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Polyparasitism is common in the developing world. We have previously demonstrated 
that schistosomiasis-positive (SP) Malian children, aged 4–8 years, are protected from 
malaria compared to matched schistosomiasis-negative (SN) children. The effect of con-
comitant schistosomiasis upon acquisition of T cell memory is unknown. We examined 
antigen-specific T cell frequencies in 48 Malian children aged 4–14 to a pool of malaria 
blood stage antigens, and a pool of schistosomal antigens, at a time point during a 
malaria episode and at a convalescent time point ~6 months later, following cessation of 
malaria transmission. CD4+ T cell-derived memory responses, defined as one or more 
significant cytokine (IFN-γ, TNF-α, IL-2, and/or IL-17A) responses, was measured to 
schistoma antigens in 18/23 SP children at one or both time points, compared to 4/23 
SN children (P < 0.0001). At the time of malaria infection, 12/24 SN children and 15/23 
SP children (P = 0.29) stimulated with malaria antigens demonstrated memory recall as 
defined by CD4-derived cytokine production. This compares to 7/23 SN children and 
16/23 SP children (P = 0.009) at the convalescent timepoint. 46.2% of cytokine-pro-
ducing CD4+ T cells expressed a single cytokine after stimulation with malaria antigen 
during the malaria episode. This fell to 40.9% at follow-up with a compensatory rise of 
multifunctional cytokine secretion over time, a phenomenon consistent with memory 
maturation. The majority (53.2–59.5%) of responses derived from CD45RA−CD62L− 
effector memory T cells with little variation in the phenotype depending upon the time 
point or the study cohort. We conclude that detectable T cell memory responses can 
be measured against both malaria and schistosoma antigens and that the presence 
of Schistosoma haematobium may be associated with long-term maintenance of T 
memory to malaria.

Keywords: malaria, schistosomiasis, coinfection, multifunctional T cells, T cell memory, memory, Plasmodium 
falciparum
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inTrODUcTiOn

Plasmodium falciparum and Schistosoma spp. are co-endemic 
parasitic diseases with worldwide distribution. Revised estimates 
suggest that falciparum malaria causes 212 million infections 
annually, while schistosomiasis affects an estimated 207 mil-
lion with 92% residing in Africa (1, 2). Both parasitic diseases 
predominate in sub-Saharan Africa but the host impact of dual 
infection is understudied. A growing body of evidence suggests 
that a pre-existing infection can modulate the effects of a second 
infection within the human host. This can occur indirectly, as 
is the case in HIV where a reduction in CD4+ T cells results in 
host susceptibility to viral and parasitic infections. This can also 
occur directly, such as in helminth infections, where chronicity of 
infection and the robust response of the immune system results 
in a background environment that modulates the host response 
to a secondary infection. The term, “helminth” encompasses a 
wide range of representative examples including soil transmit-
ted helminthes with limited systemic perturbation, as well as 
tissue-invasive helminths capable of surviving for years within 
the human host. Schistosoma haematobium is a long-lived blood 
fluke capable of exerting a persistent stimulatory effect on the 
host immune system, chiefly to egg antigens, and modestly pro-
tects against clinical uncomplicated P. falciparum malaria in an 
age-specific manner in West African children (3, 4).

Chronic schistosoma infection, characterized by persistent egg 
patency, results in an expansion of TH2-mediated responses (5, 6), 
as well as the induction of regulatory pathways leading to parasite 
immunomodulation (7). While the immunologic mechanisms 
involved in exerting clinical protection may be multifactorial, 
there is evidence of differential immunologic responses to 
malaria in children with underlying S. haematobium (8–13). 
These immunologic perturbations may result in an altered clinical 
response to an acute malaria exposure. A systematic examina-
tion of the immune response to malaria among Malian children 
with asymptomatic S. haematobium demonstrate significantly 
more memory B cell response to pooled malaria vaccine antigens  
[apical membrane antigen 1 (AMA1) and merozoite surface pro-
tein 1 (MSP1)] (14), altered cytokine patterns characterized by 
IL-4 and IL-10 TH2-enrichment as well as IL-6 and IFN-γ elevation 
(8), and suppressed T regulatory cells response (15), compared to 
age-matched children without underlying schistosomiasis.

Protection against pre-erythrocytic malaria may be mediated 
by CD4 T cells as evidenced by the ability for circumsporozoite-
specific CD4 T cells to mediate clearance of hepatocyte infection 
in murine models and adoptive transfer of protection in  vivo  
(16, 17). Multifunctionality, a term referring to the abil-
ity of T  cells to simultaneously produce multiple cytokines  
(e.g., IFN-γ, IL-2, and TNF-α) has been associated with increased 
protective responses against some infections and is therefore 
generally accepted as an indicator of the “quality” of T  cell 
response (18, 19). CD4 T cells may gain effector function with 
maturation resulting in the ability to secrete multiple cytokines 
while eventually losing effector function in a linear manner (19). 
Evidence of durable immunologic memory to malaria antigens 
is mixed, particularly in young children, where repetitive and 
ongoing exposure to malaria is required to achieve and maintain 

immunity (20, 21). Chronic immune activation due to a helminth 
infection (characterized by a TH2 cytokine production pattern) 
may alter responses to a secondary stimuli that depend upon TH1 
cytokine production, such as malaria antigens (5, 22), as well as 
affect the induction and maintenance of T cell memory responses 
(23). For example, it has been reported that underlying filarial 
infection suppresses malaria-specific TH1 and TH17 responses 
in co-infected Malian children (24). We report herein, findings 
that demonstrate maintenance of CD4 T cell memory responses 
at a convalescent time point following documentation of acute 
malaria infection in children with underlying S. haematobium 
compared to helminth-free, age-matched children.

MaTerials anD MeThODs

study Population and clinical Trial Design
Bandiagara (pop. ~13,600) is located in Mali, West Africa, 
and has intense seasonal transmission (July–December) of 
P.  falciparum malaria. The entomologic inoculation rate at 
the time of this field study ranged from 20 to 60 infected bites 
per month at peak transmission and, children experience a 
mean of 1.54 symptomatic malaria episodes per  season (25).  
S. haematobium and Schistosoma mansoni are endemic to the 
area (26, 27), with S. haematobium prevalence of 25% in chil-
dren aged 4–14 years and ~50% in adults (3). Children can be 
exposed to schistosomes as early as age 2 or 3 years. This study 
was conducted over two sequential malaria transmission seasons 
(2002–03) and study details have previously been reported (3, 8).  
Briefly, children aged 4–14  years of age, diagnosed as having 
asymptomatic, chronic S. haematobium (SP), were age, gender, 
and residence-matched to a child without schistosomiasis 
[schistosomiasis-negative (SN)] prior to malaria transmission. 
Children were followed weekly over the malaria transmission 
season (25 weeks) and at a dry season follow-up appointment 
(~6–9 months after enrollment at a time when standing water 
pools had dried and schistosoma transmission had ceased). The 
primary endpoint of the clinical trial was time to first clinical 
malaria infection. Clinic personnel were available 24  h-a-day 
throughout study duration to detect, examine, and treat symp-
tomatic malaria episodes. A clinical episode of malaria was 
defined as P. falciparum parasitemia and axillary temperature 
≥37.5°C on active surveillance, or parasitemia and symptoms 
leading to treatment-seeking behavior in the absence of other 
clear cause on passive surveillance. All children were pre-treated 
with albendazole to eliminate concomitant helminth infections 
and study samples were drawn at the time of their first clinical 
malaria episode (or at study week 25/Day 175 in the absence of 
a clinical infection) and again at the final dry season appoint-
ment. Children were optimally treated for schistosomiasis with 
praziquantel at the final appointment.

ethics
This trial was carried out in accordance with the recommenda-
tions of the University of Bamako and the University of Maryland 
Institutional Review Boards (IRBs) with written consent obtained 
from all legal guardians. Village permission to conduct research 
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was obtained from village chiefs, government officials and 
traditional healers prior to study initiation. Individual written 
informed consent was obtained from the parent or legal guardian 
of each child prior to screening and enrollment in accordance 
with the Declaration of Helsinki. All children displaying gross 
hematuria or symptoms of genitourinary pathology were treated 
with praziquantel (40 mg/kg) therapy and discharged from the 
study.

sample collection
Patient whole blood (7–10 mL) was collected at the study clinic 
into sterile eppendorf and EDTA tubes on admission, prior to 
institution of anti-malarial therapy, and immediately refriger-
ated. Sera was processed as previously described (8). Blood was 
processed by density centrifugation, within 2 h of acquisition, 
utilizing lymphocyte separation medium (ICN Biomedical 
Inc, Aurora, OH, USA) following standard techniques (28). 
Peripheral blood mononuclear cells (PBMC) were resuspended 
in media and linear-rate frozen using isopropyl alcohol  
containers (Nalgene, USA) to −70°C in the field site before 
transfer in liquid nitrogen storage containers to the University 
of Maryland at Baltimore. Samples for the primary experiment 
were chosen based on the availability of both a transmission and 
dry season time point and the presence of at least 10 × 106 cells 
for each child at each time point. A secondary analysis from the 
same study, which was part of a larger, previously unpublished 
set of experiments, examined samples with only a single trans-
mission season time point utilizing a second flow cytometry 
panel of antibodies.

PBMc stimulation
Each primary experiment consisted of a U.S. malaria-naïve adult 
control, and paired samples (transmission and dry season) from 
an SP child and an age-matched SN child and was performed by 
an investigator blinded to the age and schistosoma status of the 
samples. Thawed PBMC were rested overnight at 37°C, 5% CO2 
and washed. A portion of cells (2.0 × 106) was removed to serve 
as negative (media) and positive [stimulation with 10  µg/mL  
Staphylococcus enterotoxin B (SEB); Sigma, St. Louis, MO, USA] 
controls. The remaining PBMC were split into two aliquots 
consisting of ~1.0 × 106 cells each and stimulated with a malaria 
antigen pool [consisting of AMA1 (29) and Merozoite Surface 
Protein 1 (MSP142)] (30), and S. haematobium antigen pools 
[soluble egg antigen and soluble worm antigen protein (SWAP)]. 
Antigen stimulation for the assay was optimized at 5  μg/mL/
antigen. The malaria antigens chosen represent two vaccine can-
didates being tested at the same field site in Mali, while the S. hae-
matobium antigens are commonly used in schistosoma research. 
The 3D7 stain of malaria is well documented at the Malian site 
and strain-specific protection against an AMA1 vaccine has been 
established (31). AMA1 has been shown to elicit cell-mediated 
immunity (32). Using an optimized protocol (33), all cells were 
stimulated for 2 h before protein transport was blocked by adding 
0.5 μL/tube GolgiPlug (BD Pharmingen) followed by overnight 
incubation. The secondary analysis examined PBMC stimulated 
with AMA1 (5  µg/mL) alone and processed in an identical  
fashion.

Flow cytometry staining and analysis
Primary Panel
Peripheral blood mononuclear cells were stained with 
fluorochrome-labeled monoclonal mouse anti-human antibod-
ies (mAb) against surface antigens (CD3-Energy Coupled Dye 
(ECD, Beckman Coulter, clone UCHT1), CD4-Pacific Orange 
(BD Biosciences, clone SK3), CD8-FITC (BD Biosciences, clone 
HIT8a), CD19 (Invitrogen, clone SJ25-C1)/CD14 Invitrogen, 
clone TüK4)/Vivid-Pacific Blue, CD45RA Quantum Dots (Qdot) 
655 (clone 5H3), and CD62L APC-EF780 (eBiosciences, clone 
DREG-56), followed by fixation/permeabilization by using cyto-
fix/cytoperm solution (eBiosciences) and intracellular staining 
with mAb to IFN-γ-APC (BD Biosciences, clone B27), IL-2-
phycoerythrin (PE)-Cy7 (BD Biosciences, clone MQ1-17H12), 
TNF Alexa Flour 700 (BD Biosciences, clone Mab11), IL-17A 
PerCP-Cy5.5 (eBiosciences, clone eBio64DEC17), and CD69-PE 
(eBiosciences, clone FN50).

Secondary Panel
A subset of unpaired PBMC (from the transmission season) were 
stained with CD3-ECD, CD4-APC-Cy7 (BD Biosciences, clone RPA-
T4), CD8-PE-Cy7, CD19/CD14-PacBlue, biotinylated CD45RA 
(BD Biosciences, clone HI100) PacOrange, CD62L PE-Cy5 (BD 
Biosciences, clone DREG-56), IFN-γ-PE (BD Biosciences, clone 
B27), IL-4 Alexa488 (BioLegends, clone M8D4-8), and IL-10 APC 
(BioLegends, clone JES3-19F1) mAb as described above.

Cells were resuspended in 1% formaldehyde fixation buffer  
and analyzed using a BD LSR II SORP 4-laser flow cytometer. 
PBMC from healthy subjects were used as internal controls in 
the experiments. A total of 244,000–1,000,000 events (mean 
~600,000) in the forward and side scatter (FS/SS) lymphocyte 
gate were collected per sample. List-mode data files were analyzed 
using WinList 7.1 3D (Verity Software House, Topsham, ME, 
USA). An amine reactive dye (ViViD, Invitrogen, OR, USA) was 
used as a dead cell discriminator and B lymphocytes (CD19+) and 
macrophages/monocytes (CD14+) were excluded from analysis. 
Doublets/aggregates were subtracted from analysis and gate place-
ment determined with the aid of Fluorescence Minus One controls. 
Specimens were included in the analysis if (1) the cell viability was 
>80% after thawing and (2) cells were shown to be functionally 
active as determined by the production of IFN-γ by at least 0.2% 
CD3+ cells after stimulation with SEB. A response was considered 
specific if (1) the differential in the number of positive events in the 
stimulant pool compared to the media control was significantly 
increased by χ2 analyses; and (2) the net percentage of cytokine-
producing cells was ≥0.1% in stimulant pool as compared to the 
media control. A response was considered positive if the produc-
tion of one or more cytokines, meeting the pre-defined criteria, 
was measured in response to antigen stimulation of PBMC.

Statistics
Statistical analysis was performed on GraphPad Prism 5 (Graphpad 
Software, Inc., San Diego, CA, USA), and demographic and 
immunologic data were stratified and evaluated by age group (age 
4–8 and 9–14 years). Student t-test (two-tailed) or Mann–Whitney 
U test were used to compare continuous and/or nonparametric 
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TaBle 2 | Intracellular cytokine expression to antigen stimulation.

season cohort aga no. (iFnγ)b (range) Pc no. (TnFα) (range) Pc no. (il-2) (range) Pc no. (il-17a) (range) Pc

Wetd SP Pf 12/23 (0.22) (0.1–1.09) 0.32 13/23 (0.39) (0.1–1.8) 0.31 14/23 (0.32) (0.1–1.7) 0.11 3/23 (0.37) (0.1–0.91) ns
SNc Pf 9/24 (0.22) (0.1–0.86) 10/24 (0.19) (0.1–0.57) 9/24 (0.29) (0.1–1.04) 5/24 (0.25) (0.1–0.71)
SP Sh 12/23 (0.25) (0.1–0.69) 0.0003 15/23 (0.28) (0.1–0.75) <0.0001 16/23 (0.23) (0.1–0.72) <0.0001 3/23 (0.09) (0.1) 0.28
SN Sh 1/24 (0.15) (n/a) 2/24 (0.36) (0.15–0.55) 1/24 (0.50) (n/a) 1/24 (0.1) (n/a)

Dryd SP Pf 10/23 (0.24) (0.1–1.08) 0.02 15/23 (0.29) (0.1–1.89) 0.003 14/23 (0.29) (0.1–1.7) 0.04 1/23 (0.10) (n/a) ns
SN Pf 3/23 (0.12) (0.1–0.15) 5/23 (0.18) (0.11–0.34) 7/23 (0.15) (0.1–0.32) 1/23 (0.13) (n/a)
SP Sh 12/23 (0.25) (0.1–0.57) 0.0004 15/23 (0.33) (0.1–0.81) 0.001 18/23 (0.26) (0.1–1.00) <0.0001 4/23 (0.17) (0.1–0.31) 0.16
SN Sh 1/23 (0.25) (n/a) 4/23 (0.40) (0.15–0.72) 4/23 (0.44) (0.19–0.95) 1/23 (0.17) (n/a)

Results of the intracellular cytokine expression after antigenic stimulation of peripheral blood mononuclear cells (PBMC) acquired from age-matched children with [schistosomiasis-
positive (SP)] or without Schistosoma Haematobium [schistosomiasis-negative (SN)] during the malaria transmission (wet) season at the time of a malaria episode and again during 
a dry season follow-up visit. The results represent those individuals with statistically significant increases in the percentage of cytokine expressed compared to media controls after 
PBMC stimulation and the denominator represents the total number of individual PBMC samples analyzed. The results are depicted in graphical form in Figure 1.
aPBMC were stimulated with a malaria antigen pool (apical membrane antigen 1 and merozoite surface protein 1) or with an S. haematobium pool (soluble egg antigen and soluble 
worm antigen protein).
bNumber (No.) of individuals with statistically significant cytokine expression, the geometric mean of the net% of cytokine detected (stimulant minus media control) in positive 
individuals, and the range measured.
cχ2 analysis, using Mantel–Haenszel analysis, was performed between SP vs. SN children with statistically significant quantities of cytokine production after antigen stimulation.  
P value significance set at <0.05. Not significant, ns.
dThree experiments were excluded due to insufficient or poor viability cell quantities to allow proper interpretation of data.

Bold indicates significant value with P ≤ 0.05.

TaBle 1 | Demographics.

category sP Mal (n = 24) sn Mal (n = 24) P value

Mean age (range) 7.8 (4–14) 8.0 (4–14) 0.73
Female (%) 9 (37.5) 15 (62.5) 0.09
Eggs (range)a 57.7 (2–466) 0 n/a
Malaria episodesb (range) 2.19 (1–4) 2.23 (1–4) 0.90
Days to first malariab episode 
(range)

40.2 (49–113) 26.8 (3–40) 0.006

Parasitemiab,c (range) 3,803 
(750–90,000) 

10,284 
(1,025–105,000)

0.15

Demographic characteristics at enrollment and features of subsequent Plasmodium 
falciparum malaria infections of Schistosoma haematobium-positive (SP Mal) and age-
matched S. haematobium-negative (SN Mal) Malian children contributing peripheral 
blood mononuclear cells for primary immunologic analysis.
aUrinary egg excretion detected in 10 mL of filtered morning (10:00 a.m. to 2:00 p.m.) 
urine.
bExcluding two children (one SP and one SN) who remained malaria free during study 
follow-up.
cGeometric mean parasite density per cubic millimeter.

Bold indicates significant value with P ≤ 0.05. 
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data and χ2 analysis, using Mantel–Haenszel or Fisher Exact (two-
tailed) as appropriate, was performed for categorical data. Cellular 
multifunctionality was assessed using the WinList 3D 7.1 FCOM 
to enumerate phenotypes. Spearman rank correlation coefficient 
was calculated utilizing GraphPad Prism 5. A significance level of 
P < 0.05 was considered statistically significant.

resUlTs

sample Population
Primary Dataset
Samples from children with >10 × 106 PBMC/time point (n = 48, 
mean age 7.9 years, range 4–14 years) were thawed and examined. 
Evaluative data was available from 24 SP children (mean egg 
count 58 eggs/10 mL urine) and 24 SN children, all but two of 
who developed 1–4 malaria episodes during the transmission 
season (Table 1). One SP child who remained malaria-free was 

age-matched to an SN child who likewise, remained malaria-free 
over the course of the study period. Samples were excluded if the 
viability or thawed quantity of PBMC was insufficient (n = 3 time 
points). SP children had a statistically longer time to first clinical 
malaria infection and a trend toward a reduced geometric mean 
parasite density at the time of malaria infection but experienced 
similar numbers of malaria episodes over the course of a single 
transmission season (Table 1). There was no age-related difference 
in the character of the malaria infection in SP children. Children 
were deemed to be free of S. haematobium based upon 2–3 nega-
tive urine examinations and 1–2 stool examinations coupled with 
follow-up studies performed ~9 months later prior to the dry season 
follow-up. We have previously demonstrated similar prevalence 
of soil transmitted helminth infections and hemoglobinopathies 
(hemoglobin S and C) in these age-matched populations (3).

intracellular cytokine expression  
to antigenic stimulation
Malaria Antigen
Paired PBMC samples obtained at two time points (malaria 
transmission (wet) and dry season) were examined via mul-
tiparameter flow cytometry (Figure S1 in Supplementary 
Material). Intracellular cytokine production (IFN-γ, TNFα, 
IL2, and IL17A) from PBMC stimulated with pooled malaria 
and schistosoma antigens was measured (Table 2; Figure S2 in 
Supplementary Material) in 24 SP Mal and 24 SN Mal children 
(n = 48). The majority of cytokine-producing cells were found 
to derive from CD3+CD19−CD4+CD8− T cells with a minority 
(<0.03%) observed from CD8+ T cells. The amount of cytokine 
measured after malaria antigen stimulation was low, but sig-
nificant, with a geometric mean value of less than 0.2%. More SP 
children [15/23 (65%)] had detectable cytokine expression (one 
or more cytokines) than SN children [12/24 (50%); P  =  0.29, 
Mantel–Haenszel χ2 analysis], during the malaria transmission 
season at the time of their malaria episode (Figure 1A); however, 
little difference was noted between the two groups in terms of 
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FigUre 1 | Maintenance of parasite-specific memory response—depicted is the bar graph representation of the percent of responders with significant memory 
response, as defined by CD4 T cell-derived expression to each individual cytokine (IFN-γ, TNF-α, IL2, and IL-17A), after malaria antigen pool (apical membrane 
antigen 1 and merozoite surface protein 1) (a,B) or Sh antigen pool (soluble egg antigen and soluble worm antigen protein) (c,D) stimulation. Peripheral blood 
mononuclear cells acquired from schistosoma-positive (SP: dark bar) or -negative (SN: light bar) Malian children aged 4–14 years acquired at the time of acute 
malaria during the transmission season and again, 6 months later, during the dry season were stimulated with parasite antigen and results were measured by flow 
cytometry after gating on CD19−CD14−CD3+CD8−CD4+ T cells after live/dead discrimination. χ2 results using Mantel–Haenszel analysis was performed between SP 
vs. SN children with statistically significant quantities of cytokine production after antigen stimulation. P value significance set at *<0.05; **<0.001; ***<0.0001. Not 
significant, ns. The dot plot depiction of the individual cytokine net percentage of response is depicted in Figure S2 in Supplementary Material.
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the geometric mean percent of that cytokine response (Figure 
S2 in Supplementary Material). A small minority of children 
[3/23 (13%) SP and 5/24 (21%) SN children] had demonstrable 
IL-17A cytokine production at the time of an active malaria 
infection. Contrary to previous immunologic results (14, 15), we 
found no significant difference in cytokine production to antigen 
stimulation when stratified by age (Spearman rank correlation 
coefficient, ρ = −0.17, P = 0.26). When paired dry season samples 
were analyzed, fewer SN children [7/23 (30.4%)] had a recall 
response to malaria antigen (defined as one or more cytokine 
response) as compared to SP children, who not only retained the 
low-level memory response to malaria antigen but had a higher 
number of responders [16/23 (70%); P  =  0.009, OR  =  5.01, 
95% confidence interval (CI) (1.27–22.77), Mantel–Haenszel χ2 
analysis] Individual cytokines results demonstrate statistically 
significant results for IFN-γ, TNF-α, and IL-2 (Figure 1B). The 
overall amount of secreted cytokine (IFN-γ, TNF-α, IL-2, or 
IL-17A) remained statistically similar to that measured during 
the transmission season but without high responding outliers 
(Table  2; Figure S2 in Supplementary Material). Eleven of the 
16 SP children with demonstrable malaria antigen recognition 
during the dry season had detectable cytokine production at 
the earlier, transmission season time point. Minimal detectable 

IL-17A was measured at the dry season timepoint, suggesting 
that this cytokine may be part of the inflammatory response 
mounted to acute infection but does not play a significant role 
in memory response post-transmission season. Malaria-naïve 
U.S. adult controls had no detectable increase of intracellular 
cytokines to either antigen stimulant.

S. haematobium (Sh) Antigen
Paired PBMC were stimulated with Sh antigen as described above. 
Significant production of at least one cytokine was measured 
after Sh antigen stimulation in the majority of SP children [17/23 
(74%)] compared to 2/24 (8.3%) of SN children [P = < 0.0001, 
95% CI (4.69–271), χ2 analysis]. As noted with the malaria anti-
gen, the net percentage of cytokine expression, in those that had 
a demonstrable cytokine response, was not significantly different 
between groups (Table 2; Figure S2 in Supplementary Material), 
but the number of children with antigen-specific cytokine pro-
duction was quite different (Figure  1). At the dry season time 
point, and prior to administration of praziquantel, 18/23 (78.3%) 
SP children had detectable PBMC cytokine production compared 
to 4/23 (17.4%) of SN children [P = < 0.0001, 95% CI (3.3–102), 
χ2 analysis]. Of the SN children with detectable response to Sh 
antigen, none had evidence of urinary egg secretion at follow-up. 
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FigUre 2 | Parasite-specific multifunctional cytokine expression over time. Depicted are pie-charts (a,B) showing the multifunctional nature, expressed as 
geometric mean of singlet, doublet, triplet, and quadruplet cytokine (IFN-γ, TNF-α, IL2, and IL-17A) combinations secreted from CD4+ T cells after peripheral blood 
mononuclear cells (PBMC) stimulation with either (a) malaria antigen pool (apical membrane antigen 1 and merozoite surface protein 1) or (B) schistosoma antigen 
pool (soluble egg antigen and soluble worm antigen protein). PBMC were acquired from schistosoma-negative (SN) or -positive (SP) Malian children aged 
4–14 years at the time of acute malaria during the transmission season and again, 6 months later, during the dry season. The most prevalent cytokine combinations 
expressed to malaria antigen stimulation (c) or schistosoma antigen stimulation (D) are depicted for each group (SP—dark bar, SN—light bar) during the 
transmission season and dry season. Results are depicted as the mean percentage of positive cells with SE. The dot plot depiction of individual cytokine net 
percentage of response is depicted in Figure S3 in Supplementary Material.
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One SN child demonstrated a particularly robust response 
to antigen at both the wet and dry season time point, without  
detectable egg secretion, suggesting that this individual may 
have been previously exposed or developed inherent or putative 
resistance to urinary schistosomiasis (34). The remaining three 
children had modest responses at a single time point, which may 
also represent a sub-clinical infection or a false positive response; 
however, malaria-naïve U.S. adult controls had no detectable 
increase of intracellular cytokines to Sh antigen.

Multifunctional T Cell and Memory  
Subpopulations Analysis
In PBMC found to have antigen recognition to malaria or schis-
tosoma antigen, we measured multifunctional T  cell responses 
(secreting two or more cytokines at a single cell level) at the 
time of malaria infection and in post-season follow-up (dry 
season). We also examined major memory subpopulations 

producing cytokines in PBMC specimens from SP and SN chil-
dren (Figures 2A,B).

Malaria
During the acute malaria episode, 45.7% of cytokine-secreting 
CD4+ T cells expressed a single cytokine after stimulation with 
malaria antigen with the remainder expressing more than one 
cytokine (Figure 2A). The distribution and mean values of the 
most prevalent combinations of cytokine secretion are depicted 
in Figure 2C (raw data are depicted in Figure S3 in Supplementary 
Material). Over the duration of follow-up, single cytokine expres-
sion at a cellular level fell to 40.9% (P = 0.06) of the total number 
of cytokine-producing cells.

Of the multifunctional CD4+ T  cells measured, 30.7% were 
noted to be double-positive and 20.8% were triple-positive. The 
majority of triple-positive (81.7%) were IFN-γ+TNF-α+IL2+-
expressing at the time of an acute malaria episode. A minor 
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population of quadruple-positive CD4+ T cells was also measured 
(2.4%). This increased slightly to 32.5% double-positive, 23.1% 
triple-positive and 3.8% quadruple positive at the dry season 
follow-up with the majority (86.6%) of triple-positive again 
being IFN-γ+TNF-α+IL2+-expressing. The percentage rise of 
multifunctional cytokine secretion over time was incremental but 
persistent across all combinations of cytokine but did not reach 
statistical significance in any one particular cytokine combina-
tion (Figures  2C,D). IL-17A production was measured in the 
acute malaria stage with expression being significantly reduced 
at the dry season follow-up. An inverse relationship was noted 
between IFN-γ and IL-17A. In those children with elevated CD4+ 
T cell IFN-γ expression to antigen stimulation, low IL-17A levels 
were measured and vice  versa (Spearman rank sum  =  0.2515, 
ρ = 0.04).

Upon examination of the memory subpopulation from which 
cytokine-secreting cells derived, it was noted that the majority 
of inflammatory cytokines (range 55.5–61.4% geometric mean 
per cohort) derived from CD45RA−CD62L− effector memory 
T cells (TEM). If there was a detectable memory response, there 
was little variation depending upon the time point (transmis-
sion vs. dry season) or the study cohort (SP vs. SN). Results of 
SP and SN groups at both time points are depicted (Figure 3). 
CD45RA−CD62L+ central memory T cells (TCM) accounted for 
13.9–16.8% of cytokine secretion. A minority of cytokine derived 
from CD45RA+ effector memory T cells (TEMRA) (7.7–14%) popu-
lation and naïve T cells (2.1–4.7%).

Schistosoma haematobium
Of the children with detectable Sh antigen recognition, 51.4% 
of all cytokine-secreting cells expressed a single cytokine while 
the remainder expressed two or more cytokines (Figures 2B–D). 
The most prevalent cytokine expressed by cytokine-secreting 
cells was IFN-γ expressed by 18.3% of these cells at the time 
of the acute malaria episode. This value fell to 7.2% by the dry 
season convalescent appointment (P = 0.06). TNF-α production 
remained relatively stable comprising 12.2% of single cytokine-
producing cells at the time of acute malaria and 14.9% during the 
dry season follow-up.

Among the multifunctional CD4+ T  cells measured, 36.1% 
were noted to be double-positive, 11.9% were triple-positive, and 
a small percentage were quadruple-positive (0.5%) reflective of 
the low prevalence of IL-17A measured to S. haematobium infec-
tion. The majority of triple-positive [10.5/11.9 (88.2%)] were 
IFN-γ+TNFα+IL2+-expressing at the time of an acute malaria 
episode. Over time an incremental but persistent increase in 
multifunctional cell cytokine production was noted across all 
cytokine combinations (similar to results reported for malaria 
antigen stimulation, Figure  2B). At the dry season follow-up, 
the percentage of single-cytokine-producing cells fell to 41.6% 
(transmission season vs. dry season, P = 0.037, two-tailed Mann–
Whitney Rank Sum), 42.1% double-positive (P  =  0.27), 15.5% 
triple-positive (P = 0.38) and 0.8% (P = 0.58) quadruple positive. 
Raw data can be found in Figure S3 in Supplementary Material.

There was little variation in memory subpopulation in which 
cytokine production was observed, between seasons or study 
cohorts. SP and SN results were combined for analysis and 

reported as geometric mean values (Figure  3). The majority 
of cytokine (51.4–62.9%) derived from TEM. TCM accounted for 
14–22% of cytokine secretion with slightly more TCM noted in the 
small subset of SN compared to SP population (13.5 vs. 22.5%, 
P = 0.20). A minority of cytokine was detected from cells of TEMRA 
(5–11%) population and naïve T cells (2–4%).

Secondary Subset Analysis
A secondary experiment utilized unmatched transmission season 
samples from Malian children from this same study (n  =  63, 
mean age 8.3 years, range 4–13 years), which were thawed and 
examined as part of a previously unpublished data set. Evaluative 
data were available from 30 SP children and 30 SN children who 
developed between 1 and 5 malaria episodes during a single 
transmission season (Table S1 in Supplementary Material). 
Among PBMC stimulated with malaria antigen AMA1, 4/30 
(13.3%) SN vs. 10/30 (33%) SP expressed IFN-γ (P = 0.07, OR 
2.5, CI: 0.71–9.99, χ2 analysis); 1/30 (3.3%) SN vs. 12/30 (40%) SP 
expressed IL-4 (P = 0.002, OR 11.7, CI: 1.8–266.8, Fisher Exact); 
and 1/30 (3.3%) SN vs. 7/30 (23.3%) SP expressed IL-10 (P = 0.05, 
OR 6.8, CI: 0.97–163.8, Fisher Exact) (Figure 4A). While PBMC 
from eight SP children expressed both IFN-γ and IL-4, in all but 
one case, one cytokine was predominantly expressed (defined 
as >50%). One child had similar amounts of IL-4 and IFN-γ 
cytokine expression. We then examined the CD45RA− memory 
subpopulations, divided into CD62L− T effector memory (TEM) 
and CD62L+ T central memory (TCM), relative to the cytokine 
expression profile. Of those children that had an inflammatory 
expression profile characterized by IFN-γ expression, the per-
centage of TEM predominated as compared to those children with 
a dominant IL-4 expression profile (mean TEM: 66.9 vs. 20.4%, 
P < 0.001). Additionally, those children with an IL-4 expression 
profile (predominantly SP children) had a higher percentage 
of TCM as compared to those children with a dominant IFN-γ 
expression (mean TCM: 53 vs. 22.2%, P  <  0.001) (Figure  4B). 
There was no age-related correlation with cytokine expression 
between SP and SN children and no change in T naïve or effector 
memory RA+ (EMRA) populations. However, when SP children 
were stratified between those expressing an IL-4 profile (n = 9) 
and those with an IFN-γ profile (n = 4), children expressing IFN-
γ were significantly older (7.4 vs. 13 years, P < 0.001).

DiscUssiOn

Very little is known about the immunologic perturbations that 
one parasitic infection inflicts upon the immune response to 
another infection when they co-occur in the human host. We 
have demonstrated an age-specific reduction in P. falciparum 
malaria acquisition among Malian children, aged ≤9  years, 
infected with S. haematobium over the course of a single trans-
mission season (3). In this study, we have measured detectable 
CD4+ T cell memory response against both malaria antigens and 
Sh antigens and demonstrated multifunctional cellular responses 
against both antigens during an active malaria transmission sea-
son. The responses to the malaria antigens were similar among 
age-matched children with and without Sh. Lower CD8+ T cell 
response was noted against either antigen in both populations. At 
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FigUre 4 | Malaria antigen-specific cytokine expression and corresponding memory subpopulation. Depicted is the net percentage of CD4+ T cell-derived IFN-γ, 
IL-4, or IL-10 cytokine secreted from peripheral blood mononuclear cells (PBMC) acquired from schistosoma-positive (SP) or -negative (SN) Malian children with 
evidence of antigen recognition after stimulation with malaria apical membrane antigen 1 antigen (a). Cells were gated on CD19−CD14−CD3+CD8−CD4+ after live/
dead discrimination. Panel (B) depicts the memory subpopulation distribution from those PBMC that predominantly secreted IL-4 (a representative TH2 cytokine) (left 
column, solid dots, N = 9 SP, and 1 SN) or IFN-γ (a representative inflammatory TH1 cytokine) (right column, open dots, N = 4 SN and 4 SP) as depicted in Panel A 
(IL-10 not depicted). PBMC that expressed both cytokines (N = 7 SP and 0 SN) were categorized based on the dominant cytokine (defined as >50%) expressed. 
The memory subpopulations from one volunteer that secreted equal amounts of IL-4 and IFN-γ was excluded (B). Memory subpopulations were defined as T 
central memory (TCM—CD62L+CD45RA−), T effector memory (TEM—CD62L−CD45RA−), Naïve T cells (TNaive—CD62L+CD45RA+), or T effector memory RA+ 
(TEMRA—CD62L−CD45RA+). The mean value is represented as a horizontal bar and statistical significance set at P < 0.05.

FigUre 3 | Parasite-specific memory subpopulations. Depicted is a representative example (a,B) of where T cells expressing intracellular IFN-γ (green) after antigen 
stimulation (malaria pool consisting of apical membrane antigen 1 and merozoite surface protein 1) distribute after being back gated onto the total population 
CD3+CD19−CD14− cells following live/dead discrimination and stratified as CD4+ (a) or CD8+ (B) from a child with acute Plasmodium falciparum infection and further 
stratified by memory subpopulation utilizing CD45RA and CD62L surface markers. Panels (c,D) depict the distribution of cytokine-secreting (either IFN-γ, TNF-α, 
IL2, and/or IL17A), malaria or schistosoma-specific CD4+ T cells, stratified by memory subpopulation, in children with (SP) or without Schistosoma haematobium 
(SN), during the transmission season and at a later convalescent time point (dry season).
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a convalescent, dry season time point after malaria transmission 
ceased, children with chronic Sh infection appeared to retain 
their memory responses to malaria antigen whereas uninfected 
children’s memory response waned considerably (70 vs. 30%). 
SP children also had similar memory responses to Sh antigens 
at both time points. The quality of these cellular responses, as 
measured by cellular multifunctionality, increased over the 6- to 
9-month time interval with elevated dual, triple, and quadruple 
cytokine-secreting cells to malaria and Sh antigens at the conva-
lescent time point.

The role of CD4+ T cells is well established in malaria. However, 
the presence of CD4+ T  cell memory response in chronically 
infected individuals with schistosomiasis and the kinetics of 
these cells is poorly understood. While CD4+ T  cell memory 
cells are thought to provide protection against re-infection by 
schistosomes, the prevailing belief is that chronic helminth infec-
tion leads to suppression of the CD4 T cell memory compart-
ment. Moreover, as we have demonstrated, helminth infections 
can modulate the host adaptive response against itself and other 
“bystander” antigens (12, 13, 15). Mutapi et al. reported that the 
CD4+ TEM populations were decreased in schistosoma-infected 
individuals compared to uninfected individuals and that the 
CD4+ T cell memory population paradoxically decreased after 
treatment of the helminth-infected individuals (35). We exam-
ined cell populations after antigen stimulation; a notable design 
difference. This analysis was performed in a subset of children 
utilizing a flow panel that incorporated the measurement of IL-4 
production. We demonstrated enhanced CD4+ TEM in PBMC 
from Malian children who demonstrated antigen recognition 
of malaria proteins, which appeared predominantly in children 
with an inflammatory expression profile characterized by IFN-γ 
secretion. We observed this expression profile in most SN and 
some SP children. Of importance, those children with an IL-4 
expression dominance (representative of a TH2 cytokine profile 
and chronic schistosomiasis) had significantly elevated CD4+ 
TCM populations. Helminth-infected children comprised the 
majority of those with a dominant IL-4 expression profile, with 
only one uninfected exception; however, a subset of SP children 
demonstrated an inflammatory-dominant profile. The subset 
of SP children with an inflammatory-dominant profile were 
older than those with an IL-4 dominant profile (13 vs 7.4 years, 
P  <  0.0001). This fact would argue against the inflammatory-
dominant profile in SP children being due to an acute Sh infec-
tion as Malian children would have been exposed at a much 
younger age. This is also consistent with the finding that IFN-γ 
production in schistomiasis-infected individuals is associated 
with acquisition of anti-helminth immunity (36). Of note, four of 
the IL-4 producing SP children had detectable IL-10 production 
as well, which has been associated with helminth-induced anergy 
and hyporesponsiveness as well as downregulatory responses 
(37, 38).

While much of the protective immune response to malaria 
is thought to be due to liver tissue-resident CD8 T cells, IL-4-
secreting CD4+ T cells are thought to be critical for mediating 
CD8 T cell response to malaria liver antigens (39). Additionally, 
CD8 T  cell memory response are dependent upon IL-4 and 
IL-4 receptor interaction at the level of the liver in the murine 

model (40). It is well established that cell-mediated immunity 
to malaria rapidly wanes in children and that acquisition of 
immunity requires repetitive exposure to malaria. Therefore, it 
is remarkable that the children with concomitant Sh appeared 
to retain their memory response to malaria antigen at a time 
point 6–9 months after their malaria exposure. This was not seen 
in Sh-negative, age-matched children followed over the same 
malaria transmission season. It is also possible that the effects 
simply reflect a previously undescribed cross-reaction between 
antigens but we have no evidence to support or refute this pos-
sibility. Our results provide the first evidence in humans, albeit 
indirect, that an immunologic milieu rich in IL-4, such as seen in 
a helminth infection, may contribute to enhanced T cell memory 
against a bystander antigens, such as those encountered in 
malaria. Moreover, while numbers were small, older SP children 
had an inflammatory expression profile analogous to uninfected 
children. This might provide an immunologic explanation for our 
field findings that children aged 9 years or less, and infected with 
Sh, had modest protection against the acquisition of P. falciparum 
malaria compared to age-matched uninfected children or older 
children with Sh.

eThics sTaTeMenT

This trial was carried out in accordance with the recommenda-
tions of the University of Bamako and the University of Maryland 
Institutional Review Boards (IRBs) with written consent obtained 
from all legal guardians. Village permission to conduct research 
was obtained from village chiefs, government officials, and 
traditional healers prior to study initiation. Individual written 
informed consent was obtained from the parent or legal guardian 
of each child prior to screening and enrollment in accordance 
with the Declaration of Helsinki. All children displaying gross 
hematuria or symptoms of genitourinary pathology were treated 
with praziquantel (40 mg/kg) therapy and discharged from the 
study.
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FigUre s1 | Gating strategy. Gating strategy for CD4+ memory response 
depicting (a) representative IFN-γ cytokine expression in response to malaria 
antigen stimulation from the central memory (CD62L+CD45RA−), naïve 
(CD62L+CD45RA+), effector memory (CD62L−CD45RA−), and EMRA 
(CD62L−CD45RA+) subpopulations. The media control and the malaria 
antigen-stimulated peripheral blood mononuclear cells (PBMC) from 
schistosoma-positive children and gated on CD19−CD14−CD8−CD4+ T cells after 

live/dead discrimination (B–g). Panels (B–e) depict CD69+ cytokine expression. 
Panels (F,g) are from an alternate panel and represent the total cytokine 
expressed from CD4+ T cells.

FigUre s2 | Intracellular cytokine expression to antigen stimulation. Depicted is 
the dot plot representation of the overall CD4+ T cell immune response, 
expressed as produced cytokine (in net%), to either malaria antigen pool (apical 
membrane antigen 1 and merozoite surface protein 1) (a,B) or Sh antigen pool 
(soluble egg antigen and soluble worm antigen protein) (c,D). Peripheral blood 
mononuclear cells (PBMC) acquired from schistosoma-negative 
[schistosomiasis-negative (SN)—hollow dot] or -positive [schistosomiasis-positive 
(SP)—solid dot] Malian children aged 4–14 years at the time of acute malaria 
during the transmission season and again, 6 months later, during the dry season. 
PBMC were stimulated with parasite antigen and results were measured by flow 
cytometry after gating on CD19−CD14−CD3+CD4+CD8− T cells after live/dead 
discrimination. Only children with positive responses (i.e., significant by χ2 
analysis and >0.1% over background; as described in Section “Materials and 
Methods”) are shown. Horizontal bars represent the geometric mean values of 
IFN-γ, TNF-α, IL2, and IL-17A for SN and SP children combined.

FigUre s3 | Seasonal parasite-specific multifunctional cytokine expression. 
Depicted are the most prevalent cytokine combinations elicited after parasite 
antigen stimulation (a,B) in individual children [schistosomiasis-positive (SP)—
solid, schistosomiasis-negative (SN)—hollow] stratified by number of cytokines 
expressed during the transmission season and dry season. Peripheral blood 
mononuclear cells acquired from schistosoma-negative (SN—hollow shapes) or 
-positive (SP—solid shapes) Malian children aged 4–14 years at the time of acute 
malaria during the transmission season and again, 6 months later, during the dry 
season were stimulated with either (a) malaria antigen pool (apical membrane 
antigen 1 and merozoite surface protein 1) or (B) schistosoma antigen pool 
(soluble egg antigen and soluble worm antigen protein).
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