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Abstract

The growing use of antiretroviral therapy (ART) has transformed HIV infection into a chronic, manageable disease, yet the
emergence of drug resistance continues to threaten global progress. Morocco, located at the crossroads of Sub-Saharan
Africa and Europe, offers a unique context for understanding the molecular evolution of HIV in the Middle East and North
Africa. This systematic review synthesizes all available data on HIV-1 genotyping and resistance mutations in Morocco from
2009 to 2024, providing the first national overview of molecular resistance patterns. Six studies comprising 673 individuals
met the inclusion criteria, spanning 2004-2015. Subtype B predominated (73.8%), followed by CRF02_AG (17.6%), reflecting
increasing viral diversification linked to cross-regional transmission. Among ART-experienced patients, acquired drug resis-
tance reached 19.5% at the population level and 53.3% among successfully sequenced samples, with NRTI (48.9%) and Pl
(22.2%) mutations predominating. The most frequent mutations were M184V (44%), K103N (8.9%), and V82A/L (13.3%). In
ART-naive individuals, transmitted resistance remained limited (1.55%), with no major integrase strand-transfer inhibitor muta-
tions detected, though accessory polymorphisms such as L74M/l and E157Q were present in 3-5% of cases. CD4 counts
and viral load suppression improved in later cohorts. These findings underline the critical need to re-establish molecular
surveillance in Morocco to capture post-2019 resistance dynamics under dolutegravir-based therapy. Strengthening genoty-
pic monitoring and integrating resistance testing into clinical care will be pivotal to preserving long-term ART efficacy and
achieving the UNAIDS 95-95-95 and HIV elimination targets by 2030.
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Introduction

Four decades after its discovery, HIV-1 continues to
challenge global health systems, affecting over 40.8
million people living with the virus and resulting in
approximately 1.3 million new infections annually as of
2024'. The wide-scale practice of antiretroviral therapy
(ART) has transformed AIDS into a manageable chronic
condition. Currently, over 31.6 million people are receiv-
ing ART, which has reduced overall morbidity and mor-
tality. However, the ongoing evolution of HIV-1 presents
a significant ¢ hallenge. T he virus’s r apid c apacity t o
adapt and develop resistance to antiretroviral drugs is
considered a critical threat to individual treatment out-
comes and global control efforts, especially in resource-
limited settings®.

In Morocco, HIV was first identified in 1986. Although
national prevalence remains low, around 0.1% in the
general population, the epidemic is concentrated in key
populations. HIV prevalence among men who have sex
with men (MSM) rose slightly from 5.1% in 2011 t0 5.3%
in 2023, whereas it declined among people who inject
drugs from 11.4% to 5.3% over the same period. Among
migrants, prevalence increased from 3.3% in 2013 to
4.6% in 2022, highlighting persistent vulnerability within
mobile groups®*. Morocco was also the first country in
the MENA region to introduce pre-exposure prophy-
laxis (PrEP), launching a community-based program in
2017 targeting MSM and female sex workers in high-
prevalence cities such as Agadir, Casablanca, and
Marrakech®. The pilot used daily oral TDF/FTC and
achieved 86% uptake and no HIV seroconversions dur-
ing follow-up, demonstrating the feasibility of PrEP inte-
gration within key-population prevention services.
Ongoing national expansion seeks to address barriers
related to stigma and retention’®.

As of 2024, an estimated 23,500 people were living
with HIV in Morocco, with heterosexual contact remain-
ing the dominant mode of transmission. Since adopting
the WHO “Treat All” policy in 2017, Morocco has made
substantial progress: 80% of people living with HIV
know their status, 95% of those diagnosed receive
ART, and 95% of treated individuals have achieved viral
suppression®. These achievements illustrate an increas-
ingly effective national response but underscore the
importance of closing the remaining gaps in early diag-
nosis and linkage to care®. In Morocco, ART is deliv-
ered through Ministry of Health hospitals and designated
reference laboratories, with medications provided free
of charge. First-line ART historically used NNRTI-based
regimens (ZDV/3TC/EFV or ZDV/3TC/NVP), followed by

Pl-based second-line combinations (LPV/r or ATV/r). In
2019, the national program incorporated dolutegravir-
based first-line therapy (TDF/3TC/DTG) as the preferred
first-line regimen, not only for newly diagnosed individu-
als but also for those already on ART with viral loads
(VLs) below 1000 copies/mL, aligning with WHO recom-
mendations and marking a major transition toward inte-
grase (IN) inhibitor-driven ART optimization.

Despite these advances, HIV drug resistance (HIVDR)
continues to undermine the durability of ART, particu-
larly in Morocco, where comprehensive molecular data
remain scarce'®'®. The rapid expansion of ART cover-
age underscores the need for sustained genotypic sur-
veillance to preserve the efficacy of first- and second-line
regimens. Expanding national resistance monitoring is
therefore essential to guide treatment adaptation and
ensure long-term therapeutic success'.

This review, to our knowledge, synthesizes two
decades of evidence on HIV-1 drug resistance in
Morocco, focusing on trends in molecular epidemiol-
ogy, patterns of both acquired drug resistance (ADR)
and transmitted drug resistance (TDR), and subtype
characteristics. By addressing critical gaps in the cur-
rent landscape of HIVDR in Morocco and providing
actionable insights to update the treatment guidelines,
enhance genotyping efforts, and align national data
with global initiatives to combat HIV by 2030.

Methods

Search strategy and selection criteria

This review was reported following the Preferred
Reporting Items for Systematic Reviews and Meta-
Analyses guidelines' (Supplementary Table 1). In this
systematic review, we independently searched PubMed,
Scopus, and Web of Science to identify relevant stud-
ies on HIV-1 drug resistance mutations identified
through genotyping in Morocco, published up to
November 10, 2024. The search uses a combination of
medical subject headings (MeSH) terms and free-text
keywords, such as: “HIV-1,” “genotyping,” “drug resis-
tance mutations,” “Morocco,” and “antiretroviral ther-
apy.” Studies were included if they met the following
criteria: (i) reported HIV-1 genotyping data from
Morocco, (ii) included drug resistance mutation analy-
sis, (iii) involved adult patients (> 18 years), (iv) included
treatment-naive and/or experienced patients, and
(v) were published as full-text articles in English
between 2009 and 2024. Articles were excluded if:
(i) they were case reports or case series, (ii) review
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articles or meta-analyses, (iii) studies without genotypic
data, (iv) studies focusing solely on epidemiology or
host genetics, (v) conference abstracts, or (vi) studies
without clear treatment status information.

Each article was screened for eligibility first by title
and abstract, followed by a full-text assessment. Both
screening phases were conducted independently by two
researchers, A.M. and L.N., with a third reviewer, E.H.,
resolving any disagreements. The titles and abstracts
were screened using Covidence software, Veritas
Health Innovation, Melbourne, Australia. Available at
www.covidence.org. for systematic reviews. Data extrac-
tion was performed independently by two reviewers
using standardized forms in Excel, capturing study char-
acteristics, patient demographics, genotyping methods,
and resistance patterns. Any inconsistencies were
resolved by consensus with a senior author E.H.

The study is registered with PROSPERO (ID
CRD42024619659).

Data analysis

Two independent reviewers extracted data from the
included studies using a predefined data extraction
form. Discrepancies between reviewers A.M. and L.N.
were resolved by a third reviewer E.H.

From the included studies, we extracted the following
data using standardized forms in Excel: Study charac-
teristics (first author's name, publication year, study
design, study period, setting within Morocco, sample
size), patient demographics (gender, age, route of trans-
mission), treatment status (naive or experienced), clinical
parameters (median CD4 count, median VL, mean dura-
tion of follow up when reported), genotyping methods
used. For resistance data, we recorded the total of suc-
cessfully sequenced samples, presence and prevalence
of major and minor mutations by drug class (nucleoside
reverse transcriptase inhibitors [NRTIs], non-nucleoside
reverse transcriptase inhibitors [NNRTIs], Pls, integrase
strand-transfer inhibitors [INSTIs]), and viral subtypes
data. Overall ADR and TDR were computed using the
full numbers of ART-experienced and ART-naive
patients, respectively; in contrast, mutation- and class-
specific prevalences were calculated only among sam-
ples with successful sequencing of the relevant gene.

Study quality was assessed using the Newcastle—
Ottawa scale. This scale evaluates studies across three
key domains: Selection, comparability, and outcome.
Based on established criteria, we classified studies as
having low risk of bias (8 or 9 stars), moderate risk (5-7
stars), or high risk (> 5 stars).

Primary outcomes included (i) prevalence of drug
resistance mutations by class, (i) distribution of resis-
tance by treatment status, (i) HIV-1 subtype distribu-
tion and temporal trends, and (iv) virologic and
immunologic characteristics. For continuous outcomes,
we extracted frequencies and proportions. For categori-
cal outcomes, we documented the presence or absence
of specific mutations and resistance patterns. Given the
limited number of studies and heterogeneity in report-
ing, a meta-analysis was not conducted. Instead, we
performed a narrative synthesis, organizing data chron-
ologically and by treatment context. Drug resistance
data were analyzed descriptively and expressed as
proportions. For overall ADR and TDR, prevalence was
calculated at two complementary levels. Study-level
prevalence corresponded to the proportion of patients
with at least one drug resistance mutation among those
successfully genotyped within a given cohort, while pop-
ulation-level prevalence represented the proportion of
resistant individuals among all participants in each ART
status group (ART-experienced or ART-naive), regard-
less of sequencing success. For class-specific analyses
(NRTI, NNRTI, PI, and INSTI), prevalence was deter-
mined within each ART group using only samples suc-
cessfully sequenced for the relevant gene region
(protease [PR], reverse transcriptase [RT], or IN). All
results are presented as percentages reflecting the pro-
portion of resistant cases among interpretable sequences
within each treatment category. Calculations were per-
formed manually using Microsoft Excel, with results pre-
sented in graphs and narrative descriptions. Statistical
significance was set at p < 0.05 where applicable.

Results

Study characteristics and design

We identified 107 articles, of which 43 were removed
as duplicates. After screening titles and abstracts, 58
full texts were retrieved, and we included six studies
in our analysis that met the inclusion criteria (Fig. 1).
The main reason for exclusion was the absence of
information about the outcomes of interest of our sys-
tematic review. The list of excluded references is in
supplementary table 2.

The six included studies were conducted between
2004 and 2015 and published between 2009 and 2019.
Notably, no study on HIV-1 genotypic resistance in
Morocco has been published since 2019, highlighting
a critical lack of recent molecular surveillance between
2016 and 2024. The six studies covered 673 patients
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Figure 1. Preferred reporting items for systematic reviews and meta-analyses flowchart of the systematic review

search strategy.

drawn from both single- and multi-regional cohorts.
Sample sizes ranged from 78 to 162 participants. All
study populations were composed almost exclusively of
Moroccan nationals, with no indication of non-Moroccan
inclusion. Among these, four studies included ART-naive
patients, whereas two studies focused on ART-experienced
individuals; of them, one included INSTI-naive patients.
Genotyping analyses targeted the PR/RT or IN genes,
employing validated algorithms such as the ANRS algo-
rithm, StanfordDB, and IAS. All studies used the Capillary
sequencing method (Table 1).

Demographic and epidemiological
features

The median age of participants ranged from 34 to
43 years, with a male predominance observed in all
cohorts (45%-93%). Heterosexual transmission was
identified as the primary route of infection in 81-92% of
cases. Median baseline CD4 counts varied signifi-
cantly, with ART-naive patients showing a median of
116-409 cells/mm®, whereas ART-experienced

individuals had a median of 346-404.5 cells/mm3. VL
values were highly variable, with ART-naive cohorts
exhibiting median VLs up to 169,685 copies/mL,
whereas ART-experienced patients had a median VL
of 36,000-114,815 copies/mL. More recent studies
(2014-2015) reported higher median CD4 counts
(404.5 cells/mm?3) and lower VLs, suggesting improved
immune status over time (Table 1).

HIV-1 subtype distribution and evolution
(2004-2015) in Morocco

Across all 524 genotyped samples collected between
2004 and 2015, subtype B remained the dominant form
(73.8%), followed by CRF02_AG (17.6%), confirming a
dual epidemic pattern shaped by both Western and
sub-Saharan introductions. Minor subtypes were less
frequent, including A1 (5.4%), C (1.6%), and other
recombinant forms (3.6%), which together represented
fewer than 10% of all sequences (Fig. 2A).

Temporal comparison across study periods revealed
that subtype B remained the dominant strain, with
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Trends in HIV-1 Subtype Distribution in Morocco
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Figure 2. Distribution and trends of HIV-1 subtypes in
Morocco (2004-2015). A: the donut chart highlights the
distribution of HIV-1 subtypes in Morocco between 2004
and 2015. B: illustrates temporal trends in subtype
prevalence.

stabilization and then a slight increase from 74.6% in
2004-2007 to 77.92% in 2009-2015. In contrast,
CRF02_AG prevalence fluctuated but ultimately
increased, rising from 15.5% to 18.18% over the same
period, reflecting a gradual diversification of the epi-
demic. Meanwhile, subtypes A1, C, and other recombi-
nant forms showed a decreasing trend, with A1 dropping
from 6% to 1.3%, C fluctuating between 1.4% and 2.6%,
and other minor subtypes declining from 8.4% to 0%
(Fig. 2B).

Drug resistance patterns

The overall prevalence of drug resistance was mark-
edly higher among ART-experienced individuals (19.5%
at the population level 24/123) compared with ART-
naive patients (1.5%, 7/479), confirming the cumulative
selective pressure imposed by prolonged antiretroviral
exposure. The distribution of ADR and TDR across
ART-naive and ART-experienced cohorts is illustrated
in figure 3. When restricted to the study that performed
genotyping among experienced individuals (El Annaz
2012), the study-level prevalence of ADR reached
53.3% (24 of 45 sequenced), underscoring the substan-
tial burden of resistance among successfully

genotyped patients. In contrast, TDR among ART-naive
individuals remained very low, estimated at 4.3% (7 of
162 genotyped) within PR/RT-sequenced cohorts.

Among ART-experienced participants, NRTI resis-
tance predominated (48.9%, 22 of 45 sequenced), fol-
lowed by PI resistance (22.2%, 10 of 45) and NNRTI
resistance (13.3%, 6 of 45). In ART-naive individuals,
class-specific resistance remained limited with NRTI
(2.5%, 4 of 162 genotyped), NNRTI (2.5%, 4 of 162),
and PI (1.23%, 4 of 324). IN inhibitor (INSTI) resistance
was absent in both groups, with only accessory poly-
morphisms detected among INSTI-naive patients (5.2%
of 155).

NRTI and NNRTI resistance

NRTI resistance mutations were the most frequent
among ART-experienced individuals, detected in 48.9%
(22/45) of genotyped cases. The M184V substitution
was predominant (44.4%, 20 of 45), conferring high-
level resistance to lamivudine and emtricitabine.
Thymidine-analog mutations (TAMs) such as M41L
(6.7%) and T215Y/I (6.7%) were also common, reflect-
ing prolonged exposure to zidovudine-based regimens.
In ART-naive individuals, M184V was infrequent (1.85%,
3/162) and T215I/S occurred in 1.23% (2/162), confirm-
ing minimal transmission of NRTI-associated resistance
mutations.

NNRTI resistance was detected in 13.3% (6/45) of
ART-experienced patients, mainly due to K103N (8.9%,
4/45), which confers high-level resistance to efavirenz
and nevirapine, and K101E (2.2%, 1/45), associated
with reduced susceptibility to first-generation NNRTIs.
In ART-naive individuals, K103N remained the only
detected NNRTI mutation (2.5%, 4/162), emphasizing
that transmitted NNRTI resistance was rare during the
2004-2015 period. These findings reflect the historical
reliance on NNRTI-based first-line regimens.

Protease inhibitor (Pl) resistance

Pl resistance was identified in 22.2% (10/45) of ART-
experienced individuals, underscoring the selective
impact of PR-based regimens on viral evolution. Major
Pl-associated mutations in experienced patients included
V82A/L (13.3%, 6/45), M46l (8.8%, 4/45), and M46L
(4.4%, 2/45), all of which reduce susceptibility to ritona-
vir-boosted atazanavir, lopinavir, and indinavir. In ART-
naive individuals, major Pl mutations were uncommon,
limited to M46L (0.61%, 2/324) and V82L/I (0.61%, 2/324)
and a single V82A (0.31%, 2/324), yielding a pooled
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Prevalence of HIV Drug Resistance Mutations in
Morocco (2004-2015)
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Figure 3. Estimated prevalence of HIV-1 drug resistance mutations in ART-naive and ART-experienced individuals in

Morocco between 2004 and 2015.

prevalence of 1.54% (5/324) across naive cohorts. These
mutations likely represent isolated transmission events
rather than widespread dissemination of Pl-resistant
strains.

Pl-associated substitutions in naive patients were
otherwise predominantly polymorphic variants, includ-
ing M36l/L, L63P, H69K, L89M, 113V, K20I/M/R, and
[64L/V/M, occurring at frequencies between 4% and
6%. These polymorphisms do not confer significant
loss of Pl susceptibility but form a genetic background
that may facilitate the emergence of resistance under
therapeutic pressure, reinforcing the need for continued
molecular surveillance.

INSTI resistance

IN strand transfer inhibitor resistance mutations were
infrequent across all cohorts with no major mutations
detected in either ART-experienced or ART-naive indi-
viduals, accessory mutations, such as L74M/I, E157Q,
and T97A, were found in 3.84% of ART-experienced
and 5.2% of ART-naive cases, highlighting the poten-
tial for resistance evolution under therapeutic pres-
sure, particularly as INSTIs become more widely used
in Morocco.

Subtype-specific resistance patterns

Across Moroccan studies assessing subtype-resistance
associations (EI Annaz 2012; Bakhouch 2009; Miri
2012), subtype B remained predominant, but non-B vari-
ants, including CRF02_AG, A1, G, and C, showed
distinct PR polymorphism profiles. In El Annaz 2012,
overall resistance was comparable between sub-
type B (54%) and non-B (50%), yet dual NRTI-PI resis-
tance occurred more often among non-B viruses.
Among these, M184V was detected across both sub-
type groups, whereas M461/L and V82A/L were mostly
confined to subtype B sequences. Non-B viruses, par-
ticularly CRF02_AG and A1, carried a dense back-
ground of PR polymorphisms such as M36l, H69K,
L89M, and K20I/M/R present in nearly all non-B iso-
lates but rare in subtype B.

Among treatment-naive individuals (Bakhouch 2009;
Miri 2012), major Pl mutations such as M46L and
V82L/A were again observed exclusively in subtype B
(= 4%), whereas non-B subtypes displayed a markedly
higher prevalence of natural Pl-region polymorphisms
(M36I/L, K201, HB9K, 113V, L63P) affecting over 70% of
sequences.

Although major drug-resistance mutations occurred
at similar frequencies between subtype B and non-B
viruses, the extensive polymorphic landscape of non-B



strains may alter the genetic pathways leading to Pl
resistance.

Antiretroviral treatment regimens and
duration across cohorts

ART regimens varied across cohorts, with combina-
tions such as zidovudine + lamivudine + efavirenz
(ZDV+3TC+EFV) and zidovudine + lamivudine + indi-
navir (ZDV+3TC+IND) commonly reported. Treatment
durations ranged from 3 months to over 11 years for
long-term ART-experienced patients.

Study quality and risk of bias assessment

Overall, all studies achieved high to medium-quality
scores (7-9 stars), indicating a low risk of bias (= 8
stars). A detailed risk of bias assessment can be found
in supplementary table 3.

Discussion and implications

This review provides the first comprehensive synthe-
sis of HIV-1 drug resistance in Morocco, revealing a
dual challenge of emerging subtype diversification and
persistent NRTI/NNRTI resistance under historical treat-
ment regimens. It consolidates evidence from six stud-
ies conducted between 2004 and 2015, with publication
dates extending to 2019. Notably, no Moroccan HIV-1
genotyping publications were identified after 2015
despite a comprehensive search through 2024, under-
scoring a critical 9-year gap in molecular surveillance.
This hiatus highlights the urgent need to reintegrate
genotypic monitoring into national HIV programs. The
six studies collectively analyzed 673 patients and pro-
vided valuable insights into the molecular epidemiology
of HIV-1 in Morocco and its therapeutic implications.
The findings emphasize significant drug resistance pat-
terns among both ART-naive and ART-experienced indi-
viduals, shaped by the interaction of viral subtypes,
treatment practices, and regional epidemiological
context.

Subtype distribution and global
comparisons

The rise of CRF02_AG alongside subtype B’s persis-
tence suggests a growing influence of non-B recombi-
nant forms, aligning with the shift toward sub-Saharan
HIV-1 genetic patterns hypothesis of HIV-1 molecular evo-
lution in Morocco. This shift may be driven by increased

migration and cross-border transmission from sub-Saharan
Africa, where CRF02_AG is highly prevalent, likely
driven by the country’s strategic position at the nexus
of Europe and Africa. The continued dominance of
subtype B alongside the emergence of CRF02_AG
highlights the evolving genetic landscape of HIV-1 in
Morocco, warranting further surveillance and molecular
epidemiology studies to assess the potential impacts
of ART efficacy and resistance patterns'®.

These trends, observed in Moroccan cohorts from
2004 to 2015, marked a divergence from the broader
MENA region, where subtype B remained predominant
in countries such as Algeria'® and Tunisia®®. However,
during this period, Morocco’s higher prevalence of
CRF02_AG aligned it more closely with patterns in
West and Central Africa, where this strain was the most
common?'. This recombinant form was more prevalent
in other MENA countries, such as Egypt®?, and less
prevalent in the Gulf Cooperation Council countries,
where subtype C dominated, particularly among expa-
triate populations®®.

Morocco’s subtype profile between 2004 and 2015
also differed from the patterns observed in other
regions of Africa, where subtype C overwhelmingly
dominated Southern Africa®#?°, and subtype A was the
most prevalent in Eastern Africa®®. These subtypes
were associated with rapid disease progression and
specific resistance mutations, creating distinct chal-
lenges for ART effectiveness. By contrast, the greater
subtype diversity in West and Central Africa, including
CRF02_AG?"?%, CRFO1_AE, and CRF06_cpx®', was
reflected in Morocco’s epidemiological landscape dur-
ing this period, further emphasizing the country’s con-
nectivity with these regions'®.

The data from 2004 to 2015 showed that Morocco’s
subtype B predominance more closely mirrored
European epidemiological trends, where subtype B
accounts for most cases due to its early introduction
and spread during the initial waves of the epidemic®®-%.
This consistency has shaped global research and treat-
ment protocols, as subtype B has been the focus of
most clinical trials and drug development efforts.
However, in the last few years, the increasing prevalence
of non-B subtypes in Europe, including CRF02_AG and
F1 in Spain®*%, sub-subtype F1 in Belgium*¢, CRF60_
BC in ltaly,>” CRF06_cpx in Southwest France®®, along-
side subtype B, reflects the impact of migration from
Africa and Asia contributing to greater genetic diversity
within the European HIV epidemic®®4°. Given Morocco’s
position at the crossroads of Europe, North Africa, and
sub-Saharan Africa, it is highly likely that these evolving
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subtype distributions are influencing the Moroccan HIV
epidemic as well. Comprehensive genotyping efforts
are urgently needed to determine whether Morocco is
experiencing similar shifts in subtype diversity as
neighboring regions and to ensure that national ART
guidelines remain aligned with the true epidemiological
landscape of the country.

Resistance patterns across regions

The resistance patterns in Moroccan cohorts from
2004 to 2015 reflect both regional and global trends.
These resistance profiles must be interpreted in the
context of Morocco’s evolving ART landscape. Early
cohorts were treated with NNRTI-based regimens such
as ZDV/3TC/EFV or ZDV/3TC/NVP, whereas since
2019, dolutegravir-based combinations (TDF/3TC/DTG)
have become the national first-line standard. This regi-
men shift, initiated shortly after the WHO’s “Treat All”
recommendation in 2017, marked a turning point toward
higher-barrier INSTI-based therapy and likely contrib-
uted to the decline of NNRTI-associated resistance.”

Among ART-naive individuals, the weighted preva-
lence of TDR was estimated at 1.55% at the population
level (7/479) and 4.3% among successfully sequenced
PR/RT samples (7/162), with most resistance mutations
affecting NRTIs and NNRTIs. The M184V mutation was
detected in 1.85% of ART-naive individuals, indicating
a low but notable level of resistance to lamivudine,
whereas TAMs, such as T215Y/l, remained rare (1.23%).
NNRTI resistance mutations were also limited, with
K103N detected in 2.5% of cases, highlighting a con-
trolled spread of resistance despite historical reliance
on NNRTI-based regimens*.

Compared to other regions, Morocco’s TDR rates were
relatively low. This contrasts sharply with sub-Saharan
Africa, where TDR rates often exceed 10%, particularly
in high-burden countries, where early reliance on NNRTI-
based regimens has contributed to widespread resis-
tance**-*’. Similarly, in Europe, TDR rates in countries
with long-established ART programs, such as France
(10.8%), Spain (8.3%), and ltaly (7.3%), are significantly
higher, reflecting the longer duration and broader roll-
out of ART, which has facilitated the spread of resistant
strains*®-%2. The predominance of mutations such as
K103N in these regions highlights the challenges of
managing resistance in NNRTI-heavy treatment proto-
cols®®. However, the limited availability of studies on
TDR prevalence in the MENA region, including Tunisia,
Algeria, Egypt, and the Gulf region, makes direct com-
parisons challenging, likely due to later ART rollouts and

restricted drug distribution policies®. This lack of data
highlights a major gap in HIV molecular surveillance in
the region, reinforcing the need for updated resistance
studies in Morocco to assess whether recent treatment
expansions and subtype shifts have influenced resis-
tance patterns.

Among ART-experienced individuals in Morocco, the
overall prevalence of ADR was significantly higher,
reaching 19.5% at the population level (24/123) and
53.3% among successfully sequenced PR/RT samples
(24/45). Class-specific resistance showed NRTIs
affected in 48.9% (22/45), NNRTIs in 13.3% (6/45), and
Pls in 22.2% (10/45). This finding aligns with global
patterns observed in resource-limited settings, where
challenges such as treatment adherence, delayed VL
monitoring, and limited routine resistance testing exac-
erbate the development of resistance mutations over
time®. M184V (44%) remained the most frequent NRTI
resistance mutation, followed by M41L (6.7%) and
T215Y/l (6.7%), reflecting cumulative exposure to zid-
ovudine-based regimens and lamivudine. For NNRTIs,
K103N (8.88%) was the most prevalent mutation, while
K101E was detected at lower rates (2.22%) but still
contributed to cross-resistance within the NNRTI drug
class. PI resistance was primarily V82A/L (13.33%) and
M46I/L (8.88%), whereas minor Pl polymorphisms, such
as L63P, M36l/L, and K20I/M/R, were common in ART-
naive individuals, suggesting a background of natural
variation rather than drug-induced resistance. However,
when combined with major Pl mutations, these minor
mutations could enhance viral fitness and resistance
development.

Data from neighboring countries in the MENA region
remains limited*®. Resistance patterns observed in
Morocco between 2004 and 2015 closely resemble
trends in high-burden settings such as South Africa and
Kenya. ADR rates often exceeded 25%, with wide-
spread M184V and NNRTI resistance mutations such
as K103N°7%8, The higher ADR rates in these regions
highlight the impact of delayed regimen optimization
and limited adherence support. In contrast, European
countries with long-established ART programs report
lower ADR rates, primarily due to routine VL monitoring
and widespread access to resistance testing®®.
Despite this, M184V remains one of the most commonly
reported mutations globally, reflecting the continued
reliance on lamivudine in first-line ART regimens®'.

Interpretation of IN resistance in Morocco is con-
strained by the time window of the available evidence
(2004-2015), which predates the 2019 rollout of dolute-
gravir-based ART. Across the two IN studies, all
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participants were INSTI-naive, and no major INSTI resis-
tance-associated mutations were detected. Only acces-
sory substitutions, L74M/I, E157Q, and T97A, were
observed at low frequencies (3.84% in ART-experienced
and 5.2% in ART-naive cohorts), consistent with natural
polymorphisms rather than drug-selected resistance.
These data therefore represent baseline IN variability
before INSTI exposure. Prospective, post-2019 surveil-
lance, particularly genotyping at virological failure on
dolutegravir, is needed to detect any emergence of
INSTI resistance under the national program.

Overall, Morocco’s comparatively low prevalence of
NNRTI, PI, and INSTI resistance likely reflects both
shorter ART exposure and the proactive adoption of
high-barrier regimens. Regional evidence suggests that
moderate resistance levels across MENA countries are
largely due to delayed ART rollout followed by a rapid
transition toward modern regimens with stronger resis-
tance barriers. Continued genotypic monitoring will be
essential to preserve these favorable resistance trends
and sustain the long-term efficacy of national treatment
programs®“,

Resistance patterns in Morocco have evolved signifi-
cantly over time, with early cohorts (2004-2007) showing
sporadic cases of TDR, particularly NNRTI mutations
such as K103N, which declined in later years as higher
resistance-barrier regimens replaced older NNRTI-based
therapies. Among ART-experienced individuals, resis-
tance rates for NRTls, NNRTIs, and Pls remained persis-
tently high, driven by prolonged ART exposure and
virological failure. Notably, minor PI mutations such as
L63P and M36I/L remained stable but showed a slight
decline in later cohorts (2014-2015), reflecting improve-
ments in treatment adherence and earlier ART initiation.

Our findings reveal limited differences in the overall
prevalence of major drug-resistance mutations between
subtype B and non-B viruses circulating in Morocco,
yet clear contrasts in PR gene diversity. In line with
observations from other regions of the Middle East and
North Africa, non-B subtypes particularly CRF02_AG,
A1, and G displayed a substantially higher frequency of
natural polymorphisms such as M36l, H69K, L89M, and
K20I/M/R, which, although not conferring resistance on
their own, can modulate the genetic barrier to Pl and
facilitate compensatory adaptations once selective pres-
sure is applied. Conversely, major Pl mutations (M46l/L,
V82A/L) were largely confined to subtype B, consistent
with the longer historical exposure of subtype B viruses
to first-generation Pl in treated populations. Similar pat-
terns have been reported in North and West African
cohorts, where non-B variants often exhibit higher

baseline variability but fewer major protease mutations
under limited ART exposure. These findings highlight the
importance of integrating subtype-specific molecular sur-
veillance into routine genotyping and resistance monitor-
ing programs, as Morocco’s epidemic continues to
diversify through the growing circulation of recombinant
forms.

Despite these advances, our understanding of HIV-1 in
Morocco remains incomplete. Studies conducted between
2004 and 2015 suggest that HIV-1 subtype B was the
most common, but over time, the presence of CRF02_AG,
a recombinant form typically found in West and Central
Africa, began to increase. Minor subtypes such as A1, C,
and other recombinant strains were also detected, though
at lower frequencies. This shift in Morocco’s HIV genetic
diversity suggests a growing influence of migration and
regional connectivity with sub-Saharan Africa, making it
even more critical to understand how these changes might
affect treatment outcomes and resistance patterns today.
Unfortunately, there have been no large-scale molecular
studies in recent years, between 2016 and 2024, to track
how these subtypes may have continued to evolve. This
lack of updated data extends to HIVDR as well. While
earlier studies provided some insights into TDR and ADR,
most were limited in scope, focusing on small sample
sizes and partial gene sequencing. Routine HIV genotyp-
ing is not yet integrated into clinical care, and Morocco has
yet to conduct a national drug resistance survey in line
with WHO recommendations. Meanwhile, resistance to
older drug classes, especially NNRTIs, has continued to
rise globally, and IN inhibitors, now the cornerstone of HIV
treatment, are being used more widely than ever. Without
updated surveillance, it remains unclear whether Moroccan
patients receiving ART today are benefiting from the most
effective regimens available.

These gaps in knowledge between 2016 and 2024
highlight the urgent need for renewed molecular sur-
veillance efforts. As drug resistance, treatment failure,
and viral evolution continue to shape the epidemic,
ensuring that Moroccan HIV research keeps pace with
global developments is crucial; not just for improving
individual patient outcomes, but for guiding public
health policies, treatment strategies, and future HIV
prevention efforts.

To sustain the efficacy of HIV treatment strategies and
adapt to the evolving epidemic, Morocco must prioritize
comprehensive molecular surveillance, integrate routine
resistance testing into clinical practice, and refine ART
protocols based on real-time epidemiological data.
Strengthening national genotyping efforts and optimizing
first-ine and salvage regimens will be essential in



M. Ahmina et al. HIV-1 Genotyping in Morocco (2009-2024)

mitigating the spread of drug-resistant strains and preserv-
ing long-term treatment success. This will further enhance
therapeutic durability and contribute to the broader goal of
achieving sustained AIDS epidemic elimination by 2030.

Conclusion

HIV-1 drug resistance in Morocco remains relatively
limited but shows clear signals of evolutionary change
driven by shifting treatment practices and expanding
subtype diversity. The absence of recent genotyping
studies, particularly in the dolutegravir era, represents a
critical gap in national surveillance. Re-establishing rou-
tine resistance testing, integrating subtype-specific mon-
itoring, and strengthening laboratory capacity aligned
with WHO 2030 objectives are essential to preserve the
durability of current regimens. Robust molecular surveil-
lance will be central to safeguarding long-term treatment
effectiveness and guiding future HIV policy in Morocco
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