in subjects randomized to abacavir-lamivudine or tenofovir-
emtricitabine with atazanavir-ritonavir or efavirenz: ACTG Study
A5224s. Clin Infect Dis. 2011;53:185–196.

66. Shlay JC, Visnegarwala F, Bartsch G, et al; for the Terry Beirn
Community Programs for Clinical Research on AIDS (CPCRA). Body
composition and metabolic changes in antiretroviral-naive patients
randomized to didanosine and stavudine vs. abacavir and lamivudine.
J Acquir Immune Defic Syndr. 2005;38:147–155.

67. ARROW Trial Team. Routine versus clinically driven laboratory
monitoring and first-line antiretroviral therapy strategies in African
children with HIV (ARROW): a 5-year open-label randomised factorial
trial. Lancet. 2013;381:1391–1403.

68. McKinney RE Jr, Johnson GM, Stanley K, et al; and the Pediatric
AIDS Clinical Trials Group Protocol 300 Study Team. A randomized
study of combined zidovudine-lamivudine versus didanosine mono-
therapy in children with symptomatic therapy-naive HIV-1 infection. J
Pediatr. 1998;133:500–508.

69. Paediatric European Network for Treatment of AIDS. A randomized
double-blind trial of the addition of lamivudine or matching placebo to
current nucleoside analogue reverse transcriptase inhibitor therapy in
HIV-infected children: the PENTA-4 trial. AIDS. 1998;12:F151–F160.

70. White AB, Mirjahangir JF, Horvath H, et al. Antiretroviral interventions
for preventing breast milk transmission of HIV. Cochrane Database
Syst Rev. 2014;10:CD011323.

71. Joint United Nations Programme on HIV/AIDS (UNAIDS). Global Report:
UNAIDS Report on the Global AIDS Epidemic. UNAIDS; 2013. Available
at: http://www.unaids.org/sites/default/files/media_asset/UNAIDS_Global_
Report_2013_en_1.pdf. Accessed January 31, 2018.

72. Kesho Bora Study Group. Triple antiretroviral compared with zidovu-
dine and single-dose nevirapine prophylaxis during pregnancy and
breastfeeding for prevention of mother-to-child transmission of HIV-1
(Kesho Bora study): a randomised controlled trial. Lancet Infect Dis.
2011;11:171–180.

73. Benson CA, van der Horst C, Lamarca A, et al; and the FTC-303/350
Writing Group. A randomized study of emtricitabine and lamivudine in
stably suppressed patients with HIV. AIDS. 2004;18:2269–2276.

74. Smith KY, Patel P, Fine D, et al; for the HEAT Study Team.
Randomized, double-blind, placebo-matched, multicenter trial of aba-
cavir/lamivudine or tenofovir/emtricitabine with lopinavir/ritonavir for
initial HIV treatment. AIDS. 2009;23:1547–1556.

75. Masho SW, Wang CL, Nixon DE. Review of tenofovir-emtricitabine.
Ther Clin Risk Manag. 2007;3:1097–1104.

76. Bushman LR, Kiser JJ, Rower JE, et al. Determination of nucleoside
analog mono-, di-, and tri-phosphates in cellular matrix by solid phase
extraction and ultra-sensitive LC-MS/MS detection. J Pharm Biomed
Anal. 2011;56:390–401.

77. Molina JM, Peytavin G, Perusat S, et al. Pharmacokinetics of
emtricitabine, didanosine and efavirenz administered once-daily for
the treatment of HIV-infected adults (pharmacokinetic substudy of the
ANRS 091 trial). HIV Med. 2004;5:99–104.

78. Bruno R, Regazzi MB, Ciappina V, et al. Comparison of the plasma
pharmacokinetics of lamivudine during twice and once daily adminis-
tration in patients with HIV. Clin Pharmacokinet. 2001;40:695–700.

79. Margot NA, Waters JM, Miller MD. In vitro human immunodeficiency
virus type 1 resistance selections with combinations of tenofovir and
emtricitabine or abacavir and lamivudine. Antimicrob Agents Chemo-
ther. 2006;50:4087–4095.

80. McColl DJ, Margot N, Chen SS, et al. Reduced emergence of the
M184V/I resistance mutation when antiretroviral-naive subjects use
emtricitabine versus lamivudine in regimens composed of two NRTIs
plus the NNRTI efavirenz. HIV Clin Trials. 2011;12:61–70.

Quercia et al J Acquir Immune Defic Syndr � Volume 78, Number 2, June 1, 2018

134 | www.jaids.com Copyright © 2018 The Author(s). Published by Wolters Kluwer Health, Inc.

 

http://www.unaids.org/sites/default/files/media_asset/UNAIDS_Global_Report_2013_en_1.pdf
http://www.unaids.org/sites/default/files/media_asset/UNAIDS_Global_Report_2013_en_1.pdf


81. Rousseau FS, Wakeford C, Mommeja-Marin H, et al. Prospective
randomized trial of emtricitabine versus lamivudine short-term mono-
therapy in human immunodeficiency virus-infected patients. J Infect
Dis. 2003;188:1652–1658.

82. Ford N, Shubber Z, Hill A, et al. Comparative efficacy of lamivudine
and emtricitabine: a systematic review and meta-analysis of randomized
trials. PLoS One. 2013;8:e79981.

83. Raffi F, Rachlis A, Brinson C, et al. Dolutegravir efficacy at 48 weeks in
key subgroups of treatment-naive HIV-infected individuals in three
randomized trials. AIDS. 2015;29:167–174.

84. Rokx C, Fibriani A, van de Vijver DA, et al; for the AIDS Therapy
Evaluation in the Netherlands (ATHENA) National Observational
Cohort. Increased virological failure in naive HIV-1-infected patients
taking lamivudine compared with emtricitabine in combination with
tenofovir and efavirenz or nevirapine in the Dutch nationwide
ATHENA cohort. Clin Infect Dis. 2015;60:143–153.

85. Rokx C, Gras L, van de Vijver D, et al; on behalf of the ATHENA
National Observational Cohort Study. Virological responses to lam-
ivudine or emtricitabine when combined with tenofovir and a protease
inhibitor in treatment-naive HIV-1-infected patients in the Dutch AIDS
Therapy Evaluation in The Netherlands (ATHENA) cohort. HIV Med.
2016;17:571–580.

86. Perez-Molina JA, Rubio R, Rivero A, et al; on behalf of the GESIDA
7011 Study Group. Dual treatment with atazanavir-ritonavir plus
lamivudine versus triple treatment with atazanavir-ritonavir plus two
nucleos(t)ides in virologically stable patients with HIV-1 (SALT): 48
week results from a randomised, open-label, non-inferiority trial. Lancet
Infect Dis. 2015;15:775–784.

87. Di Giambenedetto S, Fabbiani M, Quiros Roldan E, et al; on behalf of
the Atlas-M Study Group. Treatment simplification to atazanavir/
ritonavir + lamivudine versus maintenance of atazanavir/ritonavir +
two NRTIs in virologically suppressed HIV-1-infected patients: 48
week results from a randomized trial (ATLAS-M). J Antimicrob
Chemother. 2017;72:1163–1171.

88. Arribas JR, Girard PM, Landman R, et al; on behalf of the OLE/RIS-
EST13 Study Group. Dual treatment with lopinavir-ritonavir plus
lamivudine versus triple treatment with lopinavir-ritonavir plus lam-
ivudine or emtricitabine and a second nucleos(t)ide reverse transcriptase
inhibitor for maintenance of HIV-1 viral suppression (OLE): a rando-
mised, open-label, non-inferiority trial. Lancet Infect Dis. 2015;15:785–
792.

89. Reynes J, Meftah N, Tuaillon E, et al. Dual regimen with dolutegravir
and lamivudine maintains virologic suppression even in heavily
treatment experienced HIV-infected patients: 96 weeks results from
maintenance DOLULAM study [MOPEB0322]. Presented at: 9th
International AIDS Society Conference on HIV Science; 2017; Paris,
France.

90. Charpentier C, Montes B, Perrier M, et al. HIV-1 DNA ultra-deep
sequencing analysis at initiation of the dual therapy dolutegravir +
lamivudine in the maintenance DOLULAM pilot study. J Antimicrob
Chemother. 2017;72:2831–2836.

91. Cahn P, Andrade-Villanueva J, Arribas JR, et al; on behalf of the
GARDEL Study Group. Dual therapy with lopinavir and ritonavir plus
lamivudine versus triple therapy with lopinavir and ritonavir plus two
nucleoside reverse transcriptase inhibitors in antiretroviral-therapy-
naive adults with HIV-1 infection: 48 week results of the randomised,
open label, non-inferiority GARDEL trial. Lancet Infect Dis. 2014;14:
572–580.

92. Orkin C, DeJesus E, Khanlou H, et al. Final 192-week efficacy and
safety of once-daily darunavir/ritonavir compared with lopinavir/
ritonavir in HIV-1-infected treatment-naïve patients in the ARTEMIS
trial. HIV Med. 2013;14:49–59.

93. Sued O, Figueroa MI, Gun A, et al. Dual therapy with darunavir/ritonavir
plus lamivudine for HIV-1 treatment inhibition: week 24 result of the
randomized ANDES study [MOAB0106LB]. Presented at: 9th International
AIDS Society Conference on HIV Science; 2017; Paris, France.

94. Cahn P, Rolón MJ, Figueroa MI, et al. Dolutegravir-lamivudine as
initial therapy in HIV-1 infected, ARV-naive patients, 48-week results
of the PADDLE (Pilot Antiretroviral Design with Dolutegravir
LamivudinE) study. J Int AIDS Soc. 2017;20:21678.

95. Figueroa MI, Rolón MJ, Patterson P, et al. Dolutegravir-lamivudine as
initial therapy in HIV-infected, ARV naive patients: 96 week results of

the PADDLE trial [MOPEB0287]. Presented at: 9th International AIDS
Society Conference on HIV Science; 2017; Paris, France.

96. Taiwo BO, Zheng L, Stefanescu A, et al. ACTG A5353: a pilot study of
dolutegravir plus lamivudine for initial treatment of HIV-1-infected
participants with HIV-1 RNA , 500,000 copies/mL. Clin Infect Dis.
2017. doi:10.1093/cid/cix1083. published online December 14, 2017.

97. Taiwo BO, Marconi VC, Berzins B, et al. Dolutegravir plus lamivudine
maintain HIV-1 suppression through week 48 in a pilot randomized
trial. Clin Infect Dis. 2017. doi:10.1093/cid/cix1131. published online
December 26, 2017.

98. AVANTI Study Group. AVANTI 2. Randomized, double-blind trial to
evaluate the efficacy and safety of zidovudine plus lamivudine versus
zidovudine plus lamivudine plus indinavir in HIV-infected antiretro-
viral-naive patients. AIDS. 2000;14:367–374.

99. Squires KE, Gulick R, Tebas P, et al. A comparison of stavudine plus
lamivudine versus zidovudine plus lamivudine in combination with
indinavir in antiretroviral naive individuals with HIV infection:
selection of thymidine analog regimen therapy (START I). AIDS.
2000;14:1591–1600.

100. Staszewski S, Keiser P, Montaner J, et al; for the CNAAB3005
International Study Team. Abacavir-lamivudine-zidovudine vs
indinavir-lamivudine-zidovudine in antiretroviral-naive HIV-infected
adults: a randomized equivalence trial. JAMA. 2001;285:1155–1163.

101. Gathe JC Jr, Ive P, Wood R, et al. SOLO: 48-week efficacy and safety
comparison of once-daily fosamprenavir/ritonavir versus twice-daily
nelfinavir in naive HIV-1-infected patients. AIDS. 2004;18:1529–1537.

102. Eron J Jr, Yeni P, Gathe J Jr, et al; for the KLEAN Study Team. The
KLEAN study of fosamprenavir-ritonavir versus lopinavir-ritonavir,
each in combination with abacavir-lamivudine, for initial treatment of
HIV infection over 48 weeks: a randomised non-inferiority trial. Lancet.
2006;368:476–482.

103. Walmsley SL, Antela A, Clumeck N, et al; for the SINGLE
Investigators. Dolutegravir plus abacavir-lamivudine for the treatment
of HIV-1 infection. N Engl J Med. 2013;369:1807–1818.

104. Daluge SM, Good SS, Faletto MB, et al. 1592U89, a novel carbocyclic
nucleoside analog with potent, selective anti-human immunodeficiency
virus activity. Antimicrob Agents Chemother. 1997;41:1082–1093.

105. Callebaut C, Stepan G, Tian Y, et al. In vitro virology profile of
tenofovir alafenamide, a novel oral prodrug of tenofovir with improved
antiviral activity compared to that of tenofovir disoproxil fumarate.
Antimicrob Agents Chemother. 2015;59:5909–5916.

106. Schinazi RF, McMillan A, Cannon D, et al. Selective inhibition of
human immunodeficiency viruses by racemates and enantiomers of cis-
5-fluoro-1-[2-(hydroxymethyl)-1,3-oxathiolan-5-yl]cytosine. Antimi-
crob Agents Chemother. 1992;36:2423–2431.

107. Stein DS, Moore KH. Phosphorylation of nucleoside analog antire-
trovirals: a review for clinicians. Pharmacotherapy. 2001;21:11–34.

108. Robbins BL, Srinivas RV, Kim C, et al. Anti-human immunodeficiency
virus activity and cellular metabolism of a potential prodrug of the
acyclic nucleoside phosphonate 9-R-(2-phosphonomethoxypropyl)ade-
nine (PMPA), Bis(isopropyloxymethylcarbonyl)PMPA. Antimicrob
Agents Chemother. 1998;42:612–617.

109. Ruane PJ, DeJesus E, Berger D, et al. Antiviral activity, safety, and
pharmacokinetics/pharmacodynamics of tenofovir alafenamide as 10-
day monotherapy in HIV-1-positive adults. J Acquir Immune Defic
Syndr. 2013;63:449–455.

110. Jeffrey JL, Feng JY, Qi CC, et al. Dioxolane guanosine 5’-triphosphate,
an alternative substrate inhibitor of wild-type and mutant HIV reverse
transcriptase. Steady state and pre-steady state kinetic analyses. J Biol
Chem. 2003;278:18971–18979.

111. Wilson JE, Aulabaugh A, Caligan B, et al. Human immunodeficiency
virus type-1 reverse transcriptase. Contribution of Met-184 to binding
of nucleoside 5’-triphosphate. J Biol Chem. 1996;271:13656–13662.

112. Cherrington JM, Allen SJ, Bischofberger N, et al. Kinetic interaction of
the diphosphates of 9-(2-phosphonylmethoxyethyl)adenine and other
anti-HIV active purine congeners with HIV reverse transcriptase and
human DNA polymerases a, b and g. Antivir Chem Chemother. 1995;
6:217–221.

113. Stray KM, Park Y, Babusis D, et al. Tenofovir alafenamide (TAF) does
not deplete mitochondrial DNA in human T-cell lines at intracellular
concentrations exceeding clinically relevant drug exposures. Antivir
Res. 2017;140:116–120.

J Acquir Immune Defic Syndr � Volume 78, Number 2, June 1, 2018 Lamivudine for HIV Treatment

Copyright © 2018 The Author(s). Published by Wolters Kluwer Health, Inc. www.jaids.com | 135


