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Assessment of serological Plasmodium falciparum–specific antibodies in highly endemic areas provides valuable information about malaria status and parasite exposure in the population. Although serological evidence of Plasmodium exposure is commonly determined by Plasmodium-specific immunoglobulin G (IgG) levels; IgM and IgA are likely markers of malaria status that remain relatively unexplored. Previous studies on IgM and IgA responses have been based on their affinity for single antigens with shortage of immune responses analysis against the whole Plasmodium proteome. Here, we provide evidence of how P. falciparum infection triggers the production of specific IgM and IgA in plasma and its relationship with parasite density and changes in hematological parameters. A total of 201 individuals attending a hospital in Breman Asikuma, Ghana, were recruited into this study. Total and P. falciparum–specific IgM, IgA, and IgG were assessed by ELISA and examined in relation to age (0–5, 14–49, and ≥50 age ranges); infection (submicroscopic vs. microscopic malaria); pregnancy and hematological parameters. Well-known IgG response was used as baseline control. P. falciparum–specific IgM and IgA levels increased in the population with the age, similarly to IgG. These data confirm that acquired humoral immunity develops by repeated infections through the years endorsing IgM and IgA as exposure markers in endemic malaria regions. High levels of specific IgA and IgM in children were associated with microscopic malaria and worse prognosis, because most of them showed severe anemia. This new finding shows that IgM and IgA may be used as diagnostic markers in this age group. We also found an extremely high prevalence of submicroscopic malaria (46.27% on average) accompanied by IgM and IgA levels indistinguishable from those of uninfected individuals. These data, together with the observed lack of sensitivity of rapid diagnostic tests (RDTs) compared to PCR, invoke the urgent need to implement diagnostic markers for submicroscopic malaria. Overall, this study opens the potential use of P. falciparum–specific IgM and IgA as new serological markers to predict malaria status in children and parasite exposure in endemic populations. The difficulties in finding markers of submicroscopic malaria are highlighted, emphasizing the need to explore this field in depth.
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Introduction

In endemic areas, humoral immune responses constitute one of the main defenses against Plasmodium falciparum infection through memory B cells, which upon primo-infection are activated and persist for long periods of time to rapidly respond to persistent malaria re-infections (Krishnamurty et al., 2016; Ly and Hansen, 2019). After years of repeated infections, individuals from endemic populations experience an increment in the concentration of immunoglobulins (Igs) against the parasite (Valmaseda et al., 2018). This cumulative effect makes antimalarial antibodies as reliable serological markers of parasite exposure (Drakeley et al., 2005; Dent et al., 2016) providing information about levels and changes in malaria transmission within a population (Drakeley et al., 2005; Drakeley and Cook, 2009) and conferring a partial protective immunity (Langhorne et al., 2008; Osier et al., 2008; Valletta and Recker, 2017). Recently, the need to take into account the heterogeneity of malaria exposure in different locations from serological data to adequately identify correlates of protection has been highlighted (Valmaseda et al., 2018). Hence, increasing knowledge about full humoral responses and its correlation with malaria exposure and immunity has become a point of interest in recent times.

Because Cohen et al. described in 1961 that IgG plays a central role in blood-stage malaria immunity (Cohen et al., 1961), sero-surveillance for the malaria parasite has been assessed using IgG as the principal marker. The value of IgG as a serological marker of exposure (Romi et al., 1994; Drakeley et al., 2005) and its positive correlation with both parasite density (Yman et al., 2019) and clinical outcomes (Mbengue et al., 2018) has been studied in depth providing insights into its dynamics and specificity during the immune response to malaria (Hill et al., 2017).

Regarding IgM, it has been described as a marker of malaria exposure in travelers (Orlandi-Pradines et al., 2006), and Plasmodium-specific IgM memory B cells are recognized as early responders to malaria re-infection providing a strategical protection barrier until IgG is generated (Krishnamurty et al., 2016). Moreover, IgM has been suggested to contribute to human parasite clearance (Boudin et al., 1993; Bolad et al., 2005; Arama et al., 2015; Boyle et al., 2019; Hopp et al., 2021; Kurtovic et al., 2021), which may highlight an underestimated role of IgM in protecting against the frequent malaria re-infections in endemic regions (Krishnamurty et al., 2016). On the other hand, IgA has been shown as an exposure marker in children (Duah et al., 2010) and induced by vaccination with human vaccine RTS,S/AS01E (Suau et al., 2021). Because the Fcα/μ receptor (Fcα/μR) recognizes both serum IgM and IgA, and it is expressed on marginal zone B cells and follicular dendritic cells (Shibuya and Honda, 2015), these two Ig isotypes may also play an important role in complementing humoral IgG immune responses to malaria. In fact, IgA is the second most abundant Ig in serum after IgG (Davis et al., 2020). Thus, the potential of these three main Ig isotypes to trigger strong and functional responses (Duah et al., 2010; Biswas et al., 2014) should be considered of diagnostic significance and to estimate the degree of Plasmodium exposure in a population. However, despite this evidence, there are still many unknowns about the behavior of IgM and IgA in malaria, as the number of studies about them is very limited compared to IgG.

One of the main challenges for malaria control interventions is the successful detection of those individuals with submicroscopic or low-density infection. Submicroscopic malaria is highly prevalent in endemic areas (Okell et al., 2009), is usually asymptomatic, and can easily become a parasite reservoir (Okell et al., 2012; Lindblade et al., 2013). Therefore, testing submicroscopic parasitemia is key for the mitigation of the global malaria burden. Moreover, to assess the actual transmission intensity in a population, it is crucial to consider the sensitivity of the diagnostic systems employed and its capability to detect individuals infected with asymptomatic submicroscopic malaria. Whereas microscopy, the “gold standard” of malaria diagnosis, is unable to detect submicroscopic infections, other more sensitive molecular tools such as polymerase chain reaction (PCR) for routine diagnosis (Rahi et al., 2022) cannot be widely applied in low-resource regions due to the cost of reagents, equipment, and infrastructures as well as the lack of specialized personnel. In Ghana, since 2008, it has been strongly recommended that any patient presenting to a hospital with symptoms of malaria should be tested (WHO, 2018) with a rapid diagnostic test (RDT) being the most widely used method in 2020, reaching 68.8% compared to 31.2% for microscopy diagnosis (WHO, 2021). However, RDT may fail because of its inability to detect parasites at low densities (Orish et al., 2018) with a common detection limit of approximately 100 parasites/µl (Moody, 2002). In highly endemic areas, a significant proportion of malaria-infected individuals show a low parasite density and may therefore be misdiagnosed, and consequently, the local prevalence of malaria transmission intensity tends to be underestimated. Unfortunately, some previous studies have attempted to diagnose low-density malaria through IgG antibodies without conclusive results (Azcarate et al., 2020). Therefore, the integrated combination of serological measures, such as the little explored IgM or IgA that could serve as markers of infection status, reservoir, exposure, or protection, is an important step in advancing malaria surveillance and elimination in countries where RDTs are the first and often the only diagnostic procedure.

Malaria, as a blood infection, causes alterations in hematological variables, commonly hemoglobin, platelets or monocyte counts. Thus, anemia and thrombocytopenia are common signs of Plasmodium infection (Akinosoglou et al., 2012). Anemia can reach various degrees of severity according to the WHO guidelines for the classification of anemia (WHO, 2011) and constitutes one of the main complication of malaria, particularly in children (Ewusie et al., 2014). Direct erythrocyte destruction by the parasite, early removal of non-parasitized erythrocytes, and erythropoiesis inhibition are involved in the development of anemia in Sub-Saharan regions (Kurtzhals et al., 1997). Platelets also play a major role in malaria (Gerardin et al., 2002; Lampah et al., 2015) and the extent of thrombocytopenia correlates positively with parasite density, severity of infection, and clinical outcomes (Kho et al., 2018). In addition, several studies have also reported monocyte (Fontana et al., 2016; Dobbs et al., 2017) and white blood cell (WBC) (Erhart et al., 2004; Kotepui et al., 2020) alterations in clinical malaria. However, as hematological alterations are not pathognomonic, they have not been studied in relation to the immune tolerance status acquired by antibodies after multiple re-infections, so it is of interest to know the potential role of different antibody isotypes as serological predictors of some of the key hematological conditions for the development of clinical manifestations of malaria. In this context, we aim to investigate whether IgM and/or IgA profiles, scarcely examined in malaria immunology studies, could correlate with anti-parasite immune response in different population groups from hyperendemic areas and whether they could also serve as markers of exposure and disease outcome due to their potential association with hematological parameters.



Materials and methods


Ethical considerations

This study was approved by both the Ethical Review Board at Research Institute Hospital 12 de Octubre, Madrid (Spain) and the Ethical and Protocol Review Committee of University of Ghana’s College of Health Sciences (Ghana). The study was conducted according to the guidelines laid down by the Helsinki Declaration, with written informed consent obtained for each adult participant or, in the case of children, a parent or a guardian of the child participant provided written informed consent on their behalf or the child’s assent. The samples were specifically obtained for this study including complementary analysis of polymorphisms and immunomics in connection with malaria immunity that is not yet published. Volunteer information was anonymized prior to analysis.



Study area and sample collection

A total of 201 donors were recruited for the study. From them, 201 blood and 195 plasma samples were collected (the difference in numbers of sample types was due to a limiting volume in six of them). Samples were collected from patients at Our Lady of Grace Hospital (Breman-Asikuma) in the Central Region of Ghana. This region is categorized as having a high transmission intensity throughout the year with 100% of the reported malaria infections caused by P. falciparum (WHO, 2018). Samples were taken during the rainy season (May 2017) when the malaria parasite transmission peaks. Every patient attending to the hospital was considered eligible without distinction of age, sex, or reason for consultation. Of the 201 participants, 5 were HIV+ and therefore excluded from the immunological tests. Peripheral blood samples of 2 ml were collected from each individual by venipuncture and 12 blood spots of 50 µl were dropped onto filter paper Whatman Flinders Technology Associate (FTA) classic cards (GE Healthcare). Serum was obtained by centrifuging the remaining blood and generating dry serum spots in a similar procedure as before. All cards were air-dried and stored individually in sealed bags with a desiccant at room temperature.



P. falciparum detection by RDT and microscopy and blood counts

At the local hospital, fresh blood samples were routinely tested by Paracheck® Rapid Test for P. falciparum malaria (Viola Diagnostic Systems) and, if positive, they were confirmed by thick blood smear microscopy. Slides were air-dried and stained for 10 min in Giemsa diluted 1:9 in distilled water. The number of parasites per WBC was counted and the density of parasites per microliter of blood was calculated for each donor. When not available, an average count of 8,000 WBCs/µl was used. A SYSMEX KX-21 hematology analyzer was used to count WBCs, hemoglobin, platelets, and percentages of neutrophils, lymphocytes, and monocytes. Anemia degree defined throughout this study (non-anemia, mild anemia, moderate anemia, and severe anemia) follows WHO criteria (WHO, 2011) based on age, physiological status, and hemoglobin levels. Severe anemia is considered when hemoglobin levels are below 70 g/L in children under 5 years old (y.o.) or pregnant women and below 80 g/L in any other age or status group.



P. falciparum detection by quantitative PCR assay

Parasitemia estimated by microscopy was compared to calculated values by quantitative PCR (qPCR) assay. DNA from dried blood spots (DBS) of FTA cards was extracted with the InstaGene Whole Blood Kit (Bio-Rad) following the described modification (Chaorattanakawee et al., 2003) and used as a template for PCR amplification of Pf-18S rRNA gene in duplicate (Rougemont et al., 2004). Cycling conditions were slightly modified: 95°C for 10 min, followed by 40 cycles at 95°C for 15 s and 60°C for 30 s. Final parasitemias were calculated by comparing the mean cycle threshold (CT) with a standard curve of known parasite densities prepared at the average hematocrit of patients (35%) using serial dilutions of Dd2 parasites cultured as previously described (Radfar et al., 2009) and spotted onto Whatman FTA cards. Potential loss of DNA recovered from FTA cards was discarded, because fresh and FTA blood samples showed equivalent CT values.



Protein extraction from P. falciparum cultures

Clinical P. falciparum isolate UCM7 (Linares et al., 2011) from West Africa was cultured to high parasitemia following the previously described method (Radfar et al., 2009). When cultures reached mature schizont stage at >25% parasitemia, they were harvested and mixed with 0.05% saponin/phosphate-buffered saline (PBS) (w/v) for 5 min at room temperature to lyse erythrocytes. Parasites were collected by centrifugation at 20,000g for 12 min at 4°C. After three washing steps in cold PBS, the pellet was resuspended in 3 volumes of 50 mM tris-HCl, pH 8.0 (containing 50 mM NaCl, 0.5% MEGA 10, 3% MEGA 10, and Roche protease inhibitor cocktail) during 30 min on ice. Resuspension was subjected to four freeze-thaw cycles and centrifuged at 20,000g for 10 min at 4°C to obtain a supernatant rich in P. falciparum proteins that were kept at −20°C. Protein concentration was determined using the Bradford protein assay (Merck).



Elution of antibodies from dried serum spot cards

Antibodies were eluted from cards following a previously described protocol (Corran et al., 2008). Briefly, using a pre-sterilized punch, cards were cut into the 5-mm diameter circles where serum was spotted. Circles were added to 220 µl of PBS containing 0.05% Tween 20 and incubated overnight at 4°C to passively elute antibodies. Each 5-mm spot corresponds to 4 µl of serum (Corran et al., 2008) providing a concentration of eluted proteins equivalent to a 1:50 dilution of the original serum.



ELISA procedures

Total IgM, IgA, and IgG were quantified using the corresponding human IgM, IgA, and IgG Quantification ELISA kits (Bethyl Laboratories) following the manufacturer’s instructions, using 100 µl of diluted human serum (1:10,000 for total IgM; 1:20,000 for total IgA; and 1:100,000 for total IgG) with 1:75,000 dilution for the secondary antibody reaction. A standard curve was included at each assay following the manufacturer’s instructions using human reference serum (Bethyl Laboratories).

Serum samples were also screened for Pf-specific antibodies using a modified ELISA procedure (Seo et al., 2006) using total P. falciparum lysate (Coelho et al., 2007). Briefly, 96-well plates (Thermo Fisher Scientific) were coated with 0.5 µg of P. falciparum lysate in 100 µl of coating buffer (50 mM carbonate-bicarbonate, pH 9.6) per well overnight at 4°C. Plates were washed five times with PBS-Tween 20 (0.05%) and subsequently blocked for 30 min with BSA 1% in tris-buffered saline solution at room temperature. Then, plates were washed and incubated for 1 h at room temperature with 100 µl of diluted human serum (1:500 for Pf-specific IgM; 1:100 for Pf-specific IgA; and 1:5,000 for Pf-specific IgG). After five washing steps, 100 µl of diluted horseradish peroxidase (HRP)–labeled secondary antibody (Bethyl Laboratories) (diluted at 1:75,000 for Pf-IgM and Pf-IgG and 1:10,000 for Pf-IgA) was added to each well for 1 h at room temperature. A standard curve was included using for coating 1 µg of the corresponding primary anti-Ig subtype diluted in 100 µl of coating buffer. Upon identical washing and blocking steps, 100 µl of human reference serum (Bethyl Laboratories) at several known Ig concentrations was added. After five washing steps, 100 µl of diluted HRP-labeled secondary antibody (Bethyl Laboratories) was added to each well in identical dilutions and conditions than patients’ sera samples.

Finally, plates were washed and incubated with 100 µl of TMB Substrate Solution (Thermo Fisher Scientific) and optical densities were recorded at 652 nm in a Varian Cary 50 Bio spectrophotometer (Agilent Technologies). A four-parameter logistic (sigmoidal) model was fit to the data using SigmaPlot software.

Sera used as a panel of negative control from individuals never exposed to malaria (i.e., healthy Europeans never traveling to malaria-endemic regions) rendered consistent and significant lower IgM binding values (average: 1.41 mg/dl) in comparison with those from the Ghana population (average: 4.41 mg/dl).



Data analysis

All data analyses, statistics, and graphics were performed in R v3.5.2 environment. When indicated, raw data were log2-transformed with a pseudo-count of 1 for data normalization and standardized into z-scores. Normalized and standardized data were used for both statistical analyses and graphical representations. Unsupervised principal components analysis (PCA) was conducted to explore major sources of variation in data accordingly to meta-information of participants (e.g., age, infection, pregnancy, or sex). Statistical differences between groups were analyzed by non-parametric unpaired Wilcoxon rank-sum tests. Spearman’s tests were also applied to study the correlation between different variables and Fisher’s tests to assess whether the proportion of infected individuals changed between the age groups established. Statistical significance was considered at p-value ≤ 0.05.




Results


Demographic distribution of study participants

A total of 201 participants, 158 (78.6%) females and 43 (21.4%) males, with an age average of 27.2 y.o., were included in this study. Experimental groups were established according to age, pregnancy, and parasitemia. Four age groups were defined: children under 5 y.o. (n = 28, 13.9%), young between 6 and 13 y.o. (n = 13, 6.5%), young adults between 14 and 49 y.o. classified into pregnant (n = 88, 43.8%) and the rest of adults (n = 45, 22.4%), and people older than 50 y.o. (n = 26, 12.9%). Of the 123 women in reproductive age, 88 (71.5%) were pregnant. The 6–13-year group was included in whole population studies but discarded for age group analyses due to its low sample size.



Malaria prevalence and levels of parasitemia

The limit of detection (LOD) of Plasmodium by microscopy was defined as 150 parasites/µl based on the average LOD described in the literature (Biswas et al., 2014; Ghindilis et al., 2019). Once blood samples were analyzed for P. falciparum parasitemia by qPCR, they were classified into three groups according to the average LOD: (i) parasitemia potentially detectable by microscopy (i.e., >150 parasites/µl) accounting for 14.93% of all samples; (ii) parasitemia at submicroscopic infection level (i.e., 0.5–150 parasites/µl) that was the largest group (46.27%); and (iii) no parasitemia (38.81%). The prevalence of P. falciparum infection in the whole population was 61.19%, being slightly higher in young and old adults (59% and 60%, respectively) than in children (53%). Furthermore, overall prevalence of submicroscopic malaria among age groups was higher in older adults (57%) compared to young adults between 14 and 49 y.o. (47%) or children (28%) (Figure 1A). This trend was inverted with respect to microscopic malaria, reaching 25% in children, compared to a low 12% in young adults or even 3% in people over 50 y.o. In fact, as seen in Figure 1B, there was a significant decrease in the median age of patients with microscopic malaria compared to those with submicroscopic infection or without infection (19.71 y.o. vs. 29.4 and 27.35 y.o., respectively). On the other hand, it is noteworthy that the odds of malaria infection, regardless of the infection level, were similar in all age groups (Table 1). Considering that 75.61% of all malaria infections were submicroscopic (Figure 1C), children under 5 y.o. experienced high parasitemia and significantly higher odds of developing microscopic malaria than those over 50 y.o. once infected (Table 1).




Figure 1 | Participant distribution by age and parasitemia. (A) Frequency of microscopic (P++), submicroscopic (P+) malaria infections and uninfected people (P−) by age and pregnancy (P) groups. (B) Age of individuals by parasitemia group. Box hinges indicate 25th and 75th percentiles, and the whiskers extend to hinges ± 1.5*IQR. Significant differences obtained by unpaired Wilcoxon rank-sum test are indicated. *P ≤ 0.05; **P ≤ 0.01. (C) Population distribution according to the log2 of parasitemia. Microscopic (up) and submicroscopic (down) infections are separated by a dotted line. Parasitemia was measured as parasites/µl.




Table 1 | Odds ratio analysis of malaria cases among age and pregnancy groups.



Pregnancy did dramatically increase the odds of P. falciparum infection in comparison to non-pregnant women (Table 1) with a prevalence of 65.91% vs. 38.46%. However, rates of microscopic and submicroscopic infections remained unchanged in pregnant women relative to non-pregnant young adults (Table 1).



Malaria diagnosis accuracy

The diagnostic accuracy of local RDT was estimated by comparing its results with data obtained by the qPCR method. Comparisons were performed across the age groups (≤5, 14–49, and ≥50) and accordingly to parasitemia level (microscopic and submicroscopic malaria). There were 30 donors without RDT diagnostics, so they were discarded from the comparison. The global prevalence of malaria substantially increased from 8.86% by local RDT diagnosis to 61.39% by qPCR (Table 2). Thus, RDT diagnosis showed a mean false-negative rates of 85.57% with specific differences across age groups (Table 2). For instance, the false-negative rate was lower in the under-5 age group (57.14%) (Table 2) where most of the participants exhibited microscopic malaria. This result is consistent with the prevalence of submicroscopic malaria observed across age groups. When analyzing the differences in the diagnosis of microscopic and submicroscopic malaria, it was noted that 98% of the 73 submicroscopic infections detected by qPCR were not detected by RDT (Table 2). Consistently, the lowest RDT sensitivity was found in the 14–49 age group, particularly in those samples with submicroscopic infection (Table 2).


Table 2 | Comparison of malaria status determination by RDT and Qpcr.



The accuracy of the parasitemia values obtained between the microscopic examinations performed by the local technicians and those obtained by qPCR was compared in those samples that tested positive by RDT. Given that outliers were present in the data, a Spearman’s correlation was performed between the two parasitemia values as this type of test minimizes the effect of outliers on the correlation. The parasitemia values provided by both techniques were similar, with a strong correlation of parasite density values detected by microscopy and qPCR (Spearman’s correlation coefficient 0.67, p-value 0.006) (Figure S1). On the other hand, extrapolation of the RDT-positive samples into qPCR standard curves allowed predicting the LOD of RDT to be 131 parasites/μl, >200 times higher than the 0.5 parasites/μl LOD by qPCR.



Data stratification related to P. falciparum infection status

Before statistical analyses, PCA was performed on all quantitative variables (parasitemia, concentrations of total and Pf-specific IgG, IgM, and IgA; hemoglobin, platelets, and WBC; and percentages of lymphocytes, neutrophils, and monocytes) to observe possible clustering of individuals and identify possible correlations between variables. The results revealed that under-5-y.o. children with submicroscopic malaria or no infection clustered together and separated from the rest of the population including children with microscopic malaria, who behaved like adults (Figures 2A, B).




Figure 2 | Principal components analysis of all quantitative variables in the entire population. Data were log2-transformed with a pseudo-count of 1 and standardized into z-scores prior to analysis. (A) Principal component (PC) 1 vs. PC2 colored by age and pregnancy group. (B) PC1 vs. PC3 colored by age and pregnancy group. (C) PC1 vs. PC2 colored by the level of Pf-IgM, the principal contributor to PC1. (D) PC1 vs. PC3 colored by the level of parasitemia, the principal contributor to PC3.



This separation of children from adults was mainly due to differences in Ig levels, especially specific Igs, and Pf-IgM was the largest contributor of age separation (Figure 2C) (see Figure S2 for the detailed contribution of each variable to PC1, PC2, and PC3 and the contribution of each component to the total variance). Parasitemia and platelets, which correlated inversely, were also responsible for the separation of the under-5-y.o. children (Figure 2D), predicting that changes in these variables would be observed between age groups. PCA with data from only infected people was also performed, and contributions and correlations were found in similar patterns (data not shown).



P. falciparum–specific immunoglobulin isotypes at different stages of infection and age

The influence of age as a determining factor of the general and specific humoral immune response against P. falciparum and the relationship of this response to infection status was assessed jointly. For this purpose, the significance of Pf-specific and total IgM, IgA, and IgG was assessed in the whole population, except in pregnant women who were analyzed separately.

We begin by describing the differences caused by age within each infection group. In the healthy population, adults (age groups 14–49 and ≥ 50) showed a significant increase in the level of both Pf-specific and total IgM, IgG, and IgA (Figures 3A–E) concentrations relative to children under 5 years. In the whole population, Pf-IgM and Pf-IgA concentrations (median 2.88 and 0.17 mg/dl, respectively) were lower than Pf-IgG (median 22.62 mg/dl) and the three were present in all patients, whereas healthy donors not previously exposed to malaria lacked specific Ig (data not shown).




Figure 3 | Variations of Pf-specific and total IgG, IgM, and IgA levels according to age and parasitemia. Levels of (A–C): Pf-IgG, Pf-IgM, and Pf-IgA (mg/dl); (D–F): total IgG, IgM, and IgA (mg/dl); and (G–I): percentages of Pf-IgG, Pf-IgM, and Pf-IgA out of the total of 91 individuals with age ranges 0–5, 14–49 non-pregnant, and >50 (eight of the total were discarded because of lack of serum sample or being HIV+). Data were log2-transformed with a pseudo-count of 1. P++, microscopic malaria; P+, submicroscopic malaria; P−, uninfected individuals. Each box plot shows a distribution of antibody levels of each group (box hinges indicate the 25th and 75th percentiles, the whiskers extend to hinges ± 1.5 × IQR, and outliers are shown as black points). Significant differences obtained by unpaired Wilcoxon rank-sum tests are indicated. Significance between age groups is marked at the top of the graph and significance between infection groups is marked at the bottom. *P ≤ 0.05; **P ≤ 0.01; ***P ≤ 0.001.



In submicroscopic malaria infections, these differences between adult and children groups were repeated for the specific antibodies Pf-IgG and Pf-IgA, whereas Pf-IgM was only increased in those over 50 years of age compared to children (Figures 3A–C). Notably, in this infection group, adulthood also resulted in higher total IgA production compared to children (Figure 3F). In contrast, the production of all Ig measured was similar in highly infected individuals, whether they were children or adults.

When studying antibody dynamics comparing by infection levels within each age group, we did not detect alterations in Pf-Ig concentrations in individuals with submicroscopic infections compared to uninfected groups in all age ranges (Figures 3A–C). Children, despite being the group with the lowest antibody concentration, were the only age group in which Pf-specific Ig levels increased significantly in cases of infection with high parasitemia (relative to uninfected children) reaching levels similar to those of adults with high parasitemia. Microscopic and submicroscopic infections did not influence total IgM and IgA levels within each age group, but in children, the infection with high parasitemia resulted in an increase in total IgG relative to uninfected children (Figures 3D–F).

IgM was the isotype with the highest ratio of Pf-specific antibodies out of the total (4.42% in comparison to 1.4% of IgG and 0.11% of IgA). It was particularly important that, in children with submicroscopic infection, the percentage of specific IgM was the only serological value that changed comparing to healthy children (Figures 3G–I).

Finally, we also compared total and Pf-specific IgM, IgA, and IgG levels in pregnant and non-pregnant women of the same age in each infection group finding no major differences. Only a significant decrease in total IgG concentration was found in pregnant women with submicroscopic malaria compared to their non-pregnant counterparts and a slight increase in the percentage of Pf-specific IgM in pregnant women with submicroscopic malaria in comparison to non-infected pregnant women (Figure S3).



Hematological parameters at different infection status

Hemoglobin, platelets, and WBC concentrations and percentages of neutrophils, lymphocytes, and monocytes were determined in all individuals and analyzed considering their parasitemia, age, and pregnancy (Table 3). Overall, analyzing the whole population regardless of age, we observed a significant decrease in hemoglobin level and platelet count in microscopic malaria compared to the submicroscopic infection and to uninfected individuals. In this aggregate analysis, the leukocyte counts also decreased in microscopic malaria compared to uninfected individuals. The decrease in hemoglobin level was statistically significant in non-pregnant adults with submicroscopic malaria and in pregnant women with microscopic malaria.


Table 3 | Effect of malaria infection on hematological variables by age group.



Platelet counts were lower in infected groups, particularly in youngest children whose platelets were significantly reduced at submicroscopic and microscopic infections compared to non-infected children. Remarkably, no significant alterations in platelet values were found in pregnant women and adults older than 50.

Regarding immune cells, total WBC counts significantly decreased in the groups of high parasitemia children and non-pregnant adults compared to their respective uninfected counterparts. Subpopulations of WBC percentages were only slightly altered by the infection except for the percentage of monocytes in the 0–5 age group. In this age group, monocyte counts were most augmented with submicroscopic infections with respect not only to healthy individuals but also to those infected with high parasitemia.

Hematological parameters were considered separately in pregnancy in relation to malaria infection (Table S1). Thus, pregnant women with submicroscopic malaria showed higher circulating WBC counts than their non-pregnant counterparts and, although not significant, the same trend was observed in pregnant women with microscopic malaria.

Hemoglobin concentration was determined to disclose that 61.33% of the total participants had some form of anemia (mild, moderate, or severe), independently of the infection status. Thus, there is a general anemia background in this population, as individuals without malaria infection also presented varying degrees of anemia, ranging from 76.92% in children to 40% in older adults (Figure 4A). The highest rate of severe anemia was found in children with microscopic malaria infection (57.14%), followed by adults older than 50 and children carrying submicroscopic infections (21.43% and 14.29%, respectively). The highest prevalence of any type of anemia was observed in pregnant women infected at high parasitemia (91.67%) (Figure 4B), whereas the lowest was found in uninfected adults older than 50 (40%) (Figure 4A).




Figure 4 | Anemia prevalence by parasitemia, age, and pregnancy groups. Rates of different anemia levels are indicated separately. P++, microscopic infections; P+, submicroscopic infections; P−, uninfected individuals. (A) Anemia levels by parasitemia and age groups. (B) Anemia levels by parasitemia and pregnancy groups.





Hematological parameters, immunoglobulin isotypes and parasitemia levels

Because children were the only age group in which Pf antibody concentrations increased with microscopic malaria, we explored whether high parasitemia (microscopic malaria) and/or severe anemia correlated with Pf-specific antibody levels (Table 4). Cutoffs for each Pf-Ig were set at the first quartile of the microscopic malaria–infected group for each Ig (2.23 mg/dl for Pf-IgM, 0.11 mg/dl for Pf-IgA, and 7.88 mg/dl for Pf-IgG). Odds ratios showed that Pf-IgA levels had the highest potential to predict both, whether a child has microscopic malaria or severe anemia (odds ratio 13.24 and ∞, respectively), followed by Pf-IgM levels.


Table 4 | Odds ratio analysis of microscopic malaria and severe anemia in children with high vs. low concentration of Pf-specific antibodies.



To uncover the potential relationship among immunological isotypes and hematological parameters, the correlation between all variables was analyzed in the whole population (Figure 5). Given that the relationships between variables were non-linear in some cases (data not shown) and considering that age had a strong effect on these variables (Figure 3), Spearman’s partial correlations were calculated controlling for age effect. This non-parametric analysis revealed a strong positive correlation between total IgG, IgM, and IgA in infected patients (Figure 5A), whereas this association was not observed in non-infected individuals (Figure 5B). Pf-specific Ig isotypes were significantly correlated between them within both groups, and the highest coefficient of correlation was found between Pf-IgG and Pf-IgM (ρ = 0.658 and 0.683 for infected and non-infected individuals, respectively). Although all Pf-specific Igs were strongly associated with their total amounts in infected patients (Figure 5A), correlation between Pf-specific IgG and total-IgG was lost in non-infected individuals (Figure 5B). IgM was found to be the Ig with the strongest positive correlation with parasite density in malaria-infected patients (ρ = 0.361 and 0.337 for total IgM and Pf-IgM, respectively), but such association was not found between IgA and parasitemia (Figure 5A). Further Spearman’s analysis between parasitemia values and hematological parameters revealed a negative correlation between parasite density and platelet, WBC counts, and hemoglobin concentration, being particularly robust to the decrease in platelet and hemoglobin levels as parasite density increases (Figure 5).




Figure 5 | Correlation between parasitemia, immunoglobulins, and hematological parameters in malaria-infected and non-infected groups. Correlations were calculated by Spearman’s partial correlation test controlling for the age of individuals in the whole population (n = 176 as 25 individuals were discarded as they lacked hematological data, serum sample and/or were HIV+). The asterisks indicate the significant correlation between the variables on the axes. Positive correlations are marked in blue and negative correlations in red. *P ≤ 0.05; **P ≤ 0.01; ***P ≤ 0.001. (A) Correlations in the malaria-infected individuals including microscopic and submicroscopic infections. (B) Correlations in the non-infected individuals.



Moreover, the relationship between antibody isotype level and other hematological values was also noticed. For instance, hemoglobin concentration negatively correlated with total and Pf-specific IgG and IgM in infected individuals. Particularly, the hemoglobin values disclosed the highest coefficient of correlation with Pf-specific IgG and IgM from malaria-infected patients. Finally, a steady decrease of the monocyte percentage was found as Pf-specific IgG and IgM increased only in malaria-infected patients.




Discussion

This study focused on the relationships between circulating Pf-specific IgM and IgA levels and the malaria disease status and their potential association with the hematological changes developed upon infection to assess these Igs as potential serological biomarkers complementary to IgG. Concurrently, we highlighted a high prevalence of submicroscopic infections in the Central Region of Ghana accounting for more than 45% of all malaria infections illustrating the extreme lack of sensitivity of RDTs which advocates exploring new effective and affordable diagnostic methods.

Overall, our results point out that despite the known pattern of acquired immunity with age (Crompton et al., 2014) responsible for declining most severe forms of malaria in adults over children, total malaria prevalence did not diminish with increased age by such developed but incomplete immunity (Langhorne et al., 2008). Thus, partial immunity to malaria provides improved control over the parasite density and the consequent anemia rather than a prevention of the disease or a progressive elimination of malaria cases with age, as a burdensome reservoir remains stable in the population. Although our finding is consistent with accumulated knowledge on naturally acquired immunity to malaria (Struik and Riley, 2004), it apparently contradicts some studies reporting a decline in malaria prevalence in adults over children in Ghana and elsewhere (Noland et al., 2014; Drakeley et al., 2017). In those studies, malaria diagnosis was performed by microscopy or RDTs, probably underestimating submicroscopic infections to conclude lower prevalence based solely on the high parasite load carriers. This is especially biased toward adults where, according to our analysis using highly sensitive diagnosis by qPCR, submicroscopic malaria predominates. Thus, partially protective semi-immunity is reflected in our study by two related parameters observed in adults, but not in children: the decrease of rates of microscopic malaria and the increase of anti–P. falciparum–specific Igs. Whereas a high concentration of malaria-specific antibodies usually translates into increased protection (Rodriguez-Barraquer et al., 2018), it may also simply indicate increased exposure to the parasite. Although an increase in anti–P. falciparum antibody levels with age has been shown in previous reports, those were based mainly on IgG studies (Stanisic et al., 2015; Abushama et al., 2021). To our knowledge, the surrogate acquisition of humoral co-immunity by Pf-specific IgM, IgA, and IgG antibodies against P. falciparum blood-stage proteome in an endemic population has not been described so far.

A relevant feature of endemic malaria described in our study is the high prevalence of submicroscopic infections, and its possible correlations to the maintenance of partial acquired immunity in the adulthood, not only by specific anti–P. falciparum IgG but also by anti–P. falciparum IgM and IgA. Previous studies have also reported a higher prevalence of submicroscopic malaria in adults than in children (Okell et al., 2009; Okell et al., 2012). Furthermore, a number of other factors with different weights across settings have been described that may be involved in the prevalence of submicroscopic malaria. These include historical transmission patterns and level of transmission (Björkman and Morris, 2020; Whittaker et al., 2021), parasite genetic diversity (Whittaker et al., 2021), parasite virulence (Björkman and Morris, 2020), or selection of human polymorphisms (Williams et al., 2005). The progressive acquisition of a semi-immune status with anti-parasitic immune responses seems to be the underlying mechanism for all these factors (Langhorne et al., 2008; Okell et al., 2012; Rodriguez-Barraquer et al., 2018).

Because submicroscopic malaria should be considered not only a continuous antigenic stimulus for a pool of protective Igs but also the main infectious reservoir (Biswas et al., 2014), our results together with other similar studies (Bousema et al., 2014) underscore the need to properly monitor and diagnose submicroscopic infections, as they are often asymptomatic (Biswas et al., 2014; Niang et al., 2017) and constitute the most common Plasmodium infection in endemic areas (Katrak et al., 2017). Obviously, this idiosyncratic feature of being both antigenic stimulus and parasite reservoir raises the relevant question that elimination of submicroscopic malaria in a population would not only significantly decrease the overall malaria burden in that population, which is highly desirable, but could also decrease the acquired immune protection in case the infection returns from other areas, which could eventually lead to more severe disease.

With regard to our assessment of Ig isotypes in this malaria-hyperendemic population, the following five clues suggest that Pf-specific IgM and IgA could be robust and complementary biomarkers to the well-established IgG for determining individual malaria exposure: (i) in parallel to IgG, Pf-specific IgM and IgA increase over the years and are strongly correlated with each other; (ii) baseline (lowest) levels of Pf-specific IgM and IgA (as well as IgG) were observed in infants under 5 years of age, reflecting their weak immune protection and lower exposition; (iii) all three isotypes increased significantly at young ages in response to early life infections; (iv) in adults, levels of all three Pf-specific Ig isotypes were consistently elevated and did not show increases upon re-infection, suggesting that, once they have reached peak levels, they may not increase even after successive exposures to the parasite; and (v) Pf-specific IgM had the highest correlation with parasitemia as compared to other antibody isotypes, and its elevated concentration was highly associated with microscopic malaria and severe anemia in children, which could be considered as an additional marker. Indeed, Pf-specific IgM levels should be considered confident serological markers of malaria exposure. Although IgM has been associated by other authors with some protection against malaria given its effector role in complement fixation (Kurtovic et al., 2021), opsonic phagocytosis (Hopp et al., 2021), and clonal selection (Murugan et al., 2018), our data do not directly associate population levels of IgM with protection against the disease. However, it cannot be excluded that progressive exposure to the parasite with age and the associated increase in IgM levels in adults may have some degree of immunological functionality, as the lowest levels of parasitemia were the most frequent in the adult population, and precisely those uninfected adults showed the highest Pf-IgM levels of all age groups. To this respect, the significant low Pf-IgM levels in sera of healthy unexposed controls could be considered the result of an unmatured IgM specificity with lower binding affinity (Murugan et al., 2018).

Although symptomatic malaria has been reported to be infrequent in young children (Doolan et al., 2009), we have observed that this is not entirely the case in children up to 5 years of age in the malaria-hyperendemic region analyzed. The fact that symptomatic malaria in children in other African regions is not as frequent as in the Breman-Asikuma area may be explained by associating most of their cases with our large group of asymptomatic infants with submicroscopic malaria infections who showed the lowest concentration of anti–P. falciparum antibodies. Therefore, hypothetically, two potential groups with different levels of protection against malaria could appear in children under 5 years of age. First, the asymptomatic group would develop immune responses to P. falciparum over a variable time course, perhaps coupled with initial maternal protection by IgG transferred at birth (Duah et al., 2010) or by breastfeeding (Brazeau et al., 2016). In this group, early malaria exposures may have a limited effect on eliciting specific Ig responses against Pf, as it has been observed for IgG antibodies against some merozoite antigens that are barely acquired in young children (Mccallum et al., 2017). Second, the symptomatic group can be explained within the short-lived peaks of anti-merozoite IgG found in infected children presenting with fever (Branch et al., 1998), as in Breman-Asikuma children with microscopic malaria who showed higher levels of anti–P. falciparum IgG than asymptomatic ones.

Although circulating IgA has been scarcely investigated during malaria infection, there is previous evidence that malaria-specific IgA is produced in serum during P. falciparum infection (Duah et al., 2010) and possibly induced by contact with parasite proteins in the oral mucosa, which are present in the saliva of infected individuals (Wilson et al., 2008). The marked increase in Pf-IgA values observed with age suggests that this Ig isotype is likely to be induced by repeated exposure to the parasite. This increase with age was also observed in total IgA values, so that when the percentage of specific anti–Pf-IgA over total IgA was calculated, there was no difference between age groups in the case of uninfected control individuals. Nonetheless, differential levels of Pf-specific IgA were shown distinguish submicroscopic infection among individuals over 50 years of age. The potential of this isotype to show exposure to the malaria parasite prompts to further investigate possible correlations between IgA levels not only with blood-stage–specific antigens but also from gametocyte (Tao et al., 2019) and sporozoite (Suau et al., 2021) antigens.

The routine hematology tests that can be done in rural hospitals in malaria-endemic regions may help to assess clinical risk and guide therapy. Thus, in our study, we explored these data to find possible associations to changes in Ig levels. Three connections of potential prognostic value can be highlighted: (i) hemoglobin levels were not only significantly lower in malaria-infected patients but also negatively correlated with parasite density. Because Pf-specific IgM (and IgG) showed a strong indirect correlation with hemoglobin concentration, they could be used as predictors of malaria-associated anemia. Malaria-associated anemia is a leading cause of death (Menendez et al., 2000; Obonyo et al., 2007). In agreement, severe forms of anemia were found almost exclusively in infected children and individuals older than 50, which is where the highest number of fatalities is found. (ii) Circulating platelet counts were associated with hemoglobin levels and thus decreased together in infected patients. This may be associated with the role of platelets in parasite clearance directly through platelet-erythrocyte complexes, which are a high percentage of the total platelet pool in malaria infection and, consequently, linked to thrombocytopenia (Kho et al., 2018). (iii) Children with submicroscopic malaria had a higher percentage of monocytes compared with those infected at the microscopic level, in agreement with the inverse correlation existent between monocytes and severe malaria (Ladhani et al., 2002; Chua et al., 2013). Furthermore, Pf-specific IgM levels (and at some extent IgG) had an inverse relationship with monocyte percentage which, together with its relationship with anemia (see above), could be a marker of malaria severity development.

Finally, we would like to address some limitations that we consider our study has. First, all individuals tested, including the youngest children, may have been exposed to previous malaria infections, so it is not possible to establish a baseline level of humoral response prior to infection. Negative ELISA controls were Spanish individuals never exposed to malaria, but this is not necessarily comparable to the status of a hyperendemic region. Second, cases of submicroscopic infection, although statistically consistent, may include cases of onset of infection with low parasite densities but later, along the disease progresses, may reach microscopic densities. Moreover, although we consider submicroscopic malaria as an indication of the individual’s protective status, the sample reflects only a time point, lacking the clinical history of antibody responses associated with malaria risk and functional immunity. Last, this study has a limited number of samples which, while offering in many cases sufficient statistical power, suggests that the study could be extended to larger and different hyperendemic populations. This would provide a more general population screening and greater statistical power to identify further correlates of protection.

In conclusion, this study conducted in a malaria-hyperendemic region supports the accepted idea that age is key for the development of humoral immunity to P. falciparum. Children are more likely to develop microscopic malaria, whereas adults have a higher prevalence of submicroscopic infection, in agreement with the lower concentration of Pf-specific Igs in children than in adults in a basal state. Detection of IgM, IgA, and IgG levels against P. falciparum blood-stage antigens does not help to reveal submicroscopic malaria infections, which, to make matters worse, are barely detected by RDTs. However, in our dataset, it is possible to establish a cutoff value in the concentration of Pf-specific IgM and IgA to serologically determine those cases of microscopic malaria and severe anemia in children, the human population most vulnerable to malaria. It remains to be established whether these cutoff values could be extrapolated to datasets from other populations. The susceptibility of pregnant women, who are the group with the highest risk of developing malaria infection among adults, unfortunately does not correlate with their levels of Pf-specific Ig isotypes. Finally, we must emphasize the need to search for new serological markers for the detection of submicroscopic malaria carriers, because, despite being the most common type of malaria in hyperendemic regions, it is not detectable by local diagnostic systems or serology.
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