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Abstract

Background

The emergence, accumulation and spread of HIV-1 drug resistance strains in Africa could
compromise the effectiveness of HIV treatment programs. This study was aimed at deter-
mining the incidence of virological failure and acquired drug resistance mutations overtime
and identifying the most common mutational pathways of resistance in a well characterized
HIV-1C infected Ethiopian cohort.

Methods

A total of 320 patients (220 ART naive and 100 on first lines ART) were included and fol-
lowed. ART initiation and patients’ monitoring was based on the WHO clinical and immuno-
logical parameters. HIV viral load measurement and genotypic drug resistance testing were
done at baseline (T0-2008) and after on average at a median time of 30 months on ART at
three time points (T1-2011, T2-2013, T3-2015).

Findings

The incidence of virological failure has increased overtime from 11 at T1to 17 at T2 and
then to 30% at T3. At all time point’s almost all of the patients with virological failure and
accumulated drug resistance mutations had not met the WHO clinical and immunologic
failure criteria and continued the failing regimen. A steep increase in the incidence and accu-
mulation of major acquired NRTI and NNRTI drug resistance mutations have been observed
(from 40% at T1 to 64% at T2 and then to 66% at T3). The most frequent NRTIs drug resis-
tance associated mutations are mainly the lamivudine-induced mutation M184V which was
detected in 4 patients at T1 and showed a 2 fold increase in the following time points (T2:
n=8) and at (T3: n = 12) and the thymidine analogue mutations (such as D67N, K70R and
K219E) which were not-detected at baseline TO and T1 but were increased progressively to
10 at T2 and to 17 at T3. The most frequent NNRTIs associated mutations were K103N,
V106M and Y188C.
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Conclusions

An upward trend in the incidence of virological failure and accumulation of NRTI and NNRTI
associated acquired antiretroviral drug resistance mutations are observed. The data sug-
gest the need for virological monitoring, resistance testing for early detection of failure and
access for TDF and PI containing drugs. Population-level and patient targeted interventions
to prevent the spread of mutant variants is warranted.

Introduction

In Africa, over the past decade a remarkable increase in access to combination antiretroviral
therapy (cART) has been continued and has substantially contributed to the dramatic reduc-
tion in morbidity and mortality. It has also improved quality of life and life expectancy and
altered perceptions on HIV/AIDS from an epidemic to a manageable chronic illness [1, 2].
These achievements are based on the WHO public health approach of using clinical and
immunological parameters as the standard for ART initiation and monitoring, despite its limi-
tations compared with the reference virological parameters based approach [3, 4]. The exclu-
sive use of this simplified strategy to initiate and switch ART together with the use of drugs
with low-genetic-barrier and the socio-cultural issues in the region may favor the rapid emer-
gence, accumulation and transmission of resistant viruses.

Along with the expanded coverage of ART, prevalence of transmitted drug resistance
(TDR) is rising overtime [5-7] predominantly associated with nonnucleoside reverse tran-
scriptase inhibitors (NNRTIs). Moreover, few available studies on long term virological out-
comes showed that virological failure remains undetected and patients continue to be on
failing regimen until either clinical or immunological failure occurs [8] which leads to high
rates of treatment failure with virological failure rates of greater than 20% after 24 months of
ART and development of resistance with the potential of reducing the efficacy of available
first-line regimens [8, 9] in up to 90% of patients and being considered as a major threat for
ongoing and future treatment options[8-12]. Although many studies have reported early out-
comes of patients on ART, they were limited to patient’s outcomes in terms of retention and
survival [13] without baseline virological data.

In Ethiopia, according to the recent report from the Federal HIV Prevention and Control
Office, there are about 740,000 people living with HIV in Ethiopia, and only 400,000 are
receiving antiretroviral treatment. Previous studies in early years of HIV and recent studies
including our previous works show the presences of HIV-1C clade homogeneity in 99% of
Ethiopian isolates [14]. ART in Ethiopia consists of generic low cost fixed-dose combination
(FDC) of two NRTI and

one NNRTTI with first line regimens of lamivudine (3TC) combined with stavudine (d4T)
or zidovudine (AZT), and either nevirapine (NVP) or efavirenz (EFV) permitting four alter-
native treatment regimens: D4T+3TC+NVP; D4T+3TC+EFV; ZDV+3TC+NVP; or ZDV
+3TC+EFV. For second line therapy, the nucleoside backbone is changed to ABC, TDF, ddI
or ZDV (if not used in first-line therapy); and, in addition, the non-nucleoside reverse tran-
scriptase inhibitors (NNRTIs) NVP or EFV was replaced by one of the boosted protease
inhibitors (PIs) lopinavir (LPV/r), saquinavir (SQV/r) or indinavir (IND/r) [https://aidsfree.
usaid.gov/]. Although D4T has been omitted from ART recommendations because of its side
effects in 2008, it is still used extensively in Ethiopia. ART initiation and monitoring is based
on the WHO clinico-immunological approach. However, as this approach lacks viral load
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determination and drug resistance testing HIV infected individuals may be at risk for
“unrecognized” virologic failure and the subsequent development of antiretroviral drug
resistance.

In this a decade longitudinal study, we aimed to determine the incidence of virological fail-
ure and acquired drug resistance mutations overtime and to identify the most common muta-
tional pathways of resistance among two groups of patients who had initiated ART at the
scale-up (2008)-Group 1 and first roll out (2005)—Group 2 of ART in a well characterized
HIV-1C infected Ethiopian cohort [3, 4, 14].

Methods
Study design

This is a prospective cohort study where the baseline characteristics [3, 14] of the groups and
the outcome of ART after a median time of 30 months [4] have been described before. The
cohort profile is depicted in Fig 1 The study protocol and design including the consent proce-
dures were approved by the University of Gondar Ethical Review Committee (RPO/55/291/
00).

Treatment and patients monitoring

As described before [3, 4, 14], patients were evaluated with a standardized form at enrolment
and diagnosed based on the WHO criteria of AIDS-defining conditions. Although, the eligibil-
ity criterion for ART has been changed over the years the initial criteria based on CD4 count
<200 cells/mm3or WHO stage 4 was used [13].

Blood collection and laboratory investigations

Sample collection and preparation, CD4™ T cells count, HIV-1 RNA extraction, pol gene
amplification and sequencing were done as described previously [3, 4, 14]. Briefly, blood sam-
ples was collected in vacutainer tubes containing ethylene diamine tetraacetic acid (EDTA) at
baseline, every 6 months (for CD4" T cells count only) and at last by a median time of 24
months on ART for viral load determination and detection of drug resistance mutations.
Immunological failure was defined as failure to achieve a CD4" T cells gain of at least 50 cells
above pre-therapy level or having an absolute CD4" T cells count of < 100 cells/mm” after one
year of therapy [15].

A baseline blood samples refers to a blood sample collected prior to the initiation of ART
and denoted by T0 (2008). The time point T1 was a blood sample collected in a median time of
30 months on ART (2011) and the time points T2 (2013) and T3 (2015) were blood samples
collected at least in a median time of 24 months. Thus, HIV viral load was measured at TO
(N'=220), T1 (N=127), T2 (N =101) and T3 (N = 72) for Group-2 and at T1 (N = 100), T2
(N =67) and T3 (N = 44) for Group-1 patients. Although, WHO defines virological failure
using viral load cut-offs of > 3log copies/ml after 3 months with adherence support [15], there
is no standardized reporting of virologic failure since 3 months may not enough for full viral
suppression and since resistance mutations could be detected in samples with VL of as low as
2.5log copies/ml and not in patients with viral load of >1000 copies/ml. Thus, in this study
viral load of below the detection limits of the assay (1.6log copies/ml), between 1.6 and 2.6log
copies/ml and >2.6log copies/ml in single plasma sample were defined as virologic suppres-
sion, low-level viremia and virological failure, respectively [16]. Genotypic drug resistance
mutations were interpreted according to the Stanford University drug resistance database
(http://hivdb.stanford.edu) and the 2017 IAS mutation list [17]. The Stanford HIV Drug
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Fig 1. Cohort profile.
https://doi.org/10.1371/journal.pone.0186619.9001

Resistance Database (HIVDB) mutation penalty scoring system (http://hivdb.stanford.edu/
DR/) was also used to estimate genotypic susceptibility scores (GSSs) and characterize the level
of resistance in clinical isolates. HIV-1 subtype was determined by using the REGA HIV-1
Automated Subtyping Tool version 2 (http://www.bioafrica.net).
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Fig 2. Incidence of virological failure and acquired drug resistance over time.

https://doi.org/10.1371/journal.pone.0186619.9002

Results
Cohort characteristics of Group 1

The level of transmitted drug resistance at baseline (T0) was found to be 5.6% and 13.1%
according to the Stanford University HIVDB drug resistance interpretation algorithms and
the International Antiviral Society mutation lists, respectively (S1 Table). Furthermore, viral
suppression rate after a median time of 30 months on ART (T1) was found to be 88.2% (112/
127). Among the 15 virologically failed patients, six harbored one or more drug resistant asso-
ciated mutations in the reverse transcriptase region (S2 Table).

Incidence of virological failure

In this study, by the time point T2 (after 5 years on ART) and T3 (after 8 years on ART), 72%
(101/140) and 71% (72/101) were found to be active on ART program. At T2, among those on
ART a total of 83% (84/101) achieved virological suppression which with time decreased to
70% (51/72) by the time point T3. In another words, the incidence of virological failure has
increased overtime from 11% at T1 [4] to 17% at T2 and then to 30% at T3 (Fig 2). Moreover,
an increasing median HIV-1 RNA level in virologically failed subjects was observed over time
(4.28, 4.42 and 5.4log10 copies/ml at T1, T2 and T3, respectively. Elven out of 15 (73%), 11/17
(64%) and 15/21(71%) of the patients with cohort definition of VF (above 1.6log10 copies/ml)
met the WHO virological failure criteria (>3log10 copies/ml) at time point T1, T2 and T3,
respectively. However, at all time points almost all of the patients with virological failure and
accumulated drug resistance mutations had not met the WHO clinical and immunologic fail-
ure criteria and continued the failing regimen although a reduction in CD*4 T cell counts is
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Table 1. Clinical characteristics and antiretroviral drug resistance mutation (at time point-T2).

ID |Age*/ CD4* cells HIV-1 RNA ART Time NRTIs NNRTIs
Sex Regimen'
TO T1 T2 |[TO |T1 T2 [TO|T1|T2 Mutations Resistant? mutations | Resistant?
0003 | 48/M | 251|291 (221|591 |ud 6.04|1a|1a|1a |68 | M184V, V75|, K65R, 3TC,FTC,ABC, | K103N,L100l, EFV, NVP,
Y115F TDF, D4T V179T RPV, ETR
0005 | 38/M | 201|249 |211|3.85|ud |5.63 1a|1a|1c |63 |M184V, T215Y 3TC,FTC,ABC, |V106V,F227L | EFV, NVP
TDF, AZT, DAT
0006 |43/F |81 |378|289|5.04|ud |550 1a 1c|1a|62 | None - Y181L, P225H | EFV, NVP,
RPV
0009 | 48/F 178 | 347 | 293|450 |ud | 5.69|1a|1c|1a |60 |K65R TDF, DDI, ABC, K103N, V106M | EFV, NVP
D4T
0013 | 38/F 184 1299 | 168 | 4.05 ud |3.92|1a|1a|1c |67 |K65R,Y115F,M184V | 3TC,FTC,ABC, |K101E,Y181C, |EFV,NVP,
TDF, D4T, FTC, G190A RPV, ETR
D4T
0014 |38/F |76 | 399|383 |4.31|2.65 /463 |1a|1a|1a|66 |M184V 3TC,FTC K103N, E138K, | EFV, NVP,
P225H, K238T | ETR, RPV
0017 | 44/F |84 |357 /121|579 |ud |5.37|1a|1b|1d|69 | E44A, L74l, K70R, 3TC, ABC, AZT, K103N EFV, NVP
M184V, V118I, T215V, | D4T, DDI, FTC,
K219E, L210W TDF
0018 | 35/F 149 | 358 | 277 | 5.01|2.57 | 579 |1a | 1a|1d |59 | M184l,L74l, D67N 3TC, ABC, D4T, | G190E EFV, NVP,
FTC RPV, ETR
0019 |49/F |293|421 /302|543 |ud |6.04 1a|1a|1c |65 |M184l, L74l, D67N 3TC, ABC, D4T, | V90Il, G190E EFV, NVP,
FTC RPV, ETR
0039 |47/M | 181|396 | 417 |4.42 | ud 4,46 |1a|1c |1c 64 | T69D DDI None -
0035 |39/M | 219|467 |311/3.03|/2.19/5.30 |1a | 1c |1c |62 | D67N, T69D, K70R, 3TC, DDI, FTC, V106M, Y188C | EFV, NVP
M184V, K219Q ABC, AZT, DAT
0001 |39/M | 189|356 | 341|534 |ud |3.74|1a|1a|1c |58 | None - None -
0004 | 43/M | 162 |325|299 556 |ud 4,66 |1a|1a|1c | 61 None - None -
0007 | 41/M | 195|399 | 311 |4.98|2.39/3.93|1b | 1b|1c |57 | None - None -
0011 |37/M | 230|379 (302 |6.12|ud |2.19|1a | 1c|1c |67 | None - None -
0020 | 45/F | 211|496 349|529 |ud |5.60|1b | 1c|1c |67 | None - None -
0022 | 29/F 165|389 377 |5.47 |ud 519 |1b | 1c |1c |59 None - None -

* Age (years) is at time point (T2);
CDA4 T cells/mm3;
HIV-1 RNA log10 copies/ml;
Time on ART (months);
ud: HIV RNA< 1.6log10 copes/ml;
"1a: 3TC—d4T + NVP; 1b: 3TC—d4T + EFV; 1c: 3TC—AZT+ NVP; 1d: 3STC—AZT + EFV;
23TC (Lamivudine), d4T (Stavidine), NVP (Nevirapine), EFV (Efavirenz), AZT (Zidovidine); Intermediate Level of Resistance to the drugs in italic type.

https://doi.org/10.1371/journal.pone.0186619.t001

noted (Tables 1 and 2). At time point T1 drug resistance mutations were not detected in 2
patients despite high viral load (S2 Table). This phenomenon was seen in 6 patients each at
time point T2 (Table 1) and T3 (Table 2). About a quarter of the patients who did not reach
virological suppression at T2 and T3 had had a low-level viremia at the preceding time points.

Incidence of acquired drug resistance mutation

None of the patients who had acquired drug resistance associated mutations had presented pre
ART drug resistance mutations suggesting that these mutations are developed after treatment
initiation and are definitely acquired with obvious limitation of population based sequencing
which miss minority resistant variants. There was high sequence similarity and strong clustering
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Table 2. Clinical characteristics and antiretroviral drug resistance mutation (at time point- T3).

ART'
T T2 |T3

ID

0023

0026

0027

0028

0030

0032

0033

0034

0037

0040
0041

0046
0052
0012
0008
0024
0025
0029
0031
0038
0054

Age*/
Sex

51/M

28/M

25/F

29M

38/F
30/M
28/M

25/F

38/F

30/M
51/M

28/F
25/F
25/F
29/F
37/F
41/M
38/F
35/M
45/F
39/M

TO |T1

210

201

229

199

274

32

191

149

181

219
258

198
149
62

193
176
169
201
69

196
184

cD4*' T
T2
342 | 388

287 | 345

367 | 411

325 | 412

378 | 411

149 | 301
289 | 389

276 | 432

265 | 378

329
287

399
381

342
276
345
257
267
325
298
178
287
321

358
276
341
349
421
388
349
289
388
428

T3
291

149

293

181

219

199

357

458

396

467
291

349
293
270
421
476
347
399
364
345
369

* Age (years) is at time point (T2);
CD4 T cells/mms3;
HIV-1 RNA log10 copies/ml;
Time on ART (months);

ud: HIV RNA< 1.6log10 copes/ml;
"1a: 3TC—d4T + NVP; 1b: 3TC—d4T + EFV; 1c: 3TC—AZT + NVP; 1d: 3STC—AZT + EFV;
23TC (Lamivudine), d4T (Stavidine), NVP (Nevirapine), EFV (Efavirenz), AZT (Zidovidine); Intermediate Level of Resistance to the drugs in italic type.

https://doi.org/10.1371/journal.pone.0186619.1002

TO
4.43

417

5.43

4.42

3.03

3.76

4.43

417

4.42

3.03
4.43

417
5.43
2.20
5.43
5.44
4.78
4.99
6.20
4.77
5.22

HIV RNA

T
ud

ud

ud

ud

ud

ud

ud

ud

ud

ud
ud

ud
ud
ud
ud
ud
ud
ud
ud
ud
ud

T2
ud

ud

2.58

ud

2.59

ud

ud

2.42

2.54

ud
ud

ud
ud
ud
ud
2.50
ud
2.25
ud
ud
ud

T3
5.59

3.46

5.10

5.16

5.36

4.37

4.96

6.47

6.20

2.94
3.04

2.67
3.99
3.00
2.94
5.59
3.00
5.45
4.23
3.14
4.28

TO
1a

1a

1c

1c

1c

1c

1c

1d

1d

1a
1b

1c
1c
1a
1a
1b
1c
1c
1c
1d
1c

1a

1a

1c

1c

1c

1c

1c

1d

1d

1a
1b

1c
1c
1a
1a
1b
1c
1c
1c
1d
1c

1a

1a
1b

1c
1c
1a
1a
1b
1c
1c
1c
1d
1c

1a

1a

1c

1c

1c

1c

1c

1d

1d

1a
1b

1c
1c
1a
1a
1b
1c
1c
1c
1d
1c

Time

65

67

56

59

66

54

67

71

63

59
57

72
69
61
66
69
70
57
62
68
62

NRTI
Mutations Resistant?
M184V, M41L, | 3TC, FTC,
T215I ABC, AZT,

DA4T, DDI

M184| 3TC, FTC
M184V, D67N, | 3TC, DDI, FTC,
K70R, T69D, ABC, AZT, D4T
K219Q
D67N, T69D, 3TC, DDI, FTC,
K70R, M184V, | ABC, AZT, D4AT
K219Q
M184V, K70R 3TC, FTC, ABC
K65R, Y115F, 3TC, ABC, DD,
M184V FTC, TDF, D4T
K70E, L74l, 3TC, ABC, DDI,
Y115F, M184V | FTC, TDF
D67N, K70R, 3TC, DDI, FTC,
M184V, T69Q, | ABC, D4T, AZT
K219Q
D67N, T69D, 3TC, DDI, FTC,
K70R, M184V, | ABC, D4T, AZT
K219Q
K70R, M184V 3TC, FTC
D67N, T69D, 3TC, FCT, DDI,
K70R, M184V, | ABC, D4T, AZT
K219Q
M184V 3TC, FTC
None -
None -
None -
None -
None -
None -
None -
None -
None -

NNRTI

mutations | Resistant?
K101Q, V106A, EFV, NVP
F227L
V106M, G190A, EFV, NVP,
V179D, F227L, ETR, RPV
Vool
V106M, Y188C EFV, NVP
V106M, Y188C EFV, NVP
G190A, K101E, EFV, NVP,
Y181C, H221Y ETR, RPV
Y181C NVP, EFV,

ETR, RPV

V106M, V179D, EFV, NVP
H221Y, F227L
V106M, Y188C | EFV, NVP
V106M, Y188C | EFV, NVP
V106M, Y188C | EFV, NVP
V106M, Y188C | EFV, NVP
K103N EFV, NVP
K103N EFV, NVP
K103N EFV, NVP
K103N EFV, NVP
None -
None -
None -
None -
None -
None -

between plasma samples of individual patients at different time points (Data not shown).
Among individuals with virological failure a steep increase in the incidence of accumulation of
major acquired NRTT and NNRTI drug resistance mutations have been observed overtime

(from 40% (6/15) at T1 to 64% (11/17) at T2 and then to 66% (15/21) at T3 (Fig 2).
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Fig 3. Accumulation of acquired drug resistance mutations over time.

https://doi.org/10.1371/journal.pone.0186619.9003

At baseline (T0), 4 NRTIs transmitted drug resistance associated mutations were observed.
By the time point T1, 5 NRTTs associated mutations were observed which then increased sub-
stantially to 28 by the time point T2 and further increased to 40 by the time point T3 (Fig 3).

The most frequent NRTIs drug resistance associated mutation is mainly lamivudine-
induced mutation M184V which was detected in 4 patients at T1 and showed a 2 fold increase
in the following time points (T2: n = 8) and at (T3: n = 12). The occurrence of thymidine ana-
logue mutations (TAMs) were not-detected at baseline T0 and T1 but was increased progres-
sively to 10 at T2 and to 17 at T3. Among the two TAMs pathways, TAM-2 which features
D67N, K70R, T215F, and K219E/Q mutations was more common than the TAM-1 which fea-
tures M41L, L210W and T215Y. Most of the patients with multiple TAMs were on d4T or
AZT containing regimen (Tables 1 and 2). At all-time points, relatively low frequency of K65R
mutation was found (Fig 3). Mutations conferring multi-drug resistance such as Q151M and
T69ins were not detected. However, additional mutational pathway at codon 69 from T to D
known to reduce susceptibility to D4T and DDI has been observed at time point T2 (n = 3)
and T3 (n = 4) (Fig 4a).

At baseline (T0), 5 NNRTIs transmitted drug resistance associated mutations were
observed. At T'1, the NNRTIs resistance associated mutations were detected at a lower fre-
quency [K103N (n = 2), V106M, Y181S, Y188L, V90I, K101E and G190A (n = 1 each)]. But
with time like NRTTIs, the frequency and pattern of NNRTIs associated mutations increased
significantly. Briefly, by the time point T1, 8 NNRTIs associated mutations were observed
which then increased substantially to 18 by the time point T2 and further increased to 26 by
the time point T3 (Fig 3). The most frequent

Dual-class resistance to NRTIs and NNRTIs were not detected at baseline TO (S1 Table). But
eventually observed in 5/8, 8/11 and 12/15 patients at time point T1 (S2 Table), T2 (Table 1)
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Fig 4. Accumulation of NRTI (a) & NNRTIs (b) associated acquired drug resistance mutations over time.

https://doi.org/10.1371/journal.pone.0186619.9004

and T3 (Table 2), respectively with frequent combination of M184V and NNRTI resistance
associated mutations. Most of the viral isolates had developed resistance to drugs that the
patients were receiving frequently for NRTIs like lamuvidine/emtricitabine, zidovidine, stavu-
dine or tenofovir and for NNRTTIs like nevirapine or efavirenz. But still few isolates had reduced
susceptibility or resistant to other drugs that the patients did not receive (Tables 1 and 2).
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Major drug resistance mutations on PR region were not detected at all time points. How-
ever, in the majority of the patients at all time points, several secondary mutations that may
facilitate the development of PI resistance were found at higher frequency which could be nat-
urally occurring minor mutations/polymorphic changes (positions M36I, R41K, H69K, L89M,
and I93L) but their clinical significance is uncertain. Seven out of eleven at T1 and 9/15 at T2
who had treatment switch to second line ART (PI/r + 2NRTTs regimen) were found to be viro-
logically suppressed.

Genotypic susceptibility score (GSS)

At baseline, most of the viral isolates were fully susceptible for the available NRTIs and
NNRTIs. However, the mean GSS for both all NRTIs and NNRTIs decreased overtime and the
number of treatment option decreased overtime with viremia. Fig 5 shows the predicted geno-
typic drug susceptibility score of the available drugs in the clinical settings. For example sus-
ceptibility score of the common NNRTIs EFV has significantly reduced from 100% at baseline
to 15% by the time point T3. On the other hand, among 100 consecutive HIV-1 infected adults
who have been receiving ART since 2005 (Grroup-1), virological suppression at time point-T0
was observed in 82% of the patients on a median time of 24 months on ART [3]. Among the
virological failed patients only one patient had K103N mutation which confers resistance to
NNRTIs [3]. By a median time of 5 years on ART (in 2011), 76% of the patients were on ART
of which 93% (71/76) were virologically suppressed. Again, by the median time of 8 years (in
2013) and 10 years (in 2015) years on ART, 94% (51/54) and 93% (29/31) of the patients,
respectively were virologically suppressed. That means, the incidence of virological failure was
almost stable overtime. Moreover, those who did not reach to virological suppression level had
a low level viremia ranging from 1.7 to 2.5log;, copies /ml.
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Discussion

This study describes a decade virological outcomes and measures the incidence of virological
failure and acquired drug resistance mutations in Ethiopian HIV-1C infected adults at 4 time
points from the Horn of Africa. The study has the following main findings in relation to the
incidence of virological failure, accumulation of acquired drug resistance mutations and the
pattern of mutational pathways.

First, a relative upward trend in the incidence of both virological failure and acquired drug
resistance mutation driven by NRTIs and NNRTTIs is observed over the years supporting the
notion that prolonged exposure to ART drives the emergence of mutant variants [5, 16] and
are consistent with studies from other African countries where a significant increase in rate of
both virological failure and drug resistance overtime since rollout of ART has been observed
[9, 12, 16-21] and initial reports from resource reach countries [22]. Considering recent find-
ings from the country that shows nearly 50% of patients on ART continue to engage in risky
sexual practice [23-25], the increasing rate of virological failure with increased level of viremia
may have an impact not only on increasing overall risk of HIV transmission at a population
level but also on increasing rate of reinfection by resistant strains. Thus, both population-level
and patients targeted interventions to reduce risky sexual behavior is warranted.

The higher rate of NRTI resistance may reflect the expected pattern of mutations with
increasing use of first line therapy [26]. Moreover, the increasing accumulation rate of
acquired drug resistance mutations could be due to the fact that almost all of the patients with
virologic failure and drug resistance mutations had not met the WHO clinical and/or immu-
nological failure criteria and continued the failing regimen and are consistent with recent find-
ings which show a 30% per year increase in drug resistance in east Africa [19]. However, there
is a significant difference in rate of virological failure and accumulation of drug resistance
mutation among those who initiated ART at roll out (the first group of patients receiving
cART in Ethiopia) and scale up of ART. This heterogenecity among these group of patients
could be associated with task-shifting approach from more specialized (roll out of ART) to less
specialized (scaling-up of ART) health workers although our study and previous studies
showed that the latter is non-inferior to the former [13, 27, 28] in terms of care during the clin-
ical visits and retention in ART care. The influence of task-shifting approaches on virological
outcomes is not well examined and could result variation monitoring of ART and possibly
influence patient’s adherence although overall adherence in this particular study and other sev-
eral studies from sub-Saharan Africa is not worse compared to western countries [13, 28].
Thus, other drug related factors such as drug supply and regimens used [8] and local program-
matic factors such as when to start/switch, what to start/switch, lack of access for viral load and
resistance testing, lack of alternative drugs with high genetic barriers could have also contrib-
uted to the observed difference.

Second, the absence of major protease inhibitors drug resistant mutations in this cohort
could explain the relation between drug access and emergence of drug resistant mutations.
This could reflect the presence of limited access of the drug class in the country as less than 2%
of patients are taking drug regimens containing this drug class. The occurrence of naturally
occurring polymorphic changes on PR region may have clinical relevance as these changes may
result in the evolution of drug resistance along distinct mutational pathways, or in the inci-
dence of different pathways when considering long-term treatment strategies of HIV-1C
infected patients with PI based regimen [29]. A rapid increase in lamivudine and TAMs were
noted and could be associated with the extensive use of thymidine analogues and their eventual
accumulation overtime in Africa as patients continue failing regimen which might reduce the
effectiveness of second line TDF containing combinations. These findings are important in
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view of the fact that following WHO recommendations TDF is replacing thymidine analogues,
phasing out of the nevirapine from first line regimens and considering LPV/r-based regimen as
the PI of choice in second-line treatment in Africa. In this cohort empirical switching to second
line therapy in small number of patients with failing regimen and existence of drug resistance
mutations led to effective viral suppression demonstrating that TDF containing and PI-based
second line regimens can successfully re-suppress NRTI and NNRTT resistant HIV mutants
and improves virological outcomes. Thus, to preserve this recent WHO recommendation and
to protect resistance development against TDF and PIs, pre-ART resistance testing for key
NNRTT and PI mutations could be considered. Third, the failure of the WHO public health
clinical and immunological approaches in detecting treatment failure support the recent WHO
recommendation for HIV-1 viral load testing in Africa [15] but yet less than 2% of patients had
VL tested [22] and still in some countries like Ethiopia non-existing in routine clinical practice.

Lastly, the study in one side identified an increasing common mutational pathways over-
time with two thymidine non-analog (M184V and K65R) and three thymidine analog (D67N,
K70R and K219E) major nucleoside reverse transcriptase inhibitor (NRTT)-associated DRMs
and four major NNRTI-associated DRMs (K103N, Y181C, G190A, and V106M) which is con-
sistent with previous studies [20, 29]. But on the other side, a stable rate of selection was also
observed for some NRTI mutations (such as Y115F, L210W) and several NNRTI mutations
(such as L100I, K101E, P225H and M230L). Thus, the first common mutational pathways
could be important for designing a point of care genotypic resistance test as suggested before
[30] and would be useful in the region.

Conclusions

In summary, an upward trend of both virological failure and NRTIT and NNRTT associated
drug resistance acquired drug resistance mutations has been observed overtime. The findings
indicate that ART programs in east Africa could not achieved WHO suggested targets of long
term virological suppression overtime. Thus, regional focused strategies to decrease the rate of
virological failure and acquired drug resistance, to prevent the spread of mutant variants, to
increase access for TDF, PI drugs, HIV viral load and resistance testing are needed if the 90-
90-90 targets are to be attained. As a result treatment success of current first-line ART could
be improved, the efficacy of second-and third-line therapies could be preserved and transmis-
sion of resistant variants which could be the future challenge of the region unless controlled
early could be prevented.

Supporting information

S1 Table. Clinical characteristics & baseline transmitted drug resistance (at time point-
T0): Reprinted from {Mulu 2014 #57} Mulu et al. BMC Infectious Diseases 2014 14:158
10.1186/1471-2334-14-158.

(DOC)

S2 Table. Clinical characteristics and acquired antiretroviral drug resistance mutations (at
time point-T1): Reprinted from {Mulu 2015 #53} Mulu et al. PLoS One. 2015 Oct 29;10
(10):e0141318. 10.1371/journal.pone.0141318.

(DOC)

Acknowledgments

The authors thank the study participants and health providers who participated in this study
and Mrs. Sandra Bergs for her special technical support.

PLOS ONE | https://doi.org/10.1371/journal.pone.0186619 October 19, 2017 12/14


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0186619.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0186619.s002
https://doi.org/10.1371/journal.pone.0186619

@° PLOS | ONE

Upward trends of acquired drug resistances in HIV1C

Author Contributions

Conceptualization: Andargachew Mulu, Uwe Gerd Liebert.

Formal analysis: Andargachew Mulu, Melanie Maier, Uwe Gerd Liebert.

Investigation: Andargachew Mulu.

Methodology: Andargachew Mulu.

Resources: Uwe Gerd Liebert.

Supervision: Melanie Maier, Uwe Gerd Liebert.

Validation: Andargachew Mulu, Melanie Maier, Uwe Gerd Liebert.

Writing - original draft: Andargachew Mulu.

Writing - review & editing: Andargachew Mulu, Melanie Maier, Uwe Gerd Liebert.

References

1.

10.

1.

12

Montaner JS, Lima VD, Harrigan PR, Lourengo L, Yip B, Nosyk B, et al. Expansion of HAART coverage
is associated with sustained decreases in HIV/AIDS morbidity, mortality and HIV transmission: the "HIV
Treatment as Prevention" experience in a Canadian setting. PLoS ONE 2014; 9:e87872. https://doi.
org/10.1371/journal.pone.0087872 PMID: 24533061

AssefaY, Alebachew A, Lera M, Lynen L, Wouters E, van Damme W. Scaling up antiretroviral treat-
ment and improving patient retention in care: Lessons from Ethiopia, 2005-2013. Global Health 2014;
10:43. https://doi.org/10.1186/1744-8603-10-43 PMID: 24886686

Mulu A, Liebert UG, Maier M. Virological efficacy and immunological recovery among Ethiopian HIV-1
infected adults and children. BMC Infect Dis 2014; 14:28. https://doi.org/10.1186/1471-2334-14-28
PMID: 24422906

Mulu A, Maier M, Liebert UG. Low Incidence of HIV-1C Acquired Drug Resistance 10 Years after Roll-
Out of Antiretroviral Therapy in Ethiopia: A Prospective Cohort Study. PLoS ONE 2015; 10:e0141318.
https://doi.org/10.1371/journal.pone.0141318 PMID: 26512902

Hamers RL, Sigaloff KC, Kityo C, Mugyenyi P, de Wit, Tobias F. Rinke. Emerging HIV-1 drug resistance
after roll-out of antiretroviral therapy in sub-Saharan Africa. Current Opinion in HIV and AIDS 2013;
8:19-26. PMID: 23143140

Huruy K, Maier M, Mulu A, Liebert UG. Limited increase in primary HIV-1C drug resistance mutations in
treatment naive individuals in Ethiopia. J Med Virol 2015; 87:978-84. https://doi.org/10.1002/jmv.
24110 PMID: 25649964

Boender TS, Hoenderboom BM, Sigaloff KC, Hamers RL, Wellington M, Shamu T, et al. Pretreatment
HIV Drug Resistance Increases Regimen Switches in Sub-Saharan Africa. Clin Infect Dis. 2015:civ656.

Aghokeng AF, Monleau M, Eymard-Duvernay S, Dagnra A, Kania D, Ngo-Giang-Huong N, et al.
Extraordinary Heterogeneity of Virological Outcomes in Patients Receiving Highly Antiretroviral Ther-
apy and Monitored With the World Health Organization Public Health Approach in Sub-Saharan Africa
and Southeast Asia. Clinical Infectious Diseases 2013; 58:99-109. https://doi.org/10.1093/cid/cit627
PMID: 24076968

Barth RE, van der Loeff Schim Maarten F, Schuurman R, Im Hoepelman A, Wensing AMJ. Virological
follow-up of adult patients in antiretroviral treatment programmes in sub-Saharan Africa: A systematic
review. The Lancet Infectious Diseases 2010; 10:155-66. https://doi.org/10.1016/S1473-3099(09)
70328-7 PMID: 20185094

Hamers RL, Wallis CL, Kityo C, Siwale M, Mandaliya K, Conradie F, et al. HIV-1 drug resistance in anti-
retroviral-naive individuals in sub-Saharan Africa after rollout of antiretroviral therapy: A multicentre
observational study. The Lancet Infectious Diseases 2011; 11:750-9. https://doi.org/10.1016/S1473-
3099(11)70149-9 PMID: 21802367

Hawkins C, Ulenga N, Liu E, Aboud S, Mugusi F, Chalamilla G,et al. HIV virological failure and drug
resistance in a cohort of Tanzanian HIV-infected adults. J Antimicrob Chemother 2016; 71(7):1966-74.
https://doi.org/10.1093/jac/dkw051 PMID: 27076106

Ssemwanga D, Lihana RW, Ugoji C, Abimiku A, Nkengasong J, Dakum P, et al. Update on HIV-1
acquired and transmitted drug resistance in Africa. AIDS Rev 2015; 17:3-20. PMID: 25427100

PLOS ONE | https://doi.org/10.1371/journal.pone.0186619 October 19, 2017 13/14


https://doi.org/10.1371/journal.pone.0087872
https://doi.org/10.1371/journal.pone.0087872
http://www.ncbi.nlm.nih.gov/pubmed/24533061
https://doi.org/10.1186/1744-8603-10-43
http://www.ncbi.nlm.nih.gov/pubmed/24886686
https://doi.org/10.1186/1471-2334-14-28
http://www.ncbi.nlm.nih.gov/pubmed/24422906
https://doi.org/10.1371/journal.pone.0141318
http://www.ncbi.nlm.nih.gov/pubmed/26512902
http://www.ncbi.nlm.nih.gov/pubmed/23143140
https://doi.org/10.1002/jmv.24110
https://doi.org/10.1002/jmv.24110
http://www.ncbi.nlm.nih.gov/pubmed/25649964
https://doi.org/10.1093/cid/cit627
http://www.ncbi.nlm.nih.gov/pubmed/24076968
https://doi.org/10.1016/S1473-3099(09)70328-7
https://doi.org/10.1016/S1473-3099(09)70328-7
http://www.ncbi.nlm.nih.gov/pubmed/20185094
https://doi.org/10.1016/S1473-3099(11)70149-9
https://doi.org/10.1016/S1473-3099(11)70149-9
http://www.ncbi.nlm.nih.gov/pubmed/21802367
https://doi.org/10.1093/jac/dkw051
http://www.ncbi.nlm.nih.gov/pubmed/27076106
http://www.ncbi.nlm.nih.gov/pubmed/25427100
https://doi.org/10.1371/journal.pone.0186619

@° PLOS | ONE

Upward trends of acquired drug resistances in HIV1C

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

Assefa Y, Lynen L, Kloos H, Hill P, Rasschaert F, Hailemariam D, et al. Brief Report: Long-term Out-
comes and Their Determinants in Patients on Antiretroviral Treatment in Ethiopia, 2005/6-2011/12: A
Retrospective Cohort Study. J Acquir Immune Defic Syndr 2015; 70:414-9. PMID: 26181823

Mulu A, Lange T, Liebert UG, Maier M. Clade homogeneity and Pol gene polymorphisms in chronically
HIV-1 infected antiretroviral treatment naive patients after the roll out of ART in Ethiopia. BMC Infect Dis
2014; 14:158. https://doi.org/10.1186/1471-2334-14-158 PMID: 24655349

Jordan MR, Bennett DE, Wainberg MA, Havlir D, Hammer S, Yang C,Update on World Health Organi-
zation HIV drug resistance prevention and assessment strategy: 2004—2011. Clin Infect Dis. 2012 May;
54 Suppl 4:5245-9.

Hofstra LM, Mudrikova T, Stam AJ, Otto S, Tesselaar K, Nijhuis M, et al. Residual Viremia Is Preceding
Viral Blips and Persistent Low-Level Viremia in Treated HIV-1 Patients. PLoS ONE 2014; 9:e110749.
https://doi.org/10.1371/journal.pone.0110749 PMID: 25354368

Wensing AM, Calvez V, Gunthard HF, Johnson VA, Paredes R, Pillay D, et al. 2017Update of the Drug
Resistance Mutations in HIV-1. Top Antivir Med. 2017 Dec/Jan; 24(4):132—133.18. PMID: 28208121

Gupta RK, Jordan MR, Sultan BJ, Hill A, Davis DH, Gregson J,et al. Global trends in antiretroviral resis-
tance in treatment-naive individuals with HIV after rollout of antiretroviral treatment in resource-limited
settings: A global collaborative study and meta-regression analysis. The Lancet 2012; 380:1250-8.

Hassan AS, Nabwera HM, Mwaringa SM, Obonyo CA, Sanders EJ, Rinke de Wit TF, et al. HIV-1 viro-
logic failure and acquired drug resistance among first-line antiretroviral experienced adults at a rural
HIV clinic in coastal Kenya: a cross-sectional study. AIDS Res Ther 2014; 11:9. https://doi.org/10.
1186/1742-6405-11-9 PMID: 24456757

Rhee S, Jordan MR, Raizes E, Chua A, Parkin N, Kantor R, et al. HIV-1 Drug Resistance Mutations:
Potential Applications for Point-of-Care Genotypic Resistance Testing. PLoS ONE 2015; 10:
e0145772. https://doi.org/10.1371/journal.pone.0145772 PMID: 26717411

Rhee S, Blanco JL, Jordan MR, Taylor J, Lemey P, Varghese V,et al. Geographic and Temporal Trends
in the Molecular Epidemiology and Genetic Mechanisms of Transmitted HIV-1 Drug Resistance: An
Individual-Patient- and Sequence-Level Meta-Analysis. PLoS Med 2015; 12:e1001810. https://doi.org/
10.1371/journal.pmed.1001810 PMID: 25849352

Baxter JD, Dunn D, White E, Sharma S, Geretti AM, Kozal MJ, et al. Global HIV-1 transmitted drug
resistance in the INSIGHT Strategic Timing of AntiRetroviral Treatment (START) trial. HIV Med 2015;
16 Suppl 1:77-87.

Demissie K, Asfaw S, Abebe L, Kiros G. Sexual behaviors and associated factors among antiretroviral
treatment attendees in Ethiopia. HIV AIDS (Auckl) 2015; 7:183—-90.

Shewamene Z, Legesse B, Tsega B, Bhagavathula AS, Endale A. Consistent condom use in HIV/AIDS
patients receiving antiretroviral therapy in northwestern Ethiopia: implication to reduce transmission
and multiple infections. HIV AIDS (Auckl) 2015; 7:119-24.

Kenyon CR, Tsoumanis A, Schwartz IS. HIV Prevalence Correlates with High-Risk Sexual Behavior in
Ethiopia’s Regions. PLoS ONE 2015; 10:e0140835. https://doi.org/10.1371/journal.pone.0140835
PMID: 26496073

Global epidemiology of drug resistance after failure of WHO recommended first-line regimens for adult
HIV-1 infection: A multicentre retrospective cohort study. The Lancet Infectious Diseases 2016;
16:565—75. https://doi.org/10.1016/S1473-3099(15)00536-8 PMID: 26831472

Assefa Y, Schouten E, Chimbwandira F, Hermann K, van Damme W. Nurse management of HIV-
infected patients. The Lancet 2010; 376:1053—4.

Sanne |, Orrell C, Fox MP, Conradie F, lve P, Zeinecker J, et al. Nurse versus doctor management of
HIV-infected patients receiving antiretroviral therapy (CIPRA-SA): A randomized non-inferiority trial.
The Lancet 2010; 376:33—40.

lyidogan P, Anderson KS. Current Perspectives on HIV-1 Antiretroviral Drug Resistance. Viruses 2014,
6: 4095-4139 https://doi.org/10.3390/v6104095 PMID: 25341668

Clutter D, Sanchez P, Rhee S, Shafer R. Genetic Variability of HIV-1 for Drug Resistance Assay Devel-
opment. Viruses 2016; 8:48.

PLOS ONE | https://doi.org/10.1371/journal.pone.0186619 October 19, 2017 14/14


http://www.ncbi.nlm.nih.gov/pubmed/26181823
https://doi.org/10.1186/1471-2334-14-158
http://www.ncbi.nlm.nih.gov/pubmed/24655349
https://doi.org/10.1371/journal.pone.0110749
http://www.ncbi.nlm.nih.gov/pubmed/25354368
http://www.ncbi.nlm.nih.gov/pubmed/28208121
https://doi.org/10.1186/1742-6405-11-9
https://doi.org/10.1186/1742-6405-11-9
http://www.ncbi.nlm.nih.gov/pubmed/24456757
https://doi.org/10.1371/journal.pone.0145772
http://www.ncbi.nlm.nih.gov/pubmed/26717411
https://doi.org/10.1371/journal.pmed.1001810
https://doi.org/10.1371/journal.pmed.1001810
http://www.ncbi.nlm.nih.gov/pubmed/25849352
https://doi.org/10.1371/journal.pone.0140835
http://www.ncbi.nlm.nih.gov/pubmed/26496073
https://doi.org/10.1016/S1473-3099(15)00536-8
http://www.ncbi.nlm.nih.gov/pubmed/26831472
https://doi.org/10.3390/v6104095
http://www.ncbi.nlm.nih.gov/pubmed/25341668
https://doi.org/10.1371/journal.pone.0186619

