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Abstract: Malnutrition and parasitic infections are often interconnected in a vicious cycle. Mal-
nutrition can lead to changes in immune response, which may affect cytokine concentrations and
potentially increase susceptibility to infections. In turn, parasitic infections can exacerbate malnu-
trition by impairing nutrient absorption. This cross-sectional study aimed to explore this interplay.
Schoolchildren aged 612 years living in rural Tanzania (n = 120) provided blood, stool and urine sam-
ples to determine the relationship between cytokine concentrations (interleukin 4 (IL-4), interferon
gamma (IFNy) and interleukin 17A (IL-17A)), parasitic infections, undernutrition and micronutrient
deficiency adjusting for sex, age, inflammatory markers, socioeconomic status and school categories.
All schoolchildren had a normal blood cell count. The concentration of IL-4 was significantly higher
in schoolchildren diagnosed with stunting, Schistosoma mansoni infection, a high C-reactive protein
concentration, nausea, poor housing and increasing age. The concentration of IFNy was associ-
ated with Plasmodium falciparum and Entamoeba histolytica/Entamoeba dispar/Entamoeba moshkovskii
infections, vitamin A deficiency, attending the most remote schools and low socioeconomic status.
Our study confirms a potential relationship between cytokine concentrations and parasitic infec-
tions, malnutrition and low socioeconomic status. A better understanding of long-term effects of
parasitic infections and malnutrition on the immune function could help in designing tailored and
effective interventions.
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1. Introduction

Parasitic infections caused by intestinal nematodes, trematodes and protozoa often
impair the intestinal and immune function, and lead to diarrheal syndrome, malnutrition,
cognitive impairment and, consequently, death, if left untreated [1-3]. The majority of
parasitic infections disproportionately affect poor people living in lower- and middle-
income countries who are exposed to multiple biological, psychosocial and infrastructural
risks [1,4,5]. Lack of access to basic healthcare services and education, adequate sanitation
and clean water facilities, and malnutrition are among several risk factors that increase the
susceptibility of individuals, especially children, to parasitic infections [6,7].

Malnutrition, such as undernutrition and micronutrient deficiency, plays a critical
role in increasing the incidence and severity of malaria, intestinal nematodes and protozoa
infections, through alteration of the structure and function of physical barriers (i.e., gut
and skin) and impairment of the immune function [1]. Decreases in mucus production [8],
megaloblastic anaemia [9] and limited production and activity of critical immune cell
subsets [10], for example, are direct results of deficiencies of vitamin A, vitamin B12, folic
acid and zinc, respectively. These deficiencies, in turn, increase the susceptibility of affected
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individuals to parasitic infections. Parasitic infections further exacerbate malnutrition by
increasing nutrient loss, anorexia and demand for nutrients, and impair immune function,
thus creating an endless vicious cycle of malnutrition and infection [1-3].

Infection with parasites triggers a series of immune reactions aiming at neutralizing
the pathogen through both cell-mediated and humoral immune responses. Intracellular
protozoan infections, such as Entamoeba spp. and Plasmodium spp., trigger a cell-mediated T
helper 1 (Th1)-type immune response [11,12], which involves the activation and recruitment
of phagocytic cells (macrophages and neutrophils) and secretion of inflammatory cytokines,
such as interferon gamma (IFNy) and interleukin 2, to the site of infection. In contrast,
extracellular infections with metazoan parasites, such as nematodes and trematodes, can
trigger a cell-mediated T helper 2 (Th2)-type immune response [13,14], which favours the
secretion of interleukin 4 (IL-4), interleukin 6 and interleukin 13 cytokines that, in turn,
mediate the recruitment of eosinophils, mast cells and basophils.

There is a significant body of research exploring the association between parasitic
infections and nutritional status. However, less is known about how the combined effect
of undernutrition and micronutrient deficiency within households and communities that
differ in demographic structure and socioeconomic status alters the immune function and
increases the individual’s susceptibility to parasitic infections. In this context, we conducted
a cross-sectional survey with schoolchildren living in rural south-eastern Tanzania. Our
findings on the prevalence of parasitic infections, undernutrition, micronutrient deficiency
and demography have been published elsewhere [15,16]. The aim of the current study
was to correlate the concentration of cytokines IL-4, IFNy and interleukin 17A (IL-17A)
with: (i) the presence or absence of parasitic infections, clinical signs and symptoms, un-
dernutrition, anaemia, micronutrient deficiency, inflammatory and anaemia markers, and
(ii) household and community risk factors such as drinking water sources and sanitation,
housing quality, location of the school and socioeconomic status, which play a role in
parasite transmission and infection.

2. Material and Methods
2.1. Ethics Statement

This cross-sectional study was granted ethical clearance from the National Institute
of Medical Research (NIMR; Reference No. NIMR/HQ/R.8a/Vol. IX/3030), the Institu-
tional Review Board of the Ifakara Health Institute (IRB-IHI; Reference No. IHI/IRB/No:
017-2018) in the United Republic of Tanzania, and the Ethikkommission Nordwest and
Zentralschweiz (EKNZ; Reference No. 2018-00823) in Switzerland. All caregivers of chil-
dren who were selected as potential participants were invited for an information session at
the study school. Those who attended were informed about the study objectives, proce-
dures, benefits and potential risks, and were encouraged to clarify any questions they may
have. Caregivers who wanted their child to participate in the study were asked to sign an
informed consent form. Those who could not read were asked to provide a thumbprint,
and an impartial witness who could read and write signed the consent form, confirming all
the relevant information was adequately conveyed to the caregiver. Each child was then
invited to provide an oral assent.

2.2. Study Setting and Design

This secondary analysis utilised the data collected during a cross-sectional study that
took place in Lungongole, Katrin, Kapolo, Kibaoni, Kilama A, Kilama B, Kikwawila, Milola
and Site primary schools in the Kilombero district, Tanzania [15]. Data and analyses of blood
(anaemia, micronutrient deficiency, and inflammatory and anaemia markers), stool and
urine (parasitic infections) samples have been provided in previous publications [15,16].
Briefly, a total of 427 schoolchildren aged between 6 and 12 years old were randomly
selected and consented to provide blood samples, which were centrifuged to collect the
serum [16]. Of these, a subsample of 120 schoolchildren was selected for the measurement
of cytokine concentrations. The selection of participants’ samples was performed as follows:
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one child with lymphatic filariasis, three infected with Strongyloides stercoralis, eight infected
with soil-transmitted helminths, nine infected with Plasmodium spp., 24 infected with
Entamoeba histolytica/Entamoeba dispar/Entamoeba moshkovskii infections, 24 infected with
Schistosoma mansoni and 51 with no known parasitic infection.

2.3. Data and Sample Collection

Detailed information on the procedures for collecting stool and urine samples, an-
thropometric measurements, conducting physical and clinical examinations of participants
and administering a structured questionnaire on socioeconomic status are described else-
where [15,16]. Each participant provided a venous blood sample (about 7 mL) from the
antecubital arm vein through an intravenous catheter into serum vacutainer tubes (BD
Vacutainer®) and 1 mL in a tube containing Na2-EDTA (Sigma, St. Louis, MO, USA).
Schoolchildren were not asked to fast or eat before sample collection. Blood samples were
cold-chain-transported to the Ifakara Health Institute laboratory where, within six hours of
collection, they were centrifuged to obtain serum. Serum samples were stored at —20 °C
until they were shipped to Basel, Switzerland, for cytokine analysis.

2.4. Determination of Complete Blood Count and Cytokine Concentrations

The 1 mL of whole blood collected into the Na2-EDTA tubes was used for a com-
plete blood count analysis of each sample using a Sysmex XP-300 Haematology Analyser
(Sysmex Corporation, Kobe, Japan). The complete blood count analysis included the exam-
ination of white blood cells, red blood cells, lymphocytes and neutrophils. The analysis
of the serum samples stored in vacutainer tubes was performed by the Rothen Labora-
tory, Basel, Switzerland. The detection of IL-4, IFNy and IL-17A was performed using
Multiplex U-PLEX equipment following a standard protocol, and the individual cytokine
concentrations (in pg/mL) were then interpolated from the standard curve. Individual
cytokine concentrations were later compared with their respective standard curves, and
the cytokine readings falling outside the lower and higher detection limits were discarded.
Concerning inflammatory markers, C-reactive protein (CRP) concentrations were deter-
mined using a Beckman coulter analyser, using anti-human CRP antibody with 0.2 mg/L
as a quantification limit. Alpha (1)-acid glycoprotein (AGP) concentrations were measured
using the sandwich ELISA method, as described by Erhardt et al. [17]. Data and analy-
ses of haemoglobin and micronutrients’ concentrations have been presented in detail by
Palmeirim et al. [15] and Mrimi et al. [16].

2.5. Statistical Analysis

All statistical analyses were conducted using R version 4.1.3 (R Core Team; R Foun-
dation for Statistical Computing; Vienna, Austria). Descriptive distributions for complete
blood count, inflammatory markers and cytokines stratified by sex, age group and location
of schools were calculated. Complete blood counts and inflammatory markers were pre-
sented as the mean and standard deviation (SD), while cytokines were presented as the
median and interquartile range, as they were not normally distributed.

Following the description by Palmeirim et al. [15] and Mrimi et al. [16], we categorised
age, primary schools” location and house quality into two categories each. Children aged 6
to 10 and 11 to 12 were categorised as younger and older children, respectively. Primary
schools closer to and farther from the nearest town were categorised as the least rural
schools and the most rural schools, respectively. The participants” house quality was
divided into better quality or poorer quality based on the building materials of the roof,
walls and floor.

Inter-comparisons of stratified complete blood count were performed using a Student’s
t-test, while stratified cytokine concentrations were compared using a Mann—-Whitney U test.
We created categorical variables for parasitic infections (S. mansoni, Plasmodium falciparum
and E. histolytica/E. dispar/E. moshkovskii), clinical signs and symptoms (headache, abdomi-
nal pain and nausea), undernutrition (stunted, underweight and wasted), micronutrient
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deficiency (vitamin A, vitamin B12 and retinol-binding protein), anaemia, inflammatory
and anaemia markers. In addition, we created categorical variables for household and com-
munity risk factors such as socioeconomic status, location of the primary schools, housing
quality, shoe-wearing habits, drinking water sources, latrine ownership and its location.

In a regression analysis, we explored the relationship between cytokine concentrations
and primary risk factors, such as parasitic infections, clinical signs and symptoms, undernu-
trition, micronutrient deficiency, anaemia, inflammatory and anaemia markers. In addition,
we looked at the influence of household and community risk factors such as socioeconomic
status (least poor, poor and poorest), shoe-wearing habits, school categories (least vs. most
rural schools), housing quality, drinking water sources, latrine ownership and its location
on cytokine concentration in combination with the presence or absence of parasitic infection,
clinical signs and symptoms, undernutrition and micronutrient deficiency.

Interleukin 4 and IFNy concentrations were log-transformed prior to inclusion in the
linear regression analysis. A multivariable log-linear regression model analysing associa-
tions between cytokines and primary risk factors, household risk factors and community
risk factors was developed using an automated stepwise backward elimination procedure
based on Akaike information criterion (AIC) to drop models with the highest AIC values.
The final model was adjusted for sex, age, AGP, CRP, school categories and socioeconomic
status. Both crude and adjusted coefficients generated from the log-linear model were
reported. All results were considered significant at the level of p < 0.05.

3. Results

3.1. Parasitic Infection, Anthropometric Measurements, Nutritional Indicators, Clinical Signs and
Symptoms, Complete Blood Counts, Inflammatory Markers and Cytokines Stratified by Sex, Age
Groups and Location of the School

Among the 120 serum samples selected for cytokine analysis, 113 were successfully
analysed. Table 1 summarises parasitic infections, anthropometric measurements, nu-
tritional indicators, clinical signs and symptoms, complete blood count, inflammatory
markers and cytokine concentrations stratified into sex, age groups and school categories of
this cohort. Using a Chi-square test, we observed a higher mean white blood cell concentra-
tion of 5.84 cells/uL in boys, compared to 5.22 cells/pL in girls (p = 0.03). We also observed
a significantly higher mean white blood cell concentrations of 5.80 cells/uL in younger
children, compared to 5.13 cells/uL in older children (p = 0.02). We observed a similar
phenomenon in neutrophils concentrations, where younger children had a higher mean
concentration of neutrophils of 2.62 cells/pL, compared to 2.16 cells/uL in older children.
Schoolchildren attending the most rural schools had significantly higher concentrations of
lymphocytes, 2.68 cells/pL, compared to 2.37 cells/uL for children who attend the least
rural schools (p = 0.02). For the case of nutritional indicators, we found that a higher
proportion of older children (13.51 %) were diagnosed with stunting compared to younger
children (11.71%; p = 0.04). In addition, a higher proportion of schoolchildren who attended
the most rural schools (20.72%) were diagnosed with stunting compared to those attending
the least rural schools (4.51%) (p = 0.003).

The median concentrations of IL-4 and IFNYy cytokines were 2.02 pg/mL and 7.23 pg/mL,
respectively. Applying a Mann-Whitney analysis, we observed a significantly lower
median IFNy concentration of 5.79 pg/mL in children attending the most rural schools,
compared to 9.29 pg/mL for those attending the least rural schools (p < 0.001; Table 1). We
also observed a significantly higher median IL-4 concentration of 2.20 pg/mL in younger
children, compared to 1.69 pg/mL in older children (p = 0.01). No significant difference in
the median concentrations of either cytokine was observed between boys and girls. Results
of IL-17A concentrations were below the detection limit, and hence they were not included
in this analysis.



Nutrients 2023, 15, 1916

50f13

Table 1. Parasitic infection, clinical signs and symptoms, complete blood counts and cytokine concentrations in schoolchildren in the Kilombero district, Tanzania.

. 6-10 Years 11-12 Years Most Rural Least Rural
Girls Boys p-Value Children Children p-Value Schools Schools p-Value
Total number of children 53 60 71 41 65 48
Parasitic infection ?
Infected, n 34 41 48 27 47 28
0.64 0.85 0.12
Not infected, n 19 19 23 14 18 20
Anthropometric measurements
Height (cm), mean & SD 131.06 £ 11.41 126.83 £+ 9.06 124.14 £+ 8.39 136.78 £+ 8.52 127.51 £9.11 130.65 + 11.84
Weight (kg), mean + SD 26.84 £ 6.52 126.83 + 4.40 23.04 &= 3.58 30.45 £ 5.25 25.75 +4.90 25.75 £ 6.41
Nutritional indicators
Stunted, n (%) 13 (11.71) 15 (13.51) 0.96 13 (11.71) 15 (13.51) 0.04 23 (20.72) 5(4.51) 0.003
Wasted, n (%) 9 (8.11) 12 (10.81) 0.68 13 (11.71) 8 (7.21) 0.90 9 (8.11) 12 (10.81) 0.11
Underweight, n (%) 7 (9.86) 6 (8.45) 041 13 (18.31) 0 * 9 (12.68) 4 (5.63) 0.35
Clinical signs and symptoms ®
Headache, n
Yes 7 8 9 6 58 40
0.98 0.77 0.36
No 46 52 62 35 7 8
Abdominal pain, n
Yes 15 17 19 13 16 32
1.00 0.58 0.31
No 38 43 52 28 49 16
Nausea, n
Yes 7 2 4 5 7 2
0.113 ¢ 0.219 0.35°¢
No 46 58 67 36 58 46
Complete blood count (cells/uL)
WBC, mean + SD (x10%) 522+1.62 5.84 +1.36 0.03 5.80 = 1.59 5.13 £1.30 0.02 5.74 +1.38 528 £ 1.66 0.12
RBC, mean + SD (x10°) 484 +0.74 4.87 +0.61 0.80 4.80 £ 0.56 4.98 +0.82 0.20 4.8 £0.50 493 +0.85 0.37
Lymphocytes, mean 4 SD (x10°%) 249 £ 0.64 2.6 £0.74 0.38 2,62 +£0.74 243 +0.62 0.15 2.68 = 0.68 2.37 £ 0.69 0.02
Neutrophils, 225+ 1.17 2,61 + 0.94 0.07 262+ 1.14 2.16 + 0.87 0.02 251+ 1.01 235+ 1.14 043

mean + SD (x10°%)
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Table 1. Cont.
. 6-10 Years 11-12 Years Most Rural Least Rural
Girls Boys p-Value Children Children p-Value Schools Schools p-Value
Inflammatory markers (mg/L)
. 0.95 0.95 0.85 1.00 1.00 0.80
CRP, median (IQR) (0.50-1.93) (0.50-2.70) 0.53 (0.50-2.33) (0.60-2.30) 0.28 (0.50-2.30) (0.50-2.43) 0.59
. 0.59 0.63 0.59 0.61 0.61 0.59
AGP, median (IQR) (0.46-0.74) (0.47-0.87) 0.38 (0.46-0.87) (0.48-0.82) 0.99 (0.47-0.89) (0.47-0.77) 0.39
Cytokines (pg/mL)
. 7.26 7.18 7.23 6.79 5.79 9.29
[FNy, median (IQR) (4.56-19.14) (5.41-11.63) 043 (4.88-12.33) (4.72-12.03) 0.60 (4.22-8.57) (6.71-20.68) <0.001
. 2.20 1.92 2.20 1.69 2.02 2.07
IL-4, median (IQR) (1.52-3.02) (1.27-2.82) 0.30 (1.48-3.13) (1.13-2.36) 0.01 (1.29-2.82) (1.49-3.03) 0.60

Note: AGP, alpha (1)-acid glycoprotein; CRP, C-reactive protein; IFNYy, interferon gamma; IL-4, interleukin 4; IQR, interquartile range; RBC, red blood cells; SD, standard deviation; WBC,

white blood cells.  Infection with at least Entamoeba histolytica/ Entamoeba dispar / Entamoeba moshkovskii, Plasmodium falciparum or Schistosoma mansoni. ® Chi-square test. © Chi-square test
with Yates correction. * Zero outcome.
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For inflammatory markers, 8 and 11 children among the 113 participants had elevated
concentrations of CRP and AGP, respectively (Table 1). All children had normal concentra-
tions of complete blood count. We did not find an association between parasitic infections,
clinical signs and symptoms with the three strata (sex, age groups and school categories; Ta-
ble 1). In addition, parasitic infections alone were not significantly associated with changes
in complete blood counts, inflammatory markers or cytokine concentrations (Table 2).

Table 2. Complete blood counts, inflammatory markers and cytokine concentrations in schoolchildren
stratified by parasitic infections.

Parasitic Infection 2

Variabl -Value
anables Not Infected Infected Children P

Children
Complete blood counts (cells/puL)
WBC, mean + SD (x103) 554 +1.45 5.55 + 1.55 0.97
RBC, mean + SD (x10°) 498 +0.88 4.80 £ 0.53 0.24
Lymphocytes, mean + SD (x103) 2.50 + 0.60 2.58 + 0.75 0.55
Neutrophils, mean + SD (x 103) 2.52+£1.13 240 +£1.04 0.61
Inflammatory markers (mg/L)
CRP, median (IQR) 0.65 (0.65-2.51) 0.485 (0.22-1.20)
High CRP concentration (%) 2 (2.41) 6 (7.23) 0.82°b
AGP, median (IQR) 0.61 (0.50-0.85) 0.60 (0.46-0.82)
High AGP concentration (%) 3 (3.13) 8 (8.33) 0.85P
Cytokines (pg/mL)
IL-4, median (IQR) 2.01 (1.45-2.63) 2.09 (2.09-3.03) 0.71
IFNYy, median (IQR) 6.88 (4.38-12.38) 7.28 (4.86-11.94) 0.69

Note: AGP, alpha (1)-acid glycoprotein; CRP, C-reactive protein; IFNYy, interferon gamma; IL-4, interleukin 4; IQR,
interquartile range; RBC, red blood cells; SD, standard deviation; WBC, white blood cells. ? Infection with at
least Entamoeba histolytica / Entamoeba dispar / Entamoeba moshkovskii, Plasmodium falciparum or Schistosoma mansoni.
P Chi-square test with Yates correction.

3.2. Association of Cytokine Concentrations with Parasitic Infections, Clinical Signs and Symptoms

Using a regression analysis, we found higher mean concentrations of IL-4 (p = 0.01)
among children infected with S. mansoni (Table 3). Mean IFNy concentrations were signifi-
cantly more elevated (p = 0.01) in children infected with P. falciparum (Table 4). Children
diagnosed with a E. histolytica/E. dispar/E. moshkovskii infection had significantly lower mean
IFNYy concentrations (p = 0.039) compared to those with no infection (Table 4). Children
reporting nausea had significantly higher concentrations of IL-4 (p < 0.001) compared to
those who did not report nausea (Table 3).

Table 3. A multivariable log-linear stepwise backward modelling for the association of interleukin 4
with potential explanatory variables.

Variables Crud(;SCo/(zegii)cient p-Value Ci‘i]fﬁi;z‘rilt p-Value
(95% CI)
Stunted —0.06 (—0.28, 0.17) 0.60 0.25 (0.04, 0.47) 0.02
S. mansoni infection —0.003 (—0.23, 0.23) 1.00 0.27 (0.07, 0.46) 0.01
Macrocytic anaemia 0.13 (—0.19, 0.45) 0.40 0.23 (—0.09, 0.54) 0.15
Microcytic anaemia 0.20 (—0.27, 0.67) 0.40 0.35 (—0.06, 0.76) 0.09

Low ferritin concentration 0.27 (0.03, 0.51) 0.03 0.23 (—0.02, 0.48) 0.07
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Table 3. Cont.

Variables Crud(;s(g/(;egii)cient p-Value ci‘:]f;iiit p-Value
(95% CI)
Low transferrin 0.20 (—0.12, 0.52) 0.20 0.15 (—0.16, 0.45) 0.34
Concentration
Vitamin B12 deficiency —0.34 (—0.72, 0.05) 0.09 —0.28 (—0.64, 0.07) 0.11
Poor housing quality 0.02 (—0.20, 0.24) 0.90 0.25 (0.04, 0.47) 0.02
Nausea 0.18 (—0.20, 0.57) 0.40 0.74 (0.38, 1.10) <0.001
Poorer SES—middle —0.16 (—0.46,0.15) 0.30 —0.16 (—0.46, 0.15) 0.31
Poorest SES—poor —0.02 (—0.32, 0.28) 0.90 —0.14 (—0.46, 0.18) 0.38
Male schoolchildren —0.10 (—0.31, 0.11) 0.40 0.03 (—0.15,0.22) 0.72
High AGP concentration —0.04 (—0.35, 0.27) 0.80 —0.21 (—0.51, 0.09) 0.17
High CRP concentration 0.04 (—0.30, 0.39) 0.80 0.45 (0.07, 0.83) 0.02
Most remote school —0.024 (—0.24, 0.19) 0.800 0.04 (—0.15,0.24) 0.64
Age —0.10 (—0.16, —0.05)  <0.001  —0.14 (—0.20, —0.08)  <0.001

Note: AGP, alpha (1)-acid glycoprotein; CRP, C-reactive protein; IFNY, interferon gamma; IL-4, interleukin 4; SES,
socioeconomic status; S. mansoni, Schistosoma mansoni.

Table 4. A multivariable log-linear stepwise backward modelling for the association of interferon
gamma with potential explanatory variables.

Crude Coefficient Adjusted Coefficient

Variables (95% CI) p-Value (95% CI) p-Value
S. mansoni infection 0.30 (—0.02, 0.62) 0.06 0.35 (—0.03, 0.72) 0.07
P. falciparum infection 0.17 (—0.26, 0.60) 0.40 0.64 (0.17, 1.10) 0.01
E. histolytica/E. dispar/

E. moshkovskii infection —0.32 (—0.62, —0.01) 0.04 —0.44 (—0.85, —0.02) 0.04
Macrocytic anaemia 0.28 (—0.16, 0.71) 0.20 0.54 (—0.05, 1.13) 0.07
Microcytic anaemia 047 (—0.18, 1.11) 0.20 0.40 (—0.42,1.22) 0.33
| Atleastone 019 (—0.61,024)  0.40 —0.46 (—0.95, 0.03) 0.06

micronutrient deficiency
Vitamin A deficiency 0.29 (0.001, 0.58) 0.05 0.45 (0.06, 0.85) 0.03

No toilet facility —0.04 (—0.49, 0.42) 0.90 0.43 (—0.23, 1.09) 0.20
. Poorer —0.61(~1.0,-0.20)  0.004 —0.67 (—1.25, —0.09) 0.03
socioeconomic status
_ Poorest ~0.62(~1.0,—022)  0.003 ~0.38 (~0.95,0.20) 0.20
socioeconomic status
Male schoolchildren —0.11 (—0.41, 0.18) 0.40 —0.21 (—0.57,0.15) 0.24
High AGP 0.17 (—0.33, 0.67) 0.50 0.46 (—0.10, 1.02) 0.10
concentrations
High CR.P 0.75(0.17, 1.3) 0.01 0.37 (—0.34, 1.08) 0.30
concentrations
Most remote schools —0.60 (—0.88, —0.33) <0.001 —0.51 (—0.88, —0.15) 0.01
Age —0.07 (—0.16, 0.01) 0.10 0.01 (—0.11, 0.12) 0.92

Note: AGP, alpha (1)-acid glycoprotein; CRP, C-reactive protein; E. histolytica/E. dispar/ E. moshkovskii, Entamoeba
histolytica / Entamoeba dispar / Entamoeba moshkovskii; IFNY, interferon gamma; IL-4, interleukin 4; P. falciparum,
Plasmodium falciparum; SES, socioeconomic status; S. mansoni, Schistosoma mansoni.
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3.3. Association of Cytokine Concentrations with Undernutrition and Micronutrient Deficiency

Only IL-4 concentrations were associated with undernutrition. As summarised in Ta-
ble 3, higher concentrations of IL-4 were observed among stunted schoolchildren (p = 0.02),
as well as in schoolchildren diagnosed with higher concentrations of CRP in their blood
(p =0.02). Concerning micronutrient deficiencies, as shown in Table 4, schoolchildren
diagnosed with vitamin A deficiency had a significantly higher concentration of IFNy
compared to their counterparts (p = 0.03). We did not find a significant association between
anaemia and cytokine concentrations.

3.4. Association between Cytokine Concentrations and Other Risk Factors

When considering household and community factors, we found that children from
the most remote schools had significantly lower mean IFNy concentrations compared to
their counterparts from the least remote schools (p = 0.01; Table 4). In addition, lower mean
IFNYy concentrations were also found in children who were categorised into poor categories
of the socioeconomic index (p = 0.03). For IL-4, we found that children living in houses
with poorer quality were diagnosed with higher mean concentrations of IL-4 compared to
their counterparts living in better-quality houses (p = 0.02; Table 3). Finally, we observed a
negative relationship between age and IL-4 concentrations (p < 0.001).

4. Discussion

The current study has shed light on previously unexplored associations of cytokine
concentrations (IL-4 and IFNvy, in particular) with parasitic infections, undernutrition,
micronutrient deficiency, anaemia, clinical signs and symptoms, inflammatory markers and
anaemia markers, as well as differences in risk factors such as socioeconomic status, location
of the primary schools, shoe-wearing habit, housing quality, drinking water sources, latrine
ownership and its location.

4.1. Association of Cytokine Concentrations with Parasitic Infections, Clinical Signs and Symptoms

We found elevated cytokine concentrations among schoolchildren who were infected
with parasites, which is in line with previous studies [18,19]. The higher concentrations
of IL-4 we observed in children diagnosed with S. mansoni infections are consistent with
several previous publications [20-22]. Schistosome and soil-transmitted helminth infections
are characterised by the secretion and release of IL-4, a Th2-immune response cytokine,
which helps dislodge and expel parasites from the gut by stimulating a “weep and sweep”
mechanism [23]. When schistosome infections are acute, there can also be a peak of a
Th1-type immune response, followed by a switch to a Th2-type immune response later [22].
The association found between the higher mean concentrations of IL-4 and nausea might
be due to the underlying intestinal helminth infections. Nausea, vomiting and abdominal
pain, coupled with an elevation of a Th2-response, might occur in individuals harbouring
intestinal helminth and schistosome infections [24,25].

In the case of IFNy, we found higher mean concentrations in children infected with
P. falciparum, which has been reported in several other studies [26-28]. Protozoa infections,
such as P. falciparum, are known to trigger a strong Th1-type immune response, which is
responsible for IFNy secretion and release. To eliminate Plasmodium-infected red blood
cells (merozoites), Thl-cells produce large amounts of IFNYy, which activate phagocytic
cells that eliminate merozoites via phagocytosis. However, for other protozoa, such as
Entamoeba spp., their link with IFNy might not be direct, as we observed in this study. The
unexpectedly low mean IFNy concentration in schoolchildren diagnosed with E. histolyt-
ica/E. dispar/E. moshkovskii infection might be due to downregulation of IFNy production
caused by parasitic activation of an antagonistic Th2-type immune response [29-32]. This
would be in line with what Guo and colleagues found through a murine experiment that
demonstrated how E. histolytica evades the immune system through the downregulation of
the Th1l-type immune response that produces IFNYy [29]. Entamoeba histolytica achieves this
feat by successfully activating the Th2-type immune response, flooding the system with
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anti-inflammatory cytokines such as IL-4 and IL10 and, in turn, suppressing the Thl-type
immune response.

4.2. Association of Cytokine Concentrations with Undernutrition, Micronutrient Deficiency and
Inflammatory Markers

A combination of protein, carbohydrate and fat, and micronutrients such as vitamin A,
vitamin B12, zinc, folate and vitamin D uptake, are vital sources of energy and significantly
influence a person’s health [33,34]. Several studies have outlined the impact of malnutrition,
such as undernutrition and micronutrient deficiency, on the immune response, showing that
malnourished people are unable to mount a sufficient immune response against infections,
especially a T-cell-mediated immune response [30]. Excess energy is required for the
activation and sustenance of an immune response during infections, and the lack thereof
results in an insufficient immune response to ward off infections, which can further worsen
the condition by reducing nutrient uptake [31]. Rodriguez and colleagues observed that
an energy-intensive Thl-type immune response, which is responsible for IFNy secretion,
is more likely to be impaired when a person is malnourished, due to insufficient energy
and/or upregulation of the Th2-type immune response [32].

In the current study, we found an increased mean of IL-4 concentrations in stunted
schoolchildren, which is in agreement with previous reports [32,35,36]. The immune
response in malnourished children has been shown to be geared towards Th2 activation,
resulting in the proliferation of anti-inflammatory cytokines, such as IL-4 and IL-10, which
can increase the predisposition to protozoa and bacterial infections [32,35,37].

For CRP, schoolchildren diagnosed with elevated CRP concentrations were more likely
to have higher concentrations of IL-4, which might be an indicator for inflammation asso-
ciated with infections. C-reactive protein is a product of an acute-phase response during
infection, responsible for clearing the invading pathogens [38]. To eliminate pathogens,
CRP activates the classical complement pathway and enhances the complement pathogen-
opsonisation process via binding to the pathogen polysaccharides [38]. In addition, CRP
enhances the secretion of IL-4 during an acute-phase response by stimulating the ex-
pression of monocyte chemoattractant protein-1, which, in turn, increases the Th2-type
immune response.

The higher mean concentrations of IFNy associated with vitamin A deficiency found
in this study are in line with what has been previously reported elsewhere [39,40]. Vitamin
A deficiency is known to trigger a strong Thl-regulated IFNYy response, along with the
downregulation of the Th2-response, which further predisposes individuals to protozoa
and helminth infections.

4.3. Association between Cytokine Concentrations and Other Risk Factors

Poor communities are often vulnerable to infections due to the lack of disease preven-
tion and healthcare services, adequate sanitation, safe drinking water and health education.
Persistent chronic debilitating conditions can further exacerbate poverty. In the current
study, a significant number of children living in poor housing had elevated concentrations
of IL-4. On the other hand, lower mean concentrations of IFNy were found in schoolchil-
dren attending the most rural schools and in those classified into the poorer socioeconomic
status category. In our previous publication [15], we showed that schoolchildren cate-
gorised into a poor socioeconomic status had a higher likelihood of being diagnosed with
at least one parasitic infection, especially protozoa. Protozoa infections are one of the many
factors that can lead to the downregulation of IFNvy, a Th1l-type immune response cytokine,
through the activation of the antagonist Th2-type immune response [13,22]. Using an unad-
justed model, schoolchildren classified into the poorest socioeconomic status category were
diagnosed with decreased concentrations of IFNy (Table 4). However, those diagnosed
with elevated CRP concentrations were more likely to have an increased concentration of
IFNYy (Table 4).
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The results from our linear regression analysis indicated that the older the child, the
lower the IL-4 concentrations. An increase in age has been shown to be correlated with a
reduction in intestinal parasitic infections [41,42], which subsequently leads to a lower acti-
vation and secretion of the anti-helminthic cytokine IL-4. Although not significant, in this
study, a lower proportion of older schoolchildren were diagnosed with parasitic infections
in comparison to younger schoolchildren. In the unadjusted model, schoolchildren diag-
nosed with low ferritin concentrations were more likely to have increased concentrations
of IL-4.

4.4. Parasitic Infections, Clinical Signs and Symptoms, Complete Blood Counts and Inflammatory Markers

The significant differences in mean concentrations of neutrophils and white blood cells
observed between younger vs. older children, and children attending the most rural vs.
the least rural schools, were deemed not clinically significant, since all study participants’
complete blood counts were within the normal range. Similar associations between the
schoolchildren’s age groups, the location of the schools they attended and stunting were
summarised by Mrimi et al. [16]. The higher proportion of schoolchildren diagnosed with
elevated concentrations of AGP might indicate the presence of underlying/undiagnosed
infections, inflammations and/or traumas. As an acute-phase protein, the concentra-
tion of AGP can increase by two- to five-fold in response to infections, inflammations
and/or traumas [43].

4.5. Limitations

Firstly, due to the low prevalence of parasitic infections in our cross-sectional survey,
the size of the subsample used in this study was relatively small. Second, a single time-
point measure of cytokine concentrations in serum might not accurately inform the ongoing
host-parasite interaction, and subsequently, the different antigenic stimulations during
infection. Third, due to financial constraints, we could only analyse three types of cytokines;
exploring other cytokines, such as interleukin 6, interleukin 10and tumor necrosis factor «,
could strengthen our understanding of the immune response to parasitic infections and
malnutrition. Finally, we did not analyse samples for the presence of bacterial infections,
which are strong predictors of the Thl-response.

5. Conclusions

Our study has revealed potential relationships between cytokine concentrations, par-
asitic infections, malnutrition and their associated risk factors. Parasitic infections and
malnutrition triggered highly polarised Th1- and Th2-responses in affected schoolchildren,
which if not controlled, could lead to an increase in inflammation-related morbidity and
susceptibility to infection. However, the immune mechanisms associated with malnutrition
and parasitic infections, as well as their potential non-immediate and chronic effects, remain
largely underexplored. This calls for longitudinal studies to better understand the impact
of undernourishment on susceptibility to infections, and vice versa.
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