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ABSTRACT

Malaria, which is caused by Plasmodium parasites, remains a major international health issue,
especially in developing countries. The problem of drug resistance has become a major concern,
especially with respect to artemisinin-based combination therapies (ACTs). Another approach
that has been suggested but not well explored is the targeting of parasite-specific DNA repair
mechanisms, such as the DNA mismatch repair (MMR) pathway. MMR is crucial for genome
stability by correcting replication errors, and any defect in MMR has a significant impact on
parasite survival, adaptation, and drug resistance. Recent studies have shown that Plasmodium
has a distinct, possibly divergent MMR system compared to the human host, which could be
exploited for therapeutic purposes. Disrupting MMR pathways may make parasites more sensitive
to DNA damage, reduce their ability to develop resistance, and increase the effectiveness of
current antimalarial drugs. However, there are some challenges, including a poor understanding
of Plasmodium MMR components, possible functional redundancy with other repair systems,
and the potential for off-target effects. In this review, we summarize present knowledge of
MMR pathways in Plasmodium, discuss their potential as new antimalarial targets, and outline
hypothetical models for MMR-based therapeutic approaches. We also discuss the major
opportunities and challenges that must be overcome to turn this concept into actual antimalarial
interventions. Targeting MMR pathways may provide new ways of combating malaria and help in
the fight against the increasing resistance to drugs
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Parasites.

INTRODUCTION

Malaria stands as a major public health problem which continues
to affect populations worldwide. The World Health Organization
(WHO) World Malaria Report 2023 showed that 249 million
cases of malaria and more than 608,000 deaths from malaria
occurred worldwide during 2022 (Shin et al., 2024). The highest
number of malaria deaths happens in sub-Saharan Africa while
children under five and pregnant women bear the majority of
the burden. A considerable amount of disease burden exists in
Southeast Asia alongside the Eastern Mediterranean and Western
Pacific and South American regions.

Malaria control and elimination efforts have achieved notable
progress since 2000 because of increased funding along with
better diagnostic and treatment access and effective vector
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control programs but the worldwide malaria burden stays
unacceptably high (Dhiman et al., 2019). The malaria landscape
becomes more difficult to manage because of climate change
together with humanitarian crises and expanding insecticide
resistance in mosquito vectors which threaten to undo existing
achievements. The disease creates extensive social and economic
effects which sustain poverty cycles and block development
progress in endemic areas. The clinical treatment of malaria
depends on chemotherapy which wuses artemisinin-based
combination therapies (ACTs) as the standard therapy for
treating uncomplicated Plasmodium falciparum (P. falciparum)
infections. The combination of artemisinin derivatives with
longer-acting partner drugs in ACTs allows for fast parasite
elimination and minimizes the risk of developing drug-resistant
parasites. Chloroquine and sulfadoxine-pyrimethamine and
mefloquine have previously been crucial for malaria control yet
their effectiveness is now limited in various regions because of
widespread drug resistance. The success of ACTs as a treatment
faces a current threat to its effectiveness. Artemisinin resistance
emerged in Southeast Asia’s Greater Mekong Subregion as delayed
parasite clearance occurs after receiving treatment (Manzoni
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et al., 2024). The emergence of resistance to piperaquine and
lumefantrine partner drugs in ACTs has resulted in rising rates
of treatment failures. East African regions have recently shown
signs of partial artemisinin resistance which creates widespread
worry about a global artemisinin resistance spread.

The antimalarial drug development pipeline exists in a fragile state.
The development pipeline for antimalarial drugs remains sparse
because several promising compounds are under preclinical and
clinical investigation but only few have advanced to late clinical
trials or obtained regulatory clearance. The extensive length and
high expense of antimalarial drug development along with the
parasite's genetic adaptation capabilities makes it difficult to
introduce new therapies. The rising issue of drug resistance along
with a small number of available therapeutic options creates an
immediate need to discover fresh drug targets and treatment
methods which will maintain the long-term effectiveness of
malaria interventions. The ongoing threat of drug-resistant
Plasmodium parasites requires immediate attention to discover
and validate new molecular targets for antimalarial treatment.
The majority of traditional antimalarial drugs target only three
key parasite pathways that include hemoglobin digestion, folate
metabolism and mitochondrial electron transport (Shibeshi et
al., 2020). The well-known targets have become vulnerable to
parasite resistance development because of selective pressure
which demonstrates why depending on minimal biochemical
pathways for therapy poses risks. Research into parasite survival
and replication essential pathways which differ from human
host biological pathways presents a promising solution to defeat
resistance and achieve selectivity. The ability to preserve parasite
genome integrity through essential DNA repair processes provides
a viable target for treatment as it would block parasite survival
under drugs while stopping additional resistance mutations and
boost existing therapeutic effects (da Silva et al., 2022).

Targeting biological processes that persist across various parasite
life cycle stages allows researchers to create drugs which possess
prophylactic, therapeutic and transmission-blocking capabilities.
These strategies would deliver maximum value during malaria
elimination and eradication programs. Research of new
Plasmodium molecular weaknesses enables two immediate
benefits: it creates innovative therapeutic options and expands
antimalarial medication choices while protecting against
widespread drug resistance in the future. Plasmodium parasites
require genomic integrity to survive and propagate between
human hosts and mosquito vectors because they face continuous
environmental stress. Plasmodium completes its complex life
cycle by rapidly duplicating DNA during blood stage asexuality
and by undergoing sporogony in mosquitoes and gametocyte
development. The combination of DNA replication processes
with exposure to oxidative stress and immune damage and
antimalarial drugs creates substantial DNA damage which the
parasite needs to repair efficiently to stay viable.
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Plasmodium parasites use multiple DNA repair pathways
to manage their challenges but these systems show simpler
structures and divergent pathways compared to higher eukaryotic
systems. Plasmodium possesses four DNA repair pathways
which include base excision repair for fixing small non-helix-
distorting base lesions from oxidative stress, and alkylation and
nucleotide excision repair for removing bulky DNA lesions,
and helix-distorting adducts and homologous recombination
for repairing double-strand breaks and maintaining genome
stability during meiosis (Nastasi et al., 2020). Finally, replication
stress and mismatch repair are required for identifying and
correcting base-base mismatches and insertion-deletion loops
that occur during DNA replication (Goyal et al., 2021). The
Plasmodium genomes show no clear orthologs for multiple
DNA repair genes present in other eukaryotes which indicates
the parasite uses either reduced or modified repair protein sets.
The parasite maintains its essential genomic functions through
this basic repair system which enables enough genetic variation
for immune evasion and antigenic diversity and drug resistance.
The MMR (mismatch repair) system has become a subject of
increased scientific interest because it plays a role in Plasmodium
genetic diversity and antimalarial drug resistance development.
Research into Plasmodium DNA repair mechanisms particularly
MMR shows promise for discovering new therapeutic targets
(Lujan et al., 2021).

An overview of DNA mismatch repair (MMR)
pathways

The MMR system represents a fundamental and evolutionarily
preserved pathway found in eukaryotic organisms which functions
to maintain genome stability through error correction during
replication (Lujan et al., 2021). The proofreading mechanism of
DNA polymerases fails to detect occasional replication mistakes
which result in base-base mismatches and insertion-deletion
loops. The accumulation of uncorrected errors leads to genomic
instability which results in mutations and eventually causes
diseases like cancer. The MMR pathway functions as a backup
system which significantly improves DNA replication accuracy
through the removal of replication mistakes. The MMR process
starts when the newly synthesized DNA strand undergoes
mismatch detection (Figure 1). The MutS homolog (MSH)
protein complexes perform the essential initial step of mismatch
recognition. Eukaryotic cells utilize two main MMR complexes:
MutSa which functions as a MSH2-MSHS6 heterodimer to detect
single-base mismatches and small insertion-deletion loops and
MutSP which consists of MSH2 and MSH3 to detect larger
insertion-deletion loops. The MutS complex binds to mismatch
sites through an ATP-dependent structural transformation
which enables the recruitment of subsequent repair factors.
The MutS complex binds to recognized mismatches to recruit
MutL homolog (MLH) complex which primarily consists of
MLH1 and PMS2 proteins. The MutLa complex functions as
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a molecular coordinator that connects mismatch detection to
the repair process of excision and resynthesis. The complex
possesses endonuclease activity which creates nicks in the newly
synthesized strand to guide the repair machinery toward the
correct DNA strand (Ortega et al., 2021).

Eukaryotic MMR strand discrimination functions without the
need for methylation signals which are essential in prokaryotes
(Reyes et al, 2021). The discrimination mechanism in
eukaryotic MMR is believed to operate through two different
methods - Okazaki fragment nicks in the lagging strand and
replication-associated signals in the leading strand (Muthye et
al., 2021). The repair machinery needs nicks in DNA to start its
process of strand excision for error-containing DNA. The EXO1
exonuclease together with other enzymes then proceeds to excise
the erroneous DNA segment beginning from the nick site. After
strand discrimination and incision, the repair machinery employs
DNA polymerase § to synthesize new DNA that fills the gap using
the undamaged parental strand as a template. The DNA repair
process concludes with DNA ligase I which closes the remaining
nick to achieve complete DNA duplex restoration. The eukaryotic
MMR system functions through multiple specialized proteins
that detect replication errors and begin repair and maintain DNA
integrity. The MutS and MutL homologs function as the core
components which direct the repair process. MS protein family
members known as MSH proteins function to detect mismatched
bases. The eukaryotic MutS complexes include MutSa which
contains MSH2 and MSH6 and MutSp which consists of MSH2
and MSH3 (Furman et al, 2021). The MutSa complex detects
base-base mismatches and short insertion-deletion loops but
MutSP detects only larger insertion-deletion loops. These
complexes bind to mismatches in an ATP-dependent manner,
triggering conformational changes necessary for the recruitment
of downstream repair factors. The MutSa or MutSp complex
structures provide both flexibility and specific DNA recognition
capabilities across a wide range of DNA replication errors. The
repair process receives MutL homologs (MLH proteins) from
mismatch complexes recognized by MutS complexes with MutLa
representing the main complex responsible for the repair process.
The molecular bridge function of MutLa allows it to connect
mismatch detection with excision mechanisms. MutLa contains
built-in endonuclease activity which becomes active after
interacting with MutS complexes along with replication factors
including PCNA (Chabowska et al., 2023). Single-strand breaks
at the mismatch location become essential through endonuclease
activity because they allow exonucleolytic degradation. MutLp
(MLH1-PMS1) and MutLy (MLH1-MLH3) represent other
MutL homologs but scientists think these proteins have
specialized roles in meiotic recombination and possibly backup
mismatch repair functions.

Exonuclease 1 (EXO1) is another protein which removes the
incorrect DNA strand after nicking; Replication protein A(RPA)
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is replication protein A which keeps the single-stranded DNA
stable during excision; DNA polymerase §, which synthesizes the
excised DNA segment; and DNA ligase I, which forms the nicks
to finish the repair (Schoniger et al., 2022). Thus, the MutS and
MutL homologs, and their associated factors, constitute a highly
dynamic and tightly regulated system that ensures that replication
errors are corrected with high efliciency. Their coordinated
actions are not only important for maintaining genomic stability,
but also for protecting organisms from mutagenesis and genome
instability. The MMR pathway is crucial for genome maintenance
across all eukaryotic species. During DNA replication, even
with high-fidelity polymerases and proofreading mechanisms, a
small number of base mismatches and insertion-deletion loops
inevitably arise. If these replication errors are not fixed, they may
lead to the creation of permanent mutations, which can result in
genomic instability, disruption of important genes and the risk
of diseases such as cancer. MMR acts as a vital post-replicative
mechanism that ensures that these errors are identified and
corrected before cell division is completed.

Beyond its conventional function in replication error correction,
MMR plays a role in other important cellular processes. It
prevents recombination of non-identical sequences, thus ensuring
chromosomal stability. MMR proteins are also involved in the
response to certain types of DNA damage, and they connect the
pathway to other genome surveillance pathways. Importantly,
mutations in MMR genes are associated with microsatellite
instability (MSI), a condition characterized by the accumulation
of mutations in short repetitive DNA sequences (Schoniger ef al.,
2022). This phenomenon is a hallmark of several types of cancers,
notably colorectal, endometrial and gastric cancers associated
with Lynch syndrome. Thus, the biological significance of
the MMR system goes well beyond simple error correction;
it is essential for maintaining genomic stability, preventing
mutagenesis and ensuring organismal health. In Plasmodium,
where genome stability needs to be carefully regulated with
adaptive mutations for survival under selective pressure, the
MMR system may play a special role in regulating both stability
and evolvability. MMR systems in protozoan parasites, such as
Plasmodium species, show several differences in comparison
with their mammalian homologues. While the basic function
of error correction is preserved, the protozoan MMR pathways
often consist of a simplified or divergent set of proteins. In P.
falciparum, for example, clear orthologs of key eukaryotic MMR
components such as MSH2, MSH6, MLH1 and PMS2 have been
identified, but the overall pathway appears less complex, possibly
because of adaptation to the parasite’s life cycle and environment
(Caja et al., 2020). Certain canonical MMR proteins that are
found in higher eukaryotes are either absent or highly divergent
in sequence and structure in protozoan parasites, which may
affect repair efficiency and regulation.
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Another notable aspect of protozoan MMR is its capability
to control genome stability versus adaptability. In parasites
like Plasmodium, reduced MMR fidelity may enable antigenic
variation, a mechanism that is crucial for immune evasion
(Chulanetra et al., 2021). Mutations resulting from imperfect
repair mechanisms could contribute to the generation of genetic
diversity within surface antigen genes, which would enhance
parasite survival in the presence of host immune responses.
Also, partial deficiencies or modulations in the MMR pathway
have been linked to drug resistance, providing a selective
advantage under pharmacological pressure (Molina et al.,
2022). Furthermore, studies suggest that MMR in protozoan
parasites may be closely linked to specific stages of the life cycle,
with differential expression or activity observed between blood
stages and mosquito stages (Schwarzer et al., 2024; Dutta et al.,
2022). This stage-specific modulation of DNA repair capacity
may reflect varying demands for genome maintenance versus
adaptability. These unique features of the protozoan MMR
pathways not only give insight into parasite biology but also show
potential vulnerabilities that could be exploited for therapeutic
intervention.

MMR pathways in Plasmodium

The MMR systems of Plasmodium species show different
characteristics compared to human MMR systems (Figure 2). The
main purpose of error correction in MMR pathways is conserved
although protozoan MMR pathways consist of a reduced or
alternative set of proteins (Table 1). The P. falciparum genome
contains recognizable MSH2, MSH6, MLH]1, and PMS2 orthologs
that form the basis of its mismatch repair system although its
overall complexity appears lower due to adaptations related to
its parasite-specific life cycle and environmental pressures. The
protozoan parasites show distinct modifications of their MMR
proteins which result in sequence and structural differences from
typical higher eukaryotic MMR proteins.

Protozoan MMR systems show remarkable features because
they support genome stability through adaptive mechanisms.
Plasmodium parasites achieve their antigenic variation ability
through limited MMR fidelity because this mechanism helps
them evade host immune responses. The imperfect repair
mechanisms result in mutations that generate genetic diversity
in surface antigen genes which enhance parasite survival
against host immune responses. The MMR pathway shows
partial deficiencies or modulations which contribute to drug
resistance development that provides benefits when parasites
face pharmacological challenges. MMR activity in protozoan
parasites shows an association with life cycle phases according
to research which demonstrates different levels of expression
between blood and mosquito stages. The different life stages of
the parasite require distinct DNA repair capacities which affect
their genome stability and adaptability needs. These distinctive
MMR pathway features in protozoan parasites both reveal
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parasite biological mechanisms and create targets for therapeutic
development. The MMR pathway in P. falciparum and its related
species has been fully identified through detailed genomic
and bioinformatic investigations. The two principal mismatch
recognition proteins among PfMutS homologs are P/MSH2 and
PfMSH6 (Assisi et al., 2021). The proteins create a heterodimer
structure which functions like the MutSa complex of other
eukaryotic organisms to detect base-base mismatches and small
insertion-deletion loops during DNA replication. Phylogenetic
studies show that PAMSH2 and PfMSH6 maintain fundamental
domains needed for mismatch binding and ATPase activity
while displaying sequence adaptations suited to parasite genomic
and life cycle requirements (Tarique et al., 2017). The PfMutL
protein represents the functional equivalent of the MLH1-PMS2
complex that exists in higher organisms. The PfMutL protein
contains important domains that enable ATP binding as well as
endonuclease activity which supports its predicted function in
mismatch recognition and subsequent repair excision processes.
Research has identified P/MLH which shares homology with
MLH]1 but further studies are needed to determine its precise
activity within the Plasmodium MMR system. The survival of
Plasmodium depends on PMutL and PMLH because knockout
attempts have produced unsuccessful results indicating any
MMR system impairment would severely affect genomic stability
(Payero et al., 2024).

Studies have identified MMR homologs in Plasmodium but PMS2
remains either highly divergent or missing from Plasmodium
genomes. This observation points to a streamlined or modified
MMR machinery in the parasite, which may influence both
the efficiency of repair and the organism’s ability to balance
genome stability with adaptability. The absence of known
accessory factors that bind to MMR proteins in other systems
including EXO1 and replication-associated proteins from P
falciparum creates uncertainty about DNA repair mechanisms
in the parasite. PAMutS, PfMutL, and P/MLH form the core of
the MMR system in Plasmodium and these findings provide a
starting point for studying DNA repair processes in this genus.
These proteins show promise as targets for functional studies and
antimalarial development strategies to create DNA instability in
parasites. Genomic comparison between Plasmodium species and
humans demonstrates that MMR core functions are preserved yet
pathway elements exhibit substantial variations regarding their
composition and structure and regulatory mechanisms (Tarique
et al., 2017). The two systems maintain essential components
which initiate mismatch repair through homologs of MutS and
MutL proteins because genome maintenance is essential for
eukaryotes. Sequence alignments demonstrate that Plasmodium
MMR proteins PMSH2, PMSH6 and PfMLH present large
sequence differences compared to human homologs especially
in non-catalytic domains and regulatory regions. The observed
variations appear to result from adaptations that match the
parasite's small genome size and its high AT-content and
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specialized replicative requirements throughout its complex life
cycle. The main distinction occurs because Plasmodium lacks
several essential auxiliary factors which are fundamental to the
human MMR pathway. The human MMR pathway contains all
accessory proteins including EXO1 and PCNA interactions and
strand-discrimination proteins yet these components remain
undetected or poorly understood in Plasmodium (Obmolova
et al., 2000). The parasite's ability to achieve strand specificity
during repair remains unclear and its compensatory mechanisms
for lost factors could involve parasite-specific mechanisms.

Structural modeling shows that PfMutS and human MutS
proteins have conserved mismatch-binding domains but their
protein-protein regions
significant differences (Sina et al, 2023). The structural
differences in these regions could impact repair complex stability
and dynamics within Plasmodium by creating mechanisms not
found in human cells. The control mechanisms that regulate
MMR gene expression operate through distinct pathways.
Human MMR components function as integral components of
the DNA damage response network while undergoing complex
transcriptional and post-translational regulations. Plasmodium
exhibits different patterns of MMR gene regulation since it needs
to maintain both genetic accuracy and flexibility when moving
between human and mosquito hosts. Several differences between
Plasmodium and human MMR systems exist including protein
sequences and accessory components as well as regulatory
mechanisms and functional flexibility which suggest therapeutic
targeting opportunities without host system interference.

interaction interface demonstrate

Studies conducted with genetic and molecular biology techniques
have revealed important information about how MMR
components function in Plasmodium species. The elimination
of msh2 and msh6 MMR genes in P. falciparum through gene
knockout experiments resulted in increased spontaneous
mutations and microsatellite instability and enhanced genomic
variability (Kalamuddin et al, 2024). Mutant parasites exhibit
enhanced mutability because MMR functions as a vital mechanism
to preserve genome integrity during normal cell growth.
Research attempts to knock out core genes including mlh1 have
been unsuccessful because they result in severe fitness defects
which demonstrate that some MMR components remain vital
for parasite survival. Studies on gene expression demonstrate that
MMR plays essential roles throughout various phases of parasite
development. Research through transcriptomics shows that
MMR genes become more active when DNA replication occurs
especially during blood stage proliferation since accurate genome
maintenance becomes crucial for fast cell growth (Ahmad et al.,
2014). Research using proteomic techniques has shown MMR
proteins present in P. falciparum nuclear extracts which support
their involvement in nuclear DNA surveillance. Plasmodium
parasites display functional mismatch repair capabilities that
demonstrate error correction ability in replication processes but
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exhibit possible different efficiency compared to mammalian cells.
Research has demonstrated that MMR activity reduction leads to
higher drug tolerance in antimalarial drug-exposed parasites.
Experimental evolution studies demonstrate that parasites with
defective MMR pathways develop mutations at higher rates
which sometimes lead to drug resistance thus linking MMR
competency to treatment failure emergence (Ahmad et al., 2014).
The MMR system in Plasmodium plays a crucial role in genomic
stability while its activity changes according to developmental
and environmental signals based on gene knockout models and
gene expression profiling and functional assays.

Role of MMR in Plasmodium biology

The MMR system in Plasmodium has a dual role in maintaining
genome stability and in antigenic variation, two processes that are
important for the parasite's survival and pathogenicity. During
the rapid asexual replication cycles in human erythrocytes,
Plasmodium parasites are under constant pressure to maintain
genomicintegrity due to the challenges posed by high rates of DNA
replication and exposure to oxidative stress. The MMR machinery
ensures that replication errors, such as base mismatches and
insertion deletion loops, are efficiently corrected, thus preserving
genome stability and preventing the accumulation of deleterious
mutations that could impair parasite viability. At the same
time, it is also advantageous for the parasite to have controlled
genomic variability, especially in evading the host immune
response. P falciparum employs antigenic variation to persist
within the human host, primarily through the var gene family
encoding the surface protein P/EMP1 (Plasmodium falciparum
erythrocyte membrane protein 1) (Hadjimichael et al., 2025).
Emerging evidence suggests that the MMR system influences the
regulation of antigenic variation, potentially by modulating the
rate of recombination and mutation events within hypervariable
regions of the genome. Partial defects in MMR, whether naturally
occurring or experimentally induced, have been associated with
increased rates of var gene switching and enhanced generation
of genetic diversity, thereby promoting immune evasion. Thus,
the MMR system in Plasmodium must carefully balance two
opposing demands: enforcing genomic stability to sustain
essential biological functions while allowing enough plasticity to
adapt to changing environmental pressures, including immune
challenges and antimalarial drug exposure. This is the balance
that Plasmodium has to strike in the MMR system to sustain its
life cycle, and this is crucial for our understanding of the parasite's
biology and for the identification of new targets for therapy. The
modulation of MMR activity by Plasmodium to achieve this
balance is a key aspect of the parasite's biology and offers new
avenues for therapeutic intervention.

The MMR system in Plasmodium has a significant impact on the
development of drug resistance, a major hurdle in the control
and elimination of malaria (Table 2). Under normal conditions,
an intact MMR pathway limits the accumulation of spontaneous
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mutations by correcting replication errors, thereby maintaining a
relatively stable genome. However, when the efficiency of MMR
is compromised either through natural polymorphisms, selective
pressure, or experimental disruption mutation rates can increase
dramatically. This hypermutability provides a fertile ground for
the emergence of genetic variants, some of which can confer
resistance to antimalarial drugs. Experimental studies have
shown that P, falciparum parasites with partial defects in MMR
genes, such as msh2 and msh6, exhibit accelerated acquisition
of resistance to commonly used drugs, including chloroquine,
mefloquine, and artemisinin derivatives (Hjelmqvist et al., 2019).
Elevated mutation rates enhance the likelihood of alterations in
critical drug target genes, such as PfCRT (Plasmodium falciparum
Chloroquine Resistance Transporter), PAMDRI (Plasmodium
falciparum Multidrug Resistance Protein 1), and kelch13, which
are central to resistance phenotypes (Ocan et al., 2022; Waweru
et al., 2024). Furthermore, MMR-deficient parasites have been
observed to display higher tolerance to drug-induced DNA
damage, enabling their survival and propagation even under
intense pharmacological pressure.

The connection between MMR dysfunction extends to drug
resistance development beyond simple point mutations. The
MMR system dysfunction leads to larger genomic rearrangements
and copy number variations and microsatellite instability which
together enhance Plasmodium's adaptive capacity. MMR activity
functions as a two-sided weapon that protects genome stability but
allows quick evolutionary responses to create multidrug-resistant
parasite strains. Research of this relationship provides essential
information for developing strategies to maintain drug
effectiveness and delay resistance emergence. The biological
features of MMR-deficient Plasmodium parasites emerge from
phenotypic studies which demonstrate the importance of
MMR in parasite survival and adaptation. The disruption or
downregulation of msh2 and msh6é MMR core genes leads to
hypermutator phenotypes that result in faster point mutations as
well as unstable microsatellites and greater genomic variability.
The unstable genome allows these parasites to adapt through quick
evolutionary changes beyond what MMR-proficient parasites can
achieve. MMR deficiency leads to elevated antigenic variation
rates especially through higher var gene family switching events.
The increased genetic variability enables MMR-deficient parasites
to evade the host's immune system and survive longer inside the
body while establishing long-term infections. MMR-deficient
parasites show better resistance to environmental stresses which
makes treatment more challenging. The advantages derived
from increased mutability lead to various negative biological
effects.
lower fitness outside selection pressure because they replicate at
reduced rates while showing flawed replication and sometimes
poor transmission capabilities (Lecture., 2023). The observations
indicate that MMR deficiency helps parasites survive specific
challenges yet damages their health when there are no selective

MMR-deficient Plasmodium parasites demonstrate
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threats. Research into MMR-deficient phenotypes reveals how
Plasmodium maintains equilibrium between its genetic stability
and ability to adapt while establishing strong scientific grounds
for MMR as a therapeutic target.

Targeting MMR pathways: Rationale and strategies

The MMR pathway shows great promise as an uncharted
antimalarial pathway which scientists can utilize for creating new
treatments. MMR function disruption would result in parasite
death because it would allow lethal mutations to build up while
the parasite attempts to maintain genome integrity during its fast
replication periods. The MMR system functions as a fundamental
genomic stability protector which differentiates it from traditional
drug targets that concentrate on metabolic enzymes or surface
proteins. Targeting the MMR pathway provides potential access
to error catastrophe by inducing catastrophic mutational burdens
which lead to parasite death.

Research demonstrates that targeting the MMR pathway offers
dual benefits because it disrupts antigenic variation while
hindering drug resistance development. The parasite's ability to
change its immune profile might be disrupted by breaking down
its MMR machinery. The specific inhibition of adaptive mutations
in the parasite would make it harder for resistant strains to develop
thus extending the effectiveness of antimalarial drugs. The MMR
pathway shares sequence similarity between Plasmodium and
humans but structural dissimilarities and regulatory divergence
enable selective MMR pathway disruption (Ahmad et al., 2014).
The parasite shows distinct domain structures in its Pf/MutS and
PMutL homologs which enable scientists to create inhibitors that
target Plasmodium without affecting human MMR functions.
The MMR system represents a novel approach to parasite
killing while simultaneously delivering a mechanism to enhance
immune responses and fight antimalarial drug resistance. The
maximum therapeutic benefit of MMR pathway targeting in
Plasmodium parasites can be achieved by implementing synthetic
lethality strategies. Synthetic lethality exists when disrupting two
unrelated pathways together results in cell death but blocking
either pathway independently causes either minor damage or no
lethal effect (Subramaniam et al., 2018). The Plasmodium parasite
faces dual threats because partial MMR inhibition makes it
more vulnerable to endogenous and exogenous genotoxic agents
while it experiences constant oxidative stress in the bloodstream
during its rapid erythrocytic cycles. The parasite becomes
highly susceptible to genotoxic agents and endogenous stress
when MMR function suffers even slight damage because it faces
constant oxidative stress during its bloodstream residence. MMR
inhibition paired with ROS (Reactive oxygen species)-producing
compounds or DNA strand break-inducing drugs could push
the parasite's DNA repair mechanisms beyond capacity leading
to fatal genome instability. The approach of synthetic lethality
enables the use of reduced MMR-targeting agent dosages in
combination with conventional antimalarials which reduces the
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risk of human cell off-target effects. The combination treatment
method would boost parasite elimination while simultaneously
lowering the chances of drug resistance emergence through
simultaneous multiple mechanistic assaults on the parasite.
Research on synthetic lethal MMR pathway interactions creates a
promising route to create enhanced antimalarial treatments.

Although no Plasmodium parasite MMR-specific inhibitors exist
at present scientists can develop future drug design strategies by
studying other biological systems. Research on human MutS and
MutL homologs in oncology has led to small molecule inhibitor
development which can serve as a model to specifically target
Plasmodium MMR complexes (Li et al., 2020). Small molecules
that target conserved ATPase domains of PfMutS homologs
should be developed as potential treatments to prevent mismatch
recognition and processing during DNA replication. Research
into MMR complex protein-protein interactions presents an
effective method for therapeutic intervention (McPherson et
al., 2021). Molecules that block PfMutS dimerization or its
binding to PMutL can eliminate downstream repair signaling
to disable the MMR response. Structure-guided drug design and
virtual screening can identify parasite-specific binding pockets
through the analysis of sequence and structural differences
between parasite and host proteins. Research into MMR protein
conformational instability-inducing compounds and repair factor
recruitment-blocking agents shows promise as new therapeutic
approaches. The use of DNA-binding small molecules that create
mismatches or replication stress in MMR-deficient Plasmodium

Mismatch
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-

Mul

Mismatch

A
A

ad DNA polymerase == REN]

strains presents another approach that benefits from oxidative
stress defense-compromising agents (Palinkas et al, 2020).
Inhibitor development requires thorough structural investigations
of PfMutS and PfMutL proteins together with high-throughput
chemical library screening and parasite model testing for
validation. Research-based approaches including structural
studies of PfMutS and PfMutL proteins and high-throughput
screening of chemical libraries and parasite model validation
are needed to develop such inhibitors. Although hypothetical
different plausible and innovative strategies can be identified to
target the MMR pathway as a novel therapeutic avenue against
malaria.

Research conducted in oncology has delivered important
lessons about MMR pathway targeting capabilities
challenges which directly help antimalarial drug development.
The hypermutated state of MMR-deficient tumors including
Lynch syndrome-related tumors makes them more responsive
to DNA-damaging agents and immune checkpoint blockade
therapies (Nebot-Bral et al., 2021). The interest in developing
compounds that either selectively inhibit MMR or exploit MMR
deficiency to enhance therapeutic efficacy has been driven by this
observation. The human MMR system components MutSa and
MutLa complexes are targeted by early-stage inhibitors which
prove that MMR activity modulation through pharmacology
makes cells more sensitive to chemotherapy and leads to lethal

and

mutational accumulation. Preclinical models demonstrate
that inhibitors which block MSH2-MSH6 ATPase activity or

DNA
Resynthessis
and Ligation

Excision of
Error Strand

DNA
ligase

Figure 1: Schematic illustration of the eukaryotic mismatch repair (MMR) pathway. The MutS complex detects mismatched base pairs and recruits MutL
homologs to remove the error-containing DNA strand. DNA polymerase creates the correct sequence, and ligase seals the strand to restore continuity.
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Table 1:MMR proteins identified in Plasmodium.

Protein name Plasmodium Function (Putative) Similarity to human References
Homolog (Eg.) MMR proteins
MutSa component PfMSH2 Recognition of base-base MSH2 homolog (Hsieh et al., 2017)
mismatches and small loops
MutSa component PfMSH6 Partner of PAMSH2 in mismatch ~ MSH6 homolog (Edelbrock et al., 2013)
recognition
MutLa PfMLH Endonuclease activity, recruits MLH1 homolog (Cannavo et al., 2020)
component downstream repair
Additional factors unknown Exonuclease, helicase activities EXOI, others (Liu et al., 2017)
DNA polymerase PfDNA polymerase DNA resynthesis after mismatch ~ Polymerase 8/ (Molnar et al., 2020)
dle excision
DNA ligase PfDNA ligase I Seals nicks after repair DNA ligase I (Tarique et al., 2017)

disrupt MLHI1-PMS2 protein interactions show promising
results. The research demonstrates two essential concepts:
partial MMR inhibition creates synthetic lethality when paired
with DNA-damaging agents and MMR activity needs precise
modulation to prevent resistance development from excessive
mutagenesis. The concepts learned from these findings indicate
that Plasmodium MMR protein inhibition with selective targeting
could make parasites more vulnerable to oxidative and replication
stresses that occur during their life cycle. MMR-targeted strategies
combined with current antimalarial treatments could produce
similar benefits to cancer therapy combination approaches by
boosting treatment effectiveness while minimizing resistance
development. The lessons from oncology demonstrate that host
genome stability requires precise targeting to prevent unwanted
effects which supports the necessity of parasite-specific drug
development.

Opportunities in targeting MMR pathways

The Plasmodium MMR components PfMutS and PfMutL
homologs show substantial structural and functional divergence
from human MMR components. The distinct genetic and
regulatory patterns of Plasmodiumn MMR components enable
researchers to develop targeted inhibitors which would target
the parasite instead of the host. The parasite MutS homologs
display unique structural characteristics through their sequence
variations and domain patterns which differ from human MSH
protein structures. The distinctive structural elements of the
Plasmodium MMR components enable drug developers to
create specific binding sites that do not exist in human MMR
machinery. Plasmodium MMR components show distinct
post-translational modification patterns and regulatory networks
which provide novel pathways for selective inhibition (Rashidi
et al., 2021). During the erythrocyte stage of their life cycle
Plasmodium parasites require their MMR system because they
need to replicate rapidly. The parasite's specific need for MMR
to maintain genome stability during particular developmental
phases creates an improved therapeutic window to target these
pathways. The parasite's MMR system operates most intensely
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during particular developmental stages whereas the host MMR
system maintains continuous activity across different cell types
thus enabling targeted treatment timing for maximal parasite
impairment with minimal host toxicity.

The distinct properties of Plasmodium MMR components create
both an ideal drug development target and reduce the probability
of unwanted side effects which would result in safer malaria
treatments. The development of drug resistance in Plasmodium
typically occurs through multiple drug target gene mutations
which MMR repair mechanisms are expected to correct.
The inhibition of MMR pathway function leads to elevated
mutational errors in the parasite population which creates error
catastrophe and impairs its ability to survive under drug pressure.
Furthermore, the high genomic instability that arises from MMR
deficiency could result in a form of genetic overload where the
parasite becomes unable to thrive even under selective pressure
due to the accumulation of deleterious mutations. Therapeutic
approaches that target MMR could potentially reduce the speed
at which resistance develops when compared to current treatment
approaches. This strategy would increase the effectiveness of
current antimalarial drugs and provide a sustained approach to
resistance management. When MMR inhibition is combined
with other drug classes such as drugs targeting parasite metabolic
pathways or immune evasion mechanisms, it could lead to a
synergistic effect that prevents the parasite from developing
resistance.

The ability to develop combination therapies represents a
significant benefit when the MMR pathway in Plasmodium is
targeted. The standard treatment for malaria currently depends
on ACTs that combine artemisinin derivatives with partner drugs
to prevent resistance development. Because MMR plays a critical
role in genome stability and drug resistance, inhibiting MMR
while using existing or novel antimalarial drugs represents an
effective method to improve treatment outcomes while slowing
the emergence of resistance. The MMR inhibitors show the
potential to produce synergistic effects with diverse antimalarial
medications (Blascoetal.,2022). MMR-targeting drugs paired with
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DNA-damaging agents such as DNA alkylators or topoisomerase
inhibitors would create a double-struck effect that would push
the parasite beyond its survival threshold and block its ability to
adapt to treatment. The combination of MMR inhibitors with
immunomodulatory drugs or host-targeted therapies would lead
to a complex treatment method that disrupts parasite genomic
integrity and strengthens host immune responses against infected
cells. This strategy presents the potential to improve malaria
treatment while stopping resistance development through the
application of multiple therapeutic pressures on the parasite.
The different life cycle phases of Plasmodium parasites operate
with separate repair systems including both erythrocytic and
gametocytic phases. By choosing specific combination therapies
that target particular stages of the parasite life cycle it should be
possible to develop treatment regimens that increase effectiveness
while minimizing the development of targeted resistance.

Thus, MMR inhibition when paired with additional antimalarial
drugs becomes a crucial weapon for fighting malaria because it
both improves treatment success and creates an effective method
to defeat drug resistance. Research into biomarkers which track
Plasmodium parasite MMR status shows great potential to
improve individual antimalarial treatment approaches (Obeagu et
al., 2024). The main objective of personalized medicine involves
creating individualized treatment plans which use patient genetic
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and molecular information to optimize outcomes while reducing
side effects. Malaria biomarkers would help medical practitioners
measure the MMR status of existing parasite populations to choose
optimal therapeutic approaches. A potential biomarker-based
system would track PMutS and PfMutL expression levels and
activity within parasite samples. The functional state of these
proteins as well as their presence or absence helps researchers
determine how well parasites can repair DNA and their sensitivity
to MMR-targeting drugs. Such information would enable better
clinical decision-making for patients whose parasites do not
consistently respond to standard treatments and those at risk
for drug-resistant strains. The measurement of mutational
accumulation in Plasmodium genomes through sequencing
or microsatellite instability monitoring serves as an indicator
for MMR efficiency. When parasites display higher mutational
rates due to MMR deficiencies it indicates they will likely
develop resistance or undergo antigenic variation which requires
treatment approaches that target their defective repair systems.
Medical professionals using MMR status as a biomarker in their
diagnostic and therapeutic procedures will enhance their ability to
forecast treatment responses while enhancing drug combinations
and tracking resistant strain development. The use of personalized
treatment methods will boost current antimalarial drug efficacy
alongside improved patient outcomes through reduced treatment
failures and limited resistance development.
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Figure 2: MMR pathways differ between Homo sapiens and Plasmodium species. (A) In humans, MutSa & MutS complexes detect DNA mismatches.
MutLa then starts repair, which includes excision by exonuclease 1, resynthesis by DNA polymerase delta or epsilon, and sealing by DNA ligase I. (B) In
Plasmodium, similar proteins PfMSH2, PfMSH6, and PfMLH exist, but several accessory factors, such as known exonucleases and DNA polymerase partners,
have not been found. Thus, the steps for excision, resynthesis, and ligation, as shown by dashed lines, remain unclear. Both conserved and species-specific
features could be targets for antimalarial drug development.
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Table 2: Relationship between MMR status and resultant drug resistance in Plasmodium species.

MMR Status Observed effect Impact on drug Example /study References
resistance
MMR-proficient Efficient genome repair; Delayed emergence = Wild-type P, falciparum  (Palinkas et al., 2020)
low mutation rate of resistance strains
MMR-deficient Increased mutation Accelerated Mutations linked (Guillotin et al., 2015; Gupta

(PMSH2 loss or frequency; genomic development of
mutation) instability resistance

Partial MMR Intermediate genome Gradual resistance
dysfunction stability development

Overexpression of
MMR genes

Enhanced repair
capacity suppression

Challenges and pitfalls

Themain difficultyin targeting Plasmodium's MMR pathway stems
from the similarity between parasite and host repair mechanisms
which increases the risk of off-target effects. Plasmodium MMR
proteins possess some distinctive features when compared to
human counterparts but they show substantial structural and
functional homology in their core mismatch recognition and
repair domains. The high similarity between parasite and host
MMR mechanisms makes it probable for inhibitors targeting
parasite MMR components to also affect the host MMR
machinery which results in genomic instability together with an
elevated cancer risk in human cells. Off-target inhibition creates
significant consequences because it targets tissues with rapid cell
turnover which depend on DNA fidelity for proper function.
Host cells would lose their capability to fix replication mistakes
when MutSa or MutLa human enzymes are inhibited because this
could lead to mutagenesis and tumorigenesis alongside immune
dysfunction. The lack of precise cell discrimination during MMR
inhibitor delivery through systemic routes would escalate the
probability of unwanted effects.

The application of MMR pathway as an antimalarial target
faces major challenges due to insufficient structural and
mechanistic data about Plasmodium MMR proteins. Scientists
have discovered functional homologs PMutS and PMLH but
structural information from crystal structures and cryo-EM
models remains unavailable. The current lack of structural
understanding prevents rational drug development because
scientists need to understand protein structures and active sites
and protein interactions for making specific inhibitors. The
absence of precise structural models prevents scientists from
predicting small molecule binding sites to parasite-specific
regions while distinguishing between parasite and host proteins.
MMR proteins function as multi-subunit complexes through
which small structural modifications control their ability to
detect and process mismatched bases. The incomplete knowledge
of Plasmodium protein interactions makes it impossible to
identify targetable weak points in the system. A complete
structural analysis of the parasite would reveal special features
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to resistance to et al., 2016)

chloroquine, antifolates

Laboratory-adapted P (Claessens et al., 2023)

falciparum strains

Experimental gene (Sarasin et al., 2008)

expression studies

including unique loop insertions and surface charge patterns and
post-translational modifications which scientists need to detect
drug-binding sites selectively.

Plasmodium's MMR pathway presents additional complexities
because different DNA repair mechanisms could substitute for
each other (Figure 3). DNA repair mechanisms in Plasmodium
parasites are diverse and include Base Excision Repair (BER),
Nucleotide Excision Repair (NER), Homologous Recombination
(HR), and Non-Homologous End Joining (NHE])
(Lopez-Camarillo et al., 2009). The other DNA repair pathways
might replace MMR to help the parasite survive drug treatment.
Research on other protozoan parasites along with model
organisms indicates that destroying one DNA repair pathway leads
to increased activity of backup systems. The parasite's expected
lethal mutation accumulation following MMR inhibition might
not reach sufficient levels to kill the parasite because Plasmodium
adapts by relying more on BER or HR. The adaptable nature
of Plasmodium might produce different outcomes based on
parasite developmental stages and species which would make
treatment predictions challenging. Targeting the MMR pathway
in Plasmodium becomes problematic due to the high probability
that parasites will quickly develop survival strategies that do not
depend on MMR. Parasites have shown exceptional flexibility
in their responses to selective pressures which leads them to
develop compensatory mechanisms that help them survive when
MMR is inhibited. Survival strategies might depend on either
strengthened alternative DNA repair systems or stress response
network adjustments and genetic and epigenetic adaptations that
reduce mutation-related harm. Impaired MMR function can lead
to the development of "hypermutator” phenotypes through which
parasites generate mutations at extraordinary rates. The increased
rate of mutagenesis at first causes harm but under certain
conditions it speeds up the production of beneficial mutations that
could lead to drug resistance or higher virulence. The selection
process will preferentially choose parasites that either endure high
genomic instability or develop new survival mechanisms which
reduce MMR-targeted therapy effectiveness. Plasmodium has the
ability to adapt by modifying metabolic functions alongside cell
cycle management and stage-dependent gene expression which
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creates additional challenges for treatment. The development of
drug-resistant populations through MMR-targeted monotherapy
interventions may reduce the long-term effectiveness of these
therapeutic approaches.

The MMR pathway represents a challenging antimalarial
therapeutic target because researchers face difficulties in creating
specific Plasmodium MMR protein inhibitors that do not impact
human MMR pathways. Although comparative genomics has
shown sequence and structural differences between parasite and
human MMR components, the fundamental functional domains
for mismatch recognition and repair coordination as well as
ATP binding remain highly conserved. The preservation of these
essential protein domains restricts researchers' opportunities to
develop selective drugs that target Plasmodium enzymes without
affectinghuman MMR components. The required specificity needs
extensive knowledge of small differences between Plasmodium
and human MMR proteins such as accessory domain variations,
allosteric regulatory sites and specific protein-protein interfaces.
The identification of exploitable differences between Plasmodium
MMR proteins becomes more complex because researchers lack
detailed structural information about these proteins. Small errors
during drug design could result in off-target inhibition of human
MMR systems that creates both genotoxicity concerns and
additional complexity for the drug development process (Lin et

(A)

Mismatch (eg. G-T pair)

Genomic stability
Parasite survival

al., 2009). MMR proteins operate within dynamic multi-protein
complexes which makes it difficult to forecast how inhibitors
behave in the body where protein interactions and conformational
changes determine their activity. Scientists need advanced
methods such as fragment-based drug discovery together with
structure-guided design and novel chemical scaffolds to develop
small molecules which can recognize slightly different binding
sites or conformational states.

Future directions

Developing MMR-targeted antimalarial strategies requires
extensive functional research of Plasmodium MMR pathways as
a key advancement. The critical components PMutS and P/MLH
have been discovered but scientists know very little about their
specific functions and regulatory processes and interactions
inside the parasite. The use of CRISPR/Cas9 conditional
knockdowns and inducible expression systems in functional
genomics studies could reveal parasite survival mechanisms at
different developmental stages through MMR protein analysis
(Donget al.,2018). The effects of P/MutL disruption on sporozoite
development and gametocyte viability should be evaluated to
identify stage-specific vulnerabilities. DNA repair regulatory
networks that coordinate cellular responses to genotoxic stress can
be discovered through transcriptomic and proteomic profiling to
identify potential co-targets for combination therapies.

& G
Mutations

D4, DAL

Genomic instability
Parasite death

Figure 3: This model reveals how the DNA-MMR pathway works in Plasmodium. In part A, the normal MMR pathway uses Plasmodium-specific proteins PfMutS
and PfMutL to recognize and repair errors introduced during DNA replication, thereby maintaining genome stability. In part B, blocking these MMR proteins
leads to more DNA mismatches, unstable genomes, and parasite death. This suggests that targeting the MMR pathway could be a promising way to fight
malaria, especially under stress.
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The development of structural biology approaches must proceed
urgently to create rational drugs that target Plasmodium MMR
components. The combination of cryo-electron microscopy
(cryo-EM) and X-ray crystallography allows researchers to create
atomic-level models of MMR proteins which can help scientists
identify parasite-specific structural elements that drugs can target
specifically (Johnson et al., 2018). Research of PfMutS allosteric
sites together with parasite-specific conformational states could
establish new drug-binding pockets for therapeutic applications.
The success in solving structures of challenging Plasmodium
targets including PfHsp70x and proteasome components
demonstrates the possibility of using these approaches (Barth et
al.,2022). AlphaFold represents a new Al-based prediction system
which helps scientists create preliminary models of Plasmodium
MMR proteins to guide experimental verification (Ghosh et al,
2021). MMR inhibitor development requires High-Throughput
Screening (HTS) platforms to achieve potent and selective
compounds. The use of recombinant PfMutS or P/MLH proteins
in assay systems with fluorescence-based mismatch binding assays
and ATPase activity measurements enables fast chemical library
screening (Fang et al., 2018). The same method used in bacterial
MMR system inhibitor discovery and human MutSa complex
inhibitor development in oncology research can be applied to
Plasmodium MMR system. The screening of parasite-specific
that product-derived
antiplasmodial compounds will generate lead molecules which
are optimal for Plasmodium MMR targeting. The results from

chemical libraries contain natural

HTS can be enhanced through Structure-Activity Relationship
(SAR) analysis to develop more potent and selective compounds
with better pharmacokinetic profiles.

The present understanding of MMR in malaria parasites comes
mainly from P. falciparum but other species like P vivax,
P knowlesi, and P. malariae are responsible for substantial
malaria cases worldwide. The different Plasmodium species
have distinct biological characteristics which affect their DNA
repair approaches through mechanisms like P. vivax hypnozoite
formation and host preferences. Research on MMR pathways
from other Plasmodium species could show therapeutic
opportunities through either newly discovered vulnerabilities
or species-specific adaptations. MMR inhibitors show promise
in treating hypnozoites because the parasite uses MMR more
extensively during its dormant liver stage which leads to relapse.
The success of MMR-targeted therapy development depends on
studying Plasmodium species through comparative genomic and
functional analyses for developing universal or species-specific
therapeutic approaches.

CONCLUSION

The MMR pathway in Plasmodium represents a promising yet
complex approach for developing new antimalarial therapies.
The MMR pathway functions as a crucial element for parasite
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genome stability and drug resistance development while
maintaining parasite-specific features that make it an attractive
molecular target. Several major obstacles exist in this approach
because of the off-target effects are possible and there may be
functional redundancy and limited structural knowledge and
adaptive survival mechanisms that do not depend on MMR.
A multidisciplinary approach that combines parasite biology
with structural biology and medicinal chemistry and genomics
and drug delivery systems will be necessary to overcome these
hurdles. The complete exploitation of therapeutic potential from
the MMR pathway depends on collaborative research between
malaria experts and structural biologists and drug discovery
specialists. The continued investment and innovation in parasite
MMR targeting shows strong potential to deliver substantial
contributions to the development of future antimalarial
interventions. MMR inhibitors show promise for improved
treatment outcomes when used alone or with other medications
which could help delay drug resistance development and enhance
global malaria control initiatives.
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SUMMARY

The mismatch repair (MMR) pathway in Plasmodium keeps the
parasite’s genome stable and plays a role in drug resistance, so
it is an important target for new antimalarial drugs. Researchers
still face hurdles like off-target effects, overlapping repair
systems, limited structural data, and the parasite’s ability to adapt.
Overcoming these challenges will take close teamwork among
experts in molecular biology, medicinal chemistry, genomics,
and drug delivery. I encourage malaria researchers, structural
biologists, and pharmaceutical scientists to work together
to develop MMR pathway inhibitors and move antimalarial
treatments forward.
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