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1. Introduction

ABSTRACT

In urban areas with a predominance of early to mid-20th century housing stock, islands of children pos-
sessing blood lead levels (PbB) in excess of CDC guidelines (>10 pg/dL) exist. Many of these children
are also exposed to environmental tobacco smoke (ETS). The current study examined the impact of Pb-
exposure (PbB levels of 1-55 pg/dL) with/without concurrent ETS exposure on immune system function
in 318 children aged 6-84 months from the urban area of Springfield-Greene County, MO. In this popu-
lation, 36.5% of children possessed PbB levels >10 wg/dL, 62.9% of children came from smoking homes,
51.9% of children were under 2 years of age, and the population was WIC eligible and predominantly
of white, non-Hispanic ethnicity. Multiple immune function markers including cell counts, IgE levels,
sCD25 (sIL2R) and IL4 concentrations, and titers to common childhood immunizations were analyzed
for correlation with Pb and/or ETS exposure. Increased IgE levels (p <0.01) were found in children with
PbB levels within CDC Classes II-1V - this finding was primarily attributable to elevated IgE levels in the
subpopulation of children with concurrent Pb and ETS exposure. A trend (0.05<p<0.01) of increases in %
total T-cells (p=0.06) was also found in children with concurrent elevated PbB levels and ETS exposure.
This trend was not found in the subset of children without ETS exposure nor was it present in the analysis
of the entire population set. Conversely, alterations in median values for % lymphocytes, % granulocytes,
and % activated T-cells across Pb classes were present in the subpopulation of children expose to Pb alone
(without concurrent ETS exposure) though a clear trend was not evident. In the entire population set, a
statistically significant correlation between ETS and PbB levels was found. This study indicates that prior
reports of a correlation between elevated PbB levels and serum IgE levels may be strongly influenced by
exposure to ETS. Findings from this study also indicate that Pb is an immune modulator and PbB levels
may be influenced by ETS exposure.

© 2011 Elsevier Ireland Ltd. All rights reserved.

1988-1991 and 1999-2004. However children living in housing
built prior to 1950, common in poorer urban centers, are three times

Elevated PbB levels in children are linked to immunological,
behavioral, and cognitive deficits (Min et al., 2009; Jones et al.,
2009). Children between 12 and 24 months exhibit greater hand-to-
mouth activity and thus are at increased risk of environmental Pb
exposure from dust, soil, and water (Edwards et al., 2009; Gaitens
et al,, 2009). PbB levels have decreased among young children in
the United States due to an effort to eliminate Pb sources in the
environment. Jones et al. (2009) noted an 84% decrease across all
ethnic groups in the number of U.S. children with PbB > 10 between
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more likely to have PbB >5 p.g/dL (Dixon et al., 2009).

Pb-exposure suppresses specific lymphocyte cell populations
(Karmausetal.,2005; Lutz et al., 1994a), stimulates humoral immu-
nity including B-cell proliferation (Massadeh et al., 2007; Lutz et al.,
1999), and increases IgE levels (Lutz et al., 1994b, 1999) in chil-
dren. Significant increases in IgG, IgA, and IgM in children under
age three with elevated PbB have been noted (Sarasua et al., 2000),
but no relationship was found between elevated PbB levels and
immunoglobulin levels for adults and children over 3 years of
age. In previous studies of the Springfield population, Lutz et al.
(1999) noted strong correlations between PbB and IgE (p =0.0004)
as well as significant differences in IgE levels across PbB risk classes
(p=0.05) among children aged 9 months to 6 years. Elevated PbB
has been found to impair bronchial response in an IgE depen-
dent manner (Min et al.,, 2008). Thus, the immunomodulatory
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effects of developmental Pb-exposure may predispose children to
immune mediated respiratory diseases including asthma (Joseph
et al., 2005).

Since cigarettes contain heavy metals such as cadmium and
Pb, it has been recently suggested that exposure to environmen-
tal tobacco smoke (ETS) increases the level of Pb in the blood.
An association (p=0.047, OR=2.87) between elevated PbB and
parental smoking in the home has been observed (Friedman et al.,
2005). These results were mirrored in a study of the correlation
of hair Pb levels and number of smokers in the home (OR=0.
229; 0.164-0.321 95% CI) (Ozden et al., 2007). In a study of urban
children with a mean blood Pb level of 23.6 wg/dL, a lack of corre-
lation between cotinine, a nicotine metabolite, and blood Pb was
observed (Weaver et al., 1996). Our prior studies of the Springfield
MO population (Lutz et al., 1994a) noted that children in higher PbB
risk classes were more likely to come from a smoking home, and
the average PbB level was higher in smoking versus non-smoking
homes (12.05 p.g/dL and 6.93 p.g/dL, respectively).

The impact of ETS on the immunomodulatory effect of Pb-
exposure in children has not been reported though ETS is frequently
used as a covariate in data analysis. The current study examined
the outcomes of a survey of the immune system of children from
an urban population (Springfield, MO) who were tested for envi-
ronmental Pb exposure with or without concurrent ETS exposure.
Three hundred eighteen children with blood Pb levels ranging from
1to 55 wg/dL(62.9% with ETS exposure) were surveyed for markers
of immune function including cell counts, IgE levels, and cytokine
concentrations. A subset was also evaluated for possible effects on
childhood immunization titers.

2. Materials and methods
2.1. Study population

The study population consisted of children aged 6 months to 6 years (<84
months) who were recruited through the Women, Infants, and Children (WIC)
Nutritional Support Program and/or the Lead Poisoning Prevention Programs in
Springfield-Greene County, MO. Subjects were recruited based on the result of a cap-
illary blood sample testing for elevated PbB levels (>10 ug/dL). Due to possible false
positive results from capillary sampling, a venous blood sample was drawn at the
Public Health Dept. within a few days to verify PbB levels, and children undergoing
venous blood sampling were recruited for enrollment in the current study. Informed
consent for participation was obtained from a parent or guardian according to NIH
guidelines at the time of the venous sampling.

2.2. Sample collection

A blood sample of 8-10 mL was taken via venipuncture with a 23 gauge nee-
dle and a 10 mL uncoated syringe. The samples were immediately transferred to
uncoated or heparin-coated Pb-free Vacutainer tubes (Becton-Dickinson) and stored
at ambient air temperature. The samples were transported to St. John’s Regional
Medical Center and the University of Missouri-Rolla on the same day for analysis
(Lutz et al., 1999).

2.3. Blood Pb analysis

PbB levels were determined by graphite furnace atomic absorption spectropho-
tometry in the Environmental Laboratory at the Springfield-Greene Co. Department
of Public Health. Each specimen was diluted tenfold in 5% TritonX solution and run
in triplicate with samples of known Pb content (low, medium, and high; obtained
from Wisconsin State Laboratory of Hygiene) (Lutz et al., 1999). Specimens were
further diluted if absorbance values exceeded the calibrated range.

2.4. Cell counts

A complete blood count was performed on heparinized blood at St. John's
Regional Medical Center to obtain percent lymphocytes, monocytes, and granulo-
cytes.
2.5. Cytofluorimetry

Cytofluorimetry analysis determined percent T and B lymphocyte classes and

various cell surface activation antigens (Lutz et al., 1999). The analysis was per-
formed at the St. John's Regional Medical Center’s CAP certified Flow Cytometry

Laboratory using a Becton-Dickinson FACS. Monoclonal antibody (mAb) reagents
were used for immunophenotyping. The Simultest LeucoGATE reagent (Becton-
Dickinson), which contained mAb to the CD45 human leukocyte antigen and CD14
monocyte antigen, was used to establish the optimal lymphocyte gate (Loken et al.,
1990). Percent E-Rosette lymphocytes was determined using Coulter T11-RDI mAb
(Bernard et al., 1984), percent T lymphocytes were analyzed with the B-D Leu 4-FITC
mAD (Van Dongen et al., 1988), and percent B lymphocytes with the Coulter B4-
FITC mAD (Reinherz et al., 1986). HLA-DR-BD’s phycoerythrin labeled anti-HLA-DR
was used to determine the percent lymphocytes positive for the HLA-DR activation
antigens (classII; onresting Band activated T cells) (Lampson and Levy, 1980); CD25-
Coulter’s FITC labeled IL-2R1 mAb was used to determine percent CD25 (receptor
for the cytokine interleukin 2, which is increased on activated T cells) (Fox et al.,
1984). In addition, CD71 (transferrin receptor found on activated lymphocytes) was
determined with CD71-Coulter’s FITC labeled T9 mAb (Sutherland et al., 1981), and
percent CD28 (T lymphocyte cell adhesion molecule, which is a ligand for B7/BB-
1) was determined with CD28-BD’s phycoerythrin labeled Leu 28 mAb (June et al.,
1990). Non-specific binding was assessed with negative control mAbs of the specific
subclasses.

2.6. Serum IgE

IgE levels were ascertained using microparticle enzyme immunoassays (MEIA)
(IMX system, Abbott Laboratories) at St. John’s Regional Medical Center (Schroder
et al., 1981). Subclass-specific mouse monoclonal anti-human IgE was utilized to
avoid cross-reactivity. The IMX system uses six standard calibrator solutions for
human IgE, referenced against the WHO Second International Preparation. High
(12001U/mL), medium (80 IU/mL), and low (1.5 IU/mL) controls were also included
with each assay (Lutz et al., 1999).

2.7. Serum Rubella titers

A MEIA (IMX system, Abbott Laboratories) was used to assess the concentration
of IgG antibodies directed against the specific immunogen. Externally referenced
standard calibrator solutions and internal controls were also used with this assay.

2.8. Serum diphtheria and tetanus toxoid hemagglutination assay

Type “O” red blood cells were tanned in dilute tannic acid and conjugated with
one of the specific toxoids or with phosphate buffered saline as a negative con-
trol. Diphtheria toxoid (1000 Lf/mL) and Tetanus toxoid (507 Lf/mL) were obtained
from the Massachusetts State Health Department (Boston, MA) or Connaught Lab-
oratories (Swiftwater, PA). Serum from children was serially diluted in 96-well
round-bottomed microtiter plates from a 3-fold dilution to a 531,411 fold dilution
(rows 1-12). Following addition of treated, tanned “O” blood cells samples were
incubated for 1 h at room temperature after which agglutination was determined.
The maximum dilution at which agglutination occurred was recorded with expected
values of >10,000-fold dilution. A known positive control (531,441-fold dilution)
was obtained from Dr. Rebecca Buckley’s Lab at Duke University Medical Center
(Tiller and Buckley, 1978; Buckley and Dees, 1967).

2.9. Serum IL-4, soluble CD25, and soluble CD27

Cytokine interleukin 4 (IL4), soluble CD25 (receptor for IL-2), and CD27 levels
were determined by ELISA (Human ELISA IL4 and CELLFREE Human ELISA sIL-2R
Kits, Endogen; soluble CD27 ELISA Kits, Research Diagnostics, Inc.) (Lutz et al., 1999).
Standards, samples, and controls were added and another mAb to a second epitope
on the protein was added (horseradish peroxidase conjugated). A colored product
is formed in proportion to the amount of IL4, sCD25, or sCD27 present. Standards
were run with each assay to prepare a standard curve used in interpolation, and
controls were always included for quality control. The ELISAs were performed on
serum samples frozen at —70°C.

2.10. Statistical analysis

Data were analyzed using SPSS 18.0 software. Spearman correlation coefficients
were used to determine variation of the immune parameters with age. Assays show-
ing p-values < 0.05 were considered age-related and age was considered a covariate
for analysis; all other parameters were grouped as non-age related without age as a
covariate. Spearman correlation coefficients were then calculated to test for associ-
ation with PbB (p-value < 0.05 was considered significant) in children with/without
ETS exposure. The equality of median values between PbB risk classes were tested
using a Kruskal-Wallis test using residuals as data points for the entire popula-
tion and subpopulations with/without concurrent environmental tobacco smoke
exposure. The residuals were determined using a linear regression model with the
immune system parameter as the dependent variable and PbB as the independent
variable (age included for age-dependent variables). Due to the homogeneity of the
population, inclusion/exclusion of covariates related to socioeconomic status (SES)
and race did not alter the outcomes and thus data are reported as uncorrected. The
Springfield population was predominantly white (89.3%) with all participants eligi-
ble for WIC and thus of low SES. The number of cigarettes smoked by the family with
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Table 1 Table 2A
Risk classifications based on blood lead concentration (PbB).? Population demographics of children from Springfield, MO enrolled in the current
Class Blood Pb (g/dL) Comment study.
1A <5 Not considered to be lead-poisoned Variable .l;eicf?t E/OB):S)
IB 5-9 Not considered to be lead-poisoned; potential otaltn=
cognitive impairment Gender
1A 10-14 If many children in this range, Male 56.3
community-wide childhood lead poisoning Female 437
prevention activities triggered. Children in this Age (months)
range need frequent screening <25 51.9
1B 15-19 Nutritional and educational interventions and 25-48 384
more frequent screening are necessary. If 49-84 8.2
blood lead level persists in this range, an >84 1.6
environmental investigation and intervention Race
should be performed Caucasian 89.3
11 20-44 Environmental evaluation and remediation, African American 6.0
and a medical evaluation are needed. Hispanic of Spanish descent 2.2
Pharmacologic treatment of lead poisoning Asian or Pacific Islander 1.6
may be necessary American Indian or Alaska Native 0.9
v 45-69 Medical 'and eqwronmeqtal Interventions are 2 Entire population WIC eligible, indicative of low SES.
needed, including chelation therapy
\% >70 This is considered to be a medical emergency.

Medical and environmental management
should begin immediately

2 Modified from the CDC statement on preventing lead poisoning in young chil-
dren (1991).

the child present (parental report of smoking behavior) was used as a covariate in
the analysis of immune function in children with both ETS- and Pb-exposure.

3. Results

The Springfield data were collected from 1992 to 1998. Partic-
ipants were retrospectively assigned to PbB risk categories based
on CDC guidelines from 1991 modified to include current levels of
concern for cognitive impairment (Table 1). The cohort consisted of
318 children: 56.3% males and 43.7% females (Table 2A). More than
half of the children were under 24 months of age (51.9%), with 38.4%
in the 25-48 month age group, 8.2% in the 49-84 month age group,
and 1.6% >84 months. Of the 318 children, parental response to a
survey question related to type/quantity of the child’s exposure to
ETS was collected for 309 participants. Approximately two thirds
(68.6%) of the children were from smoking homes and one third
(31.4%) were from non-smoking homes. The population was ethni-
cally homogeneous: 89.3% Caucasian, 6.0% African American, 2.2%
Hispanic, 1.6% Asian, and 0.9% Native American.

As shownin Table 2B, 15.8% of the participants were categorized
as Class 1A, 47.5% as Class IB, 24.9% as Class IIA, 5.5% as Class IIB, and
5.8% as Class Ill. When separated by parental report of smoking
exposure, a shift towards higher PbB is evident for children from
homes where parents smoke cigarettes. For children from smoking
homes, 39.6% meet the classification of Pb-poisoned (Classes IIA,
[IB, III, and IV) while 28.9% of children from non-smoking homes
are classified as Pb-poisoned. A corresponding increase in mean

PbB level was observed for children from smoking homes (p <0.03).
A greater percentage of children from non-smoking homes (71.1%)
were classified as non-Pb poisoned (CDC Class IA & IB) than chil-
dren from smoking homes (59.9%). Together, these data support the
general observation of higher PbB levels in children from smoking
homes. A correlation of PbB and ETS exposure (reported as number
of cigarettes smoked/day) was evident such that as ETS expo-
sure increased, PbB increased in the study population (Table 2C;
p=0.05).

A subset of data from 59 children without either Pb-exposure
or ETS exposure (PbB <10 pg/dL; parental report of non-smoking
home) was tested for dependence of variables on age since age
of the child influences immune system maturity (Table 3). Chil-
dren with either Pb-exposure and/or ETS exposure were excluded
since both toxicants also modify immune system activity and mat-
uration. The immune parameters identified as age-related were: %
lymphocytes, IgE, sCD25 (sIL2R), and % granulocytes. The Rubella
titer exhibited a trend toward age dependence. This may also be
explained by time since immunization and was not included in
the age-dependent parameters. All other immune measures were
found to be non-age dependent.

The dataset was split into two subgroups for further analysis:
children exposed to ETS or not exposed to ETS. A comparison of
correlation of immune parameters and PbB in children from these
subgroups is given in Table 4. Few correlations were evident in
either group (age was included as a covariate for parameters iden-
tified from Table 3 as age-dependent). For the children without
parental report of ETS exposure, the rubella titer response is pos-
itively correlated to PbB. The % lymphocytes (p=0.08) exhibit a
similar trend. These correlations and trends were not found in chil-
dren with ETS exposure.

Table 2B

PbB classification distribution, stratified by smoking status, of Springfield children included in the study.
Pb class Total (n) Total (%) ETS exposed

309 100 No (n=97) Percent (%)? Yes (n=212) Percent (%)?

1A 49 15.8 23 23.7 26 12.3
1B 147 47.5 46 47.4 101 47.6
A 77 24.9 19 19.6 58 273
11B 17 5.5 2 2.1 15 7.1
il 18 5.8 7 7.2 11 52
v 1 <0.1 0 - 1 <0.1
Average PbB (pg/dL) (SEM)’ 9.23(0.33) 8.62(0.57) 9.57(0.42)

a Percent of population non-ETS or ETS exposed calculated from total number of children in subgroup. Example: Of 97 non-ETS exposed children, 23 possessed PbB levels

in Class IA for a percentage of 23.7% of non-ETS exposed children in Class IA.

" t-Test for significance revealed significant difference between PbB values for non-smoking vs. smoking homes (p=0.03).
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Table 2C ETS

A significant correlation of PbB level and ETS exposure exists for children from

Springfield, MO. Eyes
Eno

Correlation coefficient (r) p-Value

ETS and PbB 0.113 0.05

Estimations of the impact of Pb-exposure on median immune
parameter values across Risk Categories were assessed for age-
related immune parameters in the Springfield population (Table 5;
Classes IIB-IV combined for analysis). Three separate population
groups are shown (Entire, Table 5A; Pb+ETS, Table 5B; and Pb-
only, Table 5C). In Table 5A, outcomes from the entire population
of children enrolled in the current study including both ETS positive
and ETS negative reported exposures are tabulated. A difference in
medians across the PbB Classes for serum IgE levels was found with
a generalized trend of increased median IgE levels in children con-
sidered Pb-poisoned as compared to children with Class IA or IB PbB
levels. The association of individual IgE levels, Pb-level, and number
of cigarettes reported by the parent is visible when the complete
dataset is plotted according to age (Fig. 1).

In Table 5B, outcomes from age-related immune parameters
for the children with reported ETS-exposure were tabulated with
grouping according to PbB Risk Class. Median serum IgE levels were
elevated in children from Classes IIA-IV with concurrent ETS expo-
sure as compared to children with low PbB levels (Class IA and IB)
and ETS exposure (p=0.01). The correlation between PbB and IgE
levels was not significant however (Table 4; p=0.24). The lack of
correlation between the values reflects the high variability of this
parameter across all PbB Classes due to the variable reactivity of
the developing immune system.

In Table 5C, outcomes for the selected age-related immune
parameters for the children without reported ETS-exposure are
given. Median IgE levels across PbB Risk Classes IA, IB and IIA were
not different. On first glance the median IgE level in Risk Classes
IIB-IV (n=9) appears elevated but this finding was not significant
due to the low number of children within the group and the high
variability of the parameter. A trend in the median values for %
lymphocytes (p=0.10) and % granulocytes (p =0.09) across the PbB
Risk Classes was also observed for children with Pb-only exposure
though this finding was not present in the total population nor in

Table 3
Spearman correlation between immune parameters and age for children without
ETS exposure and PbB <10 pg/dL, a subset of the Springfield, MO study population
(n=59).

Parameter Age

Correlation coefficient (p) p-Value
% lymphocytes —-0.54 <0.001™
IgE (IU/mL) 0.61 <0.001”
sCD25-sIL2R (IU/mL) —-0.45 <0.001”
% granulocytes 0.40 0.003"
Rubella titer 0.22 0.07"
% total T cells -0.20 0.14
% activated lymphocytes 0.17 0.20
% CD25* 0.17 0.21
% E-Rosette (CD2") -0.13 0.34
% activated T cells 0.10 0.45
sIL4 (pg/mL) 0.13 0.47
% total B cells (CD19%) 0.09 0.51
% CD71* 0.09 0.52
% CD28* -0.09 0.52
% monocytes 0.07 0.60
% CD27* -0.07 0.76
Tetanus titer 0.05 0.80
Diptheria titer -0.05 0.82
* 0.05<p<0.10.
" p<0.05.

2500

Mean IgE (IUiml)

Fig. 1. Relationship between age-related serum IgE concentration, age in months,
and PbB with ETS as a covariate.

the subpopulation of children with Pb +ETS exposure. In compari-
son with Tables 5A and 5B, it is apparent that the increased median
IgE levels observed for Pb-poisoned children in the total population
is driven by the ETS-exposed population subset. The limited num-
ber of children in Pb Class IIB-1V who are not ETS exposed likely
reflects the observed association of ETS exposure and elevated PbB.

In Table 6, outcomes from the age-unrelated immune param-
eters are given. The outcomes for the total population are given
in Table 6A. A lack of apparent impact of PbB on these immune
parameters was noted. A trend towards an increase in median %
total T cells was found in Risk Classes IIA and IIB-1V for the Pb + ETS
subpopulation (Table 6B) but not in the Pb-only subpopulation.
Alterations in median % activated T cells in children considered
Pb-poisoned (Classes IIA-1V) (but without ETS exposure; Table 6C)
were noted without a clear trend of impact but this outcome was
not present in the total population nor the subpopulation with
Pb +ETS exposure.

The antibody production response triggered by childhood
immunizations may also be affected by Pb- or ETS-exposure. As
shownin Table 7, Rubella titers (corrected for time since immuniza-
tion) for children from the study population were examined. For
the complete population surveyed, median titer response between
the PbB classes did not vary. For the Pb+ETS-exposed subpop-
ulation, significant decreases in median Rubella titers across Pb
classes were observed (p=0.03). For the Pb-only subpopulation,
differences between Pb Class group medians for the Rubella titers
(p=0.06), while suggestive, did not reach statistical significance and
did not hold for Pb Class IIB-IV (n=9).

Many immune response variables showed no statistically sig-
nificant variations or trends within the total population or in the
subpopulations of this study. Variations in median values across Pb
Classes are given in Supplemental Table 1.

4. Discussion

Pb-exposure induces neurocognitive impairment in children at
low levels (<5 pg/dL) (Jedrychowski et al., 2009) as well as develop-
mental delays (Jedrychowski et al., 2008), and has been shown to
increase IgE levels leading to the development of asthma at low-to-
moderate PbBs (Min et al., 2008; Blaiss, 2005). The current study
focused on the modifications of immune function induced by Pb
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Table 4

Spearman correlation between immune parameters and blood lead levels (PbB) for children with and without ETS exposure.

Parameter Without ETS exposure With ETS exposure

Correlation coefficient (p) p-Value Correlation coefficient (p) p-Value
Age related
% lymphocytes -0.21 0.08 -0.03 0.67
IgE (IU/mL) -0.08 0.50 0.12 0.24
sCD25-sIL2R (IU/mL) -0.05 0.71 0.06 0.42
% granulocytes 0.16 0.20 0.04 0.62
% total T cells 0.09 0.43 0.06 0.42
Non-age related
% activated lymphocytes -0.08 0.46 —0.002 0.98
% CD25* -0.04 0.74 0.07 0.35
% E-Rosette (CD2") 0.09 0.42 0.04 0.63
% activated T cells —0.08 0.50 0.04 0.65
sIL4 (pg/mL) 0.24 0.12 0.01 0.89
% total B cells (CD19*) -0.14 0.20 0.01 0.89
% CD71* -0.13 0.26 0.06 0.45
% CD28* 0.10 0.35 —-0.03 0.74
% Monocytes 0.004 0.98 -0.07 0.34
% CD27* 0.17 0.43 -0.11 0.32
Tetanus titer 0.16 0.36° —0.09 0.422
Diphtheria titer 0.005 0.98?2 —-0.03 0.84?
Rubella titer 0.29 0.04" 2 -0.07 0472

2 Time since immunization used as a covariate.
© 0.05<p<0.10.

" p<0.05.
Table 5A
Effect of Pb on age related immune parameters; total population (ETS and non-ETS exposure).
Parameter Risk Class [A Risk Class IB Risk Class 1A Risk Class [IB-1V Kruskal
p-value
Median (min, max) N Median (min, max) N Median (min, max) N Median (min, max) N
% lymphocytes 51.8(22.8,77.5) 37 53.2(17.2,78.2) 116 50.4(10.5,76.1) 66 53.1(29.8,70.1) 25 0.17
IgE (IU/mL) 13(0.8,892) 51 12.6 (0, 2008) 149 20.8(0.4,611.6) 78 20.4(3.6,1756) 35 <0.01
% granulocytes 41.3(0, 69.8) 37 39(0,73.9) 115 41.4(10.5, 80.9) 66 40.7 (17.2, 66.8) 25 0.78
p<0.05, significant difference between means of risk groups.
0.05<p<0.10, trend in differences between means of risk groups.
Table 5B
Effect of Pb on age related immune parameters; subpopulation with ETS exposure.
Parameter Risk Class IA Risk Class IB Risk Class 1A Risk Class I[IB-1V Kruskal
p-value
Median (min, max) N Median (min, max) N Median (min, max) N Median (min, max) N
% lymphocytes 50.6 (23.4,77.5) 21 51(18.4,78.2) 76 51.5(10.5,72.1) 52 52.3(29.8,70.1) 20 0.95
IgE (IU/mL) 14.3(0.8,104) 26 12(0.0,2008) 98 22.1(0.4,611.6) 58 21(3.6,1756) 25 0.01
% granulocytes 43.9 (0, 69.8) 21 41.8(0,73.9) 76 39.6 (10.5, 80.9) 52 41.3(17.2,66.8) 20 0.76

p<0.05, significant difference between means of risk groups.
0.05<p<0.10, trend in differences between means of risk groups.

exposure with additional emphasis on the effect of concurrent ETS
exposure. This study is a continuation of previous reports by Lutz
etal.(1994a, b, 1999) that describe outcomes prior to completion of
recruitment/sample collection (first 45 months) in the Springfield
MO cohort.

Analyses performed with NHANES data indicate that ETS expo-
sure increases PbB levels in both adults and children with the effect
evident for lower PbB classifications (Mannino et al., 2003, 2005).
Willers et al. (1988) also reported a significant association between
PbB in children and parental smoking, with a dose-response

Table 5C
Effect of Pb on age related immune parameters; subpopulation without ETS exposure.
Parameter Risk Class IA Risk Class IB Risk Class 1A Risk Class I[IB-1V Kruskal
p-value
Median (min, max) N Median (min, max) N Median (min, max) N Median (min, max) N
% lymphocytes 54.65 (22.8,71.7) 16 55.1(17.2,72.6) 37 42.9(17,76.1) 14 53.1(30.9, 63.2) 5 0.10
IgE (IU/mL) 12(1.8,892) 23 14.3 (0.8, 1545) 46 13.4(1.6,388) 19 20.4(3.8,210) 9 0.11
% granulocytes 39.15(21.5,68.9) 16 38.2(11.1,72.1) 36 48.3(17.5,78.69) 14 34.4(31.5,64.3) 5 0.09

p <0.05, significant difference between means of risk groups.
0.05<p<0.10, trend in differences between means of risk groups.
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Table 6A
Effect of Pb on non-age related immune parameters; total population (ETS and non-ETS exposure).
Parameter Risk Class IA Risk Class IB Risk Class IIA Risk Class IIB-1V Kruskal
p-value
Median (min, max) N Median (min, max) N Median (min, max) N Median (min, max) N
% total T cells 69.2(27.9,84.4) 43 70.2(34.8,90) 124 73.55(36,85.2) 68 68.8(26.2,90) 26 0.20
% activated T cells 3.3(0,40.4) 43 2.85(0.6,27.3) 124 3(0.7,17) 68 3.5(0.9,65) 26 0.16

p<0.05, significant difference between risk groups.
0.05<p<0.10, trend in differences between means of risk groups.

Table 6B

Effect of Pb on non-age related immune parameters; subpopulation with ETS exposure.

Parameter Risk Class IA Risk Class IB Risk Class 1A Risk Class IIB-IV Kruskal p-value
Median (min, max) N Median (min, max) N Median (min, max) N Median (min, max) N
% total T cells 69.2(47,84.4) 23 69.4(34.8,86.8) 81 73.95(36,85.2) 52 71.3(26.2,89.1) 18 0.06
% activated T cells 3.2(0,16.8) 23 2.8(0.7,27.3) 81 3.35(0.7,17) 52 3.2(0.9,65) 18 0.42
p<0.05, significant difference between risk groups.
0.05<p<0.10, trend in differences between means of risk groups.
Table 6C
Effect of Pb on non-age related immune parameters; subpopulation without ETS exposure.
Parameter Risk Class IA Risk Class IB Risk Class ITA Risk Class I[IB-IV Kruskal
p-value
Median (min, max) N Median (min, max) N Median (min, max) N Median (min, max) N
% total T cells 69.3(27.9,79.8) 19 72.2(45.3,90) 39 72.2(53.1,83.1) 15 65.5(41,84.3) 7 0.34
% activated T cells 3.5(1.7,40.4) 19 3(0.6,26.9) 39 2.6(0.9,16.8) 15 5.2(2.1,23.1) 7 0.06
p<0.05, significant difference between risk groups.
0.05<p<0.10, trend in differences between means of risk groups.
relationship between number of cigarettes smoked and PbB level. smoke inhalation, absorption of Pb from particulate matter deposits
In the current study, as in the prior studies of the Springfield, MO in the bronchial tree is likely increased (Jedrychowski et al., 2006).
cohort, a significant correlation of PbB level and parental report Deposition of smoke contaminants on home surfaces, which are
of ETS exposure was found, though the magnitude of difference then ingested by young children with high hand-to-mouth activity,
between the groupsis less thanin prior publications with the partial may also lead to Pb-exposure. As determined from parental reports
cohort. This is likely the result of two factors: (1) a gradual decline of smoking behavior, approximately 42% of the children in the study
in the number of children with elevated PbB levels in this popula- were exposed to smoke from more than one-half pack of cigarettes
tion due to active enforcement of Pb-containing paint abatement per day. The number of cigarettes smoked around the child was
in rental housing by Springfield MO city government agencies; included as a linear, rather than a categorical, variable in judging
and (2) public health campaigns against smoking in the home or the impact of ETS on immune function. It is possible that under-
around children that were initiated during the course of this study. reporting of the number of cigarettes smoked around the child per
These factors resulted in lower overall PbB levels and less ETS day occurred in the study respondents as well as decreased parental
exposure for children enrolled later in the study. The correlation of attention to environmental conditions such as vigilance regarding
PbB and ETS exposure remained statistically significant throughout Pb-contamination sources. Passive cigarette smoke exposure was
all reports from this cohort. Epidemiological studies, including assessed by parental response rather than by a biomarker such as
those from the Springfield, MO cohort, support an association of cotinine since smoking patterns are fairly constant across time but
ETS exposure and low to moderate PbB levels in children. biomarker response is dependent upon time since last exposure
It is not surprising that ETS exposure is associated with elevated - a metric that was difficult to assess in the current population.
PbB levels since cigarettes contain Pb, though the amount varies It appears likely that PbB levels in children from the Springfield,
by brand. As an example, graphite furnace atomic absorption spec- MO population are elevated due to a combination of sources of Pb
trometry revealed that sidestream smoke from a reference cigarette contamination including paint, soil, water, and ETS exposure in
(1R4F) contained 43.8 +£2.0ng of Pb (Wagner et al., 2001). With many cases.
Table 7
Effect of Pb exposure on Rubella titers.?.
Parameter Risk Class IA Risk Class IB Risk Class I[IA Risk Class I[IB-I1V Kruskal
p-value
Median (min, max) N Median (min, max) N Median (min, max) N Median (min, max) N
Entire population 124.7 (0, 7500) 51 79.3 (0, 500) 149 58.75 (0, 7500) 78 60.75 (0, 465.1) 36 0.36
Pb+ETS 136.7 (5, 469) 26 53.55 (0, 500) 98 57.15 (0, 7500) 58 35.8(1,425) 26 0.03
Pb only 108.8 (0, 7500) 23 99.1 (0, 500) 46 87.3 (0, 500) 19 173.6 (0, 465.1) 9 0.06

2Time since immunization as covariate.
p<0.05, significant difference between risk groups.
0.05<p<0.10, trend in differences between means of risk groups.
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The immune system is developing in these children, resulting
in a broad range of measures for each test. To examine whether
increased PbB levels altered the distribution of immune parameter
outcomes, the median values from risk categories were compared
using the Kruskal-Wallis test with the covariates of age and num-
ber of cigarettes smoked around the child as appropriate. Though
artificial compression of groups may mask statistically significant
outcomes, we have chosen to combine the study cohort’s highest
three exposure groups (Class IIB, III, and 1V) for statistical analy-
sis due to the small numbers of children in each of these groups.
This resulted in a 4 group comparison of medians (Class IA, IB,
1A, Combined IIB-1V) descriptive of variations in immune func-
tion parameters associated with low to moderate Pb-exposure. The
mean PbB level of the study population was centered near the divi-
sion between non-Pb-poisoned and Pb-poisoned (Class IB and Class
IA).

The statistically significant correlation of IgE and PbB as well
as the differences in IgE between PbB risk classes reported in
the earlier study is confirmed in the larger Springfield cohort.
This association is predominant in the children with concurrent
Pb +ETS-exposure with a lesser trend also evident in the Pb-
exposure only subgroup of this population. Lannero et al. (2008)
noted a dose-response relationship for ETS exposure and IgE sen-
sitization (p=0.019) and Kramer et al. (2004) noted a positive
association between IgE and cotinine levels (nicotine metabolite;
OR 1.39-1.62). Findings from the current study raise the question
of whether the link between Pb-exposure and IgE levels is at least
partially attributable to concurrent exposure to ETS. In previous
studies, PbB has shown a positive correlation with IgE levels (Lutz
etal., 1999; Sun et al., 2003) by acting upon IL4 synthesis (cytokine
controlling immunoglobulin class switch to IgE production) and
leading to an upregulation of IgE production by B cells (Heo et al.,
2004).

Studies have also shown nicotine modulates the immune sys-
tem through its effect on Th1, Th2, and B cells (Bendich et al., 1981;
Jaremin, 1983; Kum-Nji et al., 2006; Shenker et al., 1977). Nicotine
exhibits a suppressive effect on Th1 leading to a decrease in the pro-
duction of the immunoglobulins IgA and IgG2 (Seymour et al., 2005;
Zhang and Petro, 1996). Nicotine stimulates both Th2 and B cells;
this results in a production of cytokines and interleukins (specifi-
cally IL4) by the Th2 cells and causes B cells to switch production of
IgG1 to IgE (Fischer and Koénig, 1994; Frazer-Abel et al., 2004; Holt,
1987). In conjunction, these effects manifest as an increased risk of
allergies and asthma in ETS-exposed children. The stimulation of
IgE production by ETS was also observed in our study. A stronger
association of IgE and PbB levels for children exposed to ETS than
for children without exposure to ETS was observed.

This study did not examine possible correlations of elevated
PbB and ETS-exposure with allergy/asthma. Asthma in children
is a heterogeneous syndrome with variable disease expression
and response to environmental exposures. IgE triggers immediate-
hypersensitivity reactions and late-phase responses with evidence
that basal levels of IgE can augment humoral and cellular immune
responses to allergens. Though elevation of total (and allergen spe-
cific) IgE levels is frequently associated with atopy and allergy, it
has been difficult to demonstrate a precise role for IgE in asthma.
IgE~/~ mice do not exhibit increased inflammation of the bronchial
mucosa or bronchial hyperresponsiveness following Aspergillus
fumigatus challenge (Mehlhop et al., 1997). Allergic rhinitis, atopic
dermatitis, and active anaphylaxis can also be triggered in IgE~/~
mice (Oettgen et al., 1994; Miyajima et al., 1997). Activation and
differentiation of CD4* Th2 T cell dependent allergic responses are
dependent on the enhanced production of the cytokines IL-4, IL-5,
and IL-13 (Oettgen and Geha, 1999) which leads to the produc-
tion of IgE. Documentation of allergy/asthma was not attempted in
the present study though measurement of serum IL-4 levels were

measured in a subset of children in the latter stages of the study but
without a finding of correlation with PbB-level or ETS-exposure.

The current study reports a magnification of effect by ETS expo-
sure on Pb-exposure-associated elevation of IgE levels without a
similar multiplicative effect on other immune parameters studied.
Though an apparent correlation exists in this study, a clear cause
and effect relationship has not been proven between PbB, ETS expo-
sure, and IgE levels. The children in the current study were not
undergoing chelation treatment and thus the impact of reduced
Pb-levels (due to medical intervention) on IgE levels with/without
ETS exposure could not be assessed. The relatively limited number
of children enrolled in the Springfield cohort, coupled to the broad
age ranges represented, was a barrier to analysis of associations of
Pb and/or ETS with other markers of immune function.
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