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Abstract

Cytophilic immunoglobulin (IgG) subclass responses (IgG1 and IgG3) to Plasmodium falciparum 

antigens have been associated with protection from malaria, yet the relative importance of 

transmission intensity and age in generation of subclass responses to pre-erythrocytic and blood-

stage antigens have not been clearly defined. We analyzed IgG subclass responses to the pre-

erythrocytic antigens CSP, LSA-1, and TRAP and the blood-stage antigens AMA-1, EBA-175, 

and MSP-1 in asymptomatic residents age 2 years or older in stable (n=116) and unstable (n=96) 

transmission areas in Western Kenya. In the area of stable malaria transmission, a high prevalence 

of cytophilic (IgG1 and IgG3) antibodies to each antigen was seen in all age groups. Prevalence 

and levels of cytophilic antibodies to pre-erythrocytic and blood-stage P. falciparum antigens 

increased with age in the unstable transmission area, yet IgG1 and IgG3 responses to most 

antigens for all ages in the unstable transmission area were less prevalent and lower in magnitude 

than even the youngest age group from the stable transmission area. The dominance of cytophilic 

responses over non-cytophilic (IgG2 and IgG4) was more pronounced in the stable transmission 

area, and the ratio of IgG3 over IgG1 generally increased with age. In the unstable transmission 
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area, the ratio of cytophilic to non-cytophilic antibodies did not increase with age, and tended to 

be IgG3-biased for pre-erythrocytic antigens yet IgG1-biased for blood-stage antigens. The 

differences between areas could not be attributed to active parasitemia status, as there were 

minimal differences in antibody responses between those positive and negative for Plasmodium 

infection by microscopy in the stable transmission area. Individuals in areas of unstable 

transmission have low cytophilic to non-cytophilic IgG subclass ratios and low IgG3:IgG1 ratios 

to P. falciparum antigens. These imbalances could contribute to the persistent risk of clinical 

malaria in these areas and serve as population-level, age-specific biomarkers of transmission.
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1. INTRODUCTION

The incidence of severe malaria markedly decreases after age 5 years of age in areas of high 

and stable P. falciparum transmission (Snow et al., 1997) as frequent parasite exposure leads 

to partial protective immunity against disease. In contrast, older individuals remain at risk 

for clinical malaria in areas of low or unstable transmission (Okiro et al., 2009; Reyburn et 

al., 2005). We previously observed (Noland et al., 2008) that asymptomatic residents of an 

unstable transmission area of Western Kenya had significantly lower total IgG antibody 

responses to the pre-erythrocytic antigens circumsporozoite protein (CSP), liver-stage 

antigen 1 (LSA-1), and thrombospondin-related adhesive protein (TRAP), as well as to 

apical membrane antigen 1 (AMA-1), which is expressed in pre-erythrocytic and blood-

stages of infection (Silvie et al., 2004), compared to individuals from a stable, high 

transmission area. In contrast, prevalence and levels of IgG antibody to the blood-stage 

antigens merozoite surface protein 1 (MSP-1) and erythrocyte binding antigen 175 

(EBA-175), which is also expressed in pre-erythrocytic stages of infection (Gruner et al., 

2001), were not significantly different between areas. As antibodies to pre-erythrocytic 

antigens have been found to associate with protection from infection and disease in high-

transmission areas of Western Kenya (John et al., 2005b; John et al., 2008), the lack of 

antibodies to these antigens may explain in part the persistent risk for severe clinical malaria 

in residents of unstable transmission areas.

Examination of antibody isotype and subclass profile is critical to interpreting functional 

anti-malarial immunity. Studies from high-transmission areas consistently observe that 

cytophilic anti-parasite antibodies, i.e. those of the IgG1 and IgG3 subclasses, predominate 

in immune serum (Bouharoun-Tayoun and Druilhe, 1992; Chelimo et al., 2005; Egan et al., 

1995; John et al., 2005b; Stanisic et al., 2009b; Wahlgren et al., 1983) and often correlate 

with protection from disease (Aribot et al., 1996; Metzger et al., 2003; Nebie et al., 2008; 

Sarthou et al., 1997; Shi et al., 1996; Soe et al., 2004; Taylor et al., 1998). The γ-globulin 

fraction of immune serum is clinically effective in passive transfer experiments (Cohen et 

al., 1961) and able to inhibit parasite growth in vitro when incubated in the presence of 

mononuclear cells (Bouharoun-Tayoun et al., 1990). Cytophilic subclass IgG antibodies 

limit pathogen growth by promoting complement activation, opsonizing phagocytosis, and 
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antibody dependent cellular inhibition (Bouharoun-Tayoun et al., 1990; Ferrante and 

Rzepczyk, 1997; Tebo et al., 2001), with more recent work suggesting a role for reactive 

oxygen species release from activated polymorphonuclear neutrophils (Joos et al., 2010). 

Both IgG1 and IgG3 are capable of mediating these functions, as there is significant overlap 

in affinities to leukocyte-bound Fcγ receptors (Pleass and Woof, 2001). Cytophilic IgG3 

antibodies to parasite antigens tend to be absent, however, in individuals with limited 

parasite exposure, for example those from a low transmission area of Senegal (Sarthou et al., 

1997) or European adults following a primary malaria infection (Bouharoun-Tayoun and 

Druilhe, 1992; Wahlgren et al., 1983). Furthermore, sera from European individuals 

containing high levels of non-cytophilic IgG2 abrogated the in vitro growth inhibitory 

properties of IgG1- and IgG3-rich sera from immune Africans (Bouharoun-Tayoun and 

Druilhe, 1992). The view that non-cytophilic anti-parasite antibodies may interfere with the 

protective properties of cytophilic antibodies is further supported by in vivo studies 

demonstrating heightened susceptibility to disease in individuals with an abundance of non-

cytophilic IgG2 or IgG4 antibodies (Ndungu et al., 2002; Soe et al., 2004). Thus 

development of protective immunity to malaria appears to depend not only on acquisition of 

parasite-specific antibodies, but also on the generation of cytophilic antibodies in particular.

To determine whether antigen-specific antibody responses from individuals living in 

unstable transmission area of Western Kenya are biased toward cytophilic or non-cytophilic 

antibodies, we compared the IgG subclass responses to six pre-erythrocytic and blood-stage 

P. falciparum antigens (CSP, LSA-1, TRAP, AMA-1, EBA-175, and MSP-1) in a subset of 

asymptomatic individuals previously evaluated for total IgG responses residing in stable and 

unstable transmission areas of Western Kenya (Noland et al., 2008).

2. MATERIALS AND METHODS

2.1. Study areas, recruitment, and sample collection

Healthy individuals two years of age and older were recruited as previously described 

(Noland et al., 2008) from Kanyawegi (population: ~3000; elevation: 1100 m), a 

holoendemic lowland area in Western Kenya with stable, year-round, intense malaria 

transmission, where entomological inoculation rates (EIR) have been recorded at >300 

infectious bites per person per year (Beier et al., 1990), and Kipsamoite (population: ~3500; 

elevation: 1950—2100 m), an epidemic-prone highland area characterized by unstable 

malaria transmission, with an estimated EIR of <1 infectious bite per person per year (Rolfes 

et al., 2012). Malaria appears to have been introduced into highland areas by rail and travel 

of persons from endemic areas for tea planting and harvesting in the early 1900’s (Campbell, 

1929; Matson, 1957). This likely explains the low prevalence of protective genetic 

polymorphisms hemoglobin AS (HbAS) and glucose-6-phosphate dehydrogenase deficiency 

among residents of Kipsamoite (Moormann et al., 2003).

This study was a cross-sectional survey conducted in August 2001, during a time of stable 

malaria incidence in the high transmission area and during a period of peak malaria 

incidence in the unstable transmission area (John et al., 2005a). Insecticide treated bed nets 

were not distributed or used commonly in either area at this time (Kanyawegi 6.0%, 

Kipsamoite, 0.0%).
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Information about the study was provided through local barasas or meetings across the 

study sites. Field assistants then visited households chosen randomly from a list of 

households in each site and asked if individuals were interested in participating in the study. 

Written informed consent was obtained from the study participants or the parents or 

guardians of individuals under 18 years of age prior to sample collection. Blood was 

collected by venipuncture from adults (10 to 20 ml) and children (5 ml) to enable multiple 

types of immunologic investigation, including testing of peripheral blood mononuclear cells 

for antigen-specific cytokine responses. Plasma was separated by centrifugation from these 

blood samples and stored for the antibody testing conducted in this study. Blood-stage 

Plasmodium infection was determined by microscopy as previously described (John et al., 

2004). A pre-specified number of households from villages within each site were enrolled to 

allow proportional geographic representation across each site. From the larger survey 

sample set, 116 samples from Kanyawegi (stable transmission area) and 96 samples from 

Kipsamoite (unstable transmission area) were randomly selected for anti-malaria antibody 

subclass analysis. Ethical approval was obtained from the Ethical Review Committee at the 

Kenya Medical Research Institute and the Institutional Review Board at Case Western 

Reserve University and University Hospital of Cleveland.

2.2. ELISA testing

Central repeat peptides of CSP (NANP)5 (Chougnet et al., 1991) and LSA-1 

(LAKEKLQGQQSDLEQERLAKEKLQEQQ-SDLEQERLAKEKLQ) (LSA-Rep) (Fidock 

et al., 1994) as well as recombinant TRAP (3D7), AMA-1 (ectodomain 3D7, 

nonglycosylated), EBA-175 (3D7, non-glycosylated), and MSP-119 (E-KNG) antigens were 

used as previously described (Noland et al., 2008). To test for the presence and levels of IgG 

subclass antibodies, plasma samples diluted 1:100 were tested by enzyme-linked 

immunosorbent assay (ELISA) using biotinylated mouse anti-human IgG1 (clone HP6069), 

IgG2 (clone HP6002), IgG3 (clone HP6047), and IgG4 (clone HP6025; all from Zymed 

Laboratories, San Francisco, CA) as secondary detection antibodies as previously described 

(John et al., 2005b).

Antibody values were expressed in arbitrary units (AU), which were calculated by dividing 

the optical density (OD) generated by the test sample by the mean OD plus 3 standard 

deviations (SD) of samples from 40 North Americans never exposed to malaria. Individual 

sera from 9 North American control subjects with OD values representative of the 40 North 

American malaria-naïve samples were used on each plate. OD values greater than 1.0 AU 

were considered positive for antibody prevalence assessment. Two positive control samples 

were placed on each plate. The positive control samples were pooled plasma from adults 

from a Kenyan site with high malaria transmission. OD values corresponding to 1.0 AU for 

CSP, LSA-1, TRAP, AMA-1, EBA-175 and MSP-1 were 0.023, 0.028, 0.056, 0.054, 0.024, 

and 0.027 respectively for IgG1; 0.019, 0.037, 0.087, 0.176, 0.022, and 0.023 respectively 

for IgG2; 0.023, 0.019, 0.026, 0.033, 0.048, and 0.015 respectively for IgG3; and 0.022, 

0.055, 0.015, 0.041, 0.23, and 0.011 respectively for IgG4. AU values less than 0, which 

occurred when sample OD values were less than blank wells, were converted to 0.00. Ratios 

of cytophilic to non-cytophilic antibodies were calculated by dividing the sum of AU’s for 

IgG1 and IgG3 by the sum of AU’s for IgG2 and IgG4 for individuals possessing positive 
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cytophilic (either IgG1 and/or IgG3 greater than 1.0 AU) and non-cytophilic responses 

(either IgG2 and/or IgG4 greater than 1.0 AU).

2.3. Statistical analysis

To determine the significance of antibody prevalence and levels in each age group across the 

two transmission sites or in individuals with vs. without parasitemia, χ2 analysis and the 

Wilcoxon rank-sum test were used, respectively. To determine the significance of the trend 

of antibody prevalence and levels in populations across the four age groups for each site, the 

χ2 test for trend and a non-parametric test for trend across ordered groups, an extension of 

the Wilcoxon rank-sum test (Stata command: nptrend), were used, respectively. To 

determine the significance of difference in ratios of cytophilic to non-cytophilic antibodies 

and IgG3 to IgG1 antibodies in each age group across sites, the Wilcoxon rank-sum test was 

used. To assess trends in ratios across age groups within each site, the non-parametric test 

for trend was used. The non-parametric test for trend is superior to Kruskal-Wallis testing 

when a trend across groups is assessed, because it assesses for trend rather than a single 

outlier group. For this descriptive study, we chose individuals randomly from the 

population. A sample size of approximately 18 individuals in each age group had 90% 

power to detect a difference between antibody levels of 1.0 and 0.5 AU. All age groups were 

this size or greater except children 2–5 years of age in the area of stable transmission (n=12, 

power=65% for detection of the same level of difference) and children 6–15 years of age in 

the area of unstable transmission (n=14, power=75%). We aimed for a total sample size of 

approximately 100 in each site to allow for obtaining at least 20 children in each group. The 

random selection gave us slightly fewer children in two of the groups. All statistical analysis 

was done using Stata 10.0 software (Stata Corporation, College Station, TX).

3. RESULTS

3.1. Study populations and Plasmodium Prevalence

Population demographics and P. falciparum infection status by age group are shown in 

Table 1. Overall median age did not differ significantly between stable (22.6 yrs; range 2.8–

84.7 yrs) and unstable transmission areas (26.6 yrs; range 2.3–78.6 yrs; P=0.68). Gender 

distribution was also similar between sites for each age group (P=0.50 overall).

In the area of stable transmission, 64 of the 116 asymptomatic individuals tested (58.7%) 

were positive for P. falciparum by microscopy, two (1.7%) were positive for Plasmodium 

malariae, and five (4.3%) were positive for both P. falciparum and P. malariae. In the area 

of unstable transmission, only one of the 96 individuals tested (1.0%) was positive for P. 

falciparum by microscopy and none were positive for P. malariae. No Plasmodium vivax or 

Plasmodium ovale infections were seen in either population.

3.2. Prevalence of IgG subclass antibodies in an area of stable malaria transmission

IgG subclass antibody responses to P. falciparum pre-erythrocytic (CSP, LSA-1, and 

TRAP), dual pre-erythrocytic-blood-stage (AMA-1, EBA-175), and blood-stage (MSP-1) 

antigens were evaluated in asymptomatic individuals from areas of Kenya with stable 

malaria transmission (Kanyawegi, n=116) and unstable malaria transmission (Kipsamoite, 
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n=96). In the area of stable malaria transmission, a high prevalence of cytophilic IgG1 

(>61%) and IgG3 (>71%) antibodies to each antigen was seen in all age groups (Figure 1a, 

c). Significant age-related increases in IgG1 or IgG3 antibodies were not seen for any 

antigens except for IgG3 to CSP and AMA-1. Antigen-specific IgG2 responses were less 

prevalent, but increased with age, such that >39% of individuals above 40 years of age had 

IgG2 antibodies to all antigens except AMA-1 (Figure 1b). IgG4 responses were infrequent 

to all antigens except CSP and TRAP, and increased with age only to CSP (Figure 1d).

3.3. Prevalence of IgG subclass antibodies in an area of unstable malaria transmission

In the area of unstable transmission, IgG1 and IgG3 subclass antibody responses to P. 

falciparum antigens also predominated. Prevalence of IgG1 antibodies increased with age 

for all antigens (Figure 1e), such that ≥50% of individuals older than 40 years of age 

possessed IgG1 antibodies to LSA-1, TRAP, AMA-1, EBA-175, and MSP-1. However, 

IgG1 responses to all antigens in all age groups were lower in the unstable as compared to 

stable transmission area, with the exception of IgG1 to AMA-1 in those older than 40 years 

of age and IgG1 to MSP-1 in those older than 15 years of age.

Prevalence of IgG3 antibodies increased with age for LSA-1, TRAP, AMA-1, and 

EBA-175, with >67% of individuals older than 40 years of age possessing IgG3 antibodies 

to LSA-1, TRAP, and EBA-175 (Figure 1g). IgG3 responses to MSP-1 were also common 

(>62%) in all age groups 2 years and older, but surprisingly, IgG3 responses to CSP 

declined with age. Like IgG1 antibodies, IgG3 antibody prevalence was significantly lower 

in every age group in the unstable versus stable transmission areas for all antigens except 

EBA-175 in individuals older than 15 years and CSP in individuals 2–5 years of age.

IgG2 responses in the area of unstable malaria transmission were less prevalent than IgG1 or 

IgG3 responses. A significant increase with age was observed for IgG2 antibody prevalence 

to CSP, LSA-1, and EBA-175 (Figure 1f). In individuals older than 5 years of age, IgG2 

antibody prevalence was generally lower in the unstable as compared to stable transmission 

area. Prevalence of IgG4 antibody responses in the unstable transmission area was low 

(<18%) in all age groups for all antigens except TRAP (Figure 1h).

3.4. Levels of IgG subclass antibodies according to age and transmission intensity

In the area of stable transmission, IgG1 antibody levels did not significantly increase with 

age for any antigen except TRAP (Table 2a), whereas IgG3 antibody levels increased with 

age for all antigens except LSA-1 and EBA-175 (Table 4a). In the area of unstable 

transmission, IgG1 antibody levels increased with age for all antigens (Table 2b), and IgG3 

antibody levels increased with age for all antigens except CSP and MSP-1 (Table 4b). IgG2 

antibody levels to most antigens also increased with age in both transmission areas though 

median levels were less than 1.0 AU for all antigens except CSP and LSA-1 in individuals 

older than 15 years in the stable transmission area, and LSA-1 and EBA-175 in individuals 

older than 40 years in the unstable transmission area (Table 3). IgG4 antibody levels were 

less than 1.0 AU for all antigens in both transmission areas, but increased with age in the 

area of unstable malaria transmission (Table 5).
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IgG1 antibody levels to the pre-erythrocytic antigens CSP, LSA-1, TRAP were significantly 

lower in every age group in the unstable as compared to stable transmission area (Table 2). 

However, levels of IgG1 antibodies to AMA-1 and EBA-175 in individuals older than 40 

years as well as levels of IgG1 antibodies to MSP-1 in individuals older than 15 years were 

similar in the two areas. IgG3 antibody levels in the unstable transmission area were 

significantly lower for all antigens and ages except EBA-175 IgG3 antibodies in individuals 

older than 40 years (Table 4). In individuals older than 5 years of age, IgG2 levels were 

lower for most antigens in the unstable transmission area (Table 3). Differences in IgG4 

levels were more heterogeneous due to the overall low magnitude of response (Table 5).

For a summary analysis, we compared natural log-transformed subclass antibody levels in 

the stable to unstable transmission site, adjusting for P. falciparum parasitemia status and 

age. Subclass antibody levels to all antigens were higher in the stable transmission than 

unstable transmission site, after adjustment for age and parasitemia status, except for IgG4 

levels to AMA-1 and EBA-175 (Supplemental Table 1).

3.5. Ratio of cytophilic to non-cytophilic IgG antibody subclasses

To examine the relationship of antibody responses in terms of functional specificity across 

age groups and between transmission areas, we calculated the ratio of cytophilic (IgG1 + 

IgG3) to non-cytophilic (IgG2 + IgG4) antibodies among individuals with positive 

cytophilic (either IgG1 and/or IgG3 greater than 1.0 AU) and non-cytophilic responses 

(either IgG2 and/or IgG4 greater than 1.0 AU). The ratio of cytophilic to non-cytophilic 

antibodies significantly increased with age for TRAP in both stable (P=0.004) and unstable 

(P=0.040) transmission areas (Figure 2), while the ratio significantly decreased with age for 

EBA-175 in the stable transmission area (P=0.023). Ratios for other antigens did not 

significantly change with age in either area. Median ratios of cytophilic to non-cytophilic 

antibodies tended to be higher in the stable transmission area for all antigens except 

EBA-175, though the limited number of antibody-positive individuals in the unstable 

transmission area precluded detection of statistically significant differences in most 

instances (Figure 2).

3.6. Ratio of IgG3 to IgG1 antibodies

We also examined the polarization between cytophilic IgG3 and IgG1 antibodies among 

individuals with positive IgG1 and IgG3 responses. In the stable transmission area, antigen-

specific IgG3 generally predominated over IgG1 (Figure 3). The ratio of IgG3 to IgG1 

tended to increase with age in the stable transmission area for all antigens except EBA-175, 

which significantly decreased with age. In contrast, IgG3 to IgG1 ratios did not increase 

with age in the unstable transmission area, and an IgG1 bias was detected for blood-stage 

antigens AMA-1, EBA-175, and MSP-1 in those older than 15 years of age. Median ratios 

of IgG3 to IgG1 were significantly lower in the unstable transmission area compared to the 

stable transmission area for all antigens among adults older than 40 years, as well as for 

LSA-1, EBA-175, and MSP-1 in those older than 15 years.
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3.7. IgG subclass analysis according to parasitemia status

To examine whether differences in subclass levels were driven by current P. falciparum 

infection, we first compared levels between those with and without microscopically 

confirmed infection in the stable transmission area, bearing in mind that all were 

asymptomatic at the time of evaluation. Because age is a major confounder, we assessed 

differences in natural log-transformed levels in those with versus without P. falciparum 

peripheral blood parasitemia, adjusted for age. We found that age-adjusted antigen-specific 

antibody subclass levels did not differ between those with and without parasitemia (Table 

6). Only levels of IgG4 to CSP differed between those with versus without parasitemia 

(P=0.04), but this difference was not considered biologically relevant, as levels in both 

parasitemic and non-parasitemic individuals were below the 1.0 AU cut-off. There was no 

significant difference in overall antigen-specific IgG3 to IgG1 ratios between those with P. 

falciparum parasitemia and those without parasitemia in the stable transmission area, 

whether considering all individuals, or only those with positive IgG1 and IgG3 responses 

(data not shown).

We then repeated comparison of prevalence and levels of antigen-specific antibody 

subclasses by age between stable and unstable transmission areas restricted only to 

microscopically negative individuals in the area of stable transmission and found that results 

were consistent with the full study cohort (data not shown).

4. DISCUSSION

A large body of evidence indicates that cytophilic IgG1 and IgG3 antibodies to malaria 

antigens predominate over non-cytophilic IgG2 and IgG4 responses in individuals from 

malaria endemic areas. However, the majority of such studies have been carried out in areas 

of high transmission, and it has been difficult to determine whether the development of 

cytophilic antibodies is an age- or exposure-dependent process, as the two parameters are 

often inseparable in highly endemic settings. Furthermore, most studies have focused on 

responses to blood-stage antigens since the morbidity and mortality arising from 

Plasmodium infection is attributable to this phase of disease. To address these gaps, we 

compared IgG subclass responses to both pre-erythrocytic and blood stage P. falciparum 

antigens in two areas of highly differing malaria endemicity. We found that in an area of 

unstable malaria transmission, cytophilic IgG1 and IgG3 antibodies increased with age to 

nearly all antigens, but were less prevalent and generally lower in magnitude compared to an 

area of stable transmission. In addition, the cytophilic response to all antigens in the area of 

stable transmission was dominated by IgG3 antibodies that increased with age in relation to 

IgG1 antibodies, whereas ratios of cytophilic antibodies to pre-erythrocytic antigens (IgG3-

biased) and blood stage antigens (IgG1-biased) did not change with age in an area of 

unstable transmission.

The finding that age and exposure independently affect anti-malaria subclass antibody 

response is consistent with results from a previous study of subclass responses to blood-

stage antigens across several transmission gradients in Tanzania (Tongren et al., 2006). 

Results from our study indicate that this applies to pre-erythrocytic as well as blood-stage 

antigens. Interestingly, the Tanzanian study and several others (Dobano et al., 2012; Stanisic 
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et al., 2009a) document a predominance of IgG1 over IgG3 for MSP-1 and AMA-1 in areas 

of moderate and high transmission, whereas we observed a clear IgG3 bias to these as well 

as to pre-erythrocytic antigens in the area of high, stable transmission. A number of other 

studies (Courtin et al., 2009; Dodoo et al., 2008; Duah et al., 2010; Duah et al., 2009; 

Kinyanjui et al., 2003; Richards et al., 2010), including our previous evaluations of CSP, 

TRAP and LSA-1 in another unstable transmission area of Kenya (John et al., 2003), have 

also shown an IgG3 bias over IgG1 to P. falciparum antigens. Such bias is somewhat 

unexpected, as IgG3 antibodies have a shorter half-life than other subclasses. It has been 

suggested that repeated parasite exposure may sustain high-levels of IgG3 antibodies 

(Kinyanjui et al., 2003; Sarr et al., 2012), while recent evidence reveals a genetic 

contribution to differential subclass production against malaria (Afridi et al., 2012). It is also 

possible the higher sensitivity of commercial anti-IgG3 detection antibodies may have led to 

an apparent IgG3 bias. However, the monoclonal antibody clones used in this study have 

been widely used for decades in research applications and have been accepted as reliable 

indicators of relative human IgG subclass concentrations.

Antibody profiles of residents from the unstable transmission area lacked the magnitude of 

responses present in individuals from a highly endemic area to the extent that IgG1 and 

IgG3 responses in adults from the unstable area to nearly all studied antigens were lower 

than responses in the youngest age group in the stable transmission area. Even allowing for 

occasional travel exposure in adults, this result suggests that multiple exposures over a 

relatively short period of time (several years) leads to a more robust response than an 

equivalent number of exposures over an extended period of time (several decades). This 

assumes a steady, low rate of exposure in the unstable transmission area. Surveillance data 

from the unstable transmission area show that malaria has been present with seasonal peaks 

for several years surrounding the present survey (John et al., 2009), meaning that adults and 

children likely experienced malaria in the recent past. In addition, health facility data from a 

nearby highland tea estate dating back to the late 1960s indicates that historical incidence 

rates were even lower until the advent of chloroquine resistance in the area around 1990 

(Shanks et al., 2000). Results presented here may not capture the absolute levels of 

biologically active antibodies due to factors like differential avidity and competitive binding 

between subclasses, as well as conformational structure of recombinant antigens. Yet the 

relative differences in antibodies detected across sites still likely reflects true differences 

since the method of analysis was the same for each site. A recent publication (Baum et al., 

2013) using protein microarray to examine total IgG antibody response in other areas of 

western Kenya with high versus lower malaria transmission showed that antibodies to some 

antigens were acquired with much less exposure requirement than antibodies to other 

antigens, similar to the findings in this study. Assessment of subclass antibodies by high-

throughput microarray might shed further light on differences in antibody acquisition and 

seroconversion in areas of differing transmission.

The cross-sectional nature of this study posed several limitations. As mentioned above, 

detailed infection history was not collected. Even though all patients were asymptomatic at 

the time of sample collection, 59% of individuals in the stable transmission area were 

positive for P. falciparum by microscopy. These results could thus reflect active or recent 
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infection rather than cumulative exposure. To address this, we compared responses between 

stable and unstable transmission areas only among non-parasitemic individuals. We found 

that results were similar to the findings of the full study population and that within the stable 

transmission area, differences between parasitemic and non-parasitemic individuals were 

primarily limited to deficiencies of cytophilic responses to the pre-erythrocytic antigens 

TRAP (IgG1 and IgG3) and CSP (IgG3) in parasitemic versus non-parasitemic individuals. 

This further reinforces the view that cytophilic antibodies to pre-erythrocytic antigens are 

associated with protection from malaria. However, the cross sectional design limited this 

study’s ability to make causal inferences regarding antibody responses and protection from 

infection. Other studies have found that cytophilic IgG1 (Shi et al., 1996) and IgG3 (Aribot 

et al., 1996; Metzger et al., 2003; Roussilhon et al., 2007; Sarthou et al., 1997; Soe et al., 

2004; Taylor et al., 1998) subclass responses to P. falciparum and high ratios of cytophilic 

to non-cytophilic IgG (Bouharoun-Tayoun and Druilhe, 1992; Roussilhon et al., 2007) have 

been associated with protection from malaria. Adults in highland areas of unstable 

transmission remain at risk for malaria, though evidence suggests that they are at lower risk 

than children in the same area (Hay et al., 2002). Results from this study suggest that 

persistently low cytophilic antibody responses may contribute to the partial but limited 

protection from clinical malaria seen in adults in these areas, though longitudinal cohort 

studies are required.

Additionally, this study included a wide age range in order to examine the contribution of 

age in the development of anti-malaria subclass antibodies, but children less than 2 years of 

age were not recruited. In order to fully evaluate the contribution of age and exposures in 

development of antigen-specific immunity, it would be valuable to compare IgG subclass 

distribution in infants in areas of stable and unstable transmission. Results from a birth 

cohort from an area of seasonal transmission in the Gambia indicate that IgG1 responses to 

blood-stage antigens precede IgG3 responses (Duah et al., 2010), while previous work from 

a holoendemic area of Tanzania did not detect clear patterns of sequential IgG1 or IgG3 

antibody development in response to pre-erythrocytic or blood-stage antigens (Kitua et al., 

1999). How this compares to infants in areas of unstable transmission is not known. The 

preferential development of cytophilic IgG subclasses remains a poorly understood process, 

though evidence from this study and others indicates that induction depends on multiple 

factors including host age, host genetic background, level of antigen exposure and the nature 

of the antigen (Duah et al., 2009; Tongren et al., 2006).

5. CONCLUSIONS

These findings provide new evidence that ratios of cytophilic to non-cytophilic IgG subclass 

responses and development of IgG3-biased responses to both pre-erythrocytic and blood-

stage antigens are reduced in populations of unstable as compared to stable malaria 

transmission even into late adulthood. The lower ratios, which generally did not increase 

with age in the unstable transmission area, may contribute to the persistent risk of clinical 

malaria for older individuals in such areas. As interventions reduce malaria transmission in 

areas of previously high transmission, it will be important to assess if a loss of cytophilic 

subclass responses occurs in these populations, and if the ratios of cytophilic to non-
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cytophilic subclass responses change over time, as these may provide valuable markers of 

population-level, age-specific risk of clinical disease from malaria.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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HIGHLIGHTS

• IgG1 and IgG3 to P. falciparum are lower in unstable than stable transmission 

areas.

• Cytophilic:non-cytophilic antibody ratios are decreased in unstable 

transmission.

• IgG3:IgG1 ratios for blood-stage antigens are decreased in unstable 

transmission.

• Low IgG3:IgG1 and cytophilic:non-cytophilic ratios may contribute to malaria 

risk.
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Figure 1. 
Prevalence of IgG1, IgG2, IgG3, and IgG4 subclass antibodies by age to P. falciparum 

antigens in areas of stable (a–d) and unstable (e–h) malaria transmission as measured by 

ELISA. Asterisk (*) indicates significant (P<0.05) difference in age groups between areas 

by χ2 analysis. P-values for trend for age by χ2 analysis for each antigen as indicated.
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Figure 2. 
Median ratio of cytophilic (IgG1 + IgG3) to non-cytophilic (IgG2 + IgG4) antibodies by age 

to P. falciparum antigens in areas of stable (a) and unstable (b) malaria transmission among 

individuals with positive cytophilic (either IgG1 and/or IgG3 greater than 1.0 AU) and non-

cytophilic responses (either IgG2 and/or IgG4 greater than 1.0 AU). Dashed line (---) 

indicates age groups without observations. Asterisk (*) indicates significant (P<0.05) 

difference in age groups between areas by Wilcoxon rank-sum analysis. P-values indicate 

trend for age by non-parametric test for trend across ordered groups.
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Figure 3. 
Median ratio of IgG3 to IgG1 antibodies by age to P. falciparum antigens in areas of stable 

(a) and unstable (b) malaria transmission among individuals with positive IgG1 and IgG3 

responses (greater than 1.0 AU). Dashed line (---) indicates age groups without observations. 

Asterisk (*) indicates significant (P<0.05) difference in age groups between areas by 

Wilcoxon rank-sum analysis. P-values indicate trend for age by non-parametric test for trend 

across ordered groups.
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Table 6

Adjusted mean difference in natural log-transformed antibody levels between P. falciparum positive vs. 

negative individuals in the stable transmission area, adjusted for agea.

Antigen Subclass Adjusted mean difference (95% CI) P-value

CSP IgG1 −0.13 (−0.48, 0.22) 0.45

IgG2 0.20 (−0.18, 0.59) 0.30

IgG3 −0.21 (−0.67, 0.25) 0.38

IgG4 −0.24 (−0.47, −0.01) 0.04*

LSA-1 IgG1 −0.15 (−0.55, 0.24) 0.45

IgG2 −0.59 (−1.41, 0.24) 0.16

IgG3 −0.01 (−0.61, 0.58) 0.97

IgG4 −0.38 (−0.79, 0.02) 0.06

TRAP IgG1 −0.30 (−0.60, 0.01) 0.06

IgG2 −0.38 (−0.95, 0.20) 0.19

IgG3 −0.08 (−0.50, 0.35) 0.71

IgG4 −0.05 (−0.21, 0.11) 0.52

AMA-1 IgG1 0.11 (−0.16, 0.37) 0.44

IgG2 −0.02 (−0.46, 0.43) 0.95

IgG3 0.02 (−0.39, 0.43) 0.93

IgG4 −0.17 (−0.49, 0.15) 0.31

EBA-175 IgG1 −0.21 (−0.71, 0.29) 0.41

IgG2 −0.38 (−0.80, 0.04) 0.08

IgG3 −0.08 (−0.81, 0.66) 0.84

IgG4 −0.01 (−0.32, 0.30) 0.94

MSP-1 IgG1 −0.23 (−0.50, 0.04) 0.09

IgG2 −0.25 (−0.57, 0.07) 0.12

IgG3 0.08 (−0.30, 0.46) 0.69

IgG4 −0.23 (−0.57, 0.11) 0.18

a
Linear regression analysis

*
P<0.05.
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