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Abstract

Early-life exposure to arsenic (As) increases risks of respiratory diseases/infections in children. 

However, data on the ability of the innate immune system to combat bacterial infections in the 

respiratory tracts of As-exposed children is scarce. To evaluate whether persistent low-dose As 

exposure alters innate immune function among children younger than 5 yr-of-age, mothers and 

participating children (N = 51) that were members of the Health Effects of Arsenic Longitudinal 

Study (HEALS) cohort in rural Bangladesh were recruited. Household water As, past and 

concurrent maternal urinary As (U-As) as well as child U-As were all measured at enrollment. In 

addition, U-As metabolites were evaluated. Innate immune function was examined via measures of 

cathelicidin LL-37 in plasma, ex vivo monocyte-derived-macrophage (MDM)-mediated killing of 

Streptococcus pneumoniae (Spn), and serum bactericidal antibody (SBA) responses against 

Haemophilus influenzae type b (Hib). Cyto/chemokines produced by isolated peripheral blood 

mononuclear cells (PBMC) were assayed using a Multiplex system. Multivariable linear 

regression analyses revealed that maternal (p < 0.01) and child (p = 0.02) U-As were positively 

associated with plasma LL-37 levels. Decreased MDM-mediated Spn killing (p = 0.05) and SBA 

responses (p = 0.02) were seen to be each associated with fractions of mono-methylarsonic acid 

(MMA; a U-As metabolite) in the children. In addition, U-As levels were seen to be negatively 

associated with PBMC formation of fractalkine and IL-7, and positively associated with that for 

IL-13, IL-17 and MIP-1α. These findings suggested that early-life As exposure may disrupt the 
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innate host defense pathway in these children. It is possible that such disruptions may have health 

consequences later in life.
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pathogens

Introduction

Epidemiological studies have shown increased risk of morbidity in children due to chronic 

and early life arsenic (As) exposure, particularly related to respiratory tract infections (RTI) 

and diarrheal diseases (Raqib et al. 2009; Rahman et al. 2017; Sanchez et al. 2016). 

Emerging evidence indicates that As has multiple harmful effects on immune regulation and 

its surveillance system which potentially amplify susceptibility to many infectious diseases 

as well as other immune-related health outcomes (Dangleben et al. 2013; Ferrario et al. 

2016). Arsenic can act as immuno-stimulant to cause an elevation/perpetuation of 

inflammatory responses harmful to the host. The immunosuppressive effects of As include 

modulation of the numbers, functions and survival of immune and hematopoietic cells, and 

impaired humoral and cell-mediated immunity (Dangleben et al. 2013; Ferrario et al. 2016). 

The majority of these findings are based on in vitro and experimental studies. Limited 

information is available on As-induced innate immune modulation in humans, particularly in 

children.

Macrophages are crucial regulators of innate immunity that bridge the innate and adaptive 

immune systems. Experimental and in vitro studies have shown that toxic effects of As on 

macrophages include the hindering of differentiation of monocytes into macrophages 

(Lemarie et al. 2006), as well as antigen-presenting capacity (Sikorski et al 1991), 

bactericidal (Bishayi et al. 2003) and phagocytic abilities (Sengupta et al. 2002) of 

macrophages. However, studies of macrophage function in humans exposed to As during 

early life are lacking. Evolutionarily conserved host defense peptides (HDP) are considered 

to be effectors of innate immunity and are secreted by various cells types including 

macrophages. There are two major classes in mammals, i.e., the defensins and the 

cathelicidins. Humans have only one cathelicidin, LL-37 that has broad spectrum 

antibacterial, chemotactic and immunomodulatory properties (van Harten et al. 2018). Beta-

defensins and LL-37 play major roles in host responses against pulmonary pathogens related 

to bronchiectasis, recurrent airways infections, and in the pathogenesis of chronic 

obstructive pulmonary disease (COPD) (Dangleben et al. 2013; Persson et al 2017). Until 

now, only a single study reported an association between As exposure and beta-defensin-1 in 

humans (Hegedus et al. 2008).

Serum bactericidal antibody (SBA) are a major arm of the overall innate immune system. 

SBA responses measure functional antibody formation against various bacterial pathogens 

and are used to evaluate immunogenicity of bacterial vaccines as a correlate of protection 

(Jang et al. 2016; Shimanovich et al. 2017). In Bangladeshi patients with As-induced skin 

lesions, complement-mediated SBA and serum concentration of Complement 3 (C3) were 
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found to be significantly low as compared to healthy unexposed controls (Islam et al. 2012). 

Higher expression of inflammatory cytokines have been found in individuals chronically-

exposed to As (Ahmed et al. 2014; Dutta et al. 2015), although formation of T-cell cytokines 

was suppressed (Ahmed et al. 2014; Biswas et al. 2008; Martin-Chouly et al. 2011).

Against this backdrop, it was hypothesized that chronic As exposure modulates the 

induction of innate immune responses in young children. The study reported here 

determined the effect of early-life exposures to As on innate immunity in rural Bangladeshi 

children ≤ 5 yr-of-age who had been repeatedly exposed to As in their drinking water and 

food. The evaluations performed encompassed analyses of levels of As metabolites in urine, 

serum LL-37, as well as ex vivo measures of monocyte-derived-macrophage (MDM)-

mediated Streptococcus pneumoniae (Spn) killing, serum bactericidal antibody (SBA) 

responses against Haemophilus influenzae type b (Hib), and cytokines production by 

isolated peripheral blood mononuclear cells (PBMC). Individuals who excrete relatively 

higher proportions of MMA and lower proportions of DMA exhibit a higher propensity for 

As related adverse health outcomes (Vahter et al. 2002) which may be a consequence of 

altered immune function.

Materials and Methods

Study area and subjects

Mothers of the participating children were members of the Health Effects of Arsenic 

Longitudinal Study (HEALS; established in 2000) cohort in Araihazar, Bangladesh. At 

baseline, the HEALS participants were chronically-exposed to a wide range of As levels in 

their drinking water (Chen et al. 2009), though exposure has declined dramatically since 

then (Huhmann et al. 2019). The purpose of the HEALS was to investigate health outcomes 

associated with As exposure through drinking water. All participants were followed-up for 

health assessments and personal interviews every 2–3 years via home visits by trained study 

personnel. Well water for each household was tested for As at baseline and during follow-up 

visits. Blood and urine samples were also collected from the participants using protocols 

outlined in Chen et al. (2009) and Huhmann et al. (2019).

The current study included 51 healthy children (≤ 5 yr-of-age) and their mothers who were 

already participants in the HEALS cohort. A total of 60 children were randomly identified 

from the HEALS central database. Written informed consent was obtained from all mothers 

of the participating children. Of the original 60, 3 were above the desired age range, 2 were 

ill, and 2 were unwilling to donate blood. In addition, 2 blood samples were discarded due to 

insufficient volume or inadequate numbers of isolatable PBMC. Body weight (in light 

clothes and barefoot) was measured to the nearest 0.1 kg (digital scale) and height was 

measured (stadiometer). These parameters were converted to height-for-age, weight-for-age, 

and body mass index-for-age Z-scores (SD scores), using the WHO growth reference for 

school-aged children and adolescents (de Onis et al. 2007). This study was approved by the 

Bangladesh Medical Research Council (BMRC); Columbia University also provided the 

ethical clearance for the study.
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Water and urine sample collection and arsenic assessment

Household water samples that had been collected in trace element-free polyethylene bottles 

were analyzed by high-resolution inductively-coupled plasma mass spectrometry (HR ICP-

MS) as previously described (van Geen et al. 2007). The detection limit of the method was 

0.1 μg/L; the standard deviation of a single measurement was conservatively estimated at 4 

μg/L.

Spot urine samples were collected in 50-ml acid-washed tubes and stored at −80°C until 

shipped to Columbia University on dry ice. Urinary As analysis were performed by a 

graphite furnace atomic-absorption (GFAA) using a Perkin-Elmer Analyst 600 graphite 

furnace system as described earlier (Nixon et al. 1991). The detection limit for U-As was 2 

μg/L. Urinary creatinine was analyzed by a colorimetric method based on the Jaffe reaction. 

To compensate for variations in hydration status, total U-As concentration was adjusted with 

creatinine and expressed as μg As/g creatinine (μg/g). Maternal U-As collected 2–4 yr prior 

was considered as past exposure and referred to as maternal U-Aspast and U-As during 

enrolment in the study as maternal U-Asconcurrent.

Inorganic As (iAs) is metabolized by a series of reduction and methylation reactions 

producing mono-methylarsonic acid (MMA) and di-methylarsinic acid (DMA). . Urinary As 

metabolites in samples were assayed by ICP-MS-DRC coupled to a high performance liquid 

chromatography (HPLC) system as previously described (Van Geen et al 2002). ICP-MS-

DRC was used as a detector for As metabolites that had been chromato-graphically 

separated over a PRP-X100 Anion Exchange Column (Hamilton, Reno, Nevada, US) using 

10 mM ammonium nitrate/ammonium phosphate solution (pH 9.1) as the mobile phase. The 

system allowed detection of inorganic As (i.e. As+3 and As+5), total MMA, and total DMA. 

Extent of As methylation efficiency was assessed by calculating relative amounts (%) of the 

metabolites in the children’s urine; total arsenic was calculated based on the concentration of 

the sum of iAs, MMA, and DMA in the urine.

Blood samples

Peripheral blood samples (5 ml) from children were collected in Li-Heparin-coated tubes 

(SARSTEDT, Nümbrecht, Germany), and were stored/transferred in cool boxes within 2–3 

hr of collection to the Laboratory of the International Centre for Diarrheal Disease, 

Bangladesh (icddr,b) in Dhaka. Plasma and PBMC were separated from whole blood using 

Ficoll-Paque Plus density gradient centrifugation (GE Healthcare, Sigma, St. Louis, MO). 

Isolated plasma was stored in an ultralow freezer (−80°C) for later use in LL-37 analyses 

and bactericidal activity assessments. Isolated PBMC were cultured for use in evaluations of 

monocyte-derived-macro-phage (MDM) killing activities (see below).

LL-37 measurement

Human cathelicidin host defense peptide LL-37 acts as a first line of defense effector 

molecule in the innate immune system. Concentrations of LL-37 in the isolated plasma 

samples was measured by ELISA (Hycult Biotechnology, Uden, Netherlands), according to 

manufacturer protocols. The lower limit of detection of the kit was 0 14 ng/ml; the intra- and 

inter-assay CV was 4.96 and 7.89%, respectively. All samples were measured in duplicates.
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Monocyte-derived-macrophage (MDM) culture

Bacteriolytic activity against a respiratory pathogen by MDM cultured from As-exposed 

children was described in Gordon et al. (Gordon et al. 2000). In the present study, Gram-

positive Streptococcus pneumoniae (Spn), a major cause of community-acquired pneumonia 

and meningitis in children (DeAntonio et al. 2016), was the test pathogen. In brief, isolated 

PBMC were washed and suspended in enriched culture medium (RPMI-1640 supplemented 

with 10% autologous plasma, 1% L-glutamine, 1% sodium pyruvate, 1% penicillin-

streptomycin) (all Gibco, Grand Island, NY). Thereafter, cells (5 × 106 cells/well) were 

plated into 4-well cell culture plates (NUNC, Roskilde, Denmark). After 2 hr incubation in 

37°C in a 5% CO2 incubator, the supernatants containing non-adherent cells (mostly 

lymphocytes) were removed (see below for cytokine analysis), leaving the adherent cells 

(mostly monocytes) attached to the plastic surface. These cells were cultured for 7 d, and 

then treated (dose in well = 5 μg/ml) with bacterial lipopolysaccharide (LPS; from 

Escherichia coli 011:B4, Sigma). Other matched cells received vehicle only (no stimulant). 

After 48 hr of incubation, the MDM were then washed and incubated with enriched RPMI 

medium containing an additional 10% (w/v) bovine serum albumin (BSA, Sigma) for 30 

min at 37°C. The supernatant in the well was removed and the MDM washed again with 

enriched media prior to use in the protocol below.

MDM-mediated killing assay

Type 1 Streptococcus pneumoniae (Spn) (ATCC 49616; Manassas, VA) was grown to mid-

log phase in brain heart infusion (BHI) broth with 20% fetal calf serum (Thermo Fisher 

Scientific, Waltham, MA). A suspension of Spn was prepared to a concentration of 5 × 107 

colony-forming units (CFU) at an absorbance of 0.6 at 600 nm and stored at −80°C for later 

use. For the assay, the bacterial cells were pelleted by centrifugation (10,000 rpm, 5 min), 

washed 3 times with RPMI, re-pelleted, and then opsonized by re-suspension in 10% 

autologous/pooled plasma or 10% phosphate-buffered saline (PBS, pH 7.4; control) and 

culturing in for 30 min at 37°C at 120 rpm, before being washed again. To evaluate killing 

activity, the MDM in the wells described above were infected with Spn at a multiplicity of 

infection of 100 (100 bacteria/one macrophage) and the plates were then incubated for 1 hr 

at 4°C. At that point, extracellular fluid (ECF) containing non-ingested bacteria was 

collected. The now-infected MDM were washed 3 times with warm RPMI and then further 

incubated in media with 10% autologous plasma for 20 min at 37°C. After this, the infected 

macrophages were lysed by addition of 2% saponin in RPMI to the wells to cause the 

release of all viable intracellular bacteria. Intracellular fluid (ICF) containing bacteria in the 

cell lysates in each well was collected with vigorous aspiration and then centrifuged 5 min at 

10,000 rpm. Both ECF and ICF were cultured on chocolate agar plates overnight at 37°C 

and under 5% CO2; colonies (CFU) of the Spn were then counted.

The number of adhered Spn (bound to macrophage surface/ingested by cells) was calculated 

by subtracting the number of viable Spn in ECF from the number of Spn inoculated/well. 

The percentage of killing of internalized bacteria by MDM (% killing capacity) was 

determined as 100% x ([number adhered/ingested bacteria - number viable bacteria in ICF]/

number of adhered/ingested bacteria). The ‘relative CFU count’ was calculated for each 

participant, i.e., ratio of CFU found with ICF of LPS-stimulated cells compared to that in 
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ICF of unstimulated cells, to account for inter-subject variations in the baseline 

(unstimulated) killing activity of MDM (Gordon et al. 2000).

Serum bactericidal antibody (SBA) response

The SBA assay is an important in vitro method for measuring complement-mediated 

functionality of natural/vaccine-induced antibodies targeting pathogens (Ercoli et al. 2015). 

Gram-negative Haemophilus influenzae type b (Hib) was selected for evaluation of acquired 

SBA responses as all the study children were vaccinated during infancy with Hib through the 

Expanded Program on Immunization (EPI) in Bangladesh. Each serum sample was 

incubated at 56°C for 30 min to inactivate complement before being used in the assay. The 

exogenous complement source used in the assay was sera from healthy young rabbits, aged 

4–6 weeks (Animal Resource Facility, icddr,b, Dhaka, Bangladesh).

From chocolate agar plates, 20–30 colonies of Hib type B (ATCC 49247) that had been 

grown at 37°C after receipt, were inoculated into Brain Heart Infusion (BHI) broth 

supplemented with hemin (10 μg/ml) and NAD (10 μg/ml) (both Sigma), and incubated for 2 

hr at 37°C. Bacteria in mid-log phase were then harvested by centrifugation (12,000 x g, 

4°C) and washed twice with PBS. The final pellet was suspended in Hanks Buffer Salt 

Solution (HBSS) containing CaCl2 and MgCl2 with 2% BHI. The optical density of the 

suspension was adjusted to 0.41 (at 600 nm) which corresponded to 2.5 × 108 CFU/ml. The 

bacterial solution was then opsonized with rabbit complement. After washing, the bacteria 

were prepared for introduction (at 103 CFU/well) into sera and diluent media-containing 

wells of MaxiSorp flat bottom microtiter plates (Sigma) kept on ice. The plates were 

incubated for 75 min at 37°C in a 5% CO2 incubator and then the absorbance in each well 

was taken at 595 nm. Pooled sera was used as a positive control. As other controls, bacteria 

without sera, and sera plus complement without bacteria, were used.

Cytokines and chemokines in non-adherent cell culture supernatant

A subset of cell samples (n = 16) was assayed for cytokine production. The non-adherent 

cells (mostly lymphocytes) originally separated from the PBMC adherent cells were plated 

into 96-well plates at 1×106 cells/well and then treated with 5 μg phytohemagglutinin/ml 

(PHA; Sigma) or cultured medium only (control). The cells were then cultured for 48 hr at 

37°C in a 5% CO2 incubator. Thereafter, culture supernatants were collected for assessment 

of cytokines and chemokines secreted by diverse cell types such as monocytes, dendritic 

cells, neutrophils, NK cells as well as Th1 and Th2 cells (Fractalkine, GM-CSF, IFN-γ, 

IL-1β, IL-2, IL-4, IL-5, IL-6, IL-7, IL-8, IL-10, IL-12 (p70), IL-13, IL-17A, IL-21, IL-23, 

CXCL11, MIP1α, MIP1β, MIP-3α, TNFα) using a MILLIPLEX® MAP 384-Well High 

Sensitivity Human Cytokine Magnetic Bead Panel (MeRCK, Darmstadt, Germany). 

Cytokine data was expressed as the ratio of PHA-stimulated levels to control levels.

Statistical analyses

Statistical Package for Social Science (SPSS) for Windows (v.20; IBM, Armonk, NY) and 

Stata/IC (v.13, Stata Corp., Houston, TX) were used for data analysis. Demographic 

characteristic of the study participants was calculated based on child age, sex, body mass 

index (BMI), z-scores, and mother’s age and BMI. Urinary arsenic, LL-37, MDM killing 
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was log transformed since data did not follow the Gaussian distribution. Associations 

between exposures, outcomes, and covariates were initially evaluated using Spearman’s rank 

correlation coefficient (for continuous variables), Mann-Whitney U test, analysis of 

variance, or Kruskal-Wallis test (for categorical variables), as appropriate.

To evaluate As effects on participant LL-37, cytokines, MDM killing capacity, and SBA, 

multivariate linear regression was applied. The association between %MMA U-As and water 

As and outcomes (LL-37, SBA and MDM killing) was not linear. To evaluate potential 

effects of % MMA U-As and water arsenic on LL-37, SBA and MDM killing, the 

multivariate-adjusted regression analysis was restricted to the lowest tertile of As 

metabolites (reference) and comparisons made with the second or third tertiles. The 

associations between %MMA and LL-37, MDM killing and SBA were measured by using 

multivariate linear regression. All the regression models were adjusted for covariates that 

were significantly associated with both exposure and outcomes or changed the effect 

estimate by 5% or more. These covariates were age, sex, weight for age z-score and 

mother’s BMI. A p-value < 0.05 was considered significant.

Results

Study subjects

The mean age of the children was 4.15 [± 0.54] years, with an almost equal number of boys 

and girls (26 and 25, respectively). The children were mildly-malnourished (Table 1). 

Compared to the World Health Organization (WHO) reference standard, about 24% (n = 12) 

and 30% (n = 15) children were underweight and stunted, respectively. All children were 

examined by a physician and found to be healthy without any recent history of illness during 

enrolment. The average age of the mothers at time of enrollment was 24 years. The median 

BMI of the mothers was 20.2 (15.9, 32.3) kg/m2, with 27% being undernourished and 16% 

overweight/obese. About 10% of the mothers completed at least 5 years of school and about 

65% had high school level education; 14% were illiterate.

Relationship of arsenic concentration in water and urine

The median household W-As concentration (43.0 μg/L) found was below the Bangladesh 

maximum contaminant level of 50 μg/L; the range varied from 0.6 – 326 μg/L. About 55% 

(n = 28) of the household had W-As levels were ≤ 50 μg/L; 45% (n = 23) were > 50 μg/L. 

Household W-As concentration was strongly associated with maternal U-Asconcurrent (r = 

0.51, p = 0.0001), U-Aspast (r = 0.56, p = 0.000), and child U-As (r = 0.37, p = 0.006), 

indicating drinking water was the major source of As of the mothers and to a lesser extent 

the children.

Maternal U-Aspast was as high as 197 μg/g (median) and declined to a median concentration 

of 114.3 μg/g at the time of the present study (p < 0.001). In a majority of the mothers 

(79%), concurrent U-As concentrations decreased while in about 1/5th (21%) of the mothers 

the concentration increased. Child U-As concentration (median with interquartile range, 39 

(16, 102) μg/g) was significantly lower than maternal U-Asconcurrent (p = 0.01) and U-Aspast 
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(p < 0.001) which reflected considerably reduced extent of As exposure among children 

under 5 yr-of-age.

Association of arsenic exposure with cathelicidin LL-37 in plasma

The mean plasma concentration of LL-37 in children was 25.6 [± 14.2] ng/ml. Multivariable 

adjusted linear regression analysis showed that both maternal U-Asconcurrent (β coefficient = 

0.20; 95% confidence interval CI = 0.03, 0.37; p = 0.02) and U-Aspast (β = 0.27; 95% CI = 

0.06, 0.49; p = 0.01) and child U-As (β = 0.17; 95% CI = 0.02, 0.32; p = 0.02) were 

positively associated with child plasma LL-37. In stratified analysis by sex, height and 

weight, the association was found to be stronger among boys, particularly in children with 

normal weight and height (Table 2). The household W-As of children was also positively 

associated with plasma LL-37.

To evaluate the influence of child As metabolites in urine (iAs, MMA, or DMA) with 

plasma LL-37 levels, each metabolite was categorized into tertiles. Compared to the lowest 

tertile (reference) of %MMA, plasma LL-37 concentrations in the second tertile increased 

significantly mainly in girls (p= 0.05) (Figure 1A). This suggested a possible non-monotonic 

relationship between As and %MMA.

Monocyte-derived macrophage (MDM) mediated killing of Spn

No association was found between MDM-mediated killing of Spn and As exposure (W-As, 

maternal U-As and child U-As). There was no influence from nutritional status (stunting or 

underweight) or sex in the association between As exposure and MDM-mediated killing. 

However, when the association by child %MMA was stratified in tertiles, MDM-mediated 

Spn killing capacity was significantly reduced (p=0.05) in the highest fraction of MMA 

compared to the lowest (Figure 1B).

Serum bactericidal antibody (SBA) response against Hib

In the multivariable adjusted linear regression analysis, a significant positive association was 

obtained between child SBA response and household W-As (p = 0.04) and SBA in boys with 

maternal U-Asconcurrent (p = 0.02). No association was found with current exposure of 

children (Figure 2). However, a positive association between W-As and SBA was 

pronounced among boys and in children with normal weight. When the associations between 

As metabolites and SBA were stratified by child %MMA in tertiles, SBA response in the 

second tertile of %MMA decreased considerably compared to the first tertile (β =- 26.05, 

95% CI = −48.83, −3.26; p = 0.02) (Figure 1C) and the impact was stronger in the girls (β = 

−44.60, 95% CI = −85.34, −3.86; p = 0.03).

Associations of As exposures with ex vivo cytokine/chemokine formation by lymphocytes/
PBMC

PHA stimulation of isolated lymphocytes (predominantly non-adherent cells as described 

above) from the children led to significant induction of IL-10, IL-13, IL-17A, IL-2, IL-21, 

IL-5 and MIP-1α compared to unstimulated controls (data not shown). Multivariable 

regression analysis of As exposure and cytokine/chemokine concentrations in culture 

supernatants showed that there were negative associations between child U-As and 
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concentrations of fractalkine (CX3CL) (β =−0.47; 95% CI = −0.88, −0.05; p = 0.03) as well 

as tumor necrosis factor (TNF)-α (β = −3.30, 95% CI = −7.20, 0.43; p = 0.08). Inverse 

associations were also detected between household W-As or maternal U-Aspast and 

interleukin (IL)-7 concentrations (Table 3). On the other hand, strong positive associations 

were observed between maternal U-Asconcurrent and IL-13, IL-17A and MIP-1α 
concentrations. No significant associations were noted between As exposure and other 

cytokines.

Discussion

The findings of this study suggest that early childhood As exposure dysregulates 

fundamental processes of innate immunity in these children. Serum bactericidal antibody 

responses and LL-37 levels increased with increasing As exposure, but without any apparent 

change in macrophage-mediated killing activities. Expression of selected cytokines was also 

impacted by the As exposure. In addition, poor As methylation efficiency was seen to be 

associated with reduced innate immune function in these children.

A recent long-term follow-up study conducted in rural Bangladesh with widespread As 

contamination of groundwater reported higher risk of deaths due to respiratory, 

cardiovascular, and cerebro-vascular diseases (Rahman et al. 2018). Accumulating evidence 

suggests that As exposure disrupts immune function and contribute to chronic lung diseases 

(Ahmed et al. 2017; Parvez et al. 2008). Inflammation orchestrated by inflammatory and 

other immune cells is a crucial component of pulmonary diseases such as asthma, COPD, 

tuberculosis, and lung cancers (Coussens et al. 2002; Gorska et al. 2017; Leepiyasakulchai 

et al. 2012). In turn, each of these pathologies can be exacerbated by As-induced 

inflammatory responses (Olivas-Calderon et al. 2015).

An important role for the defense peptide LL-37 in the pathophysiology of chronic lung 

diseases is gradually being recognized ; and has been linked with increased risk of airway 

inflammation, lung infections, and acute exacerbation of COPD (Jiang et al. 2012; Persson 

et al. 2017). Recent studies suggested LL-37 could promote release of inflammatory IL-8 

and proliferation of non-specifically activated CD4+ T-cells, actions that may ultimately 

induce apoptosis of bronchial and alveolar epithelial cells (Jiang et al. 2012; Thomi et al. 

2018). These findings are relevant in the context of inflammation-mediated chronic lung 

diseases. In contrast, another study reported high risk of frequent exacerbations in COPD 

patients with low plasma LL-37 levels (Yang et al. 2015).

In the present study, plasma LL-37 levels increased with increasing As exposure, 

predominantly in children of normal weight and height. It is likely that with chronic As 

exposure, LL-37 levels may remain elevated in the systemic circulation owing to its role in 

innate immune surveillance and chemoattractant activity. Elevated LL-37 levels, in turn, may 

promote inflammation and have long-lasting consequences for decreased lung function 

(Zhang et al. 2014) or chronic lung disease later in life (Rahman et al. 2017; Sanchez et al. 

2016). The stimulating effects of As exposure on LL-37 levels may be masked by multiple 

stress factors in growth-retarded children, thus hindering the optimum response. However, 
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this hypothesis needs to be tested in larger cohorts of children with both a wider age range 

and As exposure levels.

The SBA is as an innate host defense mechanism against pathogens; however, recently it is 

being increasingly used as a tool to assess functional antibody responses against infection or 

vaccination (2014; Jang et al. 2016; Rahman et al. 2005; Shimanovich et al. 2017). An 

earlier study from our group showed that there was a reduced antibody response to live 

attenuated mumps vaccination among children with high vs. low levels of As exposure 

(Raqib et al. 2017). In an NHANES study among adults, chronic As exposure was 

associated with lower protective humoral immunity to herpes zoster (Cardenas et al. 2015). 

However, another NHANES study showed positive association between U-As and total anti-

hepatitis A virus seroprevalence (Cardenas et al. 2016). In an earlier study, no significant 

difference in SBA responses was found against oral cholera vaccine in 2–5-yr-old 

Bangladeshi children with high As exposure (mean U-As, 292μg/L) compared to those with 

low exposure (Saha et al. 2013). However, in these same children, diphtheria and tetanus 

vaccine-specific IgG titers were higher in the high As exposure group. The current findings 

are not directly comparable with other studies as those were mostly used for vaccine efficacy 

and there were methodological differences. However, it is conceivable that to compensate for 

suppressed cellular immunity as a result of chronic As exposure (Ahmed et al. 2014; 

Mannan et al. 2018; Yu et al. 2018) humoral immunity is disproportionately activated, as 

seen in HIV-infected individuals (Shearer et al. 2000).

Experimental studies reveal that low-to-moderate levels of As influence monocyte 

differentiation, compromise antigen presentation, reduce phagocytic efficiency, and alter the 

chemotactic indices of macrophages (Abdul et al. 2015; Ferrario et al. 2016; Lemarie et al. 

2006 & 2015; Sengupta et al. 2002). There are limited studies on in vivo As exposure effects 

on human macrophage function (Banerjee et al. 2009), especially the intracellular killing 

capacity. Inefficient As metabolism has been associated with As-related adverse health 

effects in adults and altered immune function in children (Ahmed et al. 2017; Mannan et al. 

2018; Tseng et al. 2009). Similarly, poor As methylation efficiency was related to reduced 

MDM-mediated Spn killing capacity and SBA responses in 2–5-yr-old Bangladeshi 

children.

The findings of imbalanced CX3CL expression due to chronic As exposure may reflect 

perturbed immunostasis and impaired recruitment or survival of immune and/or 

inflammatory cells to counteract an infection or toxic insult (Liu et al. 2016). Reduced 

plasma IL-7 levels in relation to As exposure was seen earlier in individuals living in rural 

areas with As-contaminated drinking water (Raqib et al. 2009). The IL-7 results are 

supported by other studies showing toxic effects of MMA+3 and As+3 in suppressing early 

T-cell development in the thymus through inhibition of IL-7 signaling pathways (Xu et al. 

2016), especially at low-to-moderate levels of As (Xu et al. 2017).

A central role of IL-13 in mediating airway hyper-reactivity and mucus expression in asthma 

is well known (Newcomb et al. 2012). Studies have also suggested a link between increased 

IL-17A production and severe asthma as well as lung infections; it is believed IL-17A 

contributes to asthma pathophysiology by increasing the capacity of IL-13 to activate 
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intracellular signaling pathways (Hall et al. 2017). Our recent work (Parvez et al. 2019) has 

found a similar effect of As on IL-17A among adults from the same study area in 

Bangladesh. Whether increased expression of IL-13 and IL-17A in response to high As 

exposure also contributes to respiratory illness in the As-exposed children remains to be 

determined. Lastly, MIP-1α is also important in the pathogeneses of various inflammatory 

diseases (Bhavsar et al. 2015; Serody et al. 2000). Accordingly, chronic As exposure may 

lead to a state of persistent inflammation through imbalanced cytokine expression by various 

cell types and contribute to the pathogenesis of chronic lung diseases. However, no changes 

in Th1 and Th2 cytokines in relation to As exposure were noted in the present study.

The current study has a few limitations. Due to its pilot nature, the sample size was small 

and so inferring a conclusion is not feasible. However, the findings do suggest directions for 

further research. One limitation was that in utero exposure data of children was not 

available, though data from the mothers’ past exposures (2–4 years back) suggested a 

continued persistent exposure of their children to As. In addition, the range of As exposures 

was relatively small (median 39 μg/g) compared to that in other as well as our own studies 

(>79 μg/L) (Ahmed et al. 2014 & 2017; Islam et al. 2012; Olivas-Calderon et al. 2015; 

Raqib et al. 2017; Saha et al. 2013).

In summary, the present findings suggest that early-life exposure to As disrupts innate host 

defense pathway in children ≤ 5 yr-of-age by affecting SBA responses and plasma LL-37 

levels. These findings, albeit preliminary, indicate that children exposed to As may face 

long-term respiratory health consequences. Poor As methylation efficiency in the children 

was also found to adversely affect SBA and macrophage-mediated killing of respiratory 

pathogens. The study also indicated that persistent As exposure may compromise host 

defenses and innate immune surveillance including formation of key peptides needed against 

infections. Findings from this study warrant further studies of respiratory infections and 

chronic lung diseases in As-exposed populations.
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Figure 1. 
Association of tertiles of %MMA with (A) plasma LL-37, (B) MDM killing, and (C) Serum 

Bactericidal antibody (SBA) response, stratified by sex. “p” was determined by multivariate 

adjusted regression analysis and the model was adjusted by child age, sex, WAZ and mother 

BMI.

MMA, mono-methylarsonic acid; MDM, monocyte-derived macrophage; SBA, serum 

bactericidal antibody response; WAZ, weight for age z-score; and, BMI, body mass index
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Figure 2. 
Association of arsenic exposure (child U-As, mother’s concurrent U-As, mother’s past U-As 

and household water arsenic) with serum bactericidal antibody (SBA) response. Analysis 

was performed stratifying by sex. “p” was determined by multivariate adjusted regression 

analysis and the model was adjusted by child age, sex, WAZ and mother BMI. WAZ, weight 

for age z-score and BMI, body mass index
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Table 1.

Demographic and exposure characteristics of study children and mothers (N = 51).

Children

Age, years 4.15±0.54

BMI, kg/m2 14.39±1.89

WAZ −1.32 (−1.98, −0.84))

HAZ −1.11(−2.32, −0.35)

BAZ −0.73(−1.29, −0.19)

Underweight, n (%) 12 (23.5%)

Stunted, n (%) 15 (29.4%)

Mothers

BMI, kg/m2 20.88±3.36

Age, years 23.67±5.68

Mothers’ education, n (%)

Illiterate 7 (13.73%)

Primary 5 (9.80%)

High school 33 (64.71%)

Graduate 6 (11.76%)

Arsenic concentrations

Water-As, μg/L, median 43.0 (5.0, 66.0)

All children, μg/g, median 39.0 (16.0, 102.0)

Boys U-As, μg/g 37.0 (24.0, 111.0)

Girls U-As, μg/g 45.0 (16.0, 80.0)

Mother U-Asconcurrent μg/g 114.3 (44.0, 141.5)

Mother U-Aspast μg/g 197.1 (81.9, 299.5)

Note. BMI body mass index; WAZ, weight-for-age Z-scores; HAZ, height-for-age Z-scores; BAZ, body-mass-index-for-age Z-scores; U-As, 
urinary arsenic; HHW-As, household water arsenic.

Data are given as mean± standard deviation or in numbers with percentage in brackets; data for anthropometric indices and urinary arsenic are 
given as median with inter-quartile range within brackets.
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Table 2.

Multivariable adjusted linear regression analysis of the association between urinary/water As and plasma 

LL-37, stratified by sex and anthropometric Z-score.

LL-37 (ng/ml) All children
a

(n = 50)
Boys

b

(n = 24)
Girls

b

(n = 26)

Child U-As (μg/g) **0.17 (0.02, 0.32) **0.21 (0.04, 0.39) 0.06 (−0.22, 0.35)

Mother
U-Asconcurrent

*0.20 (0.03, 0.37) 0.20 (−0.05, 0.44) 0.17 (−0.12, 0.47)

1
Mother

U-Aspast

**0.27 (0.06, 0.49) †
0.25 (−0.05, 0.54)

0.27 (−0.09, 0.63)

Water As (μg/L) †
0.11 (−0.01, 0.22)

*0.16 (0.001, 0.32) 0.04 (−0.14, 0.22)

LL-37 (ng/ml) Normal weightc
(n = 39)

Under weightc
(n = 12)

Normal heightc
(n = 36)

Stuntingc
(n = 15)

Child U-As (μg/g) **0.22 (0.06, 0.38) 0.03 (−0.45, 0.50) **0.21 (0.04, 0.37) 0.01 (−0.49, 0.51)

Mother
U-Asconcurrent

**0.21 (0.03, 0.39) 0.01 (−0.82, 0.84) †
0.20 (−0.01, 0.41)

0.0001 (−0.50, 0.50)

1
Mother

U-Aspast

**0.26 (0.02, 0.51) 0.11 (−0.76, 0.98) **0.28 (0.02, 0.54) 0.25 (−0.37, 0.87)

Water As (μg/L) †
0.11 (−0.02, 0.24)

0.08 (−0.15, 0.31) 0.10 (−0.05, 0.24) †
0.25 (−0.04, 0.54)

Note. Data presented as beta (β) coefficient and 95% confidence interval (CI). U-As, urinary arsenic; HAZ, height-for-age Z-score; WAZ, weight-
for-age Z-score.

1
U-As (past), collected 2–4 years prior.

Models adjusted for child age, sex, WAZ and mothers’ BMI.

a
Adjusted by child age, sex, WAZ and Mother BMI;

b
Adjusted by child age, WAZ and Mother BMI.

C
Adjusted for child age, sex and Mother BMI.

*
p < 0.05,

**
p < 0.005,

†
p ≤ 0.08
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Table 3

Association of As exposure with cytok-/chemokine levels in culture supernatant (n = 16).

Cytokines/chemokines β-coefficient (95% CI) p-value

Fractalkine

Household water As −0.06(−0.39, 0.28) 0.72

Child U-As *−0.47(−0.88, −0.05) 0.03

Mother U-Asconcurrent −0.28(−1.61, 1.04) 0.63

Mother U-Aspast −0.24(−0.90, 0.41) 0.42

IL-13

Household water As 38.64(−95.17, 172.45) 0.53

Child U-As −6.97(−212.26, 198.31) 0.94

Mother U-Asconcurrent *463.64(102.20, 825.07) 0.01

Mother U-Aspast 130.58(−124.01, 385.16) 0.28

IL-17A

Household water As 1.35(−3.60, 6.30) 0.56

Child U-As 1.95(−5.52, 9.42) 0.57

Mother U-Asconcurrent *19.31(7.03, 31.59) 0.007

Mother U-Aspast 4.72(−4.70, 14.14) 0.29

IL-7

Household water As *−0.14(−0.26, −0.03) 0.02

Child U-As −0.14(−0.34, 0.07) 0.17

Mother U-Asconcurrent −0.14(−0.66, 0.38) 0.55

Mother U-Aspast *−0.27(−0.50, −0.04) 0.03

MIP-1α

Household water As 0.04(−7.56, 7.64) 0.99

Child U-As 3.84(−7.32, 15.01) 0.47

Mother U-Asconcurrent *24.35(3.52, 45.18) 0.03

Mother U-Aspast 5.84(−8.66, 20.33) 0.40

TNF-α

Household water As −1.95(−4.51, 0.61) 0.12

Child U-As
†
−3.30(−7.20, 0.43)

0.08

Mother U-Asconcurrent −5.15(−15.23, 4.92) 0.27

Mother U-Aspast −2.55(−7.96, 2.85) 0.32

Regression model adjusted by child age, sex, and BMI.

*
p < 0.05,

†
p ≤ 0.08
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