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Background. Washington, DC, has 2.5% human immunodeficiency virus (HIV) prevalence, 3.9% among African Americans.
Antiretrovirals (ARTs) are the cornerstone for treatment and prevention. Monitoring changes in transmitted drug resistance (TDR)
is critical for effective HIV care.

Methods. HIV genotype data for individuals enrolled in research studies in metropolitan Washington, D.C., were used to iden-
tify TDR using the World Health Organization mutation list [Bennett DE, Camacho RJ, Otelea D, et al. Drug resistance mutations
for surveillance of transmitted HIV-1 drug-resistance: 2009 update. PloS One 2009; 4:e4724]. HIV phylogenies were reconstructed
using maximum likelihood and Bayesian methods. HIV transmission clusters were supported by 1000 bootstrap values >0.70 and
posterior probability >0.95 of having a common ancestor.

Results. Among 710 individuals enrolled in 1994–2013, the median age was 38.6 years, 46.2% were female, and 53.3% were
African-American. TDR was 22.5% among 566 treatment-naive individuals; 15.8% had nucleoside/nucleotide reverse transcriptase
inhibitor (NRTI) resistance, 9.8% had nonnucleoside reverse-transcriptase inhibitor (NNRTI) resistance, and 4.2% had protease
inhibitor (PI) resistance. Single class TDR was 10.0%, 5.1%, and 1.6% to NRTIs, NNRTIs, and PIs. Dual TDR to PI and NRTI
was seen in 1.6%, NRTI and NNRTI in 3.4%, and triple class TDR in 0.9%. TDR frequency decreased from 1994–2006 (27.1%)
to 2007–2013 (19.4%; P = .02). Only 6/79 (7.6%) individuals within transmission clusters had evidence of TDR.

Discussions. We identified high prevalence of TDR among HIV-infected individuals in metropolitan Washington, DC, regard-
less of gender. Active surveillance for TDR is needed to guide ART usage and analyses of risk group contributions to HIV trans-
mission and resistance.
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Washington, DC, has the highest prevalence of human immu-
nodeficiency virus type 1 (HIV-1) in the United States: 2.5%
among the general population and even higher (3.9%) among
African Americans [1]. These stark statistics have led to a con-
certed effort to mobilize treatment and prevention efforts with-
in the District of Columbia. Provision of effective combination
antiretroviral therapy (cART), which decreases onward transmis-
sion of HIV [2], and preexposure prophylaxis (PrEP) [3, 4] are
key components of the public health response [5].

Knowledge of transmitted drug-resistance (TDR) mutations is
critical to decrease HIV replication and transmission. Primary
infection with drug-resistant HIV may limit treatment options
and could deter use of “one-pill once-daily” options that improve
adherence and treatment success [6]. Nonsuppressive therapy
fosters emergence of drug resistance and potential transmission

of drug-resistant virus. Use of antiretrovirals (ARTs) for PrEP is
increasing [7] and, although medication adherence correlates
with efficacy [4], infection with drug-resistant HIV while on
PrEP has rarely been identified in clinical studies [4, 8, 9]. In-
creasing PrEP use under nonstudy conditions may select for
TDR, affecting treatment options for those who acquire HIV de-
spite use of PrEP [10].

TDR is more frequent with increasing use of cART. The prev-
alence of TDR is lower in sub-Saharan Africa than in North
America, Europe, and Australia, where cART was introduced
earlier and is broadly accessible [11–14]. In the United States, re-
ported estimates of TDR prevalence are 9.1%–13.7% [15, 16] and
range from 12% to 18.9% among men who have sex with men
(MSM) [17, 18]. These estimates, generated using population-
based sequencing irrespective of timing of HIV acquisition, likely
underestimate the true prevalence of TDR, as detection declines
over time using this approach and often requires specialized
methods that capture minority variants of HIV [19–21].

Temporal trends of TDR in Washington, DC, are not well
documented. In 2005, the estimated prevalence of TDR was
7%, with no TDR reported among women [22]. Substantial
TDR (17%) was detected between 2007 and 2010 [23].
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These studies primarily enrolled men (78%–81%), and the fre-
quency of TDR among women remains uncertain. Almost 27% of
HIV-infected individuals in Washington, DC, are women, 92.4%
of whom are African American [1]. Additional data regarding the
history of TDR inWashington, DC, especially among women, will
be very useful.

Several studies have followed a large group of HIV-infected
individuals in the Washington, DC, area. Here, we characterize
the prevalence and transmission dynamics of drug-resistant
HIV, including among a substantial number of women enrolled
in observational and clinical research studies in the greater met-
ropolitan Washington, DC, area over a 20-year period.

METHODS

Study Population
We retrospectively studied individuals enrolled in HIV-related
studies at the National Institutes of Health (NIH) or George-
town University. Participants gave consent for the use of their
data and/or samples in HIV-related research under protocols
approved by institutional review boards at both institutions.

The following 4 groups were included: 207 women participating
in the DC Women’s Interagency HIV Study (DC-WIHS), a long-
standing observational cohort of HIV-infected and high-risk HIV-
uninfected women [24]; 154 individuals recruited from 2011 to
2013 into the Georgetown subunit of the DC Cohort, an observa-
tional clinic-based HIV study; 37 individuals enrolled in the AIDS
Clinical Trials Group (ACTG) studies from 2001 to 2012 at
Georgetown University; and 312 individuals living within 75
miles ofWashington, DC, enrolled into several HIV-related studies
at the NIH from 1998 to 2013. DC-WIHS women were enrolled in
3 phases during 1994–1995, 2001–2002, and 2011–2012 and were
recruited from primary and tertiary care clinics, referrals from
community outreach, women’s support, drug rehabilitation, or
HIV testing groups. NIH participants were referred from regional
clinics and testing facilities and enrolled into a standard-of-care
training clinic, a study of the immune reconstitution inflammatory
syndrome among individuals with low CD4+ T-lymphocyte
counts, and a study of early HIV infection. NIH participants
had not undergone experimental procedures other than apheresis
and were ART therapy naive.

Data Collection
Demographics (age, gender, race/ethnicity), clinical informa-
tion (CD4+ T-lymphocyte count and plasma HIV RNA
level), and HIV acquisition risk factors (sexual preference and
use of illicit drugs) were collected as part of the parent studies.

HIV pol Sequence and Data Derivation
HIV pol sequences were derived from existing routine clinical ge-
notypic resistance tests or generated from the earliest available
stored samples. Available full HIV pol sequence data were digi-
tized from commercial genotype reports using optical character
recognition software to obtain a sequence in FASTA format
(N = 85) and were manually reviewed and edited as necessary.

Data on HIV drug-resistance mutations were extracted from
commercial genotypic reports if sequence data were unavailable
(N = 69).

Population-based sequencing was performed using plasma
samples stored at −70°C for the remaining individuals. Validated
HIV genotyping methods for population sequencing were
applied at Stanford University (N = 207) or other ACTG-
designated virology specialty laboratories (N = 37) [25]. Nucle-
otides were read as mixtures when the subpopulation exceeded
20% on chromatograms and were manually verified. HIV gen-
otyping was performed at the NIH using the TRUGENE HIV-1
genotyping kit (N = 312) (Siemens Healthcare Diagnostics Inc.,
Berkeley, California).

Identification of Transmitted Drug Resistance
TDR was identified using the Stanford HIV Drug Resistance
Database (HIVDB.stanford.edu) and a calibrated population re-
sistance tool [26] based on the World Health Organization TDR
mutation list [27].

Phylogenetic Analyses
HIV pol sequences were aligned using ClustalW and manually
edited within BioEdit [28]. Forty-three TDR codons [27] were
removed prior to phylogenetic analyses, resulting in a sequence
length of 789 nucleotides. We used jModelTest version 2.1.4
[29], which revealed the general time reversible model (GTR)
with gamma-distributed rate heterogeneity plus proportion of
invariable sites (GTR + G + I) as the optimal nucleotide substi-
tution model. We constructed maximum likelihood phyloge-
netic trees using MEGA6 version 6.06 [30]. HIV transmission
clusters were identified if there was >70% bootstrap nodal sup-
port from 1000 replicates. We also conducted Bayesian analyses
using Bayesian evolutionary analysis sampling trees (BEAST)
[31]. A test run using a subset of the data compared the GTR +
G + I and the HKY + G + I models in BEAST and generated
similar results. The analyses using the full dataset presented
here were conducted using the HKY + G + I model with uncor-
related log-normal relaxed molecular clock, tree coalescent
GMRF Bayesian Skyride, and a run of 2 000 000 000 states to
obtain an effective sample size of 203.6. Nodal support of
≥95% was used to verify transmission clusters. FigTree [32]
was used to plot the summary phylogenetic tree. Subtype anal-
ysis was performed using the REGA subtyping tool [33], and
analysis for recombination assessed using the Recombination
Identification Program [34]. Chronicity of infection was esti-
mated using the proportion of nucleotide positions with evi-
dence for more than 1 nucleotide (an ambiguity); a sequence
ambiguity score <0.44 was considered evidence for recent
infection [35, 36].

Statistical Analyses
Descriptive statistical tools were used to characterize the study
population, and differences were assessed using the χ2 test for
categorical variables and Kruskal–Wallis test for nonparametric
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continuous variables. The following 3 distinct time periods were
defined a priori based on availability of ART agents that influ-
ence treatment outcomes and drug-resistance mutations: 1994–
1996, preceding the introduction of highly active ART therapy
(pre-HAART); 1996–2006, cART era; and 2007–2013, cART
era during which single-tablet regimens became available. We
conducted 2-group comparisons to test for differences in prev-
alence of TDR between time periods.

RESULTS

The study population is described in Table 1. Among 710 indi-
viduals, the median age was 38.6 years, 328 (46.2%) were fe-
male, 380 (53.5%) were African American, 159 (22.4%) were
Hispanic, and 64 (9.0%) were white. Among 69 ART-naive in-
dividuals for whom sequence data were not available, the medi-
an age was 41.0 years, 22 (31.9%) were female, 37 (53.6%) were
African American, 11 (15.9%) were white, and 1 was Hispanic.
Among 641 individuals with sequence data, the median age was
38.1 years, 306 (47.7%) were female, 380 (59.5%) were African
American, 53 (8.3%) were white, 122 (19.0%) were Hispanic,
and 86 (13.4%) were of other ethnicity; 568 (88.5%) had subtype
B HIV-1, 73 (11.4%) had non-B HIV-1 subtypes, and 497
(77.5%) were drug naive. The median ambiguity score was
0.81, and 189/641 (29.5%) had ambiguity scores <0.44, sugges-
tive of recent infection.

Among 566 ART-naive individuals, 69 had only drug-resis-
tance mutations available for analysis, and 497 had the actual
sequence data used to identify drug resistance. Included in
this treatment-naive group were 235 (41.5%) females and 328
(57.9%) males; 3 were of unknown gender; 272 (48.1%) were
African American, 157 (27.7%) were Hispanic, and 44 (7.8%)
were white. HIV acquisition risks were heterosexual contact
(44.3%), injection drug use (IDU; 6.5%), MSM (35.2%), blood
transfusion (1.9%), and unknown (12.0%).

The overall TDR prevalence was 22.5%: 113/497 (22.7%)
among those with subtype B HIV-1 and 13/69 (18.8%)
among those with non-B HIV-1 subtypes (P = .54). Distribution
of TDR by race/ethnicity was 11.4% non-Hispanic blacks, 3.4%
Hispanic whites, 2.9% non-Hispanic whites, and 1.8% Hispanic
blacks. High prevalence of TDR was a consistent finding across
the study subgroups: 28.5% in the DC-WIHS, 22.2% in the DC
cohort, 25% among ACTG participants, and 19.8% among NIH
participants. The proportion of TDR among treatment-naive
women and men was similar, 57/235 (24.3%) vs 68/328
(20.7%), respectively (P = .32). The proportions with TDR
were also similar among individuals with heterosexual trans-
mission (22.0%), IDU related (20.0%), MSM (21.9%), and un-
known risk for HIV acquisition (15.1%).

Overall, 16.2% of individuals had resistance to 1 drug class:
9.8% had resistance to nucleoside/nucleotide reverse transcrip-
tase inhibitors (NRTIs); 5.0% had resistance to nonnucleoside
reverse-transcriptase inhibitor (NNRTIs); and 1.4% had

resistance to protease inhibitors (PIs). The proportion with
dual-class resistance was 5.4%: 3.4% to NRTIs and NNRTIs,
1.6% to NRTIs and PIs, and 0.4% to NNRTIs and PIs. The prev-
alence of TDR to all 3 classes was 0.9%. TDR varied across time
(Figure 1), with prevalence of 28.9% (95% confidence interval
[CI], .21–.38) during 1994–1996, 24.7% (95% CI, .16–.35) dur-
ing 1997–2006, and 19.7% (95% CI, .16–.24) during 2007–2013.

We identified specific patterns in the prevalence of TDR that
changed during the different eras of ART therapy. Observed
TDR mutations occurring at frequencies above 1% are shown
in Figure 2. Overall, TDR was most frequently associated with
NRTIs (15.5%), followed by NNRTIs (9.6%) and PIs (4.1%).
NRTI resistance was most common across all 3 periods but de-
clined from 28.9% prevalence during 1994–1996 to 10.3% during
2007–2013. Frequency of TDR associated with NNRTIs peaked
at 14.6% in the 1997–2006 period and stabilized at 11.1% during
2007–2013. PI resistance was not observed in 1994–1996, was
7.9% during 1997–2006, and then declined to 4.8% during
2007–2013. There was no significant difference in prevalence of
TDR between the pre-ART or early HAART eras compared with
the more recent cART era (P = .09). However, the prevalence of
TDR declined significantly from the 1994–2006 period (27.4%)
to the 2007–2013 period (19.4%; P = .02, Fisher exact test).

The pattern of individual TDR mutations varied across the
study period, both between and within classes of ART drugs
(Figure 2). Among NRTI-associated TDR, the thymidine-
associated mutations predominated in the 1994–1996 period
and declined over time. The TDR mutation M184V was pre-
sent at 4.3%, and the prevalence of K65R was <0.5% in the
most recent time period from 2007–2013. The most frequent
NNRTI-associated TDR mutation was K103N/S, which pre-
sent at 10.1% prevalence in 1997–2006 and then decreased
to 8.6% between 2007 and 2013. Individual PI-associated
TDR mutations remained low throughout the study period,
all <3% except L90M, which was present at 4.5% prevalence
during 1997–2006.

To identify patterns of HIV transmission, we investigated the
presence of drug-resistance mutations within clusters of indi-
viduals with highly related viruses. Phylogenetic analyses were
completed using 559 of the available 568 subtype B HIV-1 se-
quences; the remaining 9 sequences were not included in the
analysis as they were significantly shorter. Our primary reason
for including the maximal likelihood analysis as well as the
Bayesian analysis (BEAST) was to ensure that inferences using
the Bayesian approach did not overestimate transmission clus-
ters. The maximum likelihood phylogenetic (data not shown)
and BEAST trees of subtype B HIV-1–infected individuals (Fig-
ure 3) demonstrate a star-like phylogeny. Forty-three small clus-
ters, comprising 92 individuals, were identified using the
maximum likelihood approach. Thirty-seven HIV clusters, ver-
ified using BEAST, included 79 individuals in clusters of 2 or 3
individuals (Figure 3 and Supplementary Figure 1). The dyads
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Table 1. Characteristics of Individuals Enrolled Into Clinical Studies, 1994–2013

Characteristic Overall (n = 710)

Treatment Naive Treatment Experienced

Total (n = 566) No TDR (n = 440) With TDR (n = 126) Total (n = 143) No TDR (n = 80) With TDR (n = 63)

Age

median ± IQR 38.6 ± 14 38.1 ± 15 38.0 ± 14 38.6 ± 15 40.2 ± 16 37.8 ± 15 43.0 ± 15

Gender

Number (%)

Male 379 (53.3%) 328 260 68 50 26 24

Female 328 (46.2%) 235 178 57 93 54 38

Unknown 3 3 2 1 0 0 0

Risk

Number (%)

Hetero 301 (42.4%) 251 199 52 50 27 23

Injection drug use 62 (8.7%) 37 30 7 25 15 10

Men who have sex with men 223 (31.4%) 199 156 43 24 14 10

Blood transfusion 13 (1.8%) 11 6 5 2 1 1

Unknown 111 (15.6%) 68 49 19 42 23 19

ethnicity

Number (%)

Black non- Hispanic 380 (53.5%) 272 208 64 108 61 47

Black Hispanic 40 (5.6%) 39 29 10 1 1 0

Other 119 (16.7%) 43 33 10 7 3 4

White non- Hispanic 64 (9.0%) 44 28 16 20 10 10

White Hispanic 51 (7.2%) 118 99 19 1 0 1

Unknown 56 (7.9%) 50 43 7 6 5 1

Human immunodeficiency virus RNA level (Log10 copies/mL)

median ± IQR 4.17 ± 4.85 4.20 ± 4.88 4.11 ± 4.83 4.46 ± 4.99 3.95 ± 4.77 4.06 ± 4.77 3.88 ± 4.75

CD4 counts (cells/µL)

median ± IQR 338 ± 379 341 ± 385 351 ± 358 304 ± 437 324 ± 348 346 ± 375 277 ± 334

Abbreviations: IQR, interquartile range; TDR, transmitted drug resistance.
a Treatment history was not reported for 1 patient.
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were comprised of 2 males in 20 of the clusters; 2 women in 4 of
the clusters; 1 male and 1 transgender female in 1 of the clusters;
and 7 clusters with 1 male and 1 female. Three of the triads
comprised only males; 1 triad was comprised of 2 males and

1 female; and 1 triad was comprised of 2 males and 1 transgen-
der female. Transmission risk was concordant in 22 clusters and
discordant in 6 clusters. The 6 discordant clusters included 3
dyads with an MSM and a heterosexual male; 1 dyad with an
IDU female and heterosexual female; and 2 triads with 2
MSM and either a heterosexual male and/or heterosexual female.
Demographic and HIV risk acquisition characteristics associated
with clustering are shown in Table 2. Men were more likely to be
in clusters than women, 20% vs 6%, P < .0001. Similarly, MSM
were more likely to fall into a transmission cluster (22%) com-
pared with heterosexuals (14%; P = .046. IDU was not associated
with falling in a transmission cluster (2%). There was no signifi-
cant difference in the proportion within a cluster by race. Six in-
dividuals within clusters had TDR (6.5%), 2 females and 4 males,
including DC Cohort and NIH participants. Two dyads demon-
strated concordant TDR, 1 pair with the L210W mutation and
another pair with K103N. The remaining 2 individuals with
TDR were in a discordant dyad, 1 infected with T69AD and a
second individual with K103N and K219E TDR variants.

DISCUSSION

We identified a high prevalence of TDR (22.5%) in metropolitan
Washington, DC, between 1994 and 2013. To our knowledge,

Figure 1. Time trends in the frequency of transmitted drug resistance–associated
mutations, 1994–2013. Point estimates for each time period are shown with 95%
confidence intervals.

Figure 2. Frequency of transmitted drug resistance (TDR) across 3 time periods: (A) Overall frequency of TDR by drug class. (B) Frequency of nucleoside/nucleotide reverse
transcriptase inhibitor (NRTI)–associated TDR over time. (C) Frequency of nonnucleoside reverse transcriptase inhibitor (NNRTI)–associated TDR over time. (D) Frequency of
protease inhibitor (PI)–associated TDR over time. *T215Y includes the following revertants: L215Y/F/D/S.
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this is the highest prevalence of TDR mutations reported within
the United States or in any region within Europe or Australia,
where ART therapy use has been long-standing. The relatively
high frequency of non-B subtypes identified in our study likely
reflects immigration patterns, especially from African countries,
to the metropolitan Washington, DC, area. Most individuals in
our study were chronically infected, evidenced by the high se-
quence ambiguity scores, with the implication that our results
may underestimate TDR, as some but not all TDR mutations
are known to wane over time following infection. The pattern

of drug resistance that we observed, particularly the T215 rever-
tants, is consistent with primary resistance mutations rather than
related to nonsuppressive ART therapy [37]. Our phylogenetic
analyses did not link TDR identified more recently (2007–
2013) with TDR detected earlier (1994–1996 or 1997–2006)
through a shared common ancestor. These data suggest that
mutations such as T215Y that were commonly identified in
1994–1996 were not likely the source of current 215Y muta-
tions. Our study provides a longitudinal perspective of TDR
from a diverse group of treatment-naive participants enrolled

Figure 3. Bayesian phylogenetic tree of 559 subtype B human immunodeficiency virus type 1 (HIV-1) sequences. Bayesian evolutionary analysis sampling trees [31] analysis
was performed with the following specifications: HKY + G + I model, uncorrelated log-normal relaxed molecular clock, tree coalescent GMRF Bayesian Skyride, and run of
2 000 000 000 states to obtain an effective sample size of 203.6. FigTree [32] was used to plot the summary Bayesian phylogenetic tree and demonstrates the star-like phy-
logeny of subtype B HIV-1 sequences. Nodal support of 95% or greater was required to verify transmission clusters, and these are indicated with red lines and circles. These
clusters consist of 2 to 3 individuals.
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in clinical and observational studies in which treatment status
was reliably assessed using criteria broadly accepted by the re-
search community. The majority of participants were en-
rolled prior to the widespread use of ARTs for PrEP. The
low prevalence of K65R makes it unlikely that use of PrEP,
with the currently used combination of tenofovir–disoprox-
il–fumarate and emtricitabine (Truvada), accounts for the
drug-resistance mutations found in our study population.

Our finding of persistently high and longstanding TDR with-
in a generalized epidemic reflects the challenge of access to and
retention in care. Recent estimates from Washington, DC, sug-
gest that 62% of HIV-infected individuals are retained within
care and only 47% have achieved viral suppression [1]. Delays
in treatment initiation, suboptimal treatment adherence, and
interruptions in care provide opportunities for selection of
drug-resistance mutations and HIV transmission with potential
to alter patterns of TDR [38]. We observed a downward trend in
the overall prevalence of TDR compared with the early period,
but continued high levels of drug resistance are evidence of frag-
mented care. Variation in TDR mutation patterns across time
mirrors evolving ART availability and usage, implicating ongo-
ing inadequate engagement and retention in care as drivers of
transmitted drug-resistant HIV. A continuum of care, both
treatment and prevention, in conjunction with active surveil-
lance for TDR as part of effective clinical program implementa-
tion is critical to ensure treatment success and mitigate HIV
transmission and TDR.

Nearly one-half of our study participants were women, and
elevated rates of TDR for many years in this group was unex-
pected. While previous studies demonstrated resistance
among MSM, our data suggest women have been affected by
transmission of drug resistance for years. It remains uncertain
whether this observation is the effect of “bridging,” that is,
transmission of virus to women by men who had contacts
with treated HIV-infected MSM. We did find some evidence
of cross-risk transmissions, with pairs of individuals reporting
different risk factors for acquisition of HIV. In surveys with high
sampling density of affected populations, such bridging phe-
nomena were prominent and represented a strong driving
force for ongoing HIV transmission [39]. Comprehensive sam-
pling of contemporaneous populations would better character-
ize underlying transmission networks and remains an essential
and compelling imperative. Such studies may guide focused bi-
omedical treatment and prevention approaches. For example,
despite the sampling limitations of the data, our study high-
lights important gender differences in HIV transmission. Al-
though there was no relationship between TDR and gender,
we observed a striking higher likelihood of men falling within
a cluster than women. While this gender difference has been ob-
served within the United States and elsewhere [39–41], it is usu-
ally described in MSM populations. In the data here, men
reporting heterosexual risk for HIV were present in clusters as
well as MSM.

Most HIV-infected women acquire HIV through heterosex-
ual transmission, and fewer related to IDU. A high proportion
of women in our study did not report high-risk behaviors and
were unaware of high-risk behaviors among their partners.
While this could be underreporting by self-report, the obser-
vation of discordant HIV acquisition risk factors within some
transmission clusters supports the concern that HIV acquisi-
tion risk is not solely that of the individual but that of the in-
dividual’s partners, especially in the setting of a generalized
epidemic. Current biomedical prevention strategies are broad-
ly recommended for MSM, active IDUs, and women “at risk
for HIV acquisition.” However, our findings highlight the dis-
tinct challenge in identifying “at-risk” women who would ben-
efit from targeted biomedical prevention interventions.

Supplementary Data
Supplementary materials are available at http://cid.oxfordjournals.org.
Consisting of data provided by the author to benefit the reader, the posted
materials are not copyedited and are the sole responsibility of the author, so
questions or comments should be addressed to the author.
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