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Abstract
Introduction: The ongoing rollout of oral tenofovir-based pre-exposure prophylaxis (PrEP) has the potential to reduce HIV-1
incidence, but HIV drug resistance (HIVDR) in individuals who acquire HIV-1 on PrEP could threaten the treatment effective-
ness of overlapping antiretrovirals (tenofovir/emtricitabine), contribute to development of resistance, and undermine HIV con-
trol efforts. Accordingly, the Global Evaluation of Microbicide Sensitivity (GEMS) project was established to monitor HIVDR
in PrEP rollout programmes in Southern and Eastern Africa.
Methods: GEMS monitored resistance in >100,000 estimated persons who accessed PrEP through national programmes or
implementation projects in Southern/Eastern Africa. Participants self-reported demographics and PrEP adherence. HIV-1 RNA
and tenofovir-diphosphate levels were measured in blood samples collected at the time of study enrolment from consenting
participants diagnosed with HIV who had received PrEP. HIVDR mutations were detected by population genotyping.
Results: Of 283 reported seroconversions on PrEP from December 2017 through September 2023, 255 (90%) individuals
enrolled in GEMS, of which 81 (32%) were from Kenya, 77 (30%) from South Africa, 69 (27%) from Zimbabwe and 28 (11%)
from Eswatini. Half (130; 51%) were 15–24 years of age at seroconversion, and three-quarters (193; 76%) were female.
Thirty-four seroconversions occurred within 30 days of PrEP initiation. Tenofovir-diphosphate levels were consistent with
moderate to high levels (≥350 femtomoles per punch) in 53% (120 of 226) individuals with drug-level data. Of 154 sam-
ples successfully genotyped, 34 (22%; 95% CI [16%, 30%]) had PrEP-associated mutations; these included 27 samples with
M184I/V, one sample with K65KR, and six samples with both K65R and M184I/V.
Conclusions: The frequency of HIVDR mutations associated with tenofovir or emtricitabine among individuals diagnosed with
HIV who had received PrEP (22%) exceeded background levels of transmitted nucleoside reverse transcriptase inhibitor resis-
tance in Southern and Eastern Africa (≤5%) but people with PrEP-associated mutations are likely to achieve virologic suppres-
sion with current first-line antiretroviral therapy (ART). Improved screening for acute infection before initiating PrEP, surveil-
lance of HIVDR with the introduction of new PrEP programmes and the monitoring of longer-term ART outcomes in individ-
uals who acquire HIV-1 on PrEP will be essential to preserve antiretroviral options for both treatment and prevention.
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sub-Saharan Africa

1

http://onlinelibrary.wiley.com/doi/10.1002/jia2.70011/full
https://doi.org/10.1002/jia2.70011
https://orcid.org/0000-0002-4016-0629
https://orcid.org/0000-0002-9836-4616
https://orcid.org/0000-0002-9764-2178
https://orcid.org/0000-0002-1200-8494
https://orcid.org/0000-0002-7075-3003
https://orcid.org/0000-0002-8813-3419
https://orcid.org/0000-0002-0988-9489
mailto:ump3@pitt.edu
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fjia2.70011&domain=pdf&date_stamp=2025-08-20


Parikh UM et al. Journal of the International AIDS Society 2025, 28:e70011
http://onlinelibrary.wiley.com/doi/10.1002/jia2.70011/full | https://doi.org/10.1002/jia2.70011

Additional information may be found under the Supporting Information tab of this article.

Received 29 October 2024; Accepted 1 July 2025
Copyright© 2025 The Author(s). Journal of the International AIDS Society published by JohnWiley & Sons Ltd on behalf of the International AIDS Society.
This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, provided the
original work is properly cited.

1 INTRODUCT ION

Nearly a decade ago, the World Health Organization (WHO)
recommended daily oral tenofovir disoproxil fumarate (TDF)
with either emtricitabine or lamivudine (abbreviated XTC) pre-
exposure prophylaxis (PrEP) as part of a combination HIV pre-
vention [1]. As of the first quarter of 2024, over 6.7 mil-
lion individuals had initiated oral PrEP with TDF/XTC. Kenya,
Zimbabwe, Eswatini and South Africa were among the first
African countries to approve TDF/XTC nationally, deliver PrEP
through routine public service and scale up PrEP initiation;
more than half of PrEP initiations have occurred in South-
ern and Eastern Africa [2–5]. Most countries in Africa follow
WHO recommendations for HIV testing strategies with PrEP,
which include following national standard-of-care testing algo-
rithms (e.g. non-reactive antibody-based rapid diagnostic test)
or self-testing prior to starting oral PrEP, with recommended
follow-up testing in 1 month, then repeat testing every 3
months thereafter while continuing oral PrEP [6]. PrEP cover-
age has been associated with a decrease in new HIV-1 diag-
noses in high-income settings such as the United States and
Australia. PrEP has demonstrated success in reducing HIV-1
incidence in key populations, but protection decreases with
inconsistent PrEP access and persistence [7–12].

TDF and XTC remain integral components of current first-
line antiretroviral therapy (ART) in many countries, thus rais-
ing the concern that individuals who acquire HIV-1 while
on PrEP could select for drug resistance that subsequently
decreases the effectiveness of future ART. In the initial Phase
III clinical trials of PrEP, the frequency of TDF- or FTC-
associated resistance was higher (41%) in individuals who
started PrEP during the undetected acute stage of HIV-1
acquisition compared to individuals who seroconverted later
in the study and were retrospectively confirmed to be HIV-1
negative at enrolment (3%) [13, 14].

A published pooled analysis of 72 global post-approval
implementation studies and demonstration projects found that
22 of 78 (28%) seroconversions on PrEP had genotypic resis-
tance, with the following HIV-1 reverse transcriptase mutations:
TDF-associated K65R (one case), XTC-associated M184I/V
(18 cases), or both (three cases) [15]. Individuals with high
or variable PrEP adherence have also been reported to have
K65R and/or M184I/V mutations detected at HIV-1 diag-
nosis [16–20]. The frequency of PrEP-associated resistance
from cohorts within clinical settings ranged from 5% to 44%
[21–27]. By contrast, rates of transmitted nucleoside reverse
transcriptase inhibitor (NRTI) resistance remain below 5% in
Kenya and South Africa and 6.1% overall in Africa [28–33].

WHO has highlighted the importance of monitoring for
HIV-1 drug resistance (HIVDR) in the context of PrEP in

national programmes, recommending cross-sectional, time-
limited, passive surveillance of PrEP initiators [34]. Here, we
report the frequency of HIVDR in PrEP users participating
in national PrEP programmes or delivery projects in Kenya,
South Africa, Zimbabwe and Eswatini who were diagnosed
with HIV-1.

2 METHODS

2.1 Study design

The Global Evaluation of Microbicide Sensitivity (GEMS)
project, a cross-sectional, observational study, assessed the
frequency of HIVDR in individuals diagnosed with HIV-1 while
on oral TDF/FTC or TDF/lamivudine (3TC) PrEP, from Decem-
ber 2017 through September 2023 across four countries:
Kenya, Zimbabwe, Eswatini and South Africa. All protocols
(except in South Africa) were nationally led and conducted in
collaboration with each country’s Ministry of Health and local
non-governmental organizations.

In Kenya, the study was approved by the Kenya Med-
ical Research Institute Scientific and Ethics Review Unit
through the Center for Virus Research on 5 March 2018
(KEMRI/SERU/CVR/018/ 3636). In Eswatini, the study was
approved by the Eswatini Health and Human Research
Review Board on 23 January 2020 (Board Registration
Number FWA 00026661/IRV 00011253; Protocol Number
SHR199/2019). In Zimbabwe, the study was approved by
the Medical Research Council of Zimbabwe on 6 Septem-
ber 2018 (MRCZ/A/2309). In South Africa, PrEP was
offered programmatically to female sex workers and trans-
gender clients at limited sites through the Wits RHI Key
Populations Programme; resistance monitoring for serocon-
versions was conducted through an independent protocol
approved by the Human Research Ethics Committee (Med-
ical) at the University of the Witwatersrand, Johannesburg,
on 17 July 2019 (Reference R14/49; Protocol Number
M190542).

In all other partner projects in South Africa and Kenya,
PrEP was offered through the parent study protocol, mainly
to adolescent girls and young women (AGYW), and the par-
ent study team amended protocols to include data and sam-
ple collection for HIVDR in individuals who seroconverted on
PrEP (Supplement 1).

All participants provided written informed consent at the
time of HIV-1 diagnosis. Details of the adaptable protocol
template, sample transport logistics and supportive materi-
als used for implementation have been published previously
[35].
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2.2 Study procedures

Clinics and sites offering PrEP alerted the GEMS study coor-
dinator when an individual on PrEP was diagnosed with HIV-1
according to their national HIV-1 testing algorithm. Individu-
als were eligible for participation if: (1) they were a current
PrEP user, defined as an individual who has collected an ini-
tial supply of PrEP agents or a resupply of PrEP agents at
any time in the past (Kenya) or in the last 3 months (Eswatini,
Zimbabwe and specific projects in South Africa), independent
of self-reported adherence; (2) identified as having acquired
HIV-1, as per the HIV-1 Testing Algorithm in the National
Guidelines of each country; and (3) aged 15 years or older in
Kenya, aged 16 years or older in Eswatini or of age to receive
PrEP in Zimbabwe. To enrol participants, healthcare workers
used a GEMS-provided kit that contained consent documents,
case report forms and material needed for blood collection.
After consent, a brief clinical history was collected to assess
each participant’s risk of HIV-1 acquisition and self-reported
PrEP adherence.

Sample collection varied by site. Dried blood spots (DBS)
prepared at the local clinic or unprocessed whole blood was
transported to a central laboratory within 48–72 hours in
each country for processing, storage and/or shipment. In
Kenya, samples were sent to the WHO HIVDR testing lab-
oratory at the Kenya Medical Research Institute (KEMRI) in
Kisumu; samples from South Africa and Eswatini were sent
to BARC-Lancet Laboratories in Johannesburg; and samples
from Zimbabwe and DBS and/or plasma that could not be
tested locally were sent to the University of Pittsburgh–U.S.
Whole blood was processed to plasma and DBS for HIV-1
RNA, HIVDR, and drug-level testing at the destination labo-
ratory. Service providers received standardized training for all
study procedures.

2.3 Laboratory methods

2.3.1 HIV-1 RNA

Levels of HIV-1 RNA from DBS were quantified using a mod-
ified assay where one or two spots were extracted into either
a manufacturer-supplied buffer or 1X phosphate-buffered
saline, and then run on a commercial assay (Hologic Aptima
HIV-1 Quant Dx, DBS limit of detection [LOD] 883 copies/ml;
Abbott RealTime HIV-1 Viral Load, DBS LOD 839 copies/ml;
or Roche COBAS TaqMan HIV-1 TEST v2.0, DBS LOD 400
copies/ml) according to the manufacturer’s instructions. HIV-1
RNA from plasma was quantified using Abbott RealTime (LOD
40 copies/ml) or Roche TaqMan (LOD 20 copies/ml).

2.3.2 Tenofovir-diphosphate levels

Tenofovir-diphosphate (TFV-DP) was quantified as an objec-
tive adherence measure from DBS at the University of Cape
Town or the University of Colorado, as described previ-
ously [36]. Briefly, a 25 μl punch was taken from a DBS
card and extracted with methanol:water and isotopic teno-
fovir as an internal standard. Colorado used an updated
methanol:water extraction procedure that extracted slightly
more drug from the DBS card, resulting in higher concentra-
tions [37, 38]. TFV-DP was quantified by validated liquid chro-

matography/tandem mass spectrometry (LC/MS). The original
assay (performed by University of Cape Town) was used for
interpretation benchmarks as follows: TFV-DP levels <350
femtomoles per punch (fmol/punch) or below limit of quantita-
tion (BLQ) were categorized as “Low”; TFV-DP levels between
350 and 699 fmol/punch were categorized as “Moderate”; and
TFV-DP levels ≥700 fmol/punch were categorized as “High.”

2.3.3 HIV-1 drug resistance testing

HIV-1 genotyping was performed by population-based Sanger
sequencing, with the exact methodology differing by lab. HIV-
1 RNA results were not always available prior to testing
for drug resistance; all samples were attempted and were
not censored based on a predefined RNA threshold. At
KEMRI in Kenya, HIV-1 RNA was extracted from plasma, or
total nucleic acid was extracted from DBS by NucliSENS®
easyMag® (bioMérieux) and then amplified and sequenced
using the Applied Biosystems HIV-1 Genotyping Kit (protease
and reverse transcriptase only) (ThermoFisher Scientific). At
BARC-Lancet in South Africa, a validated in-house assay was
used with plasma HIV-1 RNA extraction by guanidinium thio-
cyanate lysis/isopropanol precipitation and primers optimized
for non-B HIV-1 subtypes, as previously described [39].

For DBS sent to the University of Pittsburgh, a modified
laboratory-developed short-amplicon assay was performed
that targeted reverse transcriptase codons 58–197 for spe-
cific coverage of mutations known to be associated with TDF
and/or XTC resistance. From each donor, total nucleic acid
was extracted from one DBS using the automated bioMérieux
NucliSENS® easyMag® extraction system according to WHO
guidance and was eluted in 30 μl elution buffer [40]. Reverse
transcription–polymerase chain reaction (RT-PCR) amplifica-
tion was performed with 18 μl of extracted nucleic acid and
using the SuperScript™ III One-Step RT-PCR System (Ther-
moFisher) and touchdown PCR during the PCR phase of the
reaction [41, 42]. An additional PCR amplification with semi-
nested primers was performed using 1 μl of the RT-PCR
product, followed by exoSAP (ThermoFisher) purification and
Sanger sequencing (Azenta Life Sciences).

FASTA files were concatenated from all resistance tests
and analysed together to identify resistance-associated muta-
tions and viral subtypes using the Stanford Genotypic Resis-
tance Interpretation Algorithm v9.6 [43–45]. PrEP-associated
mutations are defined as amino acid changes at the follow-
ing codons in HIV-1 reverse transcriptase: K65R, K70E, M184I
and/or M184V in HIV-1 reverse transcriptase.

2.3.4 Statistical analysis

Descriptive analyses of the study sample characteristics over-
all and by country included frequencies and percentages for
categorical demographic, HIV risk, and HIVDR mutation vari-
ables and means and 95% confidence intervals for continu-
ous variables, including time on PrEP prior to HIV-1 diagnosis.
The frequency of self-reported adherence was summarized by
TDF levels, HIV-1 RNA levels and HIV-1 seroconversions with
drug resistance-associated mutations.
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Figure 1. Consort diagram.
Abbreviations: ART, antiretroviral therapy; cp/ml, copies per millilitre; DBS, dried blood spots; GEMS, Global Evaluation of Microbicide Sensitiv-
ity; HIV-1, human immunodeficiency virus type 1; N, number; PK, pharmacokinetic; RNA, ribonucleic acid.

3 RESULTS

From July 2017 through September 2023, 283 seroconver-
sions on PrEP were reported from three countries conduct-
ing national protocols (Kenya, Zimbabwe and Eswatini) and
one country through implementing partner projects (South
Africa). Of these, 255 (90%) individuals consented to par-
ticipate. Reasons for not enrolling included: three individuals
who had already initiated ART and were outside the enrol-

ment window, six who declined to consent, 10 who could
not be reached after confirmed seroconversion and nine who
provided oral but not written consent, therefore, were not
enrolled into the study. Specimens from 245 participants were
available for determining HIV-1 RNA levels, standard geno-
type for HIV-1 drug resistance detection and pharmacokinet-
ics for estimating adherence to the PrEP product; 10 col-
lected specimens were lost before testing could be completed
(Figure 1).
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Table 1. Characteristics of study participants

Variable

Kenya

N = 81

South Africa

N = 77

Zimbabwe

N = 69

Eswatini

N = 28

Total

N = 255

Date range of

reporting

03/2018–01/2023 12/2017–01/2021 09/2018–09/2023 01/2020–06/2021 12/2017–09/2023

Sex

Female 59 (73%) 58 (75%) 50 (72%) 24 (86%) 193 (76%)

Male 21 (26%) 8 (10%) 17 (25%) 4 (14%) 50 (20%)

Transgender (MTF) 0 (0%) 11 (14%) 1 (1%) 0 (0%) 12 (5%)

Unknown 1 (1%) 0 (0%) 1 (1%) 0 (0%) 2 (1%)

Age at seroconversion

15–24 years 26 (32%) 56 (72%) 32 (46%) 14 (50%) 130 (51%)

25–34 years 30 (37%) 19 (25%) 22 (32%) 11(39%) 82 (32%)

>35 years 20 (26%) 2 (3%) 14 (20%) 3 (11%) 40 (16%)

Unknown 4 (5%) 0 (0%) 1 (1%) 0 (0%) 5 (2%)

HIV-1 self-reported

reason for PrEP

Serodifferent couple 44 (54%) 0 (0%) 14 (20%) 6 (21%) 64 (25%)

Female sex worker 7 (9%) 5 (6%) 9 (13%) 0 (0%) 21 (8%)

MSM 5 (6%) 0 (0%) 9 (13%) 0 (0%) 14 (5%)

High riska 10 (12%) 0 (0%) 2 (3%) 1 (4%) 13 (5%)

Pregnant and/or

lactating

1 (1%) 0 (0%) 0 (0%) 8 (29%) 9 (4%)

Incarcerated 0 (0%) 0 (0%) 1 (1%) 1 (4%) 2 (1%)

Unknown 8 (10%) 19 (25%) 14 (20%) 7 (25%) 48 (19%)

Abbreviations: HIV-1, human immunodeficiency virus type 1; MSM, men who have sex with men; MTF, male to female; N, number; PrEP, pre-
exposure prophylaxis.
aSelf-defined as high risk; includes unknown partner.

3.1 Demographics and study-related
characteristics

Participants were predominantly female (193 of 255; 76%),
and 12 (5%) were transgender women. Half of the partic-
ipants were younger than 25 (130 of 255; 51%). Partici-
pants self-reported their reasons for taking PrEP as being in
a serodifferent partnership (25%), being a female sex worker
(8%) or a man having sex with men (5%), having sex with
unknown partners (5%), being a pregnant or lactating indi-
vidual (4%) or incarceration (1%). The 255 participants were
enrolled from Kenya (81; 32%), South Africa (77; 30%), Zim-
babwe (69; 27%) and Eswatini (28; 11%) (Table 1). Partici-
pants were referred from both urban and rural clinics with
disparate geographic distribution (Figure 2).

3.2 Time on PrEP before HIV-1 diagnosis

We evaluated PrEP initiation and HIV-1 diagnosis dates to
assess the duration of time individuals were on PrEP before
acquiring HIV-1. Of 255 participants, dates were missing for
10 individuals because the date of PrEP initiation and/or date
of HIV-1 diagnosis was not recorded. Of the remaining 245
participants, 83 (34%) seroconverted within 90 days of initiat-
ing PrEP; 34 of those 83 seroconverted within 30 days of ini-
tiating PrEP, which suggests that up to one-third of individuals

initiating PrEP could have been in the acute phase of HIV-1
infection prior to starting PrEP or could have acquired HIV-
1 soon after PrEP initiation (Table 2). We also evaluated the
duration of time between reported seroconversion and sam-
ple collection. The specimen collection and/or HIV-1 diagno-
sis date was not documented for five of 245 samples avail-
able for testing. Most specimens (180; 73%) were collected
within 2 weeks of HIV-1 diagnosis, and 50 (20%) were col-
lected within 2 weeks to 3 months of diagnosis.

3.3 PrEP adherence by self-report and
intracellular drug levels

We estimated PrEP adherence from self-reports in 232 of
255 (91%) participants and from TFV-DP drug concentration
measurements from DBS collected at the time of study enrol-
ment in 226 of 255 participants (89%). Of the 226 partici-
pants with drug-level data, 93 (41%) acquired HIV-1 despite
having high concentrations of TFV-DP (mean 1579 ± 717;
range 717–5922 femtomoles per punch [fmol/punch]); 55 of
the 93 (59%) also reported having “good” adherence, defined
as missing 0–3 doses in the last month, or usually taking
medicine as instructed. Thirty-eight of 226 participants (17%)
had low TFV-DP concentrations (mean 177 ± 91; range 27–
343 TFV-DP fmol/punch), and 68 of 226 (30%) had unquan-
tifiable concentrations of TFV-DP (below LOD quantification;
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Figure 2. Geographic distribution of reported seroconversions on tenofovir disoproxil fumarate/emtricitabine or lamivudine oral pre-exposure
prophylaxis enrolled in the Global Evaluation of Microbicide Sensitivity (GEMS) Project (2017–2023).
Note: Shading is proportionate to the number of cases of reported seroconversion on oral pre-exposure prophylaxis, with darker shading indi-
cating more cases. Maps were created using ArcGIS [58, 59].

Table 2. Time on PrEP before HIV-1 seroconversion

Days between PrEP

initiation and

reported HIV-1

seroconversion

Number of

Individuals

(%)

N = 245a
Mean (95% CI)

in days

0–90 days (0–3

months)

83 (34%) 44 (40, 48)

91–180 days (3–6

months)

56 (23%) 135 (128, 142)

181–365 days (6–12

months)

56 (23%) 242 (230, 256)

>365 days (>1 year) 50 (20%) 628 (554, 701)

aDate of pre-exposure prophylaxis (PrEP) initiation and/or date of
reported HIV-1 seroconversion was not available for 10 individuals.

<31.25 or <16.6 fmol/punch). Of the 106 participants with
low or unquantifiable TFV-DP, 65 (61%) self-reported “poor”
or “fair” adherence (Figure 3).

3.4 HIV-1 RNA levels at seroconversion

Of the 245 specimens available for testing, 128 (52%) were
DBS and 117 (48%) were plasma. HIV-1 RNA levels were
not available for 19 specimens (12 DBS and 7 plasma) due

to insufficient sample. Of the 226 remaining specimens, 114
(50%) had undetectable HIV-1 RNA; 75 of 116 (65%) DBS
(LOD 400, 839 or 883 copies/ml), and 39 of 110 (35%)
plasma (LOD 20, 40 or 400 copies/ml, depending on the
local laboratory assay used). Of 112 samples with detectable
HIV-1 RNA, 29 (26%) samples had <200 copies/ml of HIV-1
RNA (median 102; range 23–196) and 83 (74%) had ≥200
copies/ml HIV-1 RNA (median 4000; range 209–127,000)
(Figure 1 and Table 4).

3.5 Seroconversions on oral tenofovir disoproxil
fumarate/emtricitabine or lamivudine PrEP with drug
resistance-associated mutations

Of the 245 samples available for testing, 154 (63%) were
successfully genotyped. The primary reason for no result was
low levels of HIV-1 RNA (89 of 91 samples with HIV-1 RNA
<1000 copies/ml) (Figure 1). Overall, 34 of 154 (22%, 95% CI
[16%, 29%]) seroconversions on oral PrEP that were success-
fully genotyped had PrEP-associated NRTI mutations (amino
acid changes at codons 65, 70 and/or 184); 16 of 34 (47%)
had PrEP-associated mutations only; and 18 of 34 (53%) had
PrEP-associated mutations with non-nucleoside reverse tran-
scriptase inhibitor (NNRTI) mutations (Table 3). Of the 32
individuals with PrEP-associated resistance and drug concen-
tration results, the majority (24 of 32, 75%) had TFV-DP lev-
els consistent with high adherence, whereas 7 of 32 (22%)
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Figure 3. Number (%) of participants with detectable tenofovir-
diphosphate levels in dried blood spots, categorized by self-reported
adherence.
Note: The percent above each bar is calculated as the proportion in
each category with respect to total participants (n = 255). Tenofovir-
diphosphate (TFV-DP) levels were measured in dried blood spots
using mass-spectrometry/liquid chromatography and were catego-
rized as “Low” if TFV-DP levels were <350 femtomoles per punch
(fmol/punch) or below limit of quantitation (BLQ); “Moderate” if TFV-
DP was 350–699 fmol/punch; and “High” if TFV-DP was ≥700
fmol/punch. Self-reported adherence was collected on case report
forms during the clinical intake at sites in Kenya, Eswatini, Zimbabwe
and South Africa. “Good” was defined as “Missed 0–3 doses in the
past month” (Kenya only) or “Usually used medicine as instructed”;
“Fair” was defined as “Missed 4–5 doses in the last month” (Kenya)
or “Used medication but not daily”; “Poor” was defined as “Missed
6–7 doses or more in the last month” (Kenya), “Mostly did not
use medicine as instructed” and/or “Stopped taking PrEP completely”
(Eswatini only).

had TFV-DP levels consistent with low or moderate adher-
ence. TDF is a common component of first-line ART, there-
fore, detection of TFV-DP could reflect PrEP or ART use.
Samples were predominantly subtype C (26 of 34, 76%); six
individuals had subtype A or A1 HIV-1, and two individuals
had subtype D HIV-1. NNRTI mutations observed included
L100I, K101E, K103SN, V106IM, E138AQ, V179T, Y188L
and G190A (Table 4).

4 D ISCUSS ION

More than 100,000 individuals initiated PrEP in national roll-
out and/or PrEP delivery projects in Kenya, South Africa,
Zimbabwe and Eswatini from 2017 through 2023. GEMS is
among the largest studies of reported seroconversions on
PrEP (n = 283) outside of clinical trials, and one of the first to
describe HIVDR frequency in a unique population of individ-
uals who accessed PrEP programmatically across three coun-
tries or in targeted population-based rollout in South Africa.
GEMS was highly successful in demonstrating the feasibility
of using routine care sites in diverse geographical settings
without research experience to administer a brief consent and
conduct study procedures and the willingness of individuals
(90% of all reported seroconversions) to enrol in a study and
provide a blood sample immediately after learning of their
HIV-1 seroconversion despite being on PrEP.

GEMS worked closely with ministries of health and local
partners to incorporate HIVDR monitoring into technical
working group discussions and national PrEP plans [46, 47].
Extensive effort was made to raise awareness of the national
protocol through country-level trainings embedded in larger
PrEP implementation training-of-trainer sessions. GEMS kits
containing all the materials needed to support enrolment and

Table 3. Individuals with HIV-1 drug resistance mutations by drug class as a proportion of total number of seroconversions with

drug resistance results per country

Mutation profile

Kenya

N = 47

South Africa

N = 54

Zimbabwe

N = 37

Eswatini

N = 16

Total

N = 154

No major

mutations in

HIV-1 RTa

26 (55%) 29 (54%) 18 (49%) 10 (63%) 83 (54%)

PrEP-associated

RT mutations

onlyb

3 (6%) 9 (17%) 2 (5%) 2 (13%) 16 (10%)

PrEP-associated

RT mutations

with NNRTI

mutationsb

5 (11%) 5 (9%) 8 (22%) 0 (0%) 18 (12%)

NNRTI

mutations

onlyc

13 (28%) 11 (20%) 9 (24%) 4 (25%) 37 (24%)

Abbreviations: HIV-1, human immunodeficiency virus type 1; N, number; NNRTI, non-nucleoside reverse transcriptase inhibitor; PrEP, pre-
exposure prophylaxis; RT, reverse transcriptase.
aMajor mutations were defined by the Stanford University Drug Resistance Database, v9.6 [43–45].
bPrEP-associated mutations are defined as amino acid changes at codons 65, 70 and/or 184 in HIV-1 reverse transcriptase.
cThree individuals also had single thymidine analogue mutations each, unrelated to PrEP, as follows: (1) K219Q, (2) T215F and (3) E44D.
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Table 4. HIV-1 reverse transcriptase genotype and tenofovir-diphosphate levels of individuals who seroconverted on oral diso-

proxil fumarate/emtricitabine pre-exposure prophylaxis (PrEP) with PrEP-associated mutations

PID

HIV-1 RNA

cp/ml Sub-type NRTI NNRTI

TDF-DP fmol/punch

(interpretation)a

Kenya

KE1* 4224 A1 M184V − 1096 (HIGH)

KE2 NDb A1 M184MIV − NDb

KE3* NDb A1 M184MIV − NDb

KE4* 23,100 A1 M184V K103N 792 (HIGH)

KE5 NDb A1 L74I, M184V,

K219Q

K103N,

V179T,

G190A

1567 (HIGH)

KE6* <883 A1 K65KR, K70KE,

M184V

V106IV,

V179T

NDb

KE7* NDb D K70N, L74I,

M184V

K103S, G190A 1270 (HIGH)

KE8* NDb D M184V E138A,

G190A

1145 (HIGH)

South Africa

SA1 134 C M184V − 739 (HIGH)

SA2 <40 C M184V − 1680 (HIGH)

SA3 916 C M184V − 221 (LOW)

SA4 TNDc C K65R, K70KE,

M184V

− 1116 (HIGH)

SA5* 11,458 C M184MIV − 1247 (HIGH)

SA6 2349 C M184MV − 265 (LOW)

SA7 160 C M184V − 956 (HIGH)

SA8 361 C M184MIV − 442 (MOD)

SA9 <40 C M184MIV − 132 (LOW)

SA10 10,827 C M184V K103N 998 (HIGH)

SA11 <40 C M184MV E138A 634 (MOD)

SA12 TNDc C M184V E138A 787 (HIGH)

SA13 762 C K70E, M184V V106M 876 (HIGH)

SA14 43 C M184V V106M 1737 (HIGH)

Zimbabwe

ZB1* <400 C M184V − 1097 (HIGH)

ZB2* 700 C M184V − 1077 (HIGH)

ZB3* <883 C M184V V106M 1242 (HIGH)

ZB4* 15,124 C M184MI K103N 1108 (HIGH)

ZB5* 95,700 C K65R, M184V K101E,

V106M,

E138A,

G190A

4219 (HIGH)

ZB6* <883 C M184V K103N 645 (MOD)

ZB7* 760 C M184V E138A 691 (MOD)

ZB8* 139,814 C K65R, M184V E138A 1181 (HIGH)

ZB9* 22,200 C K65R, M184V L100I, K103N 1160 (HIGH)

ZB10* <400 C K65R, M184V V106M,

E138Q,

Y188L

1287 (HIGH)

(Continued)
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Table 4. (Continued)

PID

HIV-1 RNA

cp/ml Sub-type NRTI NNRTI

TDF-DP fmol/punch

(interpretation)a

Eswatini

EW1d** <20 C K65KR K103N 1172e (HIGH)

EW2 440 C M184I − 2086e (HIGH)

aTFV-DP pharmacokinetic drug levels are interpreted as follows: <350 fmol/punch as low adherence (LOW); 350–699 fmol/punch as moderate
adherence (MOD); ≥700 fmol/punch as high adherence (HIGH). No individuals had drug levels that were below the limit of quantitation.
bNot done (ND) due to insufficient sample volume or sample unavailable.
cTarget not detected (TND) with limit of detection 40 HIV-1 RNA copies/ml.
dParticipant was reported to be on antiretroviral therapy for 107 days prior to sample collection.
ePharmacokinetic drug levels were also performed at a second lab, with results of 2550 fmol/punch (EW1) and 2814 fmol/punch (EW2).
*HIV-1 RNA and genotype done using DBS.
**HIV genotype done using DBS.
Abbreviations: cp/ml, copies per millilitre; fmol/punch, femtomole per dried blood spot punch; HIV-1, human immunodeficiency virus type 1;
NNRTI, non-nucleoside reverse transcriptase inhibitor; NRTI, nucleoside or nucleotide reverse transcriptase inhibitor; PID, participant identifier;
RNA, ribonucleic acid; TDF-DP, tenofovir diphosphate.

sample collection were widely distributed at trainings through
county Acquired Immunodeficiency Syndrome (AIDS) and Sex-
ually Transmitted Infections (STI) coordinators in Kenya and
through implementing partners [48]. The representativeness
of the 283 seroconversions in GEMS is not known because
the actual number of seroconversions on PrEP that occurred
in partner countries is unknown, and underreporting of sero-
conversions is likely.

Half of participants had undetectable HIV-1, which may be
due to a much higher LOD for DBS (550–1000 copies/ml as
compared to 20–50 copies/ml for plasma) [49], RNA degra-
dation during ambient temperature transport, reduction in
viral replication due to continued use of PrEP or participants
already having initiated ART. In our dataset, ART initiation
dates were not available for most participants, although most
are expected to have started ART on the day of diagnosis per
national policy. Only seven participants with known ART ini-
tiation dates had HIVDR test results, and only one of those
seven had PrEP-related mutations, as noted in Table 4. Thus,
the results are expected to reflect pre-treatment drug resis-
tance rates after seroconversion on PrEP, with the limitation
that these were community-acquired samples and not samples
from a controlled study.

The rate of PrEP-associated HIVDR observed (22%) is con-
sistent with the overall rate reported by other implementa-
tion studies and is higher than those observed in clinical tri-
als of PrEP [13–15]. Of the 245 individuals reported to this
study to have acquired HIV on PrEP, 33% had seroconverted
within 3 months of initiating PrEP, suggesting that some indi-
viduals may have started PrEP during the acute phase of
HIV-1 acquisition when resistance risk is highest. Unlike in
trials, stored retrospective samples to determine HIV sta-
tus at PrEP initiation were unavailable. The rate of NNRTI
resistance in this population was also high; 24% of individ-
uals who acquired HIV-1 had NNRTI resistance alone, indi-
cating that the resistance was transmitted from a partner,
and an additional 12% had PrEP-associated NRTI resistance
with NNRTI resistance, which could have been transmitted
from a partner, partially selected by PrEP or both. All individ-
uals with both PrEP-associated resistance and drug concen-

tration results had quantifiable TFV-DP at varying concentra-
tions, indicating drug levels may have been inadequate to pre-
vent HIV-1 acquisition but sufficient to exert selection pres-
sure for HIV-1 to develop resistance, as has been observed
for other PrEP agents [50, 51].

First-line tenofovir-lamivudine-dolutegravir (TLD) will likely
be effective in achieving virologic suppression in individu-
als with M184I/V and/or K65R, based on findings from the
NADIA study that demonstrated high rates of viral suppres-
sion with TLD even in individuals with M184V/I or K65R [52].
In studies of the dual-combination therapy lamivudine (3TC)
plus dolutegravir (DTG), the probability of viral rebound was
not statistically significant in individuals who had HIV-1 with
or without M184V. However, the duration of viral suppres-
sion was found to be shorter in individuals who had HIV-
1 with M184V [53]. Teyssou and colleagues characterized
M184V decrease kinetics in proviral DNA in people living with
HIV-1 and found that archived M184V was undetectable in
50% of individuals at 2.5 years after the first observed time
point, independent of the type of ART taken [54]. Regula-
tory approval and scale-up of TLD was just beginning in many
countries between 2016 and 2019, therefore, some individ-
uals may have started on older NNRTI-based first-line reg-
imens if TLD was unavailable at the time of their diagno-
sis with HIV-1. Long-term outcomes in individuals on TLD
with reduced susceptibility to tenofovir and/or lamivudine also
remain unknown. Low but rising rates of dolutegravir resis-
tance in individuals on failing TLD have been reported, and
the accumulation of integrase strand transfer resistance can
lead to higher levels of resistance to dolutegravir [55, 56].

A meta-analysis of 18 studies demonstrated a significant
protective effect with higher PrEP adherence [57]. Although
41% of participants had high TFV-DP levels detected and/or
self-reported good adherence, their drug levels may be ele-
vated and not reflective of adherence at the time of HIV-1
acquisition if they had taken PrEP in the time leading up to
providing a sample. With a same-day ART start, the possibility
that ART had been taken prior to providing a sample also can-
not be ruled out. Tenofovir is a common component in both
PrEP and first-line ART regimens. Adherence measures were
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cross-sectional and available only from a DBS at the time
of sample collection at HIV diagnosis; thus, adherence may
have been underestimated if TFV-DP levels had not reached
steady state. Finally, the relationship between self-report and
TFV-DP for adherence may have been influenced by different
adherence scales for the measures. Pre-seroconversion longi-
tudinal pharmacokinetics (PK) sampling at multiple time points
would be a more accurate indicator of PrEP adherence, which
was not available for this study.

This study had several additional limitations. Resistance
monitoring was done through passive surveillance at clinics
delivering PrEP, and not through comprehensive surveillance;
thus, the true number of PrEP users and PrEP seroconver-
sions in partner countries is uncertain. Clients were asked to
self-identify as a PrEP user, defined as having collected an ini-
tial supply of PrEP agents or a resupply of PrEP agents at
any time in the past (Kenya) or in the last 3 months, indepen-
dent of self-reported adherence, in Eswatini, Zimbabwe and
some projects in South Africa. Objective verification of prior
PrEP use (such as by prescription records) was not available.
Despite these limitations, GEMS provided a comprehensive
assessment of resistance risk with seroconversion during the
rollout of oral PrEP in programmatic settings.

5 CONCLUS IONS

Oral PrEP remains an important and highly effective com-
ponent of combination HIV prevention, and the number of
individuals protected by PrEP far exceeds the relatively low
number of people acquiring HIV-1 on PrEP that have been
reported. Overall, 32 (22%) of 154 seroconversions on oral
PrEP with successful genotypes had PrEP-associated resis-
tance mutations (K65R and/or M184I/V) with or without
NNRTI mutations; these individuals are likely to achieve viro-
logic suppression with TLD, although long-term outcomes
remain undefined. HIVDR is a risk when PrEP is: (1) started
during the acute phase of HIV-1 acquisition; (2) transmitted
by a partner with resistant HIV-1; (3) used with suboptimal
adherence and drug levels that allow HIV-1 to breakthrough
with selection of resistance. In the context of rising pre-
treatment resistance, improved identification of acute HIV-
1 infection before PrEP initiation and monitoring for PrEP-
related resistance are important for optimizing antiretrovi-
ral use for both treatment and prevention. These data high-
light the importance of ongoing surveillance to assess rates
of pre-treatment drug resistance to ensure preservation of
drugs used for both HIV-1 treatment and prevention, partic-
ularly in the context of new PrEP methods, all of which are
antiretroviral-based.
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