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Abstract

Background Malaria, caused by Plasmodium falciparum, remains a major public health burden causing ~ 200 million
deaths annually, especially among children. Although the lack of an effective vaccine has hindered malaria elimination,
studies have reported on individuals acquiring natural immunity to malaria in the context of high malaria exposure.
However, the immune correlates of protection in these people who acquire natural immunity against malaria are poorly
understood.

Methods Symptomatic children residing in high and low malaria transmission areas of Ghana were enrolled

into the study and followed for 3 weeks from the day of malaria confirmation. The plasma proteome of these chil-
dren was profiled using a mass spectrometry-based approach and putative protein-based biomarkers and predictors
of immune tolerance to malaria were identified.

Results We identified several differentially abundant proteins in children living in high malaria transmission areas
relative to children in low transmission areas. Differentially abundant proteins were enriched in immune response pro-
cesses, including complement cascade activities and elevated platelet activation. We found IGKV3D-20 protein to be
strongly associated with high malaria exposure.

Conclusions Our findings confirm earlier reports and identify putative signature proteins implicated in immune
tolerance to malaria. Further large-scale and more mechanistic studies will be needed to reveal the key compo-
nents of the identified pathways that could explain naturally acquired immunity to malaria and possibly be exploited
to develop novel therapeutics against P. falciparum.
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Background

Malaria, caused by Plasmodium falciparum, is a major
public health burden, particularly in sub-Saharan
Africa [1], with high mortality rates for children under
5 years of age and pregnant women [2]. According to
the World Health Organization (WHO), malaria cases
rose from 244 million in 2021 to 249 million in 2022,
with the majority occurring in WHO African region
[3]. Several factors, including antimalarial drug resist-
ance, insecticide-resistant mosquito vectors and the
absence of an effective vaccine, contribute to the per-
sistence of malaria. Thus, better counterstrategies are
needed to control and/or eliminate malaria [1].

Individuals in malaria-endemic areas develop immu-
nity to malaria after multiple exposures over time [4],
and require continuous malaria parasite exposure to
remain immune against malaria [5]. Due to frequent
exposure to malaria parasites, individuals in high
malaria transmission (HMT) areas tend to develop
natural immunity against malaria and are more tolerant
to malaria compared to those living in lower malaria
transmission (LMT) areas [6]. However, the correlates
of protection against malaria for individuals in HMT
remain poorly understood. If known, these could accel-
erate the design of effective vaccines and therapies
against malaria.

A number of prior studies have demonstrated that
naturally acquired immunity (NAI) to malaria involves
immune modifications induced by multiple infections,
manifesting in unique cytokine and cellular immune
signatures that differentiate between individuals of dif-
fering prior exposure to malaria [5, 7]. An earlier study
compared the immune signatures of malaria-naive Euro-
peans to Africans with lifelong exposure. These studies
found that Africans were more capable of controlling P
falciparum parasitemia than their European counterparts
[8]. Another study also carried out a study on Ghanaian
children with malaria to identify parasite antigens associ-
ated with clinical immunity and reported 15 antigens that
have shown a strong correlation with immune status [9].
At the level of the host proteome, a previous study has
characterized the altered proteome of the frontal lobe of
cerebral malaria patients, identifying signatures of dis-
ease pathophysiology and demonstrating how the after-
math of infection results in the production and secretion
of antibodies into the bloodstream [10]. However, the
definitive mechanism of naturally acquired immunity to
malaria remains unclear.

For this study, we hypothesized that relative to chil-
dren in LMT areas, children in HMT areas differentially
express certain proteins in their bloodstream that pro-
tect against malaria. This hypothesis was motivated by
previous observations that naturally acquired immunity
against malaria results from multiple malaria episodes
[5, 6, 11]. The hypothesis is further motivated by a pre-
vious observation that children more frequently exposed
to malaria acquire natural immunity against the disease
faster than those who are less exposed [6]. To test this
hypothesis, we harnessed an unbiased global quantita-
tive mass spectrometry (MS) based proteomic analysis of
plasma samples from children (5-14 years old) in LMT
and HMT areas collected across three-time points, that
is, day O (parasite detected and therapy initiated), day
7 (recovery) and day 21 (post-recovery). We highlight
several immune-related proteins and pathways differen-
tially regulated in individuals from HMT across the three
time-points relative to those from LMT areas.

Materials and methods

Sample size determination and ethical clearance

This study was part of a larger longitudinal study. For
this study, 60 patients were randomly selected, inclusion
criteria being that the patients must have completed the
3 visits and blood samples collected, should have been
diagnosed with malaria on the first visit, and not have
any hemoglobinopathies. Ethical clearance was obtained
from Noguchi Memorial Institute for Medical Research
Institutional Review Board (NMIMR) (Approval number:
NMIMR-IRB CPN 008/17-18).

Study sites

The study was conducted in two ecologically different
regions of Ghana: the Greater Accra region (Ledzokuku
Krowor Municipal Assembly (LEKMA) hospital) and
Bono East region (Kintampo Health Research Center
(KHRC)). The Bono East region, where the Kintampo
district is located has forest-savannah vegetation and
experiences a double maxima rainfall regime. This drives
agricultural activity making it a high breeding site for
mosquitoes and malaria infections [12]. The malaria
transmission here is high all year round, with entomologi-
cal inoculation rate (EIR) greater than 250 infective bites/
person/year [13]. Meanwhile, the greater Accra region
experiences a tropical rainfall pattern, with fewer agricul-
tural activities. It is an urban area where opportunities for
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mosquito bites and malaria infection are quite low. More
so, malaria transmission is generally low in Accra with
EIR of 50 infective bites/person/year but has a peak trans-
mission season, which is the early rainy season [13].

Sample collection and malaria case definition

Children aged between 5 and 14 years old presenting
to the hospital with fever and further diagnosed with
malaria were voluntarily enrolled in the study after
obtaining written informed consent from their parents
or legal guardians. Blood samples were collected from
both sites simultaneously, within the same time frame
(October 2017 to January 2019). Acute P falciparum
malaria infection was confirmed when the child had a
fever, a positive result for malaria rapid diagnostic test
(RDT) and further confirmation by microscopy. Parasite
density was determined by the number of parasites/200
white blood cells (WBCs) * total number of WBCs [14].
For the age range of our study: 5 — 14 years, a parasite
density of 1000 parasites/ul or more was used to define
acute malaria [13]. The study participants were treated
with either Artemether/lumefantrine or Artesunate
amodiaquine. 10 ml of whole blood samples was col-
lected by venipuncture into BD-citrate EDTA vacutainer
tubes at three-time points (i.e., day 0, Day 7, and Day 21).
The samples were transported to the laboratory in cold
chain where the parasite density was determined using a
microscope. Whole blood was centrifuged with Eppen-
dorf centrifuge 5804R, with a radius of 15.9 cm. The
spinning conditions were set to 2500 rpm (1,118*g) with
no breaks for 15 min and the plasma was carefully col-
lected into cryotubes and stored at -80 °C until use. For
this study, 60 plasma samples were randomly selected, 30
from low malaria transmission (LMT) and 30 from high
malaria transmission (HMT) site. All the selected sam-
ples had samples from all the 3 visits.

Protein digestion and peptide preparation
Plasma protein was digested into peptides in three main
steps using the iST-BCT sample preparation kit (PreOm-
ics GmbH, 82,152 Martinsried, Germany) following the
manufacturer’s protocol with minor modifications. The
three main steps involved lysis, reduction and alkyla-
tion of the samples at 95 °C for 10 min and digestion of
total plasma proteins at 37 °C for 60 min using LysC and
trypsin. Peptides desalting was done as per the manufac-
turer’s instruction in two washing steps before final elu-
tion. Peptides were dried by centrifugation at 45 °C, 25
inches mercury (634.99 mmHg) for 180 min using the
Labonco Speed-Vac.

To perform reverse phase basic fractionation, samples
were acidified to a final concentration of 0.1% TFA. C18
spin columns (Nest group) were activated with 1 column
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volume of acetonitrile (ACN) and equilibrated with two
column volumes of 0.1% TFA. Peptides were bound to
the column and washed twice with 0.1% TFA. For elu-
tion, solutions of increasing concentration of ACN in
0.1% triethylamine from 2.5% to 20% were used. After the
last elution the column was washed twice with 1 column
volume of 50% ACN. Fractions were dried under vacuum
and resuspended in 15 pl Buffer A (0.1% FA in MS grade
H,0) and approximately 500 ng were subjected to prot-
eomics analysis as previously described by [15]. How-
ever, no peptides were detected in three patient samples;
hence, were not included in the analyses.

Spectral library generation through DDA PASEF acquisition
Peptides were passed through a manually packed 15 cm
long column packed with 1.7 um BEH beads (Waters)
packed with Silica PicoTip Emitter (ID 75 um) (New
Objective, Woburn, USA) at a flow rate of 400 nl/minute.
The separated peptides were eluted with buffer B (80%
acetonitrile and 0.1% formic acid in HPLC-H2O) in a lin-
ear gradient from 2 to 32% in buffer A (0.1% formic acid
in HPLC-H20) for 120 min. The peptides were injected
into the timsTOF Pro using a CaptiveSpray source
(Bruker) with an endplate offset of 500 V, a dry bulb tem-
perature of 200 °C and a capillary voltage fixed at 1.6 kV.
The positive ion mode was used in the operation of the
mass spectrometer. Data Dependent Acquisition (DDA)
was performed by running the timsTOF Pro (Bruker) in
PASEF mode with Compass Hyster v5.1 and TOF control
v6.2. The mass range was set at 100-1700 m/z, with 10
PASEF scans between 0.6 Vs/cm2 and 1.6 Vs/cm2. 2 ms
and 100 ms were set for the accumulation and ramp
times, respectively. Fragmentation was adjusted to occur
at 20,000 arbitrary units (a.u.) and then the peptides were
fragmented using collision-induced dissociation (CID)
with a spread between 20 and 59 eV [15].

DIA PASEF acquisition

Data Independent Acquisition (DIA) for each sample
was performed with HPLC-MS, just as it was performed
for the DDA using a 45-min chromatographic gradient.
The separation and column were set at 400 nl/minute
and 500 nl/minute, respectively, to perform separation
and washing. The same MS1 regions, PASEF parameters,
and fragmentation parameters as described in the DDA-
PASEF acquisition were also used in the DIA-PASEF
acquisition, and 12 DIA-PASEF scans per cycle were per-
formed [6].

Mass spectrometry data analysis

Spectral library generation

The sample-specific library for DDA was generated
using the FragPipe (version 15) computing platform with
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the components MSFragger (version 3.2), Philosopher
(version 3.4.13), and EasyPQP (version 0.1.9) [16]. The
MSFragger search engine was used to identify the pep-
tides from the tandem mass spectra (MS/MS) using the
raw material.d files as inputs. The protein sequences of
Homo sapiens with UniProt ID UP000005640 and Plas-
modium falciparum with ID UP000001450 were down-
loaded from the UniProt database (https://www.uniprot.
org/) on July 15, 2021. Reverse sequences were used as
decoys for false discovery rate (FDR) estimation. For the
MSFragger analysis, the speclib working pipeline was set
[16]. The precursor and initial fragment mass tolerances
were set to 20 ppm, spectrum deisotopicization, mass
calibration, and parameter optimization were all enabled.
The enzyme specificity was adjusted to strictrypsin to
allow cleavage before proline. Missed trypsin cleavages
were set to 2 and the isotopic error was set to 0/1/2. The
peptide length was adjusted to 7 to 50 and their masses to
a range of 500 to 5000 Da. The oxidation of methionine,
the acetylation of protein N-termini, the loss of water at
the N-terminal glutamic acid and pyroglutamate Da at
the N-terminal glutamine were defined as variable modi-
fications. The carbamidomethylation of cysteine was
defined as a fixed modification. The maximum number of
variable modifications per peptide was set to 3. Peptide
and protein-level FDR were fixed to 1%. The filtered PSM.
tsv files and uncalibrated MGF files created by MSFrag-
ger from the raw. d files were used as inputs to EasyPQP
to generate unified spectral libraries.

DIA data analysis
DIA-NN was used for dia-PASEF data processing, using
the one generated by easyPQP as the spectra library.
The maximum mass accuracy tolerance has been set to
10 ppm for MS1 and MS2 spectra. The protein inference
for DIA-NN was disabled and the protein groups from
ProteinProphet were used. The quantification mode was
set to Robust LC (high precision) and other settings were
set to the default values. Finally, the DIA-NNs output was
filtered at precursor Q < 1% and global protein Q <1%.
Across all our samples, we detected a total of exactly
900 proteins. We calculated the percent missingness
in each sample for each protein and annotated each as
greater than or less than 50% missingness. Only 28/900
(3.1%) of these proteins never achieved less than 50%
missingness in any patients, at any time point.

Data processing and analysis

Analysis of changes in protein abundance between patient
cohorts was performed using outputs from DIA-NN and
processed using artMS as described previously [17]. In
brief, changes in the protein abundance were quantified
using artMS version 1.18.0 as a wrapper around MSstats
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version 4.8.7, via artMS:artmsQuantification function
using default settings. In MSstats, normalization is per-
formed by median equalization, no imputation of missing
values, and median smoothing to combine intensities for
multiple peptide ions or fragments into a single intensity
per protein. Finally, we analysed the statistical differences
in intensity between patient cohorts. Unless otherwise
indicated, defaults for MSstats for adjusted p-values were
used even in cases of n=2. By default, MSstats utilises
the Student’s t-test for p-value calculation and the Ben-
jamini—Hochberg method for estimating FDR to adjust
p-values. To correct for batch effects in our abundance
proteomics data, we employed the removeBatchEf-
fects function from the LIMMA package (version 3.54.2).
Briefly, the function fits a linear model to data including
terms for batch and 'interesting’ explanatory variables
(site+timepoint), estimates the batch coefficient and
subtracts this from the original matrix, returning a resid-
ual matrix free of batch effects.

Pearson’s r correlations were calculated by correlating
the intensities of each protein quantity between pairs of
patients after cross-run normalization and summariza-
tion of peptides to proteins. The fraction overlap was cal-
culated as the fraction of total detected proteins, between
each pair of patients, that was detected in both patients.

Data analysis and code availability

Bioinformatics analysis and data visualization of the pro-
teomics data were performed using various packages
anchored in R version 4.4.1 (R Development Core Team,
Vienna, Austria) and RStudio version 2024.09.0+375. No
new codes were developed in this study.

Results

Patient characteristics and study design

In this study, we set out to identify a proteomic signature
characteristic of naturally acquired malaria tolerance as
seen in HMT areas. To achieve this, we used quantitative
liquid chromatography mass spectrometry (LC-MS)-
based proteomic analysis to identify differences in the
plasma proteome between children from HMT (n=30)
and LMT (n=30) areas in Ghana. The map of Ghana
(Fig. 1A) shows the malaria prevalence across all the
regions of Ghana [18], highlighting the study sites. Bono
East region (red dot, HMT) and Greater Accra (Green
dot, LMT). All the children had at least 1 recorded
malaria episode per year, which includes the current epi-
sode at the time of recruitment into the study, with chil-
dren from HMT site recording higher malaria episodes
per year (Fig. 1B). Similarly, higher parasite densities
were also recorded in HMT (Mean HMT =92,820.5 PD/
pL) relative to LMT (Mean LMT Mean =39,284.6 PD/uL)
(Fig. 1C). Inversely, a lower average body temperature at
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time of diagnosis was recorded in HMT (37.5 °C) com-
pared to LMT (38.1 °C) (Fig. 1D), suggesting reduced
symptomology in the HMT cohort. A positive correlation
between average body temperature and parasite density
was observed, with LMT showing a higher average body
temperature with lower parasite density than HMT (Fig-
ure S1). Both males and females were represented at both
sites, with slightly more males (Fig. 1E). The participants
were aged between 5 to 14 years and the age distribu-
tions were comparable between the two groups (Fig. 1F).
In this longitudinal study, plasma was separated from
patient blood drawn on day 0 (D0), 7 (D7) and 21 (D21),
corresponding to malaria diagnosis and initiation of
therapy, recovery and post-recovery, respectively. Plasma
proteins were digested into peptides prior to LC-MS/MS
analysis using a Bruker timsTOF Pro mass spectrometer
and downstream bioinformatics analyses (Fig. 1G). Taken
together, these observations suggest that children in the
HMT site experience a larger number of malaria epi-
sodes, and present with lower body temperatures, despite
higher parasitemia compared to children living in the
LMT area.

Plasma proteome profiling of children from HMT and LMT
areas

Following data independent acquisition MS (DIA-MS)
analysis, we detected over 500 proteins in both groups of
children (Fig. 2A), which is consistent with the range of
proteins detected in plasma samples previously [19, 20].
Interestingly, while protein counts were constant over
time for the HMT group, they increased in the LMT

group at D7 and D21, suggesting a stronger response to
treatment in the LMT group. Since our samples were
processed and analysed by MS in two batches, we first
decided to check whether a batch effect was present. A
principal component analysis (PCA) of the protein inten-
sities across the patients revealed a considerable batch
effect (Fig. 2B). We performed an in silico batch correc-
tion procedure which eliminated the inter- and intra-
patient variations (Fig. 2C and D). In addition, the fraction
overlap in detected proteins per site, compared within and
between batches, showed a higher overlap within batches
(Fig. 2E). These observations indicated that the underlying
biology is preserved between the two batches.

A principal component analysis of patients based on
time-point (day) and site showed minimal segregation,
16% for PC1 and 8% for PC2 (Fig. 2F), suggesting that the
composition of the plasma proteome does not differ sub-
stantially between the two groups. However, an averaged
PCA of the protein intensities shows a complete separa-
tion of the protein intensities. PC1 shows 34% separa-
tion of the protein intensities between DO (left) and D7;
D21 (right) while PC2 shows 27% separation between
the LMT (bottom) and HMT (top) (Fig. 2G). Altogether,
these results suggest that while the composition of the
immune response may not differ much between HMT
and LMT, there is a measurable difference in the abun-
dance of plasma proteins between exposure groups,
which is apparent at DO, before treatment. The increased
abundance of plasma proteins in LMT is possibly indica-
tive of a stronger (more inflammatory) immune response
to the infection.
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Differentially abundant proteins are enriched in immune
response processes

In order to identify the changes occurring in the plasma
proteome in the course of infection through recovery, we
sought to identify proteins that were differentially abun-
dant between different malaria transmission zones (i.e.,
HMT versus LMT). To achieve this, we statistically quan-
tified changes in plasma protein abundance of patients
between LMT and HMT zones. We used absolute value
log, fold change (FC)>0.5 and adjusted p-value<0.05 as
cutoffs. Based on this criterion, we identified 8, 47, and
26 differentially abundant proteins (DAPs) in plasma col-
lected on DO, D7, and D21, respectively, 97.5% of which
were upregulated in LMT (Fig. 3A). Preliminary gene
set overrepresentation analysis (GSOA) on DAPs identi-
fied enrichment in platelet elevation, complement, and
coagulation cascade pathways (Fig. 3B). We categorized
the DAPs into groups depending on the log2FC thresh-
old. We had DAPs at each time-point at log2FC between

0.5 and 1, and also at log2FC greater than 1 (Fig. 3C).
Interestingly, we noticed the strongest differences at D7,
potentially reflecting a response to antimalarial therapy
and/or parasite clearance. Altogether, these analyses sug-
gested that certain proteins are differentially abundant in
children from LMT compared to those from HMT. This
could account for the differences in the tolerance against
malaria seen between the two populations.

Plasma proteome dynamics reveal time-

and location-dependent response pathways

Next, we compared the plasma proteome dynamics
across the 21-day time course between LMT and HMT
zones. We performed hierarchical clustering on the dif-
ferential expression log2 fold changes between the LMT
and HMT zones across time (Fig. 4A). We next used
k-means clustering to segregate the proteins into 4 clus-
ters (Fig. 4B-C). We noted the proteins in cluster 1 were
downregulated in LMT relative to HMT at DO followed
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by a steady equilibration towards no change follow-
ing treatment at D7 and D21. Proteins in cluster 1 were
enriched in carbohydrate metabolism, inflammatory
responses, and complement responses. Proteins in clus-
ter 2 possessed a highly dynamic trajectory: upregulated
in LMT relative to HMT at DO, then downregulated at
D7, followed by a return to upregulated at D21. Proteins
in cluster 2 were enriched in notch signaling, proteo-
some, cell cycle progression, stress, and apoptosis path-
ways. Proteins in cluster 3 constituted the largest group
and were largely unchanged over time. Proteins in cluster
4 possessed the opposite trend as cluster 1, upregulated
in LMT relative to HMT at all time points, depicting a
further increase at D7 and D21. Proteins in cluster 4 were
enriched in stress responses, extracellular matrix, integ-
rins, MAPK pathway, and growth factor signaling. Inter-
estingly, clusters 2 and 4 both depicted upregulation in
LMT relative to HMT at DO and possess several pathway-
level similarities related to stress responses and growth
factor-related signaling. The relevance of these pathways
in contributing to, or serving as biomarkers for, malaria
tolerance in the HMT group requires further investiga-
tion by future studies.

Complement proteins and antibody IGKV3D-20 represent
baseline differences between LMT and HMT zones

As described above, we identified DAPs to be enriched
in platelet activity, complement signaling, and antibody

responses. Hence, we sought to identify the specific
platelet, complement, or antibody proteins responsi-
ble for this effect. We curated a list of known platelets,
complement system, and antibody/immunoglobulin
proteins from HUGO Gene Nomenclature Committee
(HGNC) database and extracted these proteins from our
dataset. We analysed trends of platelet (Fig. 5A), comple-
ment (Fig. 5B), and antibody (Fig. 5C) protein log2 fold
changes in expression between LMT and HMT at each
time point. Altogether, we noticed that the expression of
all these proteins peaked on D7 and dropped slightly on
D21, suggesting that the correlates of malaria tolerance
were triggered by malaria infection and increased dur-
ing recovery but waned post-recovery. A detailed inves-
tigation of each protein expression (Fig. 5D-F) indicated
that, a group of complement proteins (C8G, C5, C4B,
C8B, C3, C2, C8A, CI1S, and C6) were downregulated in
HMT but upregulated in LMT across the time points.
However, we observed that the antibody IGKV3D-20 was
highly expressed in HMT in D7 and D21 of HMT but
lowly expressed in LMT across all time points (Fig. 5F).
Further assessment of C1QA and IGKV3D-20 protein
intensities across sites and time revealed that, although
not statistically significant, the intensity of CIQA was
higher in LMT at all time-points (Fig. 5G). However, the
antibody, IGKV3D-20, depicted higher intensity in HMT
site children, corresponding to the observation made in
Fig. 5F. Taken together, these observations suggest that
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the complement system and IGKV3D-20 play an impor-
tant role in promoting malaria tolerance among individu-
als frequently exposed to P. falciparum.

Discussion

Malaria remains a major public health burden. Although
individuals from HMT areas acquire natural immunity
against malaria, the molecular mechanisms underly-
ing their tolerance against this disease remain poorly
characterized. Here, we used a quantitative LC-MS/MS
proteomics approach to profile the plasma proteome
of children with acute malaria from LMT and HMT in
Ghana. We identified putative correlates and markers of
tolerance against malaria, which differentiate individuals
from LMT and those in HMT areas in Ghana and could
be mechanistic mediators of naturally acquired immunity
to malaria.

Analysis of the variation in the expression of protein
abundances between LMT and HMT revealed several
DAPs. Pathway enrichment analysis of the DAPs indi-
cated that complement and coagulation cascades were
enriched. The complement pathway has been linked
to malaria immune response, known to be activated by

antimalarial immunoglobulin antibodies [21] and has
been reported in earlier studies to be severely depleted in
cases of severe malaria in children [22, 23]. In addition,
a major contributor of the elevated protein response in
LMT at D7 is likely driven by the activation of immune
response pathways and accumulation of immune cells in
response to treatment. Specifically, we observed an ele-
vated platelet response in the LMT group at D7 and D21
(Fig. 5A, 5D). Platelets have been associated with para-
site clearance in malaria pathogenesis [reviewed in 17]
and are known to increase in the blood as the infection
is cleared [24]. These innate immune cells primarily clear
parasites in a self-destructive mode resulting in thrombo-
cytopenia [25].

Our findings suggest that the secretion of platelets
remains active well after parasites are cleared to com-
pensate for platelet loss. This could partly explain the
elevation of platelet protein expression at D7 in LMT,
however, direct measurement of platelets would be
required for confirmation. Our observation that the
DAPs are enriched for the creation of C4 and C2 activa-
tors, which are proteases produced in activated comple-
ment, suggests that the complement is activated to limit
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the progression of malaria infection [reviewed in 15].
These are proteases activated mainly through the clas-
sical pathway, which is associated with antigen—anti-
body binding, and the lectin pathway. The C4 and C2 are
downstream components of the complement cascade
that split into C3 and C5 convertase, further leading to
two main downstream effects, which are inflamma-
tion and lysis of infected red blood cells. Further analy-
sis of the intensities of known platelet, complement,
and antibody-associated proteins within each site sug-
gest that while there seem to be varying expressions of
the complement proteins across the sites, the antibody
protein, IGKV3D-20, is clearly more highly expressed in

children with more malaria episodes (i.e., HMT group).
This could indicate a pre-existing resting immunity prior
to detection of the ongoing infection which was absent
in the LMT group. These observations support earlier
reports in which individuals with more frequent malaria
episodes were shown to have a more primed immunity
compared to persons with fewer malaria episodes [2, 6,
21]. The complement proteins have also been associated
with malaria immune tolerance and protection against
malaria in children [26]. Altogether, our findings suggest
that there is an association between antibodies and the
complement pathway during parasite clearance and the
immune tolerance to malaria.
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The proteins identified in our study further confirm
findings from prior studies on factors associated with
malaria immune tolerance. Specifically, we identified the
complement cascade and platelet responses as the most
enriched immune response pathways. This study also
observed that IGKV3D-20 and complement proteins
are differentially abundant in HMT compared to LMT
areas, suggesting that they are associated with repeated
episodes of malaria. It is plausible that repeated infec-
tion leads to the accumulation of antimalarial IgM one
of which is IGKV3D-20, which in turn promotes activa-
tion of the complement cascade thus inhibiting the pro-
gression of malaria infection. Our findings suggest that
IGKV3D-20 differentiates individuals in HMT and LMT
and could be a potential biomarker and/or correlate of
naturally acquired immunity.

A limitation of the current study lies in the intrinsic
bias of mass spectrometry proteomics to detect highly
abundant proteins, which, in plasma, represent platelet
proteins, antibodies, and complement proteins. Indeed,
the detection of platelet and complement proteins have
been reported by similar malaria proteomics studies [26],
like this study. Thus, we are limited in our ability to quan-
tify differences in more lowly expressed proteins, includ-
ing cytokines. Future studies should consider integrating
orthogonal assays, such as immunoassays like ELISA or
Luminex. Furthermore, using alternative approaches like
ELISA or Luminex should be used by future studies to vali-
date the mass spectrometry results presented in this study.

In summary, the plasma proteome of 60 children
enrolled from HMT and LMT areas in Ghana was pro-
filed using an unbiased quantitative MS proteomics
approach. We identified several biological processes,
especially complement cascades and elevated platelets
to be associated with increased exposure to malaria. We
further identified IGKV3D-20 to be differentially abun-
dant in children from HMT suggesting that it could dis-
tinguish individuals with different magnitudes of malaria
exposure and, by extension, differing extents of naturally
acquired immune tolerance. These proteins could be
promising correlates of naturally acquired immunity to
malaria and should be further evaluated in larger study
cohorts and more mechanistic studies to better under-
stand their functional consequences.
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