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Antimicrobial resistance is one of the major health challenges of this century. Here, we provide an in-
depth perspective on the evolution of antimicrobial resistance in three globally relevant infectious dis-
eases, HIV, tuberculosis (TB), and malaria. Specifically, we scrutinize the timelines between deployment
and the subsequent emergence of resistance for all drugs that have been mobilized in the fight against
these three diseases. Our data reveals that malaria exhibits a slower rate of resistance development to
monotherapies in comparison to HIV and TB. While the adoption of combination therapies significantly
reduces the risk of de novo emergence of resistance, the challenge of pre-existing drug resistance per-

ﬁi{ﬁ;ﬁ:&bial resistance sists, necessitating continuous surveillance and emphasizing the critical need for diverse and innovative
AMR approaches to manage and mitigate the ever-growing threat of antimicrobial resistance.

Malaria © 2025 The Authors. Published by Elsevier Ltd on behalf of International Society for Antimicrobial
Tuberculosis Chemotherapy. This is an open access article under the CC BY license
HIV (http://creativecommons.org/licenses/by/4.0/)

1. Introduction

Modern advances in antimicrobial agents for the treatment and
management of infectious diseases have been vital to the improve-
ment of global public health. These agents have revolutionized
the healthcare landscape, enabling childbirth, cancer chemother-
apy, medical and dental procedures, as well as surgical operations,
to occur with significantly reduced risks of life-threatening infec-
tions. However, antimicrobial resistance (AMR) is threatening to
nullify these remarkable gains through the emergence of “super-
bugs” that are resistant to many (and in some cases all) of our
available treatments [1]. The impact of these “superbugs” is easily
exemplified by methicillin-resistant Staphylococcus aureus, a com-
mon nosocomial infection, which has been shown to increase the
mortality of patients by up to 64% compared to those infected with
non-resistant strains [1]. In a broader scope, predictive statistical
models drawn from 400 million individual records estimated that
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exclusively bacterial AMR contributed to 5 million deaths in 2019
[2]. Moreover, taking into account viral, fungal, and parasitic dis-
eases, projections indicate that the annual fatality rate attributed
to AMR will exceed 10 million by 2050 [3]. In addition to the toll
on human lives, there is growing concern about the socioeconomic
impact of AMR. A recent report by the World Health Organization
(WHO) warns that AMR could impose a staggering 100 trillion USD
cost on the global economy by 2050, while the World Bank esti-
mates that over 20 million people may fall into poverty by 2030
due to escalating medical expenses related to AMR [4]. Using a va-
riety of statistical modelling tools based on hundreds of millions of
cases over the recent years, a comprehensive 2024 study forecasted
that an estimated 8.22 million deaths associated with AMR could
occur globally yearly in 2050 [5]. Cumulatively from 2025 to 2050,
this would represent a staggering 169 million (145-196) deaths as-
sociated with AMR, with the highest burden being carried by south
Asia, southeast Asia, east Asia, Oceania, and sub-Saharan Africa, al-
though the developed world would also suffer significant impact
[5].

AMR is widespread problem and is implicated across essentially
all pathogens against which anti-infectives have been deployed
[1]. This review focuses on those colloquially termed “the big
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Table 1

Origins for common and currently used classes of antimicrobial compounds.
Antimicrobial drug class  First compound Isolated from References
Aminoglycosides Streptomycin Streptomyces griseus (soil bacteria) [94]
Antifolates Proguanil Synthetic [95]
Artemisinin derivatives Artemisinin Artemisia annua (plant extract) [96]
Carbapenems Olivanic acid Streptomyces olivaceus (soil bacteria) [97]
Cephalosporins Cephalosporin C Acremonium strictum (soil fungi) [98]
Glycopeptides Vancomycin Amycolatopsis orientalis (soil bacteria) [99]
Lincoamides Lincomycin Streptomyces lincolnensis (soil bacteria) [100]
Macrolides Erythromycin Saccharopolyspora erythraea (soil bacteria) [101]
Penicillins Penicillin Penicillium genus (soil fungi) [102]
Quinolines Quinine Cinchona genus (tree bark) [72]
Sulfonamides Prontosil Synthetic [103]
Tetracyclines Chlortetracycline Kitasatospora aureofaciens (soil bacteria) [104]
Nitroimidazoles Azomycin Streptomyces eurocidicus (soil bacteria) [105]

three”: Human Immunodeficiency Virus (HIV), tuberculosis (TB),
and malaria. These diseases collectively account for almost 300
million infections per year and cause up to 3 million deaths, earn-
ing them a place amongst the deadliest human pathogens [6,7].
Concerningly, this high level of mortality is occurring whilst we
still have access to effective treatments. In the face of escalating
AMR, global initiatives like the Global Fund have assumed critical
importance in combating the relentless rise of drug resistance. As
the number of effective last-resort antimicrobials continues to de-
cline, these initiatives play a pivotal role in preserving treatment
options. Consequently, there is an urgent need for coordinated re-
search endeavours to unravel the intricate mechanisms of AMR and
to develop novel and innovative therapeutics. By doing so, we can
prevent a regression to the challenging pre-antimicrobial era and
safeguard global health.

A comprehensive review of the molecular mechanisms of resis-
tance and current strategies to combat AMR in HIV, malaria and
tuberculosis was published recently. Here, our purpose is to pro-
vide a complementary historical perspective [8]. By tracing the de-
velopment of resistance from the initial introduction of antimicro-
bials to present-day challenges, we offer insights into how we have
arrived at the current state of AMR and underscore the importance
of continued innovation and adaptation in our therapeutic strate-
gies. We also present an analysis of the data that shows that resis-
tance is on average faster to emerge for drugs against HIV and TB
than it is for antimalarials, and discuss possible explanations for
this difference.

2. The antimicrobial crisis: Causes and lessons to be learned
2.1. Factors driving antimicrobial resistance acquisition

AMR is an inherent consequence of microbial evolution, occur-
ring independently of human intervention. Throughout the history
life, various animals, plants, fungi, and bacteria have evolved to
produce antimicrobial compounds, which form the foundation of
many modern medicines (Table 1). Consequently, it is not surpris-
ing to find that bacterial samples retrieved from 30,000-year-old
permafrost and historically isolated sites exhibit resistance to an-
tibiotics spanning numerous drug classes. This includes those con-
sidered last-resort drugs, such as daptomycin, a cyclic-lipopeptide
antibiotic [9]. While AMR is a natural process, the misuse and
overuse of antimicrobial compounds in human and veterinary
medicine have significantly accelerated the rate at which resistance
emerges [10]. This widespread use has exerted substantial evolu-
tionary pressure on microbial populations, favouring the survival
and proliferation of pre-existing resistant pathogens.

In human medicine, AMR is exacerbated by the overuse of ther-
apeutics, drug misuse resulting from incorrect diagnosis, and non-
compliance with recommended treatment durations. A study con-
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ducted in Nigeria highlighted the extent of improper antimicrobial
use, where malaria treatments were dispensed to symptomatic in-
dividuals with suspected, but unconfirmed, malaria infection. Sub-
sequent microscopic analysis revealed that fewer than 10% of these
cases exhibited identifiable malaria parasites, underscoring the ne-
cessity of confirming infection prior to treatment [11]. Likewise in
agriculture, excessive use of antimicrobial agents stands out as a
major factor driving AMR. Of note, agriculture is responsible for
80% of the consumption of medically important antibiotics, and
within this significant fraction, the primary intent is not to safe-
guard animal health but rather to accelerate growth [12]. Exten-
sive research, supported by meta-analyses commissioned by the
WHO, highlight the considerable impact of moderating and ban-
ning growth-promotion antibiotic use in this sector. Such regula-
tion can substantially cut the risk of bacterial resistance in agricul-
ture by up to 39%, while also significantly lowering the frequency
of multi-drug resistant bacteria by over 30% [13]. While numerous
countries have taken steps to prohibit the use of antibiotics for an-
imal growth promotion, the practice persists in other jurisdictions
[14]. Addressing the inappropriate deployment of antimicrobials—
whether in human medicine or agriculture—is one crucial step to-
wards combating AMR and preserving the effectiveness of existing
treatment options.

2.2. The paucity of anti-infective drug development over the recent
decades

In the past several decades, the landscape of anti-infective drug
approvals has seen marked fluctuations across various classes of
pathogens, as depicted in Fig. 1. The urgency surrounding the HIV
pandemic fuelled a sharp uptick in antiviral approvals during the
1990s [15]. In contrast, the early 2000s saw a dwindling pipeline
for antibacterials, partially due to the retreat of major pharma-
ceutical companies from the sector [16]. Novel antiparasitic agents
have been notably scarce, a phenomenon largely attributed to their
classification under the WHO'’s category of “Neglected Tropical Dis-
eases” which predominantly affect economically disadvantaged re-
gions [17]. Although the most recent decade saw an increase in
both antibiotic and antiviral compounds, the concerning decline in
overall therapeutic efficacy persists despite this expanded reservoir
of new agents. One significant roadblock has been the lack of in-
novative antibiotics approved between 2010 and 2019; many can-
didates failed to meet WHO-defined innovation criteria, which de-
mand novel antimicrobial classes, targets, or modes of action—or,
at the very least, absence of within-class cross-resistance [18,19].
Exacerbating this innovation gap are financial hurdles that stem
from inadequate private investment, and thereby lead to the in-
solvency of several pharmaceutical ventures [18,20]. A prominent
example is Achaogen, which filed for bankruptcy in 2019 despite
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Fig. 1. Temporal trends in approval of anti-infective agents from 1980 to 2019, categorized by therapeutic application (excluding combination therapies). Data adapted and
collated from sources: [15,16,106]. The bar graph illustrates the number of approved compounds for the treatment of viral (blue), bacterial (pink), and parasitic (orange)
infections for each decade. Antiviral approvals were modest in the 1980s but surged in subsequent decades. Conversely, antibacterial approvals peaked in the 1980s and have
been in decline since then. Approvals for antiparasitic treatments have remained consistently low across all four decades.

a decade of clinical trials and obtaining FDA approval for their
multidrug-resistant Enterobacteriaceae antibiotic [18].

To address the financial challenges in infectious disease re-
search, private-public partnerships have emerged as a crucial
source of support, which aims to alleviate financial hardships. Ini-
tiatives such as the Medicines for Malaria Venture and Drugs for
Neglected Disease Initiative have achieved success in revitalizing
the development pipelines for antiparasitic drugs [21]. However,
these efforts are disproportionately focused on malaria, leaving
diseases like leishmaniasis, Chagas disease, and African trypanoso-
miasis with insufficient backing for drug development [22]. Mirror-
ing this skewed attention, the landscape of infectious disease re-
search funding has recently witnessed a shift due to the SARS-CoV-
2 pandemic, as both public and private sector investments have
shifted toward antiviral research, specifically for COVID-19. WHO
data from 2017 to 2020 reveals a gradual decline in overall infec-
tious disease research investment, from $4,181 million in 2018 to
$3,953 million in 2020, a trend that predates the pandemic but
continued through its course [23]. This reduction was observed
across various research domains, with vaccine and medicine re-
search and development for diseases other than COVID-19 experi-
encing noticeable decreases; funding for vaccine research dropped
from $1,233 million in 2019 to $1,109 million in 2020, while in-
vestment in drug discovery research declined from $981 million to
$928 million in the same period [23]. The current situation has sig-
nificant implications for the aforementioned “big three” diseases,
as they now face considerable threats to decades of progress in
their control and management due to the pandemic [24]. It is evi-
dent that a balanced investment strategy is paramount for a com-
prehensive approach to fighting infectious diseases, especially con-
sidering the variety of pathogens and the necessity for efficacious
treatments across multiple disease categories. The uneven alloca-
tion of resources, whether driven by specific disease outbreaks or
long-standing financial incentives, poses a significant hurdle in our
collective fight against antimicrobial resistance.

3. Mechanisms of drug resistance in pathogens
3.1. Viral infections

AMR is a dynamic and complex phenomenon influenced by an
interplay of diverse factors, including both the genetic malleability
of pathogens and external pressures such as drug exposure. The
likelihood of resistance emergence is shaped by multiple factors
such as the genetic diversity within the initial pathogen population
and the rate of viral replication. For instance, delayed treatment
can increase the odds of resistance-conferring mutations being
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present when therapy finally commences [25]. Regarding replica-
tion dynamics, RNA viruses typically outpace DNA viruses, single-
stranded forms replicate more rapidly than double-stranded ones,
and smaller genomes allow for faster replication [25]. These fac-
tors collectively contribute to an accelerated pace of resistance de-
velopment. Moreover, the absence of proofreading mechanisms in
most RNA-dependent RNA polymerases renders RNA viruses espe-
cially prone to errors, generating a higher degree of genetic diver-
sity even within a single host. This culminates in the formation
of quasi-species, complex populations of closely related but non-
identical viral forms, which can harbor mutations that lead to re-
sistance [26]. This is often seen in people with HIV and can result
in an accumulation of resistant mutations and, ultimately, treat-
ment failure [27].

3.2. HIV antivirals and rapid emergence of resistance

First identified as the causative agent of AIDS in 1981, HIV has
left a lasting mark on global health. Four decades on, the virus has
been responsible for an estimated 40 million deaths, while approx-
imately 39 million people live with HIV infection [6]. The extensive
health ramifications of HIV triggered an unprecedented response in
drug discovery, leading to the remarkable successes of antiretrovi-
ral therapy (ART) which have transformed HIV from a fatal disease
to a manageable condition [28]. ART significantly extends life ex-
pectancy for those living with HIV and also strongly reduces trans-
mission risks, both sexually and from mother to child [29]. The
deployment of antivirals as pre-exposure prophylaxis (PrEP) has
led to further success, offering substantial protection for people at
risk and contributing to a noticeable decrease in new infections in
some but not all countries [30]; despite this important contribu-
tion of PrEP, the main reason for the global decrease in new infec-
tions in ART. As a consequence of widespread uptake of ART for
people with HIV and, in some parts of the world, high uptake in
PrEP, the number of new infections is declining significantly. De-
spite these advances, 2023 recorded 1.3 million new HIV infec-
tions, with increased cases still being observed in the European
and Eastern Mediterranean regions [31,32]. While global strategies
by WHO, the Global Fund, and UNAIDS aim to end the HIV epi-
demic by 2030, considerable challenges around resistance persist
[30,33]. The recent deployment of integrase inhibitors (dolutegravir
[DTG] and long-acting cabotegravir [CAB-LA]), heralded for their ef-
ficacy in treatment and prevention, is now encountering hurdles.
Specifically, emerging data reveal that resistance to dolutegravir
(DTG)-based regimens occurs more frequently than expected from
initial clinical trials [30]. Despite the high efficacy of CAB-LA-based
PrEP in preventing infection, integrase resistance could potentially
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Fig. 2. Year of first clinical use and reported resistance for all deployed monotherapies and combination therapies for the treatment of HIV. Each individual-coloured line
links the year either a monotherapy (upper) or combination therapy (lower) was first trialled on HIV positive patients followed by the year resistance was first reported.
Combination therapies have been abbreviated to enable better interpretation; lamivudine (3TC), zidovudine (ZDV), abacavir (ABC), lopinavir (LPV), ritonavir (RTV), emtric-
itabine (FTC), tenofovir disoproxil fumarate (TDF), tenofovir alafenamide (TAF), efavirenz (EFV), rilpivirine (RPV), elvitegravir (EVG), cobicistat (COBI), dolutegravir (DTG),
atazanavir (ATV), cabotegravir (CAB), bictegravir (BIC), darunavir (DRV), doravirine (DOR). The mechanism of action for each monotherapy (if known) has been indicated
with one of four symbols: (altered reverse transcriptase), (Mutated binding site/sequence), (allosteric bypass). Combinations without confirmed resistance are marked with

an asterisk (*).

further increase in the event of insufficient support for timely dos-
ing (see below). These developments reflect the continuous adap-
tation and need for innovation in HIV treatment and prevention.
Detailed in Fig. 2 is the complete timeline and breakdown of the
mono- and combination therapies used against HIV since 1987, of-
fering a comprehensive view of these efforts (for compiled data on
anti-HIV drugs and drug combinations, see Supplementary Tables
1&2)

In the mid-1980s, the development of protease inhibitors
gained momentum, aiming at the viral protease that is crucial for
the maturation of viral particles. In 1987, another pivotal advance
in HIV treatment was gained with the introduction of zidovudine,
the first of the nucleoside reverse transcriptase inhibitors (NRTIs)
[34]. Far less toxic NRTIs, such as tenofovir and lamivudine, have
since been included in many HIV treatment regimens, effectively
inhibiting HIV replication by being incorporated into the growing
viral DNA chain [35]. In the mid-1990s, the development of pro-
tease inhibitors gained momentum, aiming at the viral protease
that is crucial for the maturation of viral particles [36]. Shortly
thereafter, nevirapine, the first non-nucleoside reverse transcrip-
tase inhibitor (NNRTI), was introduced, offering an alternative ap-
proach to impeding viral replication [37]. Unfortunately, resistance
to these initial treatments developed within three years (Fig. 2),
prompting the shift to combination therapy strategies in 1996. The
landscape of HIV treatment continued to evolve with the discov-
ery of entry inhibitors and integrase inhibitors into the early to
mid-2000s [38]. These innovations offered fresh hope in the fight
against HIV, particularly integrase inhibitors, which demonstrated a
more extended period before resistance development, with cabote-
gravir showing no resistance for up to seven years [39]. First line
recommended combination regimens currently include dual NRTIs
or NRTIs paired with an integrase inhibitor [32].

Despite the shift to combination therapies in HIV treatment,
resistance has remained a persistent issue. During clinical trials
of new therapeutics, resistance to monotherapy treatments is of-
ten observed, with resistance typically emerging within approxi-

423

mately 2.1 years (o: 2.1); interestingly, combination therapies still
exhibit a quicker emergence of resistance on average, occurring af-
ter just 1.8 years (o: 1.6). Although the difference was not found
to be statistically significant (Mann-Whitney U test, P = 0.96), it
is crucial to consider the underlying factors that may affect this
outcome. Before the standardization of combination therapies, the
widespread use of monotherapies, primarily with NRTIs like zi-
dovudine, quickly led to resistance in up to one in five new infec-
tions [40]. Regimens incorporating early NRTIs have been shown
to select for mutations that confer cross-resistance to some or all
other NRTIs, for instance, thymidine analogue mutations (TAMs)
result in cross-resistance to several other NRTIs, excluding lamivu-
dine and emtricitabine, while the Q151M mutation complex ex-
hibits resistance to all NRTIs [41]. This cross-resistance signifi-
cantly undermines the efficacy of subsequent combination ther-
apies; when resistance to one component of the therapy is al-
ready present, it essentially reduces the combination to a func-
tional monotherapy. For example, when a patient harbors a cross-
resistant NRTI mutation in a regimen containing two NRTIs and
one NNRTI (e.g. efavirenz, emtricitabine, and tenofovir disoproxil
fumarate), the treatment could essentially be seen as a NNRTI
monotherapy [42]. To mitigate this risk, current WHO guidelines
advocate for resistance testing prior to treatment initiation, allow-
ing for the individual’s HIV strain repertoire to be determined [43].
Following this strategy has proven effective for newer drug com-
binations such as emtricitabine/rilpivirine/tenofovir alafenamide,
which has not reported any resistance cases since its 2015 approval
when used in patients without pre-existing resistance.

Another advance has been through the use of enhancer drugs
such as cobicistat, which, while not active against HIV itself, serves
as a pharmacokinetic enhancer to boost the efficacy of other HIV
medications, notably some (not all) protease inhibitors [44]. The
implementation of such strategies, along with proper therapeu-
tic compliance, has led to sustained effectiveness for combinations
such as darunavir, cobicistat, emtricitabine, and tenofovir alafe-
namide. Given this current success, it is important to note that
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a case of complete HIV treatment failure was reported in 2016,
prior to the widespread availability of these newer combination
therapies. This case involved a 17-year-old girl in Zimbabwe whose
HIV infection demonstrated resistance to all available therapeutic
classes at the time. While a very rare event, this illustrates the
continuous need for innovative therapeutic breakthroughs [45].

3.2.1. Bacterial infections

Bacterial drug resistance is characterized by a broader array of
mechanisms compared to antiviral resistance, incorporating both
acquired and intrinsic resistance as well as mutational processes.
Mutational resistance, akin to viral resistance described earlier,
can additionally manifest through mutations in bacterial gene pro-
moter regions. Such mutations can confer adaptive advantages
through enhanced efflux pump activity, increased biofilm forma-
tion, reduced cell permeability, or the capability to neutralize an-
tibiotics [46]. Horizontal gene transfer serves as another route,
enabling bacterial pathogens to acquire drug resistance genes
through methods like conjugation, phage transduction, or non-
specific DNA uptake from resistant bacteria [46]. The presence of
intrinsic bacterial resistance adds further complexity to treatment
strategies, as different bacterial species exhibit diverse physiologi-
cal properties that can render some specific antibiotics ineffective.
This is exemplified by the innate resistance of gram-negative bac-
teria to vancomycin, a phenomenon attributed to the impermeabil-
ity of their outer membrane [47]. In the subsequent section, we
will explore the complexities associated with bacterial resistance
by taking a closer look at TB.

3.2.2. The combination of TB therapeutic discovery and inevitable
resistance

TB stands as one of the most formidable challenges in global
public health, second only to SARS-CoV-2 as a leading cause of
mortality from infectious diseases. In 2022 alone, TB was responsi-
ble for 1.3 million deaths and an alarming 10.6 million new cases
[48]. This disease, caused by the bacterium Mycobacterium tuber-
culosis, has an extensive reach, with an estimated one in four peo-
ple worldwide having been infected [48]. TB not only imposes an
immense burden but also presents intricate challenges for medi-
cal intervention. Its complex life cycle, including latent stages and
the potential for co-infections with other diseases like HIV, make
treatment and management particularly challenging. Moreover, the
requirement for extended drug regimens frequently leads to issues
with patient compliance, contributing to the ongoing problem of
drug resistance. For the timeline and breakdown of the mono- and
combination therapies employed against TB since 1944, see Fig. 3;
for compiled data on anti-TB drugs and drug combinations, see
Supplementary Tables 3 & 4).

In the ongoing battle against TB, the initial introduction of para-
aminosalicylic acid (PAS) in 1944 and streptomycin a year later
represented significant milestones; they transformed TB from an
untreatable condition into a manageable disease [49]. However,
within just four years, the emergence of drug-resistant strains re-
vealed the limitations of these early monotherapies [50,51]. De-
spite these setbacks, these drugs remained extensively used for
the management of TB due to the absence of alternative treat-
ments [52]. The field took another leap forward with the identi-
fication of isoniazid in 1952, a development that led to the formu-
lation of 'triple therapy’—a regimen that would remain the main-
stay of TB treatment for the following 15 years [50,52]. Neverthe-
less, this new combination faced the same challenge as PAS and
streptomycin, with drug-resistant strains being identified within a
year of its deployment [53]. The discovery of pyrazinamide, etham-
butol, and rifampicin led to more sophisticated treatment strate-
gies. These drugs, combined with isoniazid, have been used to-
gether since 1974 and still constitute the standard six-month reg-
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imen for drug-susceptible TB [54]. Though treating drug-resistant
TB is much more complex, requiring the utilization of newer ther-
apeutics and carefully designed combinations and regimens [55].
Multidrug-resistant TB (MDR-TB) is defined by resistance to iso-
niazid and rifampicin, and its treatment typically includes four of
the five newest therapeutics: bed aquiline, pretomanid, linezolid,
and moxifloxacin, depending on fluoroquinolone susceptibility, ad-
ministered over six months [56]. Pre-extensively drug-resistant TB
(pre-XDR TB), which is MDR-TB with additional resistance to any
fluoroquinolone, poses an even greater treatment challenge. The
emergence of extensively drug-resistant TB (XDR-TB), which in-
cludes resistance to bed aquiline and linezolid, is particularly con-
cerning. This development forces a return to longer, potentially less
effective treatments lasting 18-20 months [56]. The progression
from MDR-TB to XDR-TB highlights the urgent need for continuous
adaptation and innovation in TB treatment strategies.

Distinct from many other bacteria that are able to adopt re-
sistance through horizontal gene transfer, M. tuberculosis relies
solely on chromosomal mutations [57]. Resistance predominantly
manifests through one of four mechanisms: modulation of efflux
pumps, impairment of drug activity/activation, alteration of drug
binding sites, or increase in target gene expression. Resistance to a
single drug can arise via any of these primary pathways, as demon-
strated by isoniazid, which can be resisted through each of the
four. Starting with the process of cellular uptake, efflux pumps
serve as key mediators in the regulation of intracellular drug con-
centrations. In a comprehensive review by Laws et al., over 30 dis-
tinct efflux pumps have been implicated in TB resistance, largely
due to promoter mutations causing overexpression [58]. An exam-
ple of particular concern is the upregulation of the MmpL5 pump,
which not only results in resistance to clofazimine but also displays
cross-resistance to bedaquiline [59]. Many TB drugs are linked to
multiple efflux pumps in their resistance profiles, such as isoniazid
being associated with up to 18 [58]. It is unclear whether these
associations directly cause resistance or facilitate it through other
mechanisms. In the absence of adequate efflux, cellular therapeutic
retention can produce resistance through modulating drug efficacy,
either by deactivation or impeding drug activation. Drug deactiva-
tion can be exemplified through the overexpression of the eis gene,
which encodes an acetyltransferase that acetylates and inactivates
kanamycin [60]. Alternatively, isoniazid requires enzymatic conver-
sion for its efficacy, a process disrupted by loss-of-function mu-
tations in the katG gene [61]. Finally, if the drug navigates these
barriers and converts to or remains in its active form, the last line
of defence for the bacterium resides at the drug’s molecular tar-
get. For isoniazid, the targeted enzyme is inhA, which plays a crit-
ical role in the biosynthesis of mycolic acid in the cell wall [62].
Resistance-conferring mutations in the inhA gene have been doc-
umented in both coding and promoter regions; the former com-
promises isoniazid binding affinity, while the latter induces ele-
vated levels of InhA expression, necessitating toxic drug concen-
trations for effective inhibition [63]. In clinical strains, these mu-
tations have been observed to co-occur, leading to high isoniazid
resistance and cross-resistance to ethionamide [64].

Arguably, TB is the target of one of the most diverse repertoires
of clinically approved drugs; nonetheless, resistance has emerged
to all of them. On average, resistance to individual TB drugs has
been reported 2.9 years (o: 3.5) post-deployment, compared to 2.0
years (o: 1.5) for combination therapies. Not all combination ther-
apies implemented since 1948 are addressed in this review, due
to the sheer number of treatment combinations that have been
assessed. Of the combination therapies analyzed, statistical anal-
ysis reveals no significant disparity in resistance emergence be-
tween mono- and combination therapies (Mann-Whitney U test,
P = 0.89). Proactive measures have been in place since 1966, with
the National Tuberculosis Association advocating for susceptibility
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Fig. 3. Year of first clinical use and reported resistance for all deployed monotherapies and a selection of combination therapies for the treatment of Mycobacterium tu-
berculosis infection. Each individual-coloured line links the year either a monotherapy (upper) or combination therapy (lower) was first trialled on TB positive patients
followed by the year resistance was first reported. The mechanism of action for each monotherapy (if known) has been indicated with one of four symbols: (Increased
target gene expression), (Inhibition of drug activation), (Mutated binding site or sequence), and (Efflux pump mutations). Combination therapies have been abbreviated to
enable better interpretation; para-aminosalicylic acid (PAS), streptomycin (SM), pyrazinamide (PZA), viomycin (VIO), isoniazid (INH), cycloserine (CYC), ethionamide (ETH),
kanamycin (KAN), ethambutol (ETB), capreomycin (CAP), rifampicin (RIF), bedaquiline (BDQ), pretomanid (PA), linezolid (LZD) and moxifloxacin (MOX). Combinations have
been represented by the largest combination trialled in that year (e.g. in 1952 PAS+INH, SM+INH, PAS+SM+INH, PAS+SM+VIO, PAS+SM+INH, SM+VIO+ETH, VIO+ETH and
SM+VIO+INH are encompassed by the combination PAS+SM+VIO+INH) and year of resistance is displayed as the year a strain containing resistance towards all drugs in
the largest combination was reported. The bordered black dots are the accumulation of new strains containing the listed resistances are all those previous.

testing and the use of at least two effective therapeutics in com-
bination [65]. Unfortunately, the utilization of monotherapies con-
tinued and eventually led to resistance emergence and the prolif-
eration of MDR-TB strains and the progression to XDR-TB. While
completely antibiotic-resistant TB infections remain relatively rare,
cases of untreatable infections have been documented. For exam-
ple, a 2012 case involved a 39-year-old Tibetan refugee in India,
who exhibited resistance to nine different TB therapeutics [66].
This patient remained on differing combinations of TB therapeu-
tics for an extensive 38 months before obtaining a negative cul-
ture, which reverted to positive a mere two months after discon-
tinuing the drug regime [66]. This case occurred prior to the ap-
proval and deployment of the newest antitubercular compounds
bedaquiline and delamanid. Though the efficacy of delamanid and
bedaquiline for this patient remains unreported, the absence of
these advanced therapeutics could have led to, and may still re-
sult in, complete treatment failure. This shrinking ’cat and mouse’
gap between drug discovery and the emergence of resistance, akin
to patterns observed in HIV, underscores the pressing need for not
just novel drugs and their swift implementation, but also for inno-
vative strategies capable of circumventing the onset of resistance.

3.3. Protozoal infections

Unlike their viral and bacterial counterparts, protozoan
pathogens present challenges rooted in their eukaryotic nature.
The biochemical and metabolic resemblance between protozoa
and human cells constrains the range of effective drug targets [67].
Moreover, parasitic protozoa have co-evolved with their hosts over
millions of years, acquiring sophisticated immune evasion mech-
anisms that limit the utility of cytostatic treatments commonly
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used against bacteria [67,68]. The combination of these factors,
and the fact that affected populations often reside in resource-poor
settings, has culminated in a severely limited diversity of drug
targets. In this constrained landscape, protozoan pathogens resort
to familiar resistance mechanisms such as drug efflux systems and
mutations that affect drug-binding sites, mirroring those seen in
bacterial and viral pathogens. In the following section, we will
explore these considerations in greater depth, focusing particularly
on the challenges of drug resistance in malaria.

3.4. The historic build-up of malaria therapeutics and resistance

Malaria, a disease with a deep-rooted history, is speculated to
have co-evolved with our pre-human ancestors over the course of
100 million years; early documentation of symptoms remarkably
similar to those of malaria trace back to 2700 BC [69]. Despite ma-
jor advancements in healthcare and the development of a wide ar-
ray of therapeutic options, this disease continues to present a sig-
nificant global health challenge, accounting for an estimated 249
million cases and 608,000 fatalities in 2022 alone [70]. The strug-
gle against malaria has seen a long history of reliance on natural
remedies. Historical records dating to 168 BC and pre-17th century
folklore document the therapeutic use of Artemisia annua and the
bark of the cinchona tree, deriving artemisinin and quinine, respec-
tively [71,72]. These natural sources have served as the foundation
for many of the antimalarial agents we use today. Given the long-
standing application of these compounds, it is both expected and
worrisome that their efficacy is dwindling due to the emergence
of drug resistance, not only in P. falciparum but also in other Plas-
modium species infecting humans (e.g. P. vivax and P. malariae). A
complete timeline and breakdown of the modern use of mono- and
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Fig. 4. Year of first clinical use and reported resistance for all deployed monotherapies and combination therapies for the treatment of malaria. Each individual-coloured
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combination therapies since the 1600s employed against malaria
can be seen in Fig. 4; for the compiled data on anti-malarial drugs
and drug combinations, see Supplementary Table 5 & 6.

The majority of deployed antimalarial therapeutics belong to
the aryl amino alcohol drug class, which shares a structural sim-
ilarity with quinine and acts during the erythrocytic cycle of
Plasmodium infection (see Fig. 5 for an overview of the P. falci-
parum life cycle). During this cycle, parasites convert toxic heme,
a byproduct of haemoglobin digestion, into non-toxic hemozoin
crystals. Most aryl amino alcohols (excluding 8-aminoquinolines)
are believed to hinder this conversion process, and therefore to
cause a heme build-up that results in parasite death [73]. Resis-
tance to these therapeutics has developed through several genes
that encode transporter pumps within the P. falciparum parasite
(Pfmdr1, Pfcrt, Pfmrp and Pfnhel), thus decreasing drug concen-
tration at the target site [74]. In contrast, drugs such as ato-
vaquone (a ubiquinone analog) and pyrimethamine (an antifolate)
operate by directly binding and inhibiting their target molecules:
ubiquinol, essential for the electron transport chain, and dihydro-
folate reductase, required for amino acid synthesis [75]. In these
cases, resistance is more straightforward, often only requiring a
single point mutation in or around the drug binding site [75].
Artemisinin is more unique in its mechanism of action and re-
sistance, with ‘resistance’, thus far, manifesting as a delayed par-
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asite clearance time rather than complete resistance. Recent stud-
ies suggest that artemisinin and its derivatives are activated by
degraded haemoglobin, exerting their antiparasitic effects through
the accumulation of ubiquitinated proteins and translation repres-
sion [76,77]. The observed 'reduced clearance’ phenotype has been
associated with polymorphisms in the Pfkelch13 propeller protein
that is used for haemoglobin uptake [78]. Evidence suggests that
inactivation of this gene reduces this uptake from the food vacuole
that in turn triggers a dormant state of early erythrocytic stage
parasites [77,79]. This dormancy subsequently decreases overall
haemoglobin degradation that is required for artemisinin biocon-
version, thereby contributing to delayed infection clearance [77].
Considering only the recent history of malaria treatments, re-
sistance to monotherapies emerged after an average of 9.5 years
(o: 8.3), while combination therapies displayed resistance after a
shorter average duration of 7.4 years (o: 6.3). Mirroring trends
observed in HIV and TB, in malaria, the timeframe before re-
sistance develops does not show a statistically significant differ-
ence between monotherapy and combination therapies (Mann-
Whitney U test, P = 0.58). This observation further emphasizes
the detrimental consequences of deploying drug combinations in
regions already exhibiting resistance to monotherapies. The use
of artemisinin across the Greater Mekong Subregion provides a
prime example of this, leading to the evolution of partially resis-



T. Williamson, J. Adderley, K. Quinn et al.

Infected female
Anopheles mosquito

/

Liver-stage
" development

Sexual-stage
development

'

VIII.

N D..

VII. | .
Q
‘.. Erythrocytic
‘ cycle
VI. |

-8

Fig. 5. Plasmodium falciparum life cycle. Injection of sporozoites into human blood-
stream during female Anopheles mosquito blood meal (I). These sporozoites pas-
sively migrate through the bloodstream to the liver where they infect hepatocytes
and undergo liver-stage development (II). Merozoites are released back into the
bloodstream to infect erythrocytes (IIl). After entering the human host erythrocytes,
the parasites form a ring-like structure (IV) before development into trophozoites
(V) and finally schizonts (VI). Once developed, the cell ruptures allowing the sch-
izont to release daughter merozoites (VII). After a single erythrocytic cycle, some
parasites will undergo gametocytogenesis appearing initially as ring-stage parasites
(IV). These parasites will then undergo the sexual-stage development (VIII) to then
be ingested by a mosquito during a blood meal. Within the mosquito these ga-
metocytes will develop into sporozoites to be injected back into the human host
(adapted from Adderley et. al, 2020. [107])

tant parasites that exhibited the reduced clearance phenotype [80].
This clinical observation first occurred in 1997, a full nine years
before the WHO guidelines advocated for the implementation of
artemisinin combination therapies (ACTs) [81]. Subsequently, the
implementation of ACTs in these regions soon revealed compro-
mised efficacy with high levels of treatment failure [82]. The delay
in parasite clearance by artemisinin resulted in higher parasite bur-
dens on the partner drug, facilitating rapid resistance emergence.
In response, intensive coordinated efforts were required to con-
tain and manage these multi-drug resistant parasites [82]. How-
ever, recent reports from four regions across Africa have indepen-
dently shown the emergence of artemisinin partial resistant para-
sites, once again raising concerns for malaria control efforts [70].
Despite the setbacks associated with artemisinin, there are
glimmers of hope in the malaria landscape. Compounds like pri-
maquine, tafenoquine, and lumefantrine offer potential avenues
for treatment, although they too come with their distinct chal-
lenges. Primaquine and tafenoquine, as 8-aminoquinline pro-drugs,
uniquely target the liver stage of infection and the transmission-
essential gametocytes produced during the erythrocytic stages (see
Fig. 5) [83]. The conversion of these pro-drugs into their ac-
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tive forms involves the human cytochrome P450 isozyme 2D6
(CYP2D6) enzyme [84]. As the host’s genetic make-up controls the
activator of these therapeutics, there is evidence that cases of doc-
umented ‘resistance’ might be better explained as treatment fail-
ure due to polymorphisms within the human CYP2D6 gene [85]. A
significant drawback to the broader application of primaquine and
tafenoquine is their potential to cause severe toxicity in patients
with inherited glucose-6-phosphate dehydrogenase deficiency. This
condition is prevalent in up to 30% of the population in cer-
tain malaria endemic regions [84]. Lumefantrine distinguishes it-
self among antimalarial drugs, having never been routinely used
as a monotherapy since its introduction in 1979 [86]. To date, it
has largely avoided significant resistance issues, maintaining effi-
cacy even as some strains exhibit reduced susceptibility [87]. This
antimalarial’s pharmacokinetics require co-administration with a
fatty meal for effective absorption, which poses challenges in re-
gions with limited resources [88]. The ongoing efficacy of lume-
fantrine is vital for current malaria management strategies, heavily
reliant on artemisinin-based therapies, particularly in areas where
primaquine and tafenoquine are less tolerated. While no complete
resistance has yet been documented, the evolving dynamics of
malaria resistance underscore the need for continued vigilance.

4. Comparing drug resistance of HIV, TB, and malaria

The journey towards resistance for HIV, TB, and malaria treat-
ments reveals intriguing patterns, particularly when comparing
monotherapies across these diseases. As discussed in each in-
dividual section, a common feature across these infections is
the implementation of combination therapies, typically following
widespread resistance to each component used in isolation. Inter-
estingly, when comparing the rate at which monotherapy resis-
tance emerges, HIV and TB do not show a significant difference
in the timeline for the development of resistance (Dunn’s multi-
ple comparisons test, P > 0.99) (Fig. 6). However, both these dis-
eases display a more rapid emergence of resistance when com-
pared to malaria, with both differences reaching statistical signifi-
cance (Dunn’s multiple comparisons test, P = 0.01 and P = 0.02, re-
spectively). This result is somewhat counter-intuitive when consid-
ering the relative genomic complexity of the organisms: malaria,
caused by six species of eukaryotic parasites, possessing larger and
more complex genomes (23Mbp) than the viral HIV or bacterial
TB (4.4Mbp); indeed, one might expect that such genomic com-
plexity might enable the parasite to adapt a variety of ways to
dispose of drugs, and thus that the resistance should be faster
to emerge than for less complex organisms such as viral or bac-
terial pathogens. Some of the antimalarial drugs that elicited a
slow or very slow resistance response, such as quinine, chloroquine
and artemisinin derivatives, exert their effect not through a single
molecular target, but through chemically-driven mechanisms (in-
hibition of heme polymerisation for quinine and chloroquine, gen-
eration of oxygen radicals for artemisinin), which prevents the se-
lection of resistant genotypes based on a single mutation in the
drug target; this may explain that resistance took longer to emerge
against these compounds than against “classical” drugs that act by
inhibiting specific enzymes (such as pyrimethamine of atovaquone,
both of which showed rapidly selected resistance-conferring mu-
tations in the target enzymes). Along a similar line of thought,
one might expect the rate of resistance development to be slower
for TB than for HIV, due to genomic complexity, replication rates,
absence of proofreading activity in the HIV reverse transcriptase,
and number of progeny genomes produced in an infected host;
yet both appear to develop resistance at similar rates. This dis-
crepancy may be due to the prevalence of cross-resistance and to
the multi-mechanism resistance pathways available to M. tubercu-
losis. The mutational complexity of different pathways of resistance
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Fig. 6. Comparison of the number of years elapsed between the initial deploy-
ment of drugs against HIV, TB, and malaria and the first reports of resistance This
plot represents the number of years before resistance was first reported to each
monotherapy compound used in the treatment of HIV, TB, and Malaria. The means
and standard deviations for each monotherapy is shown as black lines and signif-
icance as asterisks or ns (not statistically significance). HIV and TB show no sig-
nificant difference (p > 0.05) in number of years for resistance to emerge towards
a therapeutic compound following initial trial, whereas malaria resistance takes a
significantly longer number of years compared to both HIV and TB (p < 0.05).

also impacts the timing of resistance emergence. This is particu-
larly evident towards malaria treatments, where drugs necessitat-
ing more complex efflux mutations take an average of 13.5 years to
develop resistance, while those involving simpler binding site mu-
tations only require around 2.0 years (Mann-Whitney U test, p <
0.01). Other considerations relevant to this analysis are the differ-
ences in time between initial drug trialling and the extent of drug
deployment. For instance, as malaria has a larger impact on the
socioeconomically less developed nations, the deployment of new
compounds is slower and less rapidly widespread than is the case
for drugs against HIV, which is prevalent not only in low-income
regions, but also in more affluent countries. While additional fac-
tors undoubtedly contribute to the variation in time till resistance
for these pathogens, ranging from their diverse historical and ge-
ographical origins to various treatment deployment dynamics, one
thing remains abundantly clear: resistance is an enormous and ur-
gent challenge. The pressing need for innovative and alternative
therapeutic solutions cannot be overstated.

5. Novel therapeutic approaches to combat AMR

In response to the growing threat of antimicrobial resistance,
research efforts are increasingly focused on developing alternative
therapeutic strategies. These approaches encompass; (1) enhanc-
ing existing antimicrobials, (2) creating novel compounds for pre-
cise pathogen or pathogen gene targeting, and (3) adopting innova-
tive approaches that target host factors. Nanotechnology is emerg-
ing as a transformative tool to augment the effectiveness of an-
timicrobials, promising to improve drug bioavailability, optimize
drug accumulation in microbial hiding places, and minimize drug-
related toxicities that can hinder patient adherence, thus curb-
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ing the emergence of drug resistance. This potential is particu-
larly promising in the case of persistent challenges such as malaria,
tuberculosis, and HIV. The utilization of nano-sized carriers for
drug delivery and vaccine formulation opens new avenues to over-
come traditional treatment constraints. This potential has been ex-
tensively reviewed, particularly focusing on HIV, TB, and malaria,
by Kirtane et al. [89]. In tandem with these advancements, inno-
vative compounds with selective pathogen-targeting mechanisms
are under rigorous investigation. These include antimicrobial pep-
tides, monoclonal antibodies, CRISPR-Cas gene editing, and micro-
biota transplants [90]. Diverging from traditional approaches, host-
directed therapies (HDT) offer an innovative strategy by targeting
host factors to impede pathogen resistance, as the fastet path to
resistance (mutation in the drug target) is not available to the
pathogen because the target is not under its genetic control [91].
Some of these compounds have already found application in dis-
ease treatment. For example, the approved HIV-1 entry inhibitor,
maraviroc, effectively targets a protein on the surface of white
blood cells that the virus exploits for entry, thereby blocking in-
fection [92]. Notably, kinase inhibitors have garnered significant
scholarly attention for their potential in drug repurposing and the
treatment of diverse diseases [93].

6. Concluding remarks

In summary, this review underscores the urgency and complex-
ity of addressing antimicrobial resistance in the persistent chal-
lenges of HIV, TB, and malaria. While significant strides have been
made in understanding the mechanisms of resistance across these
diseases, it is clear that the emergence of resistance is a multi-
faceted phenomenon influenced by host genetics, the mutational
complexity of the pathogens, and the pharmacodynamics of the
therapeutic agents. Here we highlighted that, across these diseases,
the timelines for the emergence of resistance are alarmingly short,
urging an immediate need for innovative therapeutic strategies.
Combination therapies, adopted for all three diseases, mitigated
the resistance problem without fully solving it; pre-existing resis-
tance to any single drug used in the combination facilitated the
emergence of resistance to the combined therapies. This calls for
an absolute avoidance of using any new drugs in single therapy
configuration. Emerging technologies, such as nanocarriers for drug
delivery and CRISPR-Cas gene editing, offer promising avenues for
future research and potential clinical interventions. Host-directed
therapies, which focus on modifying the host’s interaction with
the pathogen rather than targeting the pathogen itself, also present
an potentially powerful alternative for mitigating resistance. As we
move forward, it is imperative to focus on the development and
strategic deployment of new drugs, as well as the optimization of
existing therapies, to forestall the devastating impact of antimi-
crobial resistance. Continuous vigilance, interdisciplinary collabo-
ration, and global commitment are essential for mounting an ef-
fective response to this looming crisis.

7. Methods
7.1. Literature search strategy

The literature search was performed to identify the earliest re-
ports of therapeutic use and resistance emergence for monother-
apy drugs targeting HIV, TB, and malaria. Initial scholarly searches
were conducted using the specific therapeutic drug name alongside
the corresponding pathogen name (e.g., “Chloroquine malaria™).
The search strategy involved narrowing down the publication dates
progressively backward in annual increments from the earliest ap-
parent year until no relevant articles were identified. Subsequently,
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searches proceeded forward yearly until the first documented hu-
man clinical trial or case report was located.

When a drug was known by a previous or alternative com-
pound name, this earlier designation was employed in the search.
The year identified was further refined based on details provided
within the articles:

1. If the exact year of trial initiation or resistance emergence was
explicitly stated within the article, this year was adopted.

2. If only the duration of the trial was specified (e.g., 12 months),
this duration was subtracted from the article’s submission year
to estimate the year of trial initiation.

3. If neither the specific year nor trial duration was provided, the
article submission year was taken as the reference.

To identify the emergence of resistance, additional searches
incorporated terms such as “resistance,” “resistant,” “tolerance,”
“clinical failure,” “failure,” or “treatment failure” alongside drug
names or previous compound names. Similar backward and for-
ward annual searching was performed to pinpoint the earliest doc-
umented case of resistance.

Combination therapies for HIV and malaria were identified
from FDA-approved and licensed combinations, with literature
searches performed using each constituent drug name following
the methodology described above. For TB, established combina-
tions were less defined; therefore, searches were executed using
specific therapeutic drug names in conjunction with the keyword
“combination,” or identified via documented case studies and clin-
ical trials. Resistance to TB combination therapies was initially as-
sessed through searches identifying resistance directly attributed
to specific combinations, and subsequently expanded to locate sus-
ceptibility studies. The earliest documented occurrence of resis-
tance in clinical isolates or patients against all drugs within a given
combination was recorded as the year resistance was first reported.

» o«

7.2. Statistical analysis

Statistical analyses were conducted using GraphPad Prism soft-
ware version 10.3.1. Comparisons between monotherapy and com-
bination therapy groups for each pathogen (HIV, TB, malaria) were
performed using the Mann-Whitney U test, a non-parametric test
that does not assume a normal distribution of data.

Sample sizes for each group analyzed were as follows:

« HIV: monotherapies (n = 35), combinations (n = 18).
« TB: monotherapies (n = 24), combinations (n = 36).
o Malaria: monotherapies (n = 15), combinations (n = 10).

No additional assumptions were made beyond the standard as-
sumptions inherent in using the Mann-Whitney U test, specifically
that observations are independent and the data are continuous in
nature.

Funding: We acknowledge the support from the following funding
agencies: Australian National Health and Medical Research Coun-
cil (Investigator Grant 2026490 to SL and Ideas Grant 1082619 to
JA); and Medical Research Council UK (Grants MR/R020973/1 and
MR/X005895/1) to TGC.

Declaration of competing interests: None declared.

Ethical approval: Not required.

Supplementary materials

Supplementary material associated with this article can be
found, in the online version, at doi:10.1016/j.jgar.2025.07.014.

Journal of Global Antimicrobial Resistance 44 (2025) 420-431

References

[1] World Health Organization Antimicrobial Resistance [Fact sheet].
World Health Organization; 2021 https://www.who.int/health-topics/
antimicrobial-resistance/ accessed August, 2023.

[2] Murray CJL, Ikuta KS, Sharara F, Swetschinski L, Robles Aguilar G, Gray A,
et al. Global burden of bacterial antimicrobial resistance in 2019: a systematic
analysis. The Lancet 2022;399:629-55.

[3] O'neill J. Antimicrobial resistance: tackling a crisis for the health and wealth
of nations. Wellcome Trust and UK Government; 2014.

[4] World Health Organization New WHO report highlights progress, but

also remaining gaps, in ensuring a robust pipeline of antibiotic treat-

ments to combat antimicrobial resistance (AMR). World Health Organiza-
tion; 2023 https://www.who.int/news/item/15-05-2023-new-who-report-
highlights-progress-but-also-remaining-gaps-in-ensuring-a-robust- pipeline-
of-antibiotic-treatments-to-combat-antimicrobial-resistance-(amr)/ accessed

August, 2023Jonas OB, Irwin A, Berthe F(C], Le Gall FG, Marquez PV. Drug-

resistant infections: a threat to our economic future (Vol. 2): final report.

The World Bank; 2017; World Health Organization. WHO Bacterial Priority

Pathogens List, 2024: Bacterial Pathogens of Public Health Importance to

Guide Research. World Health Organization; 2024.

Naghavi M, Vollset SE, Ikuta KS, Swetschinski LR, Gray AP, Wool EE, et al.

Global burden of bacterial antimicrobial resistance 1990-2021: a systematic

analysis with forecasts to 2050. Lancet 2024;404:1199-226.

[6] World Health Organization HIV and AIDS [Fact sheet]. World Health Organi-
zation; 2023 https://www.who.int/news-room/fact-sheets/detail/hiv-aids/ ac-
cessed August, 2023.

[7] World Health Organization. Global Tuberculosis Report 2022. World Health
Organization; 2022; World Health Organization. World Malaria Report 2022.
World Health Organization; 2022.

[8] Duffey M, Shafer RW, Timm J, Burrows JN, Fotouhi N, Cockett M, et al. Com-
bating antimicrobial resistance in malaria, HIV and tuberculosis. Nature Re-
views Drug Discovery 2024;23:461-79.

[9] D’Costa VM, King CE, Kalan L, Morar M, Sung WW, Schwarz C, et al. Antibi-
otic resistance is ancient. Nature 2011;477:457-61 Bhullar K, Waglechner N,
Pawlowski A, Koteva K, Banks ED, Johnston MD et al. Antibiotic resistance is
prevalent in an isolated cave microbiome. PLoS One 2012;7:e34953.

[10] World Health Organization. Global action plan on antimicrobial resistance.
World Health Organization; 2015.

[11] Nwokolo E, Ujuju C, Anyanti ], Isiguzo C, Udoye I, Bongoslkwue E, et al. Mis-
use of artemisinin combination therapies by clients of medicine retailers sus-
pected to have malaria without prior parasitological confirmation in Nigeria.
Int ] Health Policy Manage 2018;7:542.

[12] World Health Organization Stop using antibiotics in healthy animals to
prevent the spread of antibiotic resistance. World Health Organization;
2017 https://www.who.int/news/item/07-11-2017-stop-using-antibiotics-
in-healthy-animals-to- prevent-the-spread-of-antibiotic-resistance/ accessed
August, 2023.

[13] World Health Organization. WHO guidelines on wuse of medically
important antimicrobials in food-producing animals. World Health Orga-
nization; 2017.

[14] Van Boeckel TP, Brower C, Gilbert M, Grenfell BT, Levin SA, Robinson TP, et al.
Global trends in antimicrobial use in food animals. Proc Natl Acad Sci USA
2015;112:5649-54.

[15] De Clercq E, Li G. Approved antiviral drugs over the past 50 years. Clin Mi-
crobiol Rev 2016;29:695-747.

[16] Dheman N, Mahoney N, Cox EM, Farley J], Amini T, Lanthier ML. An analysis
of antibacterial drug development trends in the United States, 1980-2019. Clin
Infect Dis 2021;73:e4444-50.

[17] Trouiller P, Olliaro P, Torreele E, Orbinski J, Laing R, Ford N. Drug
development for neglected diseases: a deficient market and a public-
health policy failure. The Lancet 2002;359:2188-94. World Health Or-
ganization. Neglected tropical diseases [Fact sheet]. World Health Organi-
zation 2023 https://www.who.int/news-room/questions-and-answers/item/
neglected-tropical-diseases/ accessed August, 2023.

[18] World Health Organization 2019 Antibacterial agents in clinical development:
an analysis of the antibacterial clinical development pipeline. World Health
Organization; 2019.

[19] World Health Organization 2021 antibacterial agents in clinical and
preclinical development: an overview and analysis. World Health Organiza-
tion; 2022.

[20] Blair W, Cox C. Current landscape of antiviral drug discovery. F1000Research
2016;5 Mullard A. Achaogen bankruptcy highlights antibacterial development
woes. Nature Reviews Drug Discovery 2019;18:411-412; McKenna M. The an-
tibiotic paradox: why companies can’t afford to create life-saving drugs. Na-
ture 2020;584:338-342.

[21] Whitty CJM. Antimicrobial resistance: learning lessons from antiparasitic,
antibacterial and antimycobacterial drug resistance in low-income settings.
Trans R Soc Trop Med Hyg 2019;113:105-7.

[22] Engels D, Zhou X-N. Neglected tropical diseases: an effective global response
to local poverty-related disease priorities. Infect Dis Poverty 2020;9:9-17.

[23] World Health Organization. R&D funding flows for neglected dis-
eases by disease, year and funding category. World Health Organiza-
tion https://www.who.int/observatories/global-observatory-on-health-
research-and-development/monitoring/r-d-funding- flows- for-neglected-
diseases-by-disease-year-and-funding-category/(accessed March, 2024).

5


https://doi.org/10.1016/j.jgar.2025.07.014
https://www.who.int/health-topics/antimicrobial-resistance/
http://refhub.elsevier.com/S2213-7165(25)00171-7/sbref0002
http://refhub.elsevier.com/S2213-7165(25)00171-7/sbref0003
https://www.who.int/news/item/15-05-2023-new-who-report-highlights-progress-but-also-remaining-gaps-in-ensuring-a-robust-pipeline-of-antibiotic-treatments-to-combat-antimicrobial-resistance-(amr)/
http://refhub.elsevier.com/S2213-7165(25)00171-7/sbref0005
https://www.who.int/news-room/fact-sheets/detail/hiv-aids/
http://refhub.elsevier.com/S2213-7165(25)00171-7/sbref0008
http://refhub.elsevier.com/S2213-7165(25)00171-7/sbref0009
http://refhub.elsevier.com/S2213-7165(25)00171-7/sbref0010
http://refhub.elsevier.com/S2213-7165(25)00171-7/sbref0011
https://www.who.int/news/item/07-11-2017-stop-using-antibiotics-in-healthy-animals-to-prevent-the-spread-of-antibiotic-resistance/
http://refhub.elsevier.com/S2213-7165(25)00171-7/sbref0013
http://refhub.elsevier.com/S2213-7165(25)00171-7/sbref0014
http://refhub.elsevier.com/S2213-7165(25)00171-7/sbref0015
http://refhub.elsevier.com/S2213-7165(25)00171-7/sbref0016
https://www.who.int/news-room/questions-and-answers/item/neglected-tropical-diseases/
http://refhub.elsevier.com/S2213-7165(25)00171-7/sbref0018
http://refhub.elsevier.com/S2213-7165(25)00171-7/sbref0019
http://refhub.elsevier.com/S2213-7165(25)00171-7/sbref0020
http://refhub.elsevier.com/S2213-7165(25)00171-7/sbref0021
http://refhub.elsevier.com/S2213-7165(25)00171-7/sbref0022
https://www.who.int/observatories/global-observatory-on-health-research-and-development/monitoring/r-d-funding-flows-for-neglected-diseases-by-disease-year-and-funding-category/

T. Williamson, J. Adderley, K. Quinn et al.

[24] Fund The Global. Global fund results report reveals COVID-19 devastating
impact on HIV, TB and malaria programs. Glob Fund 2021. https://www.
theglobalfund.org/en/news/2021/2021-09-08-global-fund-results-report-
reveals-covid-19-devastating-impact-on- hiv-tb-and-malaria- programs/
accessed August, 2023.

[25] Sanjuan R, Domingo-Calap P. Mechanisms of viral mutation. Cell Mol Life Sci
2016;73:4433-48.

[26] Duffy S. Why are RNA virus mutation rates so damn high? PLoS Biol
2018;16:e3000003.

[27] Monaco DC, Zapata L, Hunter E, Salomon H, Dilernia DA. Resistance profile of
HIV-1 quasispecies in patients under treatment failure using single molecule,
real-time sequencing. AIDS 2020;34:2201-10.

[28] Kallings LO. The first postmodern pandemic: 25 years of HIV/AIDS. ] Intern
Med 2008;263:218-43.

[29] Mugambi ML, Pintye ], Heffron R, Barnabas RV, John-Stewart G. HIV preven-
tion tools across the pregnancy continuum: what works, what does not, and
what can we do differently? Curr HIV/AIDS Rep 2022;19:293-300.

[30] World Health Organization HIV drug resistance - brief report 2024. World
Health Organization; 2024.

[31] World Health Organization. HIV data and statistics. 2023.

[32] Joint United Nations Programme on HIV/AIDS. The urgency of now: AIDS at a
crossroads; 2024. Geneva.

[33] World Health Organization HIV drug resistance [Fact sheet]. World Health

Organization; 2022  https://www.who.int/news-room/fact-sheets/detail/

hiv-drug-resistance/ accessed August, 2023.

Fischl MA, Richman DD, Grieco MH, Gottlieb MS, Volberding PA, Laskin OL,

et al. The efficacy of azidothymidine (AZT) in the treatment of patients with

AIDS and AlIDS-related complex. A double-blind, placebo-controlled trial. N

Engl ] Med 1987;317:185-91.

Sluis-Cremer N, Arion D, Parniak MA. Molecular mechanisms of HIV-1 resis-

tance to nucleoside reverse transcriptase inhibitors (NRTIs). Cell Mol Life Sci

2000;57:1408-22.

Leonis G, Steinbrecher T, Papadopoulos MG. A contribution to the drug re-

sistance mechanism of darunavir, amprenavir, indinavir, and saquinavir com-

plexes with HIV-1 protease due to flap mutation I50V: a systematic MM-PBSA
and thermodynamic integration study. ] Chem Inf Model 2013;53:2141-53.

Balzarini ]. Suppression of resistance to drugs targeted to human immunod-

eficiency virus reverse transcriptase by combination therapy. Biochem Phar-

macol 1999;58:1-27.

Kilby JM, Lalezari JP, Eron ]JJ, Carlson M, Cohen C, Arduino RC, et al. The

safety, plasma pharmacokinetics, and antiviral activity of subcutaneous en-

fuvirtide (T-20), a peptide inhibitor of gp41-mediated virus fusion, in HIV-in-
fected adults. AIDS Res Hum Retroviruses 2002;18:685-93.

Gallagher G. In trial, cabotegravir delayed detection of some incident HIV in-

fections. Conference on Retroviruses and Opportunistic Infections. virtual meet-

ing: Healio; 2021.

[40] Katzenstein DA. Adherence as a particular issue with protease inhibitors. ]
Assoc Nurs AIDS Care 1997;8:10-17.

[41] Das K, Martinez SE, Arnold E. Structural insights into HIV reverse tran-

scriptase mutations Q151M and Q151M complex that confer multinucleo-

side drug resistance. Antimicrob Agents Chemother 2017;61. doi:10.1128/aac.

00224-00217.

Corbett JW, Ko SS, Rodgers ]D, Jeffrey S, Bacheler LT, Klabe RM, et al. Expand-

ed-spectrum nonnucleoside reverse transcriptase inhibitors inhibit clinically

relevant mutant variants of human immunodeficiency virus type 1. Antimi-
crob Agents Chemother 1999;43:2893-7.

[43] World Health Organization Consolidated guidelines on HIV prevention, test-
ing, treatment, service delivery and monitoring: recommendations for a pub-
lic health approach. World Health Organization; 2021.

[44] Sherman EM, Worley MV, Unger NR, Gauthier TP, Schafer ]J. Cobicis-
tat: review of a pharmacokinetic enhancer for HIV infection. Clin Ther
2015;37:1876-93.

[45] Chimbetete C, Chirimuta L, Pascoe M, Keiser O. A case report of untreatable
HIV infection in Harare. Zimbabwe. South Afr ] HIV Med 2019;20:885.

[46] Peterson E, Kaur P. Antibiotic resistance mechanisms in bacteria: relation-
ships between resistance determinants of antibiotic producers. Environ Bact
Clin Pathogens. Front Microbiol 2018;9:2928.

[47] Arthur M, Courvalin P. Genetics and mechanisms of glycopeptide resistance
in enterococci. Antimicrobial agents and chemotherapy 1993;37:1563-71.

[48] World Health Organization Global Tuberculosis Report 2023; 2023.

[49] Schatz AW, S A. Effect of streptomycin and other antibiotic substances
upon mycobacterium tuberculosis and related organisms. Exper Biol Med
1944;57:244-8.

[50] Tempel CW. Present status of specific drug treatment of tuberculosis. ] Am
Med Assoc 1952;150:1165-70.

[51] Youmans G, Williston EH, Feldman W, Hinshaw H. Increase in resistance of
tubercle bacilli to streptomycin: a preliminary report. Proceed Staff Meetings
Mayo Clin 1946;21:126-7.

[52] Murray JF, Schraufnagel DE, Hopewell PC. Treatment of tuberculosis. A histor-
ical perspective. Ann Am Thorac Soc 2015;12:1749-59.

[53] Wier JA. Streptomycin, isoniazid, and para-aminosalicylic acid in the

[34]

[35]

[36]

[37]

[38]

[39]

[42]

treatment of pulmonary tuberculosis. Am Rev Tubercul Pulmon Dis
1956;73:117-22.
[54] Rubinstein A, Melamed ], Rodescu D. Transfer factor treatment

in a patient with progressive tuberculosis. Clin Immunol Immunopathol
1977;8:39-50.

430

Journal of Global Antimicrobial Resistance 44 (2025) 420-431

[55] Vanino E, Granozzi B, Akkerman OW, Munoz-Torrico M, Palmieri F, Sea-
worth B, et al. Update of drug-resistant tuberculosis treatment guidelines: A
turning point. Int J Infect Dis 2023;130:S12-15.

[56] World Health Organization WHO consolidated guidelines on tuberculosis.
Module 4: treatment - drug-resistant tuberculosis treatment, 2022 update;
2022.

[57] Liu X, Gutacker MM, Musser JM, Fu Y-X. Evidence for recombination in my-
cobacterium tuberculosis. ] Bacteriol 2006;188:8169-77.

[58] Laws M, Jin P, Rahman KM. Efflux pumps in mycobacterium tuberculo-
sis and their inhibition to tackle antimicrobial resistance. Trends Microbiol
2022;30:57-68.

[59] Gomez-Gonzalez PJ, Perdigao ], Gomes P, Puyen ZM, Santos-Lazaro D,
Napier G, et al. Genetic diversity of candidate loci linked to Mycobacterium
tuberculosis resistance to bedaquiline, delamanid and pretomanid. Sci Rep
2021;11:19431.

[60] Zaunbrecher MA, Sikes RD, Metchock B, Shinnick TM, Posey JE. Overexpres-
sion of the chromosomally encoded aminoglycoside acetyltransferase eis con-
fers kanamycin resistance in Mycobacterium tuberculosis. Proceed Natl Acad
Sci 2009;106:20004-9.

[61] Zhang Y, Heym B, Allen B, Young D, Cole S. The catalase—Peroxidase gene and
isoniazid resistance of mycobacterium tuberculosis. Nature 1992;358:591-3.

[62] Quemard A, Sacchettini JC, Dessen A, Vilcheze C, Bittman R, Jacobs Jr WR,

et al. Enzymic characterization of the target for isoniazid in mycobacterium

tuberculosis. Biochemistry 1995;34:8235-41.

Hazb6n MH, Brimacombe M, Bobadilla del Valle M, Cavatore M, Guerrero MI,

Varma-Basil M, et al. Population genetics study of isoniazid resistance mu-

tations and evolution of multidrug-resistant mycobacterium tuberculosis. An-

timicrob Agents Chemother 2006;50:2640-9.

Machado D, Perdigdo ], Ramos ], Couto I, Portugal I, Ritter C, et al. High-

-level resistance to isoniazid and ethionamide in multidrug-resistant my-

cobacterium tuberculosis of the Lisboa family is associated with inhA double

mutations. ] Antimicrob Chemother 2013;68:1728-32.

[65] Steiner M. Newer and second-line drugs in the treatment of drug-resistant
tuberculosis in children. Med Clin North Am 1967;51:1153-67.

[66] Tadolini M, Lingtsang RD, Tiberi S, Enwerem M, D’Ambrosio L, Sadutshang TD,
et al. First case of extensively drug-resistant tuberculosis treated with both
delamanid and bedaquiline. Eur Respir ] 2016;48:935-8.

[67] Fairlamb AH, Gow NAR, Matthews KR, Waters AP. Drug resistance in eukary-
otic microorganisms. Nat Microbiol 2016;1:16092.

[68] Zambrano-Villa S, Rosales-Borjas D, Carrero JC, Ortiz-Ortiz L. How protozoan
parasites evade the immune response. Trends in Parasitol 2002;18:272-8.

[69] Moss WJSSN, Morrow RH. The history of malaria and its control. Int Encyclo
Pub Health 2008:389-98.

[70] Organization WH. World malaria report 2023. World Health Organization;
2023.

[71] Li Y, Wu Y-L. An over four millennium story behind qinghaosu (artemisinin)-a
fantastic antimalarial drug from a traditional Chinese herb. Curr Med Chem
2003;10:2197-230.

[72] Achan ], Talisuna AO, Erhart A, Yeka A, Tibenderana JK, Baliraine FN, et al.
Quinine, an old anti-malarial drug in a modern world: role in the treatment
of malaria. Malar J 2011;10:144.

[73] Foley M, Tilley L. Quinoline antimalarials: mechanisms of action and resis-
tance. Int J Parasitol 1997;27:231-40.

[74] Wicht K], Mok S, Fidock DA. Molecular mechanisms of drug resistance in plas-
modium falciparum malaria. Annu Rev Microbiol 2020;74:431-54.

[75] Capela R, Moreira R, Lopes F. An overview of drug resistance in protozoal
diseases. Int ] Mol Sci 2019;20:5748. https://www.who.int/groups/gardp/ ac-
cessed August, 2023.

[76] Bridgford JL, Xie SC, Cobbold SA, Pasaje CFA, Herrmann S, Yang T, et al.
Artemisinin kills malaria parasites by damaging proteins and inhibiting the
proteasome. Nat Commun 2018;9:3801.

[77] Birnbaum ], Scharf S, Schmidt S, Jonscher E, Hoeijmakers WAM, Flemming S,
et al. A Kelch13-defined endocytosis pathway mediates artemisinin resistance
in malaria parasites. Science 2020;367:51-9.

[78] Heller LE, Roepe PD. Artemisinin-based antimalarial drug therapy: molecular
pharmacology and evolving resistance. Trop Med Infect Dis 2019;4.

[79] Teuscher F, Gatton ML, Chen N, Peters ], Kyle DE, Cheng Q. Artemisinin-in-
duced dormancy in Plasmodium falciparum: duration, recovery rates, and im-
plications in treatment failure. ] Infect Dis 2010;202:1362-8.

[80] Ouji M, Augereau JM, Paloque L, Benoit-Vical F. Plasmodium falciparum re-
sistance to artemisinin-based combination therapies: a sword of Damocles in
the path toward malaria elimination. Parasite 2018;25:24.

[81] Dagen M. Chapter 1 - History of malaria and its treatment. Elsevier; 2020.
p. 1-48. Pages.

[82] Manzoni G, Try R, Guintran JO, Christiansen-Jucht C, Jacoby E, Sovannaroth S,
et al. Progress towards malaria elimination in the Greater Mekong Subregion:
perspectives from the World Health Organization. Malaria ] 2024;23:64.

[83] Frampton JE. Tafenoquine: First Global Approval. Drugs 2018;78:1517-23.

[84] Lu KY, Derbyshire ER. Tafenoquine: A step toward malaria elimination. Bio-
chemistry 2020;59:911-20.

[85] Camarda G, Jirawatcharadech P, Priestley RS, Saif A, March S, Wong MHL,
et al. Antimalarial activity of primaquine operates via a two-step biochem-
ical relay. Nat Commun 2019;10:3226.

[86] Organization WH. Practical chemotherapy of malaria: report of a WHO sci-
entific group [meeting held in Geneva from 5 to 12 June 1989]. World
Health Organization; 1990. World Health Organization. WHO Guidelines

[63]

(64]


https://www.theglobalfund.org/en/news/2021/2021-09-08-global-fund-results-report-reveals-covid-19-devastating-impact-on-hiv-tb-and-malaria-programs/
http://refhub.elsevier.com/S2213-7165(25)00171-7/sbref0025
http://refhub.elsevier.com/S2213-7165(25)00171-7/sbref0026
http://refhub.elsevier.com/S2213-7165(25)00171-7/sbref0027
http://refhub.elsevier.com/S2213-7165(25)00171-7/sbref0028
http://refhub.elsevier.com/S2213-7165(25)00171-7/sbref0029
http://refhub.elsevier.com/S2213-7165(25)00171-7/sbref0030
http://refhub.elsevier.com/S2213-7165(25)00171-7/sbref0032
https://www.who.int/news-room/fact-sheets/detail/hiv-drug-resistance/
http://refhub.elsevier.com/S2213-7165(25)00171-7/sbref0034
http://refhub.elsevier.com/S2213-7165(25)00171-7/sbref0035
http://refhub.elsevier.com/S2213-7165(25)00171-7/sbref0036
http://refhub.elsevier.com/S2213-7165(25)00171-7/sbref0037
http://refhub.elsevier.com/S2213-7165(25)00171-7/sbref0038
http://refhub.elsevier.com/S2213-7165(25)00171-7/sbref0039
http://refhub.elsevier.com/S2213-7165(25)00171-7/sbref0040
https://doi.org/10.1128/aac.00224-00217
http://refhub.elsevier.com/S2213-7165(25)00171-7/sbref0042
http://refhub.elsevier.com/S2213-7165(25)00171-7/sbref0043
http://refhub.elsevier.com/S2213-7165(25)00171-7/sbref0044
http://refhub.elsevier.com/S2213-7165(25)00171-7/sbref0045
http://refhub.elsevier.com/S2213-7165(25)00171-7/sbref0046
http://refhub.elsevier.com/S2213-7165(25)00171-7/sbref0047
http://refhub.elsevier.com/S2213-7165(25)00171-7/sbref0048
http://refhub.elsevier.com/S2213-7165(25)00171-7/sbref0049
http://refhub.elsevier.com/S2213-7165(25)00171-7/sbref0050
http://refhub.elsevier.com/S2213-7165(25)00171-7/sbref0051
http://refhub.elsevier.com/S2213-7165(25)00171-7/sbref0052
http://refhub.elsevier.com/S2213-7165(25)00171-7/sbref0053
http://refhub.elsevier.com/S2213-7165(25)00171-7/sbref0054
http://refhub.elsevier.com/S2213-7165(25)00171-7/sbref0055
http://refhub.elsevier.com/S2213-7165(25)00171-7/sbref0056
http://refhub.elsevier.com/S2213-7165(25)00171-7/sbref0057
http://refhub.elsevier.com/S2213-7165(25)00171-7/sbref0058
http://refhub.elsevier.com/S2213-7165(25)00171-7/sbref0059
http://refhub.elsevier.com/S2213-7165(25)00171-7/sbref0060
http://refhub.elsevier.com/S2213-7165(25)00171-7/sbref0061
http://refhub.elsevier.com/S2213-7165(25)00171-7/sbref0062
http://refhub.elsevier.com/S2213-7165(25)00171-7/sbref0063
http://refhub.elsevier.com/S2213-7165(25)00171-7/sbref0064
http://refhub.elsevier.com/S2213-7165(25)00171-7/sbref0065
http://refhub.elsevier.com/S2213-7165(25)00171-7/sbref0066
http://refhub.elsevier.com/S2213-7165(25)00171-7/sbref0067
http://refhub.elsevier.com/S2213-7165(25)00171-7/sbref0068
http://refhub.elsevier.com/S2213-7165(25)00171-7/sbref0069
http://refhub.elsevier.com/S2213-7165(25)00171-7/sbref0070
http://refhub.elsevier.com/S2213-7165(25)00171-7/sbref0071
http://refhub.elsevier.com/S2213-7165(25)00171-7/sbref0072
http://refhub.elsevier.com/S2213-7165(25)00171-7/sbref0073
http://refhub.elsevier.com/S2213-7165(25)00171-7/sbref0074
https://www.who.int/groups/gardp/
http://refhub.elsevier.com/S2213-7165(25)00171-7/sbref0076
http://refhub.elsevier.com/S2213-7165(25)00171-7/sbref0077
http://refhub.elsevier.com/S2213-7165(25)00171-7/sbref0078
http://refhub.elsevier.com/S2213-7165(25)00171-7/sbref0079
http://refhub.elsevier.com/S2213-7165(25)00171-7/sbref0080
http://refhub.elsevier.com/S2213-7165(25)00171-7/sbref0081
http://refhub.elsevier.com/S2213-7165(25)00171-7/sbref0082
http://refhub.elsevier.com/S2213-7165(25)00171-7/sbref0083
http://refhub.elsevier.com/S2213-7165(25)00171-7/sbref0084
http://refhub.elsevier.com/S2213-7165(25)00171-7/sbref0085
http://refhub.elsevier.com/S2213-7165(25)00171-7/sbref0086

T. Williamson, J. Adderley, K. Quinn et al.

for the treatment of malaria second edition. World Health Organization;

2010.

Sisowath C, Stromberg ], Mdrtensson A, Msellem M, Obondo C, Bjérkman A,

et al. In Vivo selection of plasmodium falciparum pfmdr1 86N coding Alleles

by Artemether-Lumefantrine (Coartem). J Infect Dis 2005;191:1014-17.

[88] Van Vugt M, Wilairatana P, Gemperli B, Gathmann I, Phaipun L, Brockman A,

et al. Efficacy of six doses of artemether-lumefantrine (benflumetol) in mul-

tidrug-resistant plasmodium falciparum malaria. Am ] Trop Med Hygiene
1999;60:936-42.

Kirtane AR, Verma M, Karandikar P, Furin ], Langer R, Traverso G. Nan-

otechnology approaches for global infectious diseases. Nat Nanotechnol

2021;16:369-84.

[90] Binnie A, Fernandes E, Almeida-Lousada H, de Mello RA, Castelo-Branco P.
CRISPR-based strategies in infectious disease diagnosis and therapy. Infection
2021;49:377-85.

[91] Schor S, Einav S. Combating intracellular pathogens with repurposed host-
targeted drugs. ACS Infect Dis 2018;4:88-92.

[92] Flynn JK, Paukovics G, Moore MS, Ellett A, Gray LR, Duncan R, et al. The mag-
nitude of HIV-1 resistance to the CCR5 antagonist maraviroc may impart a
differential alteration in HIV-1 tropism for macrophages and T-cell subsets.
Virology 2013;442:51-8.

[93] Ong HW, Adderley ], Tobin AB, Drewry DH, Doerig C. Parasite and
host kinases as targets for antimalarials. Exp Opinion Therapeut Targets
2023;27:151-69.

[94] Schatz A, Bugie E, Waksman SA. Streptomycin, a substance exhibiting antibi-
otic activity against gram-positive and gram-negative bacteria. Clin Orthop
Relat Res 1944:3-6.

[95] Adams AR, Sanderson G. Studies on synthetic antimalarial drugs; a compar-
ison of the therapeutic actions of 3349 and of mepacrine hydrochloride on
acute attacks of benign tertian malaria. Ann Trop Med Parasitol 1945;39:180.

[87]

[89]

431

Journal of Global Antimicrobial Resistance 44 (2025) 420-431

[96] Miller LH, Su X. Artemisinin: discovery from the Chinese herbal garden. Cell
2011;146:855-8.

[97] Brown AG, Butterworth D, Cole M, Hanscomb G, Hood ]D, Reading C, et al.
Naturally-occurring beta-lactamase inhibitors with antibacterial activity. ] An-
tibiot (Tokyo) 1976;29:668-9.

[98] Brotzu G. Research on a new antibiotic. Pub Cagliari Inst Hygiene 1948:5-19.

[99] McCormick MH, McGuire JM, Pittenger GE, Pittenger RC, Stark WM. Van-
comycin, a new antibiotic. I. Chemical and biologic properties. Antibiot Annu
1955;3:606-11.

[100] MacLeod A, Ross H, Ozere R, Digout G, Van Rooyen C. Lincomycin: a new
antibiotic active against staphylococci and other gram-positive cocci: clinical
and laboratory studies. Canadian Med Assoc ] 1964;91:1056.

[101] McGuire JM, Bunch RL, Anderson RC, Boaz HE, Flynn EH, Powell HM, et al.
Ilotycin, a new antibiotic. Antibiot Chemother (Northfield) 1952;2:281-3.

[102] Fleming A. Antibacterial action in cultures of penicillium, with special ref-
erence to their use in isolation of Bacillus influenzas. Am ] Med Sci
1929;180:449.

[103] Domagk G. Chemotherapy of acute bacterial infections and tuberculosis. Med
Welt 1951;20:957.

[104] Duggar BM. Aureomycin; a product of the continuing search for new antibi-
otics. Ann N Y Acad Sci 1948;51:177-81.

[105] Maeda K, Osato T, Umezawa H. A new antibiotic, azomycin. ] Antibiot (Tokyo)
1953;6:182.

[106] Food and Drug Administration New Drugs at FDA: CDER’s New Molecular En-
tities and New Therapeutic Biological Products. Food and Drug Administra-
tion; 2022.

[107] Adderley ]D, John von Freyend S, Jackson SA, Bird M], Burns AL, Anar B,
et al. Analysis of erythrocyte signalling pathways during Plasmodium falci-
parum infection identifies targets for host-directed antimalarial intervention.
Nat Commun 2020;11:4015.


http://refhub.elsevier.com/S2213-7165(25)00171-7/sbref0086
http://refhub.elsevier.com/S2213-7165(25)00171-7/sbref0087
http://refhub.elsevier.com/S2213-7165(25)00171-7/sbref0088
http://refhub.elsevier.com/S2213-7165(25)00171-7/sbref0089
http://refhub.elsevier.com/S2213-7165(25)00171-7/sbref0090
http://refhub.elsevier.com/S2213-7165(25)00171-7/sbref0091
http://refhub.elsevier.com/S2213-7165(25)00171-7/sbref0092
http://refhub.elsevier.com/S2213-7165(25)00171-7/sbref0093
http://refhub.elsevier.com/S2213-7165(25)00171-7/sbref0094
http://refhub.elsevier.com/S2213-7165(25)00171-7/sbref0095
http://refhub.elsevier.com/S2213-7165(25)00171-7/sbref0096
http://refhub.elsevier.com/S2213-7165(25)00171-7/sbref0097
http://refhub.elsevier.com/S2213-7165(25)00171-7/sbref0098
http://refhub.elsevier.com/S2213-7165(25)00171-7/sbref0099
http://refhub.elsevier.com/S2213-7165(25)00171-7/sbref0100
http://refhub.elsevier.com/S2213-7165(25)00171-7/sbref0101
http://refhub.elsevier.com/S2213-7165(25)00171-7/sbref0102
http://refhub.elsevier.com/S2213-7165(25)00171-7/sbref0103
http://refhub.elsevier.com/S2213-7165(25)00171-7/sbref0104
http://refhub.elsevier.com/S2213-7165(25)00171-7/sbref0105
http://refhub.elsevier.com/S2213-7165(25)00171-7/sbref0106
http://refhub.elsevier.com/S2213-7165(25)00171-7/sbref0107

	A timeline of reckoning: Tracking the historical rise of antimicrobial resistance across HIV, TB, and malaria
	1 Introduction
	2 The antimicrobial crisis: Causes and lessons to be learned
	2.1 Factors driving antimicrobial resistance acquisition
	2.2 The paucity of anti-infective drug development over the recent decades

	3 Mechanisms of drug resistance in pathogens
	3.1 Viral infections
	3.2 HIV antivirals and rapid emergence of resistance
	3.2.1 Bacterial infections
	3.2.2 The combination of TB therapeutic discovery and inevitable resistance

	3.3 Protozoal infections
	3.4 The historic build-up of malaria therapeutics and resistance

	4 Comparing drug resistance of HIV, TB, and malaria
	5 Novel therapeutic approaches to combat AMR
	6 Concluding remarks
	7 Methods
	7.1 Literature search strategy
	7.2 Statistical analysis

	Supplementary materials
	References


