Treatment failure and drug resistance is more
frequent in HIV-1 subtype D versus subtype
A-infected Ugandans over a 10-year study period
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Objectives: To determine the impact of HIV-1 subtype on treatment outcomes and the
emergence of drug resistance in the resource limited setting of Kampala, Uganda.
Design: The Joint Clinical Research Centre (JCRC) in Kampala, Uganda has provided
over 2000 drug-resistant genotypes (DRGs) over the past 10 years as standard of care for
patients failing therapy and 1403 from treatment-naive and experienced patients over
the past 10 years have been analyzed for this study.
Method: Viral loads, CD4 cell count, treatment histories and other relevant clinical
data was compared with the infecting HIV-1 subtype and DRGs of Ugandan patients
failing treatment.
Results: Patients failing HAART with DRGs (n ¼ 937) were more frequently infected
with subtype D than expected on the basis of the subtype distribution in the treatmentnaive population (n ¼ 655) in Kampala (P < 0.001). Higher proportions of treatment
failures among subtype D-infected patients were driven by resistance to nucleoside
reverse transcriptase inhibitors (NRTI) (P < 0.0002) more than to non-NRTIs (P > 0.04)
or protease inhibitors.
Conclusion: Higher rates of treatment failure among subtype D as compared with
subtype A-infected Ugandans was analogous to the faster disease progression in subtype
D-infected patients. The mechanism(s) by which drug resistance may emerge faster in
subtype D HIV-1 may relate to higher replicative fitness and increased propensity for a
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Introduction
The widespread use of HAART, a combination of at least
three antiretroviral drugs in first-line or second-line

regimens has substantially improved the prognosis of
HIV-infected individuals as well as modified the natural
history of the disease in the developing world [1,2]. With
the roll out of antiretroviral treatment (ART) to more
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than 8 million HIV-infected individuals in resourcelimited settings, the benefit of therapy has been equally
impressive at reducing morbidity and mortality [3]
despite initial skepticism about proper implementation
[4]. Recommendations on when to start treatment
have been controversial especially in Europe and
North America [5]. New WHO treatment guidelines
of initiating treatment with CD4 cell count less than
350 per microlitre are rarely implemented in resourcelimited settings because of feasibility and cost [6].
Treatment failures, defined by rebounds in HIV-1 load
[7], are generally caused by intermittent treatment or
adherence, poor drug tolerance, and limited treatment
monitoring; all of which can lead to the emergence of
HIV-1 resistance to antiretroviral drugs. Upon emergence
of new drug resistance and cross-resistance to the new
ART, second-line treatment regimens require careful
monitoring to avoid new treatment failures and
resumption of disease [8]. With the limited treatment
options available in the developing countries, resistance
to nucleoside reverse transcriptase inhibitors (NRTIs),
nonnucleoside reverse transcriptase inhibitors (NNRTIs)
and protease inhibitors poses a great challenge to planning
for various salvage/second-line treatment regimens
[9]. Drug resistance testing is often preferred to viral
load testing in some resource-limited clinics as circulating
virus must be detectable to obtain a drug resistance
genotype [10–12].
Drug resistance has been identified for every antiretroviral drug that is currently approved by the US Food
and Drug Administration [13]. The rapid emergence of
drug resistance has been attributed to the high replication
rate of HIV coupled with the low fidelity of its viral
reverse transcriptase enzyme [14]. With the NNRTI
and protease inhibitor, a mutation may confer crossresistance to one or more antiretroviral drugs in that
drug class [15]. Resistance to NRTIs is the most
selective with limited cross-resistance conferred by
specific NRTI resistance mutations [15]. The most
significant exception may be the drug resistance mutations (e.g. M41L, D67N, K70R, D210W, T215Y/F, and
K219E) that confer resistance to the thymidine analogs
(stavudine and zidovudine) [16]. Thousands of correlative phenotypic and genotypic drug resistance assays
using subtype B HIV-1 isolates were adopted to
characterize drug resistance in nonsubtype B infections
[17], which dominate the worldwide epidemic. With a
few exceptions [18,19], many studies now confirm that
subtype B drug resistance mutations also confer drug
resistance in HIV-1 of other subtypes. However, relative
emergence rates of these drug resistance mutations in
nonsubtype B isolates during selective therapy have
not been a subject of intense investigation. Most
studies conclude that response to the same antiretroviral-treatment regimen is similar in patients regardless
of infecting HIV-1 subtype [20–22]. One study does

suggest that subtype C-infected patients accumulate
resistant mutations at a much slower rate when compared
with subtype B [23].
To study the impact of the infecting HIV-1 subtype on
antiretroviral-treatment outcomes and drug resistance, we
have compiled treatment histories, outcomes and drug
resistance results in a cross-sectional study spanning
10 years at the Joint Clinical Research Centre ( JCRC) in
Kampala, Uganda. Over 2000 samples from patients
failing treatment were tested for drug resistance using
genotypic assay. From this cohort, more than 900 DRGs
were obtained from patients with clinical monitoring and
a complete treatment history. We investigated if drug
resistance was affected by the infecting HIV-1 subtype,
the type of antiretroviral-treatment regimen, the number
of successive treatment regimens, and the dates of
treatment and/or resistance testing. Our findings suggest
that antiretroviral resistance is more common in subtype
D than in subtype A or subtype C-infected patients.
Emergence of drug resistance is increasing in antiretroviral-treated, subtype D-infected patients (>55%)
over time and with each successive treatment regimen.
However, the proportion of subtype D has remained at
less than 36% in the untreated population in Kampala,
Uganda over the past 10 years. Finally, we compared the
frequency of treatment failures by subtype in this crosssectional cohort to that in a longitudinal cohort of 188
patients (a subset from 1600 patients in an ongoing
meta-analyses).

Methods
Study population and ethics
JCRC was one of the first institutions in Uganda to
offer antiretroviral therapy for HIV-positive patients in
accordance with the WHO guidelines at the time. From
1999 to 2010, clinicians attending to antiretroviraltreated patients at the JCRC requested drug resistance
testing based on clinical evidence of treatment failure:
defined as viral loads more than 2000 copies/ml and/or
CD4 cell count less than 250 cells/ml on two successive
visits. Patients were exposed to at least two ART drugs
starting in early 1990 s whereas all patients received
HAART as standard-of-care by 1998. First-line
HAART consisted of two NRTIs a thymidine analog
(stavudine or zidovudine) and a cytidine analog
(emtricitabine or lamivudine). The NNRTI was either
nevirapine or efavirenz. Data for these analyses
were obtained from the patient care database at the
JCRC. IRB approval (EM10–07) was obtained for
drug resistance testing and for development for an
anonymized database to store the clinical data. Both the
clinical and laboratory staff were blinded to this clinical
data on 2000 patient samples derived from 15 000
HIV-infected patients attending the clinic.
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Sequence analysis and genotypic drug resistance
Of the 2000 unique HIV-1 sequences analyzed,
939 had high quality HIV-1 reverse transcriptase (RT)
or protease (PR)-RT sequences associated with complete clinical demographics and treatment monitoring
information. For approximately 50 samples, low-quality
sequence was related to multiple polymorphic sites in the
reverse transcriptase or PR-RT sequence preventing
the assembly of an average consensus sequence for the
patient-derived virus. Over 1000 DRGs were excluded
due to limited patient records, viral loads, or CD4 cell
count (i.e. less than two viral load and CD4 cell count
per year). Finally, we also excluded all DRGs from
patients not attending the JCRC clinic for the duration
of treatment/care. Approximately, 30% of all DRGs
are performed for other HIV/AIDS clinics in Kampala
and throughout Uganda. As part of various clinical
research studies, genotypes from PR-RT sequencing
were also obtained from 269 untreated patients attending
the JCRC clinic starting in 1997. To reduce costs, reverse
transcriptase sequencing was primarily performed
for patients receiving an NNRTI-based regimen while
PR-RT sequencing was performed on patients on
protease inhibitor-based regimens. Briefly, HIV-1 RNA
was extracted from plasma samples using a Qiagen
RNA extraction method (Qiagen Inc., Chatsworth,
California, USA). Polymerase gene-specific primers
were used for PCR as described [10] and in supplementary Table 1, http://links.lww.com/QAD/A334.
The PCR products were purified using the QIAquick
PCR purification kit (Qiagen, Valencia, California,
USA), sequenced using Visible Genetics (Ontario,
Canada) (1997–2002 samples), Beckman Coulter
sequencing kit and CEQ 8000 instrument (Beckman
Coulter Inc., Fullerton, California, USA) (2002–2007
samples) and longer read lengths, and reduced number of
repeat testing were obtained from 630 samples (2006–
2010) using the BigDye Terminator cycle sequencing kit
and ABI3730xl sequencing platform (Life Technologies,
Carlsbad, California, USA). With a few exceptions, all
sequencing was performed in the Center for AIDS
Research (CFAR) laboratories at the JCRC site. The
HIV-1 sequences were edited using BioEdit sequence
editor version 7.0.4 and then uploaded into the Stanford
University HIV Drug resistance database (http://hivdb.
stanford.edu) to obtain the drug resistance profile.
Mutations were generally categorized according to the
International AIDS Society-USA recommendations
[15]. Separate phylogenetic analyses were performed
to predict subtype, recombinants, and to exclude any
contaminants. Each patient PR-RTor reverse transcriptase sequence was aligned to curated set of subtype A, B,
C, D, G, and circulating recombinant forms HIV-1
sequences from the alignment reference sequence
database from Los Alamos HIV sequence database. All
HIV-1 nucleotide sequences have been submitted to
Genbank and are accessible by searching with the citation
of this article.
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Statistics
Standard t tests, Pearson product moment correlations,
and test for proportions were performed for these studies.

Results
Drug resistance genotyping at the Joint Clinical
Research Centre over a 10-year span
Drug resistance genotyping/testing is requested for those
patients receiving antiretroviral treatment and for whom a
detectable viral load of more than 2000 copies/ml, CD4
cell count below 250 cells/ml on two consecutive visit, or
have decreased more than 200 CD4 cells/ml between
visits (Fig. 1). At the time of testing (up to 3 months prior
to testing), the median CD4 cell count was 177 cells/ml
(n ¼ 678) (25–75% of 67–354 cells/ml) and median viral
load was 48 000 copies/ml (n ¼ 678) (10 000–1 750 000)
(Fig. 2). The number of drug resistance tests done over a
10-year period is shown in Fig. 1a. Prior to 2004, most of
the patients receiving antiretroviral drugs were paying for
their medications as well as their treatment monitoring
assays. Due to the very high costs of antiretroviral
treatment, the cumulative numbers of people receiving
treatment was less than 5000 by 2003. Hence, the number
of drug resistance tests was much lower prior to 2004.
With limited drug supplies and high cost of drugs, poor
adherence led to high frequency of treatment failures [10].
With the roll out of antiretroviral treatment by the
PEPFAR program in 2004 at the JCRC, the number of
patients receiving HAART increased to over 10 000 by
2005 in just Kampala and adherence to treatment
improved dramatically with treatment retention rates
more than 97%. In the JCRC clinics across Uganda, over
60 000 patients were on HAART by 2007 with an
estimated 50% of the HIV-infected Ugandans who
required HAART based on the WHO treatment
guidelines at the time (i.e., CD4 cell count less than
250 cells/ml).
The numbers of antiretroviral resistance tests performed
by the CFAR laboratory were approximately three-fold
higher from 2001 to 2004 and two-fold higher from 2004
to the end of 2009, which again relates to more than 2000
drug resistance tests but only 939 with complete clinical
paramaters/demographics. A reduction in PEPFAR
funding in 2009 at the JCRC clinics reduced the requests
for drug resistance testing. It was difficult to ascertain the
impact of DRG on subsequent treatment outcomes
because we did not compare with treatment outcomes
following failures in which DRG tests were not
performed. However, following treatment failure, a
DRG test, and a change in treatment regimen, there
was significant improvements with a lower median viral
load (349 copies/ml) and a higher median CD4 cell count
(311 cells/ml) at 12–18 months as compared to the
clinical values prior to the DRG test (48 800 copies/ml
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Fig. 1. Summary of drug resistance genotype testing performed on treatment-naive and treatment-experienced HIV-infected
patients at the Joint Clinical Research Centre (JCRC), Kampala, Uganda over a 10-year period. The number of drug resistance
genotypes (DRGs) performed on samples from treatment failures (a and b) and treatment-naive patients (c and d) over the past
10 years are presented as a percentage with at least one primary drug-resistant mutation (a and c) or based on the infecting HIV-1
subtype in the sample (b and d).

and 177 cells/ml, respectively) (all P < 0.001; Fig. 2). Virus
suppression was maintained even 1–5 years following the
DRG test and a change in treatment regimen.
Of the 939 DRGs performed over the past 10 years,
754 or 80% had at least one primary drug resistant
mutation. Tests prior to 2005 reflect initiation of
treatment with self-paying patients and prior to the
PEPFAR rollout of HAART in 2004. During this time,
nonstructured treatment interruptions were the norm

with many patients. Also, many DRGs prior to 2005 were
performed on samples from patients who had stopped a
treatment regimen due to cost and were then advised
to obtain a DRG prior to starting a new treatment
regimen (now available at a lower cost). With these
DRGs, primary drug-resistant mutations had reverted to
wild type in the intrapatient virus population and was not
be detected by our DRG. Thus, less than 60% of these
patient samples had one or more primary drug resistance
mutations prior to 2005.
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Fig. 2. CD4 cell count and viral loads before and after drug
resistance genotyping in Joint Clinical Research Centre
(JCRC) patients. Viral loads (a) and CD4 cell count (b) were
measured 1–5 year and 3 months in patients prior to obtaining a drug resistance genotype (DRG). These analyses were
also performed within 3 months of the DRG or 12–15 months
and 1–5 years following the DRG. Only one CD4 or viral load
measurement per patient (with DRG) was factored into the 3
month and 12–15 month analyses. The 1–5 year analyses of
CD4 cell count and viral loads before or after the DRG
involved several values per patient when available.
In (a) refers to the highest outlying viral load that is scaled
by the Y axis. In (b) the highest CD4 cell count is provided as a
number, e.g. ‘ ¼ 3893’. yrs, years; mo, months.

Over this 10-year period, we performed DRG and
subtyping on 269 treatment-naive patients attending
the JCRC Clinic in Kampala as well as an additional
188 patients as part of the PASAR study [24–26] (Fig. 1c
and d). In these drug-naive cohorts, 5–9% of these
patients harbored a virus with one or more primary drugresistant mutation(s). There appears to be a slight increase
in drug resistance within the treatment-naive population
after 2008 but this is subject to further study. Supplementary Fig. 1a and b, http://links.lww.com/QAD/
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A334 shows the neighbor joining phylogenetic trees
from 252 and 456 HIV RT sequences sampled from
the treatment-naive and treatment-experienced patients
failing therapy, respectively. The pie chart in the middle of
Supplementary Fig. 1b, http://links.lww.com/QAD/
A334 summarizes the percentages of subtypes from
all 939 DRGs performed on patients with treatment
failure. Subtype A accounts for 55% in both patient
groups followed by subtype D and subtype C (<4%).
Approximately, 10% are unique intersubtype recombinant forms (URFs) in reverse transcriptase but if the
entire genome was sequenced, this may go up to more
than 30% [27]. Frequency of subtype D infections
decreases and subtype A and C increases from west to east
and along the shore of Lake Victoria starting from the
Tanzanian to the Kenyan border [28]. The prevalence of
subtypes in JCRC Clinics in Kampala has remained stable
for over 10 years (Fig. 1). These percentages are consistent
with those of other cohorts in Kampala [27].

Preferential emergence of specific drug
resistance mutations
The most common NRTI and NNRTI resistance
mutations from the DRGs were M184V and K103N
(Fig. 3a and b) due in part to the predominance of
lamivudine and nevirapine in treatment regimens.
Thymidine analog-associated resistance mutations were
also observed at high frequency. Each dot in Fig. 3a and b
represents detection of a primary drug-resistant mutation
in a DRG. All of the mutations were found at similar
frequencies in DRGs performed on subtype A and
subtype D-infected patients failing an antiretroviral
regimen (upper and lower bar graphs, Fig. 3a and b).
Impact of HIV-1 subtype on emergence of drug
resistance
As described above, we combined the subtyping analyses
on our treatment-naive cohorts (n ¼ 464) [29–31]
with that from other cohorts in Kampala, Uganda [27].
From these analyses (n ¼ 655), the prevalence of subtypes and recombinant forms were quite consistent over
10 years of study with subtype A infections at 55.5%, B –
0.2%, C – 2.8%, D – 30.1%, and URFs – 11.4% (first bar
set, Fig. 4). We then analyzed the subtypes of our crosssectional cohort of patients receiving DRGs and with
evidence of treatment failure. The percentage of subtype
A dropped with a concomitant increase in subtype D in
both patients requiring a DRG (second bar set, Fig. 4a)
and in the subset that harbored at least one primary
drug resistance mutation (third bar set, Fig. 4a). These
findings might suggest that the emergence of antiretroviral resistance was more common in subtype D
than with A infections. A slightly higher proportion of
subtype D versus subtype A was observed in antiretroviral-treated patients with antiretroviral resistance than
in the treatment-naive population (P ¼ 0.017, Table 1).
In addition, increased treatment failures (and drug
resistance) with subtype D versus subtype A infections
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Fig. 3. Frequency of drug resistance mutations in subtype A and D HIV-1 failing antiretroviral treatment from 1998 to 2009. The
frequency of drug resistance mutations per subtype A (a, b, and f) or subtype D samples (c, d, and e) was examined for this treatment
failure cohort. The mutations in reverse transcriptase to nucleoside reverse transcriptase inhibitors (NRTI) in each subtype Ainfected patient is shown by single green dot across the reverse transcriptase (a). The frequency of each NRTI mutations within the
subtype A population is described in (b) and for subtype D in (c). For the NNRTI resistance mutations, the individual mutations per
DRG test for each year is shown in (d) for subtype D infections. The frequency of each NNRTI mutation within the subtype D
population is described in (e) and for subtype A in (f).

appeared to be associated with NRTI treatment and
the appearance of NRTI-resistant mutations (P values ¼
0.002–0.0147), and not NNRTI treatment/resistance
mutations (P > 0.04). We can infer the percentages of
infecting subtypes in this antiretroviral-treated population based on those HIV-1 subtypes observed in the
treatment-naive JCRC cohort (Figs. 1 and 2).
Interestingly, there is only a slight trend for increased
treatment failures in subtype D versus subtype A infections during first line HAART using a cytidine analog þ
thymidine analog þ NNRTI (Fig. 4b). The most

significant skewing of subtypes was observed in
those patients failing a second line or subsequent
salvage HAART (Fig. 4c). With salvage treatment,
increased emergence of drug resistance with subtype D
was highly significant (P ¼ 0.0007) but this was
largely attributable to NRTI (P < 0.0012) rather than
NNRTI selection pressure (P > 0.04). Finally, we
examined the impact of protease inhibitor selective
pressure on emergence of drug resistance among subtype D and A patients but the results were inconclusive as
only 14 out of 150 patients developed protease inhibitor
resistance.
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Fig. 4. Comparing the distribution in HIV-1 subtypes in the treatment-naive population and in patients failing antiretroviral
treatment. The percentage of subtypes A, B, C, D, and unique recombinant forms in the treatment naive population is shown as the
first set of bars in panels a, b, and c. Percentage of subtypes in all DRG tests performed on reverse transcriptase coding region are in
the second set of bars followed by the subtype percentage in only those samples harboring primary drug resistance mutations. The
next set of bars describes the subtype percentages in those samples harboring primary resistance mutations to a specific nucleoside
reverse transcriptase inhibitor (NRTI), tenofovir (TDF), and nonnucleoside reverse transcriptase inhibitor (NNRTI). Panel
(a) describes the subtype distributions for all patient samples failing any antiretroviral treatment regimen, (b) only those failing
first line HAART (one NNRTI þ one cytidine analog þ one thymidine analog), and (c) only those failing a second line or subsequent
salvage regimens. ABC, abacavir; D4T, stavudine; ddI, didanosine; DLV, delaviridine; EFV, efavirenz; ETR, etravirine; FTC,
emtricitabine; NVP, nevirapine; TDF, tenofovir; ZDV, zidovudine; 3TC, lamivudine.
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Table 1. Statistical analyses of proportions of subtype A and D in the treatment-naive and antiretroviral-resistant populations in Kampala,
Uganda.
Population of tested individuals
Treatment naive (2000–2010)
All treatments (2000–2010)

First-line treatment (2000–2010)

Salvage therapy (2000–2010)

Conditions
All tests
All test with resistance
All tests with resistance to:
NRTIs/NtRTIs
3TC
ABC
ZDV
D4t
ddI
FTC
TDF
NNRTIs
DLV
EFV
ETR
NVP
All tests
All test with resistance
All tests with resistance to:
NRTIs/NtRTIs
3TC
ABC
ZDV
D4t
ddI
FTC
TDF
NNRTIs
DLV
EFV
ETR
NVP
All tests
All test with resistance
All tests with resistance to:
NRTIs/NtRTIs
3TC
ABC
ZDV
D4t
ddI
FTC
TDF
NNRTIs
DLV
EFV
ETR
NVP

Subtype A

Subtype D

P-value

254
484
365

138
334
272

0.0604
0.0171

306
320
186
200
227
306
161

233
242
175
177
195
233
160

0.0136
0.0147
0.0002
0.0009
0.0014
0.0136
0.0001

318
335
279
338
245
198

228
237
188
237
152
121

0.0424
0.0513
0.1285
0.0595
0.3691
0.4523

173
179
111
118
132
173
95

109
114
81
82
91
109
66

0.3594
0.3200
0.1015
0.1675
0.1670
0.3594
0.1999

177
185
155
186
80
60

106
112
89
113
82
64

0.5479
0.4980
0.7449
0.4833
0.0007
0.0011

48
50
30
29
34
48
26

55
57
38
40
48
55
42

0.0008
0.0007
0.0012
0.0003
0.0001
0.0008
0.0000

55
55
46
55

43
47
40
47

0.1116
0.0432
0.0495
0.0432

ABC, abacavir; D4T, stavudine; ddI, didanosine; DLV, delaviridine; EFV, efavirenz; ETR, etravirine; FTC, emtricitabine; NNRTI, nonnucleoside
reverse transcriptase inhibitor; NRTI, nucleoside reverse transcriptase inhibitor; NVP, nevirapine; TDF, tenofovir; ZDV, zidovudine; 3TC,
lamivudine.

Discussion
Since 1999, DRG testing has been provided as a standardof-care assay for patients receiving HAART at the JCRC.
Due to the high costs of the antiretroviral drugs, demands
for this assay were minimal until the rollout of
HAART with PEPFAR in 2004. Treatment failures
were obviously more prevalent in late 1990 s with a two
NNRTI regimen than with HAART [10]. The majority
of treatment failure samples harbored antiretroviralresistant virus (>70%). The slightly lower level of drug
resistance prior to 2005 relates to the number of samples

collected from patients that initiated sub-optimal
treatment, had interrupted or stopped therapy (due
primarily to cost), and/or were re-initiating treatment.
Thus, virus in these samples may have reverted back
to wild type. Since the vast majority of patients were
treated with an NNRTI, a cytidine analog, and a
thymidine analog, it was not surprising to observe a high
prevalence of the ‘classical’ primary drug resistance
mutations such as M184V, K103N, Y181C, and so on.
The prevalence of these mutations was not affected
by subtype.
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Treatment failure and drug resistance were more frequent
in patients infected with subtype D than those infected
with subtype A, C, or recombinant forms. To clarify, it is
important to place these observations into context. We
determined HIV-1 subtypes of 464 treatment-naive
patients prior to initiating a HAART regimen [29–31]
with an additional 191 samples derived from other studies
[10,27]. Subtype A was 55% while subtype D was 30%. In
the 939 treatment failures compared with 655 treatmentnaive patients, there was a significant shift in the
frequency of subtype D infections (50 versus 55%) and
of subtype A infections (34 versus 30%) but no significant
difference for subtype B, C, or recombinants. This
shift to a higher frequency of failures among subtype
D-infected patients was only a trend with first-line
HAART and was highly significant with salvage
treatment. With the failures to second-line or subsequent
salvage treatment, subtype frequency shift was quite
evident with subtype D (42% salvage failure versus 55%
naive) and subtype A infections (43 versus 34%), this
subtype shift was also observed with primary resistance in
the naive cohorts.
It is unclear why treatment failures and resistance may be
more frequent in subtype D versus subtype A-infected
individuals in Uganda. Previous studies have reported
faster disease progression in subtype D versus subtype Ainfected patients in natural history cohorts [32,33].
Using dual virus competitions in primary human T cells
and macrophages, subtype D has slightly greater
replicative fitness than subtype A HIV-1 when competed
against isolates of the same coreceptor usage [34].
By extension, we and others have also shown that
replicative fitness is tightly associated with disease
progression [35–38]. The faster replicating CXCR4using viruses were more common in subtype D as
compared to subtype A infections [39]. Faster disease
progression, higher prevalence of CXCR4-tropism, and
higher replication fitness of HIV-1 subtype D over A are
not necessarily direct factors affecting treatment success
and the emergence of resistance but this association
with pathogenesis and response to treatment should be
explored. Any treatment interruption, adverse event,
or even poor drug penetration into specific tissues
may promote residual virus replication. Ultimately, the
virus with faster replication kinetics and higher turnover
(e.g. subtype D) would lead to accelerated evolution
and may result in a higher probability to achieve drug
resistance.
Based on stable subtype distributions in the treatment
naive population and the slightly higher frequency of
treatment failure with subtype D infections, we would
require a cohort size of 2000 treatment failures in the
first year from approximately 30 000 treatment naive
individuals starting HAART to observe significant
shift in subtype distribution in a first-line treatment
study. Thus, we have initiated meta-analyses with
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approximately 3000 DRGs available from various
Ugandan treatment studies. However, it is important
to note that some of these studies are based in southwest
Uganda (e.g. Rakai district) where subtype D prevalence
in the treatment-naive population is higher than in
Kampala [28]. We have attempted to examine the rate of
treatment failure in different subtype by enrolling 1600
treatment naive JCRC patients into several clinical
studies sponsored by different funding agencies but with
similar end-point analyses [10,24,40–42]. Treatment
failure was typically less than 15% during the first 2 years
of follow-up during first-line HAARTand of these failures,
70% harbor drug-resistant viruses. For example, one of
these studies enrolled 188 treatment-naive patients at the
JCRC [24]. The proportion of subtypes was similar as in
other JCRC cohorts over the past 10 years (Figs 1 and
2; Supplementary Fig. 1, http://links.lww.com/QAD/
A334). Of 25 treatment failures in the first year, only
18 harbored DRGs and there was no obvious or statistically
significant difference in subtype distribution [24]. Statistical significance for increased treatment failures in subtype
D over subtype A may be achieved with extending the
study follow-up period. With our meta-analyses of our
longitudinal cohort with 1600 patients, follow-up is
generally 2–3 years with first-line treatment failures
reaching more than 20% at the JCRC.
Based on the shift in subtype D and subtype A frequencies
in the treatment failure versus treatment-naive populations, we estimate a hazard ratio of 1.28 for treatment
failure comparing subtype D versus a subtype A-infected
individual. The risk of treatment failure in subtype D
versus subtype A-infected patients appears different based
on the type of treatment regimen. In general, higher
levels of NRTI resistance over NNRTI resistance in
treatment failure appeared necessary to shift proportions
of subtype D over subtype A. For unknown reasons,
resistance to tenofovir, stavudine, and didanosine appear
to be more prominent in subtype D than in subtype A
during treatment failure. These findings appear complex
but may be related to the residual antiviral activities and/
or replicative fitness of specific DRGs. The higher
intrinsic fitness of subtype D over subtype A [34] may
help compensate for loss in fitness associated with drug
resistance mutations. K103N and Y181C in HIV-1
confer high-level primary resistance to efavirenz, and
nevirapine, respectively, but have minimal cost on
replicative fitness [43]. Resistance to other NRTI are
known to emerge more slowly, confer more moderate
levels of drug resistance, and are associated with higher
fitness costs. The exception would be the lamivudine/
emtricitabine treatment and emergence of M184V
in which M184V confers a high level of resistance
(>1000-fold) but also high replicative fitness costs [44].
Of all the NRTIs, resistance to lamivudine and
emtricitabine in treatment failures is associated
with the lowest shift in subtype distribution from the
treatment-naive cohort.
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Conclusion
These findings would suggest that replication kinetics
and relative compensation for drug resistance mutations within specific HIV-1 backbone sequence could
impact treatment outcome. Of great significance for
HIV treatment in Africa, specific HIV-1 subtypes
such as subtype D may have higher intrinsic fitness,
lead to faster disease progression, may have higher rates of
treatment failures, thus, infections with subtype D may
require more stringent treatment monitoring.
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