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ABSTRACT

Prenatal arsenic exposure has been associated with reduced thymic index and increased morbidity in infants, indicating
arsenic-related impaired immune function. We aimed at elucidating potential effects of pre- and postnatal arsenic exposure
on cell-mediated immune function in pre-school aged children. Children born in a prospective mother-child cohort in rural
Bangladesh were followed up at 4.5 years of age (n = 577). Arsenic exposure was assessed by concentrations of arsenic
metabolites (U-As) in child urine and maternal urine during pregnancy, using high-performance liquid chromatography
online with inductively coupled plasma mass spectrometry. For assessment of delayed type hypersensitivity response, an
intradermal injection of purified protein derivative (PPD) was given to Bacillus Calmette-Guerin vaccinated children. The
diameter (mm) of induration was measured after 48–72 h. Plasma concentrations of 27 cytokines were analyzed by a
multiplex cytokine assay. Children’s concurrent, but not prenatal, arsenic exposure was associated with a weaker response
to the injected PPD. The risk ratio (RR) of not responding to PPD (induration �5 mm) was 1.37 (95% confidence interval (CI):
1.07, 1.74) in children in the highest quartile of U-As (range 126–1228 �g/l), compared with the lowest (range 12–34 �g/l).
The p for trend across the quartiles was 0.003. The association was stronger in undernourished children. Children’s U-As in
tertiles was inversely associated with two out of 27 cytokines only, i.e., IL-2 and TNF-�, both Th1 cytokines (in the highest
tertile, regression coefficients (95% CI): −1.57 (−2.56, −0.57) and −4.53 (−8.62, −0.42), respectively), but not with Th2
cytokines. These associations were particularly strong in children with recent infections. In conclusion, elevated childhood
arsenic exposure appeared to reduce cell-mediated immunity, possibly linked to reduced concentrations of Th1 cytokines.
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Exposure to inorganic arsenic, a well-established carcinogen,
through drinking water and certain foods is a major public
health problem worldwide. There is increasing evidence that
chronic exposure to arsenic, even at fairly low exposure lev-
els, also leads to increased risk of infectious diseases, particu-
larly lower respiratory tract infections, bronchiectasis, tubercu-
losis, and diarrhea (Farzan et al., 2013; Rahman et al., 2011; Raqib

et al., 2009; Smith et al., 2006, 2011, 2013). These are likely due
to arsenic-related alterations of the immune function, partic-
ularly in the form of immunosuppression. In a cross-sectional
study involving 6–10 years old Mexican children, urinary arsenic
concentrations were associated with reduced proliferation of pe-
ripheral blood mononuclear cells in response to phytohemaglu-
tinin, low numbers of CD4+ cells, and reduced secretion of IL-
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2 (Soto-Pena et al., 2006). Similarly, urinary arsenic concentra-
tions were inversely associated with the number of T cells and
T-regulatory cells, as well as the mitogen-specific proliferative
response of T cells in adults (Biswas et al., 2008; Hernandez-
Castro et al., 2009). Taken together, these studies suggest that
arsenic may alter both the function and the number of T cells,
which are of vital importance for cell-mediated immunity. Ar-
senic exposure may also impair the maturation, differentiation,
and phagocytic function of macrophages, which also have a cru-
cial role in cellular immunity (Banerjee et al., 2009; Lemarie et al.,
2006).

In recent years it has become increasingly clear that the de-
veloping immune system in early life is particularly sensitive
to toxic insult and other stressors (DeWitt et al., 2012). We have
previously shown that maternal arsenic exposure during preg-
nancy is associated with reduced number of placental CD3+ T
cells, as well as decreased thymic size and function in infants
in rural Bangladesh (Ahmed et al., 2010, 2012; Moore et al., 2009;
Raqib et al., 2009). In the present study, we have followed up this
cohort of children at 4.5 years of age, with the aim to evaluate
the potential effects of both pre- and postnatal arsenic exposure
on cell-mediated immune function. We measured the delayed
type hypersensitivity (DTH) response as a functional measure of
cell-mediated immunity and the concentrations of cytokines in
plasma.

MATERIALS AND METHODS

Study area. The study was carried out in Matlab, a rural area
53 km southeast of Dhaka, the capital of Bangladesh. In this
area, with a population of about 220,000, the International Cen-
tre for Diarrhoeal Disease Research, Bangladesh (icddr,b) has
been operating a Health and Demographic Surveillance System
since 1966. Community health research workers record all vital
events, such as deaths, in- and out migration, marriages, preg-
nancies, and pregnancy outcomes, at regular monthly home vis-
its to the families in the area. More than 95% of the popula-
tion use tube-well water as their drinking water (Wu et al., 2011).
Screening of arsenic in all the functioning tube wells showed a
wide range of concentrations, with 30% having arsenic concen-
trations above 200 �g/l (Rahman et al., 2006; Vahter et al., 2006).

Study design and participants. The present study is part of an
ongoing research program concerning effects of arsenic expo-
sure on pregnancy outcomes and child health and develop-
ment. The study was nested into a randomized, community-
based food and micronutrient supplementation trial—the Ma-
ternal and Infant Nutrition Interventions, Matlab (“MINIMat”)
trial (ISRCTN16581394) (Persson et al., 2012). Women who were
identified as pregnant before 14 weeks of gestation from Novem-
ber 2001 to October 2003 were invited to participate in the trial
(Persson et al., 2012). The enrolled women (N = 4436) were ran-
domly assigned to one of two food supplementations (early or
usual), as well as one of three different micronutrient supple-
mentations: (1) 30 mg iron and 400 �g folic acid, (2) 60 mg iron
and 400 �g folic acid, or (3) the UNICEF/WHO/UNU preparation
of 15 different micronutrients (Persson et al., 2012).

In total, 2735 of the MINIMat children were followed up at 4.5
years of age for a range of assessments. To reduce the burden of
examinations for each child, the children were divided into two
groups on the basis of their year of birth (Group A, April 2002 to
June 2003; Group B, June 2003 to June 2004). Studies concerning
immune function were conducted in Group B (N = 1303) from
December 2007 to February 2009. The present study assessing

FIG. 1. Flow diagram describing the recruitment of children in the current study
nested in the MINIMat follow-up study in rural Bangladesh carried out in 2007–

2009.

arsenic exposure and immune response included 640 of those
children (born in June 2003 to June 2004) with available urine
and blood samples (Fig. 1). Parents of 63 children refused to let
their children have the purified protein derivative (PPD); thus 577
children participated in the PPD skin test. Out of the 577 studied
children, only 181 children had enough plasma left (after other
analyses) to enable cytokine analysis.

The study was approved by the Ethical Review Committee
at icbbr,b, Bangladesh, and the Regional Ethics Committee at
Karolinska Institutet, Sweden. Written informed consent was
obtained from the legal guardian of each child prior to partic-
ipation in the study.

Measurements of arsenic exposure. We assessed arsenic expo-
sure by the sum concentration of inorganic arsenic (iAs) and
its methylated metabolites (methylarsonic acid (MMA) and
dimethylarsinic acid (DMA)) in urine, hereafter referred to as uri-
nary arsenic (U-As). This measure reflects ongoing exposure to
inorganic arsenic from all sources, i.e., both drinking water and
food (Vahter et al., 2006).

Maternal urine was collected in early pregnancy (on average
in GW8) as described previously (Vahter et al., 2006). At 4.5 years
of age, a spot urine sample was collected at the health clinics
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into a metal-free plastic cup from which urine was transferred
to a 24-ml trace elements free polyethylene bottle (Gardner et al.,
2011). All samples were kept cold until transferred, by the end
of the day at the latest, to the Matlab hospital laboratory where
they were stored at −70◦C. The urine samples were transported
frozen to Karolinska Institutet, Sweden, for the analysis of uri-
nary arsenic.

The arsenic metabolite concentrations in maternal and
child urine were measured using high-performance liquid chro-
matography online with hydride generation and inductively
coupled plasma mass spectrometry (HPLC-HG-ICPMS) as de-
scribed previously (Gardner et al., 2011). All the measured arsenic
concentrations in maternal urine and child urine were above the
limit of detection (LOD) (�1 ug/l). The intra- and inter-assay coef-
ficients of variation were 4% and 3%, respectively, based on the
measurements of quality control material (human urine sam-
ple; CRM No.18, National Institute for Environmental Studies,
Tsukuba City, Japan). For quality control purposes, we analyzed
a reference urine sample (CRM No.18, National Institute for Envi-
ronmental Studies, Tsukuba City, Japan) together with the urine
samples collected from the mothers and their children. The cer-
tified reference value of DMA was 36 ± 9 �g/l (mean ± SD) and
our obtained DMA concentration of the reference material was
43 ± 1.7 �g/l when it was analyzed together with the mother’s
urine samples and 42 ± 1.2 �g/l when it was analyzed together
with the children’s urine samples. We also measured total ar-
senic in child urine using ICPMS (m/z75; helium mode) after 10-
fold dilution by 1% nitric acid (65% Suprapur, Merck, Darmstadt,
Germany), and found an excellent agreement between total ar-
senic concentrations measured by ICPMS and the sum metabo-
lite concentrations measured by HPLC-HG-ICPMS (R2 = 0.993).
This may be used for quality control purposes as the intake
of seafood, which often contains elevated concentrations of or-
ganic arsenic compounds, is minimal in the study area.

Urinary arsenic concentrations were adjusted to the aver-
age specific gravity, measured by a digital refractometer (RD712
Clinical Refractometer; EUROMEX, Arnhem, the Netherlands),
to compensate for variation in dilution (Nermell et al., 2008).
The average specific gravity of both maternal urine samples and
those of the children at 4.5 years was 1.012 g/ml. Adjustment by
specific gravity has been shown to be less affected by body size,
age, gender, and season, compared with the more commonly
used creatinine adjustment (Nermell et al., 2008).

DTH
To evaluate potential immunotoxicity of environmental chem-
icals functional immune tests, such as DTH, is a front-line pri-
ority as adapted by National Toxicology Program (Dietert et al.,
2010). Testing of the DTH response is a standard method for as-
sessing intact functional cell-mediated immunity (Dietert et al.,
2010; Janeway et al., 2001; Vukmanovic-Stejic et al., 2006). A DTH
reaction in the skin is initiated when antigens are presented by
antigen-presenting cells to sensitized memory T cells. The anti-
gen presentation and the subsequent T cell activation complex
elicit an influx of macrophages, monocytes, and lymphocytes,
which release cytokines such as tumor necrosis factor-� (TNF-
�), IL-2, IL-17A, and interferon-gamma (IFN-� ). These cytokines
stimulate further influx of immune cells at the site of antigen
exposure (Janeway et al., 2001).

All children in the present study had been vaccinated with
Bacillus Calmette-Guerin (BCG), on average at 9 weeks of age
(range 3–40 weeks), in line with the national vaccination pro-
gram. To assess the recall cell-mediated immune response at 4.5
years of age, the children were given an intradermal injection

of PPD (0.1 ml standard PPD containing 0.5 �g/ml, equivalent to
25 tuberculin units/ml) (Japan BCG laboratory, Tokyo, Japan) into
the middle part of the volar surface of the left forearm. Two study
physicians were trained for the standardized procedures accord-
ing to the manufacturer’s instructions. In brief, the injection was
performed with a tuberculin syringe, with the needle bevel fac-
ing upward. A pale elevation in the skin with 6–10 mm in di-
ameter while injecting was considered confirmation of proper
injection. After 48–72 h, the study physicians, who were blinded
about the children’s arsenic exposure, measured the maximum
diameters of the induration of the skin (reaction size) in two per-
pendicular directions using a ruler with millimeter marks. The
average of the two measures was calculated. An induration size
of �5 mm was defined as a negative test (not responding) and
≥5 mm was defined as a positive test (responding) (Siripassorn
et al., 2006; Vukmanovic-Stejic et al., 2006).

Plasma cytokines. Venous blood samples were collected into
Lithium-Heparin treated trace element free tubes (Sarstedt
Monovette, Uppsala, Sweden) at the health clinics just before the
PPD skin test. Samples were kept cold and transported within
4 h to the Matlab hospital laboratory, where plasma was im-
mediately separated and thereafter stored at −70oC until trans-
ported frozen to Karolinska Institutet, Sweden, for the analysis
of cytokines. Plasma cytokines were measured by BioPlex mul-
tiplex bead-based assay (Bio-Rad) system (Bio-Plex Pro Human
cytokine 27-plex Panel) using a Bio-Plex 200 reader (BioRad Labo-
ratories, Hercules, CA), according to the manufacturer’s instruc-
tions. The following cytokines were analyzed: interleukin (IL)-
1�, interleukin-1 receptor agonist (IL-1ra), IL-2, IL-4, IL-5, IL-6,
IL-7, IL-8, IL-9, IL-10, IL-12 (p70), IL-13, IL-15, IL-17A, basic fibrob-
last growth factor, eotaxin, granulocyte colony-stimulating fac-
tor (G-CSF), granulocyte macrophage colony-stimulating factor
(GM-CSF), IFN-� , interferon gamma-induced protein 10 (IP-10),
monocyte chemotactic protein-1 (MCP-1), macrophage inflam-
matory protein (MIP)-1�, MIP-1�, platelet-derived growth factor
(PDGF)-BB, RANTES (regulated on activation, normal T cell ex-
pressed and secreted), TNF-�, and vascular endothelial growth
factor (VEGF). The intra- and inter-assay coefficients of varia-
tion for these cytokines ranged between 1.0–10.0 and 3.5–12.5%,
respectively. The LOD was �1 pg/ml for most of the cytokines
(Supplementary table 1). For cytokine measurements with val-
ues below LOD, particularly for IL-2 (10% of the samples below
LOD), the LOD divided by the square root of 2 was used.

Covariates. Data on maternal anthropometry, parity, and mor-
bidity during pregnancy, as well as socioeconomic status (SES) of
the families were collected in early pregnancy at the enrollment
in the MINIMat trial (Persson et al., 2012). The SES of the families
was also appraised during the follow-up of MINIMat children at
4.5 years of age. SES was estimated via an asset score, gener-
ated through principal component analysis of household assets
(Gwatkin et al., 2000). In the statistical analysis, we used contin-
uous SES that was measured during the follow-up. At 4.5 years
of age, body weight was recorded to the nearest 0.1 kg with a dig-
ital scale (TANITA HD - 318, Tanita Corporation, Japan) with the
child in light clothing and bare feet. The digital scale was regu-
larly calibrated with a standard weight of 20 kg. Height was mea-
sured using a free standing stadiometer Leicester Height Mea-
sure with millimeter marks (Seca 214, UK). The measured weight
and height were converted to weight-for-age (WAZ), height-for-
age (HAZ), and weight-for-height (WHZ) Z-scores (standard de-
viation (SD) scores), using to the WHO Multicentre Growth Ref-
erence Study child growth standards (WHO, 2006). Underweight
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was defined as WAZ �−2 (below minus two SD from median
weight for age of reference population), stunting as HAZ �-2
(below minus two SD from median height for age of reference
population), and wasting was defined as WHZ �-2 (below mi-
nus two SD from median weight for height of reference popula-
tion). Information on child morbidity (2 weeks recall) was col-
lected by the community health research workers during the
monthly home visits. The questionnaire included specific mor-
bidity questions concerning diarrhea (three or more liquid stools
in 24 h or stools mixed with blood) and acute respiratory illness
(in terms of cold and cough, or difficult breathing with concomi-
tant fever).

Statistical analysis. Statistical analyses were conducted using the
software PASW 22.0 (SPSS Inc., Chicago) and Stata/IC, version
12.0 (StataCorp, TX). Data distribution patterns were evaluated
using scatter plots, and normality and homogeneity of variances
were formally checked by descriptive statistics. Associations be-
tween exposures (maternal U-As concentrations at GW8 and
child U-As concentrations at 4.5 years of age), outcomes (DTH
in terms of induration size and concentrations of cytokines),
and covariates (mother’s age and body mass index (BMI) in early
pregnancy, birth weight, children’s height, weight, HAZ, WAZ,
SES, gender, diarrhea, and acute respiratory infections) were
evaluated using Spearman’s rank correlation coefficients (for
continuous variables), Mann-Whitney U test or analysis of vari-
ance (ANOVA) or Kruskal-Wallis test (for categorical variables),
as appropriate.

To evaluate the arsenic-associated risk of not responding to
the PPD injection (induration �5 mm), we applied multivariable-
adjusted log-binomial regression. Because the association be-
tween U-As and induration size was not linear, we categorized
the U-As into quartiles. Lowest quartile was used as the refer-
ence. Trends across the categories were tested using the median
arsenic concentration within categories as a continuous vari-
able. Associations of arsenic exposure with different plasma cy-
tokines were evaluated using multivariable-adjusted linear re-
gression analyses. Because the associations between children’s
U-As and plasma cytokines were not linear, we categorized the
U-As into tertiles. Lowest tertile was used as the reference. We
adjusted for the covariates that were significantly associated
with the outcome and exposure, and if the covariates changed
the effect estimates by 5% or more. Children’s age (significantly
associated with outcome), SES (significantly associated with
exposure and non-significantly associated with outcome), and
gender (biologically relevant) were used as covariates in the fi-
nal model. We additionally adjusted the studied associations for
randomization (two food groups and three micronutrient sup-
plementation groups).

Because nutritional status could influence the immune
function of the children, we stratified the multivariable-
adjusted models by SES (median split) and anthropometric data
(underweight/normal weight). We also stratified by gender and
infections (diarrhea and/or acute respiratory infections, yes/no).

RESULTS

As presented in Table 1, the studied 577 children included in the
PPD study did not differ from the rest of the children in group B
(n = 663) or from the children who refused to take the PPD in-
jection (n = 63), or from the children who were included in the
cytokines analyses (N = 181) with regard to the basic character-
istics (height, weight, and morbidity). However, the percentage
of stunting was lower (28.6%) in the studied children compared

with the rest of the children in group B (34.5%). The median U-As
concentration was similar in the studied children and the chil-
dren who refused to take PPD injection. Maternal U-As seems
to be higher in the children who refused to take PPD injection
compared with the studied children. Children U-As seems to be
higher in the children with cytokine measures compared with
the studied children (Table 1).

The mean age of the 577 children (52% boys) included in the
present study was 4 years and 7 months (range 54–61 months).
The mean weight and height of the children were 13.9 kg and 100
cm, respectively (Table 1). Compared with WHO reference stan-
dards, about 26% of the boys and 33% of the girls were stunted,
36% of the boys and 43% of the girls were underweight, and
17% of the boys and 18% of the girls were wasted. About 43% of
the children had experienced acute respiratory infections and
15% of the children had experienced diarrhea during the past 2
weeks. Almost half of the children had recent infections (diar-
rhea and/or acute respiratory infections).

The median U-As concentration was 77 �g/l (range 2–2064
�g/l) in the mothers at GW8 (hereafter referred to as the chil-
dren’s prenatal exposure) and 57 �g/l (range 12–1228 �g/l) at 4.5
years of age (concurrent exposure) (Table 1). The U-As did not
differ between boys and girls (median in boys 55 �g/l; girls 57
�g/l, p = 0.12). The median U-As concentration was higher in
children with recent infections (60 �g/l) compared with those
with no infections (50 �g/l, p = 0.01).

The average induration size of the PPD skin test was 5.3 mm
(median 5 mm), and it did not differ between boys (5.2 mm) and
girls (5.4 mm; p = 0.28). The induration size was larger in children
with recent infections (5.49 mm) compared with those with no
infections (5.16 mm, p = 0.08). On the basis of the induration size,
46% of the children (48% of the boys and 44% of the girls) were
classified as not responding to the PPD (induration �5 mm) (Ta-
ble 2). Only 5% of the children had an induration size ≥10 mm.
They were referred to clinical evaluation, but all of those chil-
dren were found to be tuberculosis negative.

Arsenic Exposure and DTH
The percentage of non-responders (induration �5 mm) in-
creased with increasing children’s U-As (Table 2). In the log-
binomial regression analysis, we found a significant positive as-
sociation between the children’s U-As in quartiles and the risk
ratios (RRs) of not responding to the PPD in the crude model (p
for trend = 0.003; Table 3). Adjustment for relevant covariates did
not change the RRs (Table 3). Children in the highest quartile of
U-As (median 232 �g/l, range 126–1228 �g/l) were more likely to
lack a PPD response (RR = 1.37, 95% confidence interval (CI): 1.07,
1.74), compared with the children in the lowest quartile (median
27 �g/l, range 12–34 �g/l). The percentage of not responding to
PPD also increased with increasing prenatal exposure (Table 3),
but the association was not statistically significant (p for trend
0.092). Including both exposures into the same model (Table 3)
showed that the concurrent arsenic exposure, but not the pre-
natal, was associated with increased risk of not responding to
the PPD (RR = 1.37, 95% CI: 1.02, 1.79; p for trend 0.02). To explore
the combined effect of the children’s prenatal and concurrent
arsenic exposure further, we dichotomized both exposures (me-
dian split) and then combined the exposures into four groups
(low prenatal and low concurrent exposure; high prenatal and
low concurrent exposure; low prenatal and high concurrent ex-
posure; and high prenatal and high concurrent exposure) (Sup-
plementary fig. 1). The increased risk of not responding to the
PPD was mainly related to the children’s arsenic exposure, irre-
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TABLE 1. Baseline Characteristics of the 577 Children in the Present Study and the Children Who Refused to Take the PPD Injection, As Well As
Children Who Were Included in the Cytokine Analysis, and the Rest of the Children Who Were Enrolled in the MINIMat Follow-up Study from
December 2007 through February 2009

Characteristicsa

Studied children (n =
577)

Children refused to take
PPD injection (n = 63)

Children included in
cytokine analysis (n =
181)

Not studied children (n =
663)

Age (years) 4.58 ± 0.11* 4.68 ± 0.15* 4.54± 0.08 4.56 ± 0.12
Boys, n (%) 298 (52) 29 (45) 93 (51) 341 (51)
Height (cm) 100.0 ± 4.0 100.6 ± 3.7 99.9± 4.2 99.59 ± 4.3
HAZ −1.55 ± 0.86 −1.55 ± 0.75 −1.52 ± 0.91 −1.61 ± 0.93
Stunted, n (%)b 165 (28.6)* 18 (28.1) 48 (27) 225 (34.5)*
Weight (kg) 13.9 ± 1.6 14.0 ± 1.4 13.9 ± 1.6 13.8 ± 1.6
WAZ −1.76 ± 0.84 −1.73 ± 0.73 −1.73 ± 0.84 −1.79 ± 0.86
Underweight, n (%)b 226 (39.2) 23 (36.0) 67 (37) 270 (40.8)
Diarrhea, n (%)c 87 (15.1) 7 (11.0) 25(14) 82 (12.4)
Acute respiratory
infection, n (%)c

248 (43.0) 24 (37.0) 70 (39) 286 (43.1)

Children U-As (�g/l)d 57 (21, 393) 59 (20, 328) 71 (21, 393)
Maternal U-As (�g/l)d 77 (21, 692) 111 (20, 580) 69 (18, 557)

Note: MINIMat, Maternal and Infant Nutrition Interventions in Matlab; PPD, purified protein derivative; U-As, sum concentration of urinary arsenic metabolites; HAZ,
height-for-age z-score; WAZ, weight-for-age z-score.
aValues are shown as mean ± SD, median (5–95 percentiles), or n (%).
bDefined as children with HAZ or WAZ �-2 SD from the median value of height or weight for age of reference population.
cInformation based on 2 weeks recall.
dAdjusted to average specific gravity of 1.012 g/ml.
*Indicates significant difference between groups (p values were calculated on the basis of Mann-Whitney or Chi-Square tests as appropriate).

TABLE 2. The Children’s Basic Characteristics, Injected PPD Response, and Plasma Cytokine Concentrations in Relation to Quartiles of Their
Urinary Arsenic Concentrations at 4.5 Years of Age (n = 577)

Variablesa Quartiles of U-As in children at 4.5 years of age p valuec

12–34 �g/lb 35–57 �g/lb 58–125 �g/lb 126–1,228 �g/lb

Age (months) 55 ± 1.2 55 ± 1.4 55 ± 1.3 55 ± 1.1 0.33
Height (cm) 100 ± 4.3 100 ± 4.1 100 ± 3.9 99.6 ± 3.6 0.78
HAZ −1.52 ± 0.96 −1.54 ± 0.87 −1.56 ± 0.81 −1.59 ± 0.78 0.91
Stunted, n (%)d 40 (28) 42 (29) 39 (27) 44 (31) 0.92
Weight (kg) 13.9 ± 1.6 13.8 ± 1.5 13.9 ± 1.7 13.7 ± 1.4 0.61
WAZ −1.71 ± 0.88 −1.77 ± 0.84 −1.77 ± 0.85 −1.80 ± 0.78 0.83
Underweight, n (%)d 59 (41) 57 (40) 55 (39) 55 (38) 0.97
Diarrhea, n (%)e 14 (10) 25 (17) 24 (17) 24 (17) 0.21
Acute respiratory
infections, n (%)e

88 (61) 84 (58) 89 (62) 92 (64) 0.87

Induration size
(mm)

5.6 ± 2.4 5.3 ± 1.9 5.3 ± 2.4 5.0 ± 2.3 0.32

Non-responding
(�5 mm), n (%)

59 (41) 61 (42) 64 (44) 80(56) 0.04

Maternal U-As at
GW8 (�g/l)b

42 (17, 518) 57 (22, 574) 79 (18, 635) 241 (32, 951) �0.001

Plasma cytokines (n = 181)
IL-2 (pg/ml) 1.6 (0.24, 12.15) 2.3 (0.24, 9.78) 2.0 (0.24, 7.37) 0.24 (0.24, 6.61) 0.01
TNF-� (pg/ml) 22 (10, 53) 24 (12, 46) 22 (14, 51) 20 (11, 36) 0.15

Note: U-As, sum concentration of urinary arsenic metabolites; HAZ, height-for-age z-score; WAZ, weight-for-age z-score; PPD, purified protein derivative; IL-2, inter-

leukin 2; TNF-�, tumor necrosis factor-�.
aValues are shown as mean ± SD, median (5–95 percentiles), or n (%).
bAdjusted to average specific gravity of 1.012 g/ml.
cp values were calculated on the basis of ANOVA or Chi-Square or Kruskal-Wallis tests as appropriate.
dDefined as children with HAZ or WAZ �-2 SDs from the median value of height or weight for age of reference population.
eInformation based on 2 weeks recall.
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spective of the prenatal exposure. Therefore, we focused on the
children’s concurrent exposure in the subsequent analyses.

To evaluate the role of the food and micronutrient supple-
mentation ingested by the mothers during pregnancy, we ad-
ditionally adjusted the full model for the six different groups
of supplementation, but that did not change the risk estimates
more than 2% (data not shown).

When stratifying the analysis by gender (Fig. 2A), the ad-
justed RR of not responding to the PPD was similar in boys and
girls, although statistically significant only in the girls (Fig. 2A).
In underweight children, the adjusted RRs were 1.61 (95% CI:
1.07, 2.44) and 1.72 (95% CI: 1.15, 2.59) in the third and fourth
quartiles of urinary arsenic, respectively, compared with the first
(p for trend 0.005) (Fig. 2B). No significant association was ob-
served in the children of normal weight (Fig. 2B). Similarly, when
stratifying the analysis by SES (median split), the adjusted RRs
for the children in low SES families were 1.83 (95% CI: 1.18, 2.86)
and 2.06 (95% CI: 1.35, 3.15) in the third and fourth quartiles
of urinary arsenic, respectively, compared with the first (p for
trend 0.001), whereas no significant association was observed
in children in high SES families (Fig. 2C). We additionally strat-
ified the associations by recent infections. In children with re-
cent infections the adjusted RR was 1.55 (95% CI: 1.04, 2.32) in
the fourth quartile of U-As compared with the first (p for trend
0.015), whereas no significant association was observed in chil-
dren without infections (Fig. 2D).

Arsenic Exposure and Cytokines
A total of 27 cytokines were measured in children’s plasma.
The concentrations of IL-15 and GM-CSF were below the LOD
(7 pg/ml and 1pg/ml) in 90% and 75% of the plasma samples,
respectively, and were therefore excluded from further analy-
ses. Out of the remaining 25 cytokines, only two (IL-2 and TNF-�)
were associated with arsenic exposure. Descriptive statistics of
all 25 cytokines are presented in Supplementary table 1. When
we compared plasma cytokines levels across quartiles of chil-
dren’s U-As, we observed significantly lower plasma IL-2 concen-
trations and non-significantly lower TNF-� concentrations in the
highest quartiles of U-As compared with all the lower quartiles
(Table 2). Non-significantly higher levels of IL-2 and TNF-� were
observed in children with infections (2.6 pg/ml and 26.2 pg/ml,
respectively) compared with those with no infections (2.1 pg/ml
and 23.2 pg/ml, respectively).

In the multi-variable adjusted linear regression analyses, we
found significant inverse associations between the children’s ar-
senic exposure in tertiles and the plasma cytokines of IL-2 and
TNF-� (Table 4). The associations were stronger in the highest
tertile of U-As compared with the lowest (� = −1.57 (95% CI:
−2.56, −0.57) and � = −4.53 (95%CI: −8.62, −0.42), respectively
(Table 4)). The p for trend across the tertiles was 0.002 for IL-2 and
0.02 for TNF-�. Levels of IL-12 tended to decrease with increasing
arsenic exposure, but the association was not statistically signif-
icant (Table 4). As Th2 cytokines were not influenced by arsenic,
there were the Th1/Th2 cytokine ratios (IL-2/IL-4, IL-2/IL-10, IL-
2/IL-13, and TNF-�/IL-4) decreased with increasing U-As (Table
4).

We additionally adjusted the associations between children’s
arsenic exposure and the different cytokines for the six differ-
ent groups of supplementation, but that did not change the es-
timate more than 3% (data not shown). We did not find any
significant associations of children’s arsenic exposure with the
other cytokines (Supplementary table 1). We did not observe any
significant associations between prenatal arsenic exposure and
plasma cytokines in children at 4.5 years of age (data not shown).

Because plasma cytokines are usually influenced by infec-
tions, we compared the associations between arsenic exposure
and IL-2 and TNF-� among children with and without recent
infections (diarrhea and/or acute respiratory illness). Consider-
ably stronger effects of arsenic on IL-2 and TNF-� were observed
in children with infections compared with the healthy children
(Fig. 3).

DISCUSSION

In the present study, we found that the cell-mediated immune
function of pre-school aged children decreased with increas-
ing exposure to arsenic, particularly in undernourished children
and in children with recent infections. This is an indication of
immune suppression, which is likely to reduce the children’s
ability to fight against both infectious and non-communicable
diseases (DeWitt et al., 2012). To our knowledge this is the first
report in humans describing impaired cell-mediated immune
function in relation to environmental arsenic exposure. Our
finding is supported by experimental studies showing that expo-
sure to inorganic arsenic, often at high doses, inversely affects
the DTH response in mice, rats, and chickens, as reviewed by
Dangleben et al. (2013).

The DTH response against PPD is used clinically to diagnose
Mycobacterium tuberculosis infection and to evaluate BCG vaccina-
tion response (Burl et al., 2010; Miret-Cuadras et al., 1996). How-
ever, DTH assessment using various types of antigens including
PPD may also be used to evaluate an individual’s cell-mediated
immune function (Dietert et al., 2010; Siripassorn et al., 2006;
Vukmanovic-Stejic et al., 2006). Most of the previous studies as-
sayed cell-mediated immunity using the Multitest CMI kit (Pas-
teur Merieux Serums & Vaccines SA, Lyons, France), which is no
longer available because of its low potency and the lack of de-
mand (Siripassorn et al., 2006). We chose the PPD as that was one
of the antigens in the Multitest CMI kit because all of the children
had been vaccinated by BCG during infancy. In the present study,
we used PPD according to the Mantoux method to measure DTH
response. The DTH response depends on the recruitment of sev-
eral different leukocyte populations, including T lymphocytes,
macrophages, neutrophils, and dendritic cells, to the site of the
antigenic challenge (Delves et al., 2011). Immunotoxicants may
disrupt the DTH response by impairing any of these functional
components.

We observed an increased PPD response in children with re-
cent infections (diarrhea and/or acute respiratory illness). How-
ever, this effect decreased markedly with increasing arsenic ex-
posure, indicating that arsenic impaired the immune response
to infections. Obviously, such an effect will render the children
more susceptible to infections. Indeed, the children with in-
fections had higher urinary arsenic concentrations than those
without infections. In the healthy children there was no change
in the PPD-response in relation to arsenic exposure. We also ob-
served inverse associations between arsenic exposure and cell-
mediated immunity in underweight children and in children
from low SES families. Because there was no difference in the
PPD response in relation to SES or anthropometric data (WAZ,
HAZ), we speculate that the arsenic-related effects on PPD in
these sub-groups were mainly driven by higher prevalence of in-
fections. However, the present study did not have the power to
test for that.

We previously reported that prenatal arsenic exposure was
associated with reduced thymic size and functions in infancy
(Ahmed et al., 2012; Raqib et al., 2009). In the present study, we
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TABLE 3. Log-binomial Regression Analysis of the Associations Between Urinary Arsenic Concentrations (�g/l) in Quartiles (Children’s Urinary
Arsenic Concentrations and the Mothers’ Urinary Arsenic Concentrations at GW8) and Not Responding to the Injected PPD (Induration �5 mm)
in Children at 4.5 Years of Age

Quartiles of U-As; range
(median) All children

Cases (non-responders) Crude RR (95% CI) Adjusted RR (95% CI)a

U-As at 4.5 years of age (�g/l) (n = 577)
12–34 (27), reference 59 1.00 1.00
35–57 (44) 61 1.04 (0.79, 1.37) 1.03 (0.79, 1.36)
58–125 (84) 64 1.09 (0.84, 1.43) 1.10 (0.84, 1.43)
126–1228 (232) 80 1.37 (1.07, 1.74) 1.37 (1.07, 1.74)
p for trend 0.003 0.003

U-As at GW8 (�g/l) (n = 560)
2–38 (27), reference 56 1.00 1.00
39–77 (51) 65 1.16 (0.89, 1.52) 1.15 (0.88, 1.51)
78–211 (128) 65 1.16 (0.89, 1.52) 1.15 (0.88, 1.51)
212–2064 (418) 71 1.26 (0.98, 1.64) 1.28 (0.99, 1.67)
p for trend 0.129 0.092

Combined exposure (n = 560)b

U-As at 4.5 years of age (�g/l)
12–34 (27), reference 55 1.00 1.00
35–57 (44) 61 1.09 (0.83, 1.44) 1.08 (0.82, 1.43)
58–125 (84) 63 1.12 (0.85, 1.48) 1.12 (0.85, 1.48)
126–1228 (232) 78 1.36 (1.03, 1.80) 1.36 (1.03, 1.79)
p for trend 0.018 0.019

U-As at GW8 (�g/l)
2–38 (27), reference 56 1.00 1.00
39–77 (51) 65 1.13 (0.86, 1.48) 1.12 (0.85, 1.47)
78–211 (128) 65 1.06 (0.80, 1.41) 1.06 (0.79, 1.40)
212–2064 (418) 71 1.10 (0.82, 1.47) 1.11 (0.83, 1.49)
p for trend 0.789 0.678

Note: U-As, sum of urinary arsenic metabolites; RR, relative risk; CI, confidence interval; GW, gestational week.
aAdjusted for age, gender, and SES.
bU-As concentrations at 4.5 years of age and GW8 entered in the same model.

TABLE 4. Multivariable-adjusted Linear Regression Analysis of the Associations Between Children’s Urinary Arsenic Concentrations (�g/l) in
Tertiles and Plasma Cytokines (pg/ml) in Children at 4.5 Years of Age

Cytokines (pg/ml) Tertiles of U-As (�g/l); range (median)

12–44 (28), reference 45–106 (71) 107–1228 (203)
� (95% CI)a � (95% CI)a � (95% CI)a

IL-2 (pg/ml) 0 −0.54 (−1.52, 0.43) −1.57 (−2.56, −0.57)
TNF-� (pg/ml) 0 −0.65 (−4.64, 3.34) −4.53 (−8.62, −0.42)
IL-12 (pg/ml) 0 −5.21 (−12.31, 1.89) −5.16 (−12.51, 2.19)
IL-2/IL-4 0 −.17 (−0.43, 0.08) −0.44 (−0.71, −0.17)
IL-2/IL-10 0 −.08 (−0.20, 0.05) −0.15 (−0.28, −0.02)
IL-2/IL-13 0 −.03 (−0.12, 0.06) −0.11 (−0.19, −0.01)
TNF-�/IL-4 0 −.52 (−1.46, 0.43) −1.03 (−2.01, −0.06)
TNF-�/IL-10 0 −0.91 (−2.54, 0.73) −1.16 (−2.84, 0.54)
TNF-�/IL-13 0 −0.06 (−0.56, 0.44) −0.43 (−0.94, 0.08)

Note: U-As, sum of urinary arsenic metabolites; �, regression co-efficient; CI, confidence interval; IL-2, interleukin 2; TNF-�, tumor necrosis factor-�; IL-12, interleukin
12; IL-4, interleukin 4; IL-10, interleukin 10; IL-13, interleukin 13.
aAdjusted for age, gender, and SES.
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FIG. 2. RRs, with 95% CI, for not responding to the PPD skin test (induration size �5 mm) in relation to quartiles of urinary arsenic concentrations in children at 4.5

years of age. The children were stratified by gender (A), nutritional status (B), SES (C), and their recent infections (D). The associations were adjusted for age, gender
(except stratified by gender), and SES. Q1, first quartile (12–34 �g/l); Q2, second quartile (35–57 �g/l); Q3, third quartile (58–125 �g/l); and Q4, fourth quartile (126–1228
�g/l).

FIG. 3. Relationship between children’s urinary arsenic concentrations (�g/l) in
tertiles and plasma concentrations (pg/ml) of IL-2 and TNF-�. Results are pre-
sented as unstandardized regression coefficients and 95% CI. The associations
were adjusted for age, gender, and SES. The triangle symbol indicates the group

of children with recent infections (diarrhea and/or acute respiratory infections)
whereas the square symbol indicates the group of healthy children. T1, first ter-
tile (12–44 �g/l); T2, second tertile (45–106 �g/l); T3, third tertile (107–1228 �g/l).

observed the effects of the children’s concurrent, but not prena-
tal, arsenic exposure on the PPD response in the children with
recent infections, indicating a continuous arsenic-related im-
munosuppression due to the persistent exposure (Gardner et al.,
2011). Thus, the effect of arsenic in the children was probably
on the activation and proliferation of memory T cells, or on the
migration of macrophages and other leukocytes to the lymph
nodes, rather than on the naive T cells from the thymus.

We found that the children’s arsenic exposure was associ-
ated with reduced plasma concentrations of Th1 cytokines (IL-2
and TNF-�). Also this effect was restricted to the children with

recent infections, which is in line with an arsenic-related im-
munosuppression. The Th1 cytokines, such as IL-2 and TNF-
�, are essential modulators of cell-mediated immune response
(O’O’Garra, 1998). IL-2 is mainly involved in T lymphocyte activa-
tion, proliferation, and differentiation, whereas TNF-� is mainly
involved in activation of macrophages and other leukocytes. Our
results are in accordance with previous studies showing that ex-
posure to inorganic arsenic reduced IL-2 and TNF-� secretion
in mitogen-stimulated blood mononuclear cells ex vivo (Biswas
et al., 2008; Soto-Pena et al., 2006) or in vitro (Morzadec et al., 2012).
We did not observe any change in Th2 (IL4, IL5, IL13) cytokines
in relation to arsenic exposure. A recent in vitro study showed
that inorganic arsenic at low concentrations (75–150 �g/l) re-
duced secretion of Th1 cytokines (IL-2 and IFN-� ) without alter-
ing Th2 response (IL-4 and IL-13) in stimulated human lympho-
cytes (Morzadec et al., 2012).

The strengths of our study include the prospective design
with the use of both prenatal and concurrent arsenic exposure
biomarkers, reflecting the exposure to inorganic arsenic from
all sources, including water and food. Another strength was the
use of DTH assay, an in vivo assay, as a functional measure of
cell-mediated immunity. Plasma cytokines are mediators of im-
mune response and here reflected the functional capacity of
cellular immunity in children. Cytokines were analyzed using
BioPlex multiplex bead-based assay (Bio-Rad) system, which is
more sensitive compare with other available techniques, such
as ELISA. A limitation of the study was that plasma for cytokine
measurements was available from 181 children only and only
before the PPD injection. Another limitation of the study was
that we did not have the facility (biosafety cabinets or tissue cul-
ture hoods, CO2 incubator) in the study area to do sterile cell cul-
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ture experiments, e.g., lymphocyte proliferation response, anti-
gen stimulation assays to measure cytokines. Another drawback
of our study could be a selection bias as the studied children
had lower prenatal arsenic exposure compared with the children
who had refused to take the PPD injection. Also, the PPD test
was performed 4.5 years after the BCG vaccination, over time
the memory response could have decreased. This may have in-
creased the probability of getting false negative results. Indeed,
arsenic could have affected the memory cells at an earlier age.
Another weakness was that we used a single antigen (PPD) for
the assessment of cell-mediated immune response. However, it
was not feasible from ethical point of view to use multiple injec-
tions of single antigen in the children.

In conclusion, the concurrent arsenic exposure appeared to
reduce cell-mediated immunity and Th1cytokines in the stud-
ied pre-school children in rural Bangladesh, without altering
Th2 cytokines. Considering the persistent exposure to arsenic
via drinking water and food (Gardner et al., 2011), the found ar-
senic induced immunosuppression implies an additional cause
of susceptibility to infections and other chronic diseases, be-
sides the prevalent malnutrition.

SUPPLEMENTARY DATA

Supplementary data are available online at http://toxsci.
oxfordjournals.org/.

FUNDING

The Swedish Research Council; the Swedish International Devel-
opment Cooperation Agency (Sida); the U.K. Medical Research
Council; the European Commission [PHIME (Public health im-
pact of long-term, low-level mixed element exposure in suscep-
tible population strata)]; University of Tsukuba, Karolinska Insti-
tutet; and the core donors of the International Centre for Diar-
rhoeal Disease Research, Bangladesh (icddr,b). Icddr,b acknowl-
edges with gratitude the commitment of Sida, the European
Commission (PHIME), U.K. Medical Research Council, Univer-
sity of Tsukuba and Karolinska Institutet to it’s research efforts.
The MINIMat supplementation trial was funded by ICDDR,B,
UNICEF, Sida, Swedish Research Council, the European Commis-
sion (PHIME), DFID, Japan Society for the Promotion of Science
(JSPS), Child Health and Nutrition Research Initiative (CHNRI),
Uppsala University, and U.S. Agency for International Develop-
ment (USAID).

ACKNOWLEDGMENT

We gratefully acknowledge the participation of the women and
their children.

REFERENCES

Ahmed, S., Ahsan, K. B., Kippler, M., Mily, A., Wagatsuma, Y.,
Hoque, A. M., Ngom, P. T., El Arifeen, S., Raqib, R. and Vahter,
M. (2012). In utero arsenic exposure is associated with im-
paired thymic function in newborns possibly via oxidative
stress and apoptosis. Toxicol. Sci. 129, 305–314.

Ahmed, S., Mahabbat-e Khoda, S., Rekha, R. S., Gardner, R. M.,
Ameer, S. S., Moore, S., Ekstrom, E. C., Vahter, M. and Raqib,
R. (2010). Arsenic-associated oxidative stress, inflammation,
and immune disruption in human placenta and cord blood.
Environ. Health Perspect. 119, 258–264.

Banerjee, N., Banerjee, S., Sen, R., Bandyopadhyay, A., Sarma, N.,
Majumder, P., Das, J. K., Chatterjee, M., Kabir, S. N. and Giri,
A. K. (2009). Chronic arsenic exposure impairs macrophage
functions in the exposed individuals. J. Clin. Immunol. 29, 582–
594.

Biswas, R., Ghosh, P., Banerjee, N., Das, J. K., Sau, T., Banerjee, A.,
Roy, S., Ganguly, S., Chatterjee, M., Mukherjee, A. and Giri, A.
K. (2008). Analysis of T-cell proliferation and cytokine secre-
tion in the individuals exposed to arsenic. Hum. Exp. Toxicol.
27, 381–386.

Burl, S., Adetifa, U. J., Cox, M., Touray, E., Whittle, H., McShane,
H., Rowland-Jones, S. L. and Flanagan, K. L. (2010). The tu-
berculin skin test (TST) is affected by recent BCG vaccination
but not by exposure to non-tuberculosis mycobacteria (NTM)
during early life. PLoS One 5, e12287.

Dangleben, N. L., Skibola, C. F. and Smith, M. T. (2013). Arsenic
immunotoxicity: A review. Environ. Health 12, 73–88.

Delves, P. J., Dennis, S. J. M., Burton, R. and Roitt, Ivan
M. (2011). Roitt’s Essential Immunology, 12th ed., Wiley-
Blackwell, New Jersey.

DeWitt, J. C., Peden-Adams, M. M., Keil, D. E. and Dietert, R.
R. (2012). Developmental immunotoxicity (DIT): Assays for
evaluating effects of exogenous agents on development of
the immune system. Curr. Protoc. Toxicol. 18, 15.

Dietert, R. R., Bunn, T. L. and Lee, J. E. (2010). The delayed type hy-
persensitivity assay using protein and xenogeneic cell anti-
gens. Methods Mol. Biol. 598, 185–194.

Farzan, S. F., Korrick, S., Li, Z., Enelow, R., Gandolfi, A. J., Madan,
J., Nadeau, K. and Karagas, M. R. (2013). In utero arsenic
exposure and infant infection in a United States cohort: A
prospective study. Environ. Res. 126, 24–30.

Gardner, R., Hamadani, J., Grander, M., Tofail, F., Nermell, B.,
Palm, B., Kippler, M. and Vahter, M. (2011). Persistent expo-
sure to arsenic via drinking water in rural Bangladesh de-
spite major mitigation efforts. Am. J. Public Health 101(Suppl.
1), S333–S338.

Gwatkin, D. R., Rustein, S., Johnson, K., Pande, R. P. and Wagstaff,
A. (2000). Socioeconomic differences in health, nutrition, and pop-
ulation in Bangladesh, HNP/Poverty Thematic Group Working Pa-
per. The World Bank, Washington, DC.

Hernandez-Castro, B., Doniz-Padilla, L. M., Salgado-Bustamante,
M., Rocha, D., Ortiz-Perez, M. D., Jimenez-Capdeville, M. E.,
Portales-Perez, D. P., Quintanar-Stephano, A. and Gonzalez-
Amaro, R. (2009). Effect of arsenic on regulatory T cells. J. Clin.
Immunol. 29, 461–469.

Janeway, C. A., Travers, P., Walport, M. and Shlomchik, M.
J. (2001). Immunobiology: The Immune System in Health and Dis-
ease. 5th ed., Garland Publishing, New York.

Lemarie, A., Morzadec, C., Bourdonnay, E., Fardel, O. and Vern-
het, L. (2006). Human macrophages constitute targets for im-
munotoxic inorganic arsenic. J. Immunol. 177, 3019–3027.

Miret-Cuadras, P., Pina-Gutierrez, J. M. and Juncosa, S. (1996).
Tuberculin reactivity in Bacillus Calmette-Guerin vaccinated
subjects. Tuber. Lung Dis. 77, 52–58.

Moore, S. E., Prentice, A. M., Wagatsuma, Y., Fulford, A. J.,
Collinson, A. C., Raqib, R., Vahter, M., Persson, L. A. and
Arifeen, S. E. (2009). Early-life nutritional and environmen-
tal determinants of thymic size in infants born in rural
Bangladesh. Acta Paediatr. 98, 1168–1175.

Morzadec, C., Bouezzedine, F., Macoch, M., Fardel, O. and Vern-
het, L. (2012). Inorganic arsenic impairs proliferation and cy-
tokine expression in human primary T lymphocytes. Toxicol-
ogy 300, 46–56.

Nermell, B., Lindberg, A. L., Rahman, M., Berglund, M., Persson,

http://toxsci.oxfordjournals.org/


AHMED ET AL. 175

L. A., El Arifeen, S. and Vahter, M. (2008). Urinary arsenic con-
centration adjustment factors and malnutrition. Environ. Res.
106, 212–218.

O’Garra, A. (1998). Cytokines induce the development of func-
tionally heterogeneous T helper cell subsets. Immunity 8,
275–283.

Persson, L. A., Arifeen, S., Ekstrom, E. C., Rasmussen, K. M.,
Frongillo, E. A. and Yunus, M. (2012). Effects of prenatal mi-
cronutrient and early food supplementation on maternal
hemoglobin, birth weight, and infant mortality among chil-
dren in Bangladesh: The MINIMat randomized trial. JAMA
307, 2050–209.

Rahman, A., Vahter, M., Ekstrom, E. C. and Persson, L. A. (2011).
Arsenic exposure in pregnancy increases the risk of lower
respiratory tract infection and diarrhea during infancy in
Bangladesh. Environ. Health Perspect. 119, 719–724.

Rahman, M., Vahter, M., Wahed, M. A., Sohel, N., Yunus, M.,
Streatfield, P. K., El Arifeen, S., Bhuiya, A., Zaman, K., Chowd-
hury, A. M., et al. (2006). Prevalence of arsenic exposure
and skin lesions. A population based survey in Matlab,
Bangladesh. J. Epidemiol. Community. Health 60, 242–248.

Raqib, R., Ahmed, S., Sultana, R., Wagatsuma, Y., Mondal, D.,
Hoque, A. M., Nermell, B., Yunus, M., Roy, S., Persson, L. A.,
et al. (2009). Effects of in utero arsenic exposure on child im-
munity and morbidity in rural Bangladesh. Toxicol. Lett. 185,
197–202.

Siripassorn, K., Charoenwongse, P. and Ruxrungtham, K. (2006).
Three suitable antigens for delayed-type hypersensitivity
skin testing in a tropical country like Thailand. Asian Pac. J.
Allergy Immunol. 24, 143–152.

Smith, A. H., Marshall, G., Yuan, Y., Ferreccio, C., Liaw, J., von
Ehrenstein, O., Steinmaus, C., Bates, M. N. and Selvin, S.
(2006). Increased mortality from lung cancer and bronchiec-

tasis in young adults after exposure to arsenic in utero and
in early childhood. Environ. Health Perspect. 114, 1293–1296.

Smith, A. H., Marshall, G., Yuan, Y., Liaw, J., Ferreccio, C. and
Steinmaus, C. (2011). Evidence from Chile that arsenic in
drinking water may increase mortality from pulmonary tu-
berculosis. Am. J. Epidemiol. 173, 414–420.

Smith, A. H., Yunus, M., Khan, A. F., Ercumen, A., Yuan, Y., Smith,
M. H., Liaw, J., Balmes, J., von Ehrenstein, O., Raqib, R., et al.
(2013). Chronic respiratory symptoms in children following
in utero and early life exposure to arsenic in drinking water
in Bangladesh. Int. J. Epidemiol. 42, 1077–1086.

Soto-Pena, G. A., Luna, A. L., Acosta-Saavedra, L., Conde, P.,
Lopez-Carrillo, L., Cebrian, M. E., Bastida, M., Calderon-
Aranda, E. S. and Vega, L. (2006). Assessment of lymphocyte
subpopulations and cytokine secretion in children exposed
to arsenic. FASEB J. 20, 779–781.

Vahter, M. E., Li, L., Nermell, B., Rahman, A., El Arifeen, S., Rah-
man, M., Persson, L. A. and Ekstrom, E. C. (2006). Arsenic ex-
posure in pregnancy: A population-based study in Matlab,
Bangladesh. J. Health Popul. Nutr. 24, 236–345.

Vukmanovic-Stejic, M., Reed, J. R., Lacy, K. E., Rustin, M. H. and
Akbar, A. N. (2006). Mantoux test as a model for a secondary
immune response in humans. Immunol. Lett. 107, 93–101.

WHO (2006). WHO Child Growth Standards: Methods and de-
velopment: Length/height-for-age, weight-for-age, weight-
for-length, weight-for-height and body mass index-for-age.
Available at: http://www.who.int/childgrowth/standards/
technical report/en/index.html. Accessed December 14,
2013.

Wu, J., Yunus, M., Streatfield, P. K., van Geen, A., Escamilla, V.,
Akita, Y., Serre, M. and Emch, M. (2011). Impact of tubewell
access and tubewell depth on childhood diarrhea in Matlab,
Bangladesh. Environ. Health 10, 109–121.

http://www.who.int/childgrowth/standards/technical_report/en/index.html

