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Immunologic Findings Among
Lead-Exposed Workers
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A comprehensive panel of immune parameters was evaluated among 145 lead-exposed
workers with a median blood lead level (BLL) of 3@/dL (range: 15-55ug/dL) and 84
unexposed workers. After adjusting for covariates, we found no major differences in the
percentage of CD3 cells, CD4+ T cells, CD8+ T cells, B cells, or NK cells between
lead-exposed and unexposed workers, although the association between lead exposure and
the number of CD4 T cells was modified by age. We also found no differences between
exposed and unexposed workers in serum immunoglobulin levels, salivary IgA, C3
complement levels, or lymphoproliferative responses. However, among exposed workers, the
percentage and number of B cells were positively associated with current BLL, serum IgG was
negatively associated with cumulative lead exposure, and the percentage and number of
CD4+/CD45RA+ cells were positively associated with cumulative lead exposure. We found
no evidence of a marked immunotoxic effect of lead at the exposure levels studied, although
some subtle differences in immunologic parameters were natad.J. Ind. Med. 33:400—

408, 1998. © 1998 Wiley-Liss, Iné.
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INTRODUCTION

National Health and Nutrition Examination Survey indicate
that 700,000 adults in the United States may have B:lS

Although much progress has been made in reducipgy/dL [Brody et al., 1994]. Scientific understanding of the
lead exposure, exposures in the workplace continue to bevigle range of effects associated with lead exposure, includ-
significant public health problem. Thousands of adult eléng subclinical effects from low level exposure, continues to
vated blood lead levels (BLLsk 25 pg/dL are reported evolve. Effects of lead have been reported for many organ
each year to the National Institute for Occupational Safegystems, including the central nervous system, hematologic
and Health (NIOSH) by states participating in the NIOSHystem, and reproductive system.

Adult Blood Lead Epidemiology and Surveillance (ABLES)  Exposure to lead also has been shown to impair immune
programs [CDC, 1996]. Data from phase | of the thirgynction. Numerous studies have been conducted in experi-
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mental animals to characterize and determine the mecha-
nisms associated with the immunotoxicity of lead [McCabe,
1994; McCabe and Lawrence, 1994; Zelikoff and Cohen,
1996]. Although these results have often been inconsistent,
two observations usually hold true. First, lead increases
susceptibility to intracellular pathogens and second, poly-
clonal and/or antigen-specific antibody responses are in-
creased. Experimental models to investigate the mechanisms
responsible for these effects are currently being established.
Epidemiologic studies also have been conducted in
lead-exposed humans with even less consistent findings.
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Immunologic findings that have been associated with leédentified during the study to have exposures or conditions
exposure in humans include decreased serum immunoglothat potentially have a significant effect on immune
lin levels [Ewers et al., 1982; Coscia et al., 1987; Jaremifynction were excluded from the analysis. This determi-
1990; Uhdetpr et al., 1996], decreased absolute number andtion was made blind to exposure status. The study
percentage of CD#4 cells [Fischbein et al., 1993;di€ger protocol was approved by the Human Subjects Review
etal., 1996], increased absolute number and percentage @d@&ard of NIOSH, and informed consent was obtained from
cells [Coscia et al., 1987, Fischbein et al., 1996], decreasatiworkers who participated.
number of B cells [Jaremin, 1990], decreased absolute
number and percentage of NK cells [Sata et al., 1997], alEd(posure Characterization
impaired mitogen-induced lymphoblastogenesis [Fischbein
et al., 1993]. In contrast, other investigators have found no The primary exposure at the secondary lead smelter was
difference between lead-exposed subjects and controlsidéad. Air concentrations of other elements such as arsenic
serum immunoglobulin levels [Reigart and Graber, 1976iere negligible according to company monitoring data. The
Kimber et al., 1986; Queiroz et al., 1994], absolute numbeomparison group was limited to workers employed in areas
and percentage of CD4cells [Coscia et al., 1987; Cohen elof the hardware manufacturing company where exposures to
al., 1989; Sata et al., 1997], absolute number and percentegenpounds that might affect the immune system were
of B cells [Und€eger et al., 1996; Sata et al., 1997], absolutaegligible based on a walk-around survey and inspection of
number and percentage of NK cells [Fischbein et al., 1998ie material safety data sheets on process materials. Air
Undeger et al., 1996], or mitogen-induced lymphoblastogesampling for metals and oil mist was conducted at the
esis [Kimber et al., 1986; Cohen et al., 1989; Queiroz et atomparison facility, and concentrations were neglible. Since
1994]. both facilities consumed considerable amounts of electricity,
We conducted a cross-sectional study of lead-exposgdvalk-through survey of electromagnetic field magnitudes
and unexposed workers using a comprehensive panelimthe extremely low frequency range (ELF) was performed
immunologic parameters to evaluate the association ba-both plants using a hand-held EMDEX-II field survey
tween lead exposure and changes in the immune systemmionitor (Enertech Consultants, Campbell, CA) using a
particular, studies were focused on determining whether ts@mpling strategy described elsewhere [Methner, 1996]. The
number of CD4 T cells is affected by lead exposuregeometric mean ELF magnitudes for the secondary lead
because a marked decrease in the number of€Ddlls smelter and comparison plant were 1.32 and 1.47 milligaus,
among lead-exposed subjects compared to controls waspectively.
reported shortly before the current study was initiated

[Fischbein et al., 1993]. Overview

MATERIALS AND METHODS A questionnaire was administered in person to obtain
information on personal demographic data, medical history,

Study Population medication use, smoking and drinking habits, and work

history. Blood from exposed and unexposed workers was

Lead-exposed workers were recruited from a largeollected between 1:00 - 4:30 pm during a 2-week period.
secondary lead smelter in the United States. The unexpo&d@od was obtained for blood lead and zinc protoporphyrin
comparison group was recruited from a nearby hardwa@PP) levels, flow cytometry analysis, hematology, lympho-
manufacturing company where no lead is processed. Tihl@stogenesis, natural killer (NK) cell activity, serum immu-
primary product of the hardware manufacturing company ioglobulin (Ig) G, M, and A concentrations, and serum
metal door hinges. Employees received letters explainig§emistry analyses. Nonstimulated whole saliva specimens
the study. In the letter, male workers on first and seconere collected and quantitated for secretory IgA. Blind
shift who had been hired at least 6 months prior to the stugyiplicate specimens were obtained for each test for approxi-
were invited to participate. Women were not invitednately 10% of the study participants. The results of NK
because few women were employed in lead-exposed arégtvity are not presented because the correlation between
of the secondary lead smelter. Workers taking medicatiof@sults obtained from blind duplicate specimens was poor
that suppress the immune system (e.g., prednisone), (6r0.15).
having serious illnesses of the immune system (e.g.,
leukemia or AIDS) were asked not to participateSample Collection
Volunteers were scheduled for appointments until 152
exposed and 86 unexposed workers were recruited for the Blood was withdrawn by antecubital venipuncture into
study. Additional employees were not enrolled for the studseparate tubes containing ACD (acid, citrate, dextrose) for
due to laboratory resources and constraints. Workdtew cytometry studies, EDTA (ethylenediamine tetraacetic
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acid) for hemocytometry, and heparin for lymphoblastogefMAXM, Coulter), using reagents and standardization as per
esis and natural killer cell (NK) assays. Blood was cothe manufacturer’s directions [Johanning, et al., 1996].
lected in trace element tubes for blood lead analysis and

serum separator tubes for the isolation of sera. The ser&hinical Chemistry

was separated on site by centrifugation at 0,&Q for 10

minutes for immunolobulin and other serum chemistry ~Serum levels of C3 (complement component 3), C-reac-
analyses. All blood for immunologic tests was shipped frofive protein levels, total levels of IgG, IgM, and IgA, blood
the study site to the NIOSH laboratory in Cincinnati ifead, ZPP, and salivary IgA were measured either on a
insulated boxes that contained recording thermometersc@ntifugal clinical chemistry analyzer (COBAS FARA II,
document temperature transients that may have occurfd@che, Nutley, NJ, used per manufacturer’s directions), or
during transport (mean minimum transport temperature wagrformed by commercial laboratories (SmithKline Beecham,
21.7+/-1.9C; mean maximum transport temperature wast. Louis, MO, or MetPath, Teterboro, NJ). Salivary total
25.3+/-2.0°C; mean maximum minus minimum transporProteins were measured using a commercigB@A, Pierce,
temperature difference was 3:61.8°C). Tests performed Rockford IL). Antinuclear antibodies were evaluated using a
on fresh blood or isolated cells were initiated within 12-14 Hffommercial ELISA method (Kallestad ANA Microplate EIA,
of phlebotomy. Alitests were determined by methods consistefnofi Diagnostics Pasteur, Chaska, MN). Blood lead analyses
with established guidelines for clinical analysis and in compivere performed by a commercial laboratory (SmithKline
ance with regulations of the Clinical Laboratory Improvemer€echam, St. Louis, MO, OSHA certified).

Act (CLIA). .
ct(CLIA) Lymphoblastogenesis Assays

Flow Cytometry
Peripheral blood mononuclear cells (PBMC) were iso-

Whole blood samples were incubated with two- antted for lymphocyte proliferation assays by means of a
three- color monoclonal antibodies (Coulter Cytometrpolysucrose/sodium diatrizoate medium (Histopaque, Sigma
Hialeah, FL) and lysed by a whole blood lysis techniquehemical, St. Louis, MO) and Accuspin tubes (Sigma). The
(Multi-QPrep, Coulter). The antibodies used were: CD14e€lls were resuspended at a concentratibh » 10° viable
FITC (fluorescein isothiocyanate)/CD45-RD1 (phycoengells per mL (by trypan blue exclusion) in complete assay
thrin); CD8-FITC/CD56-RD1; CD4-FITC/CD45RA-RD1; medium (CM; RPMI 1640 containing 100 units/mL penicil-
CD4-FITC/CD29-RD1; CD19-FITC/CD2-RD1; and CD8-lin, 100 pg/mL streptomycin and 2 mM L-glutamine [GIBCO,
FITC/CD4-RD1/CD3-ECD (electronically coupled dye, phyGrand Island, NY] with 10% FBS. One-hundred pL aliquots
coerythrin-Texas red). 1gG1-FITC/IgG1-RD1 and lgGaiofthe cell suspensions were dispensed in triplicate into wells
FITC/lgG1-RD1/IgG2a-ECD were used as isotypic control®f 96-well plates to yied 1 x 1C cells/well. Tetanus toxoid
Samples were analyzed on a flow cytometer with a carou§@fyeth Labs, Philadelphia, PA) was diluted in CM and
loader (EPICS XL with MCL, Coulter). A tube containingadded at final concentrations of 5, 25, or 50 ug/mL. The first
CD45/CD14 was run to obtain a CD48YCD14 lympho- three wells in each row received media in place of antigen
cyte gate. This gate was held constant for all other tubesand served as a nonstimulated background control. The
the panel. Resultant data were analyzed with softwapéates were incubated at €7 in a humidified atmosphere
supplied by the instrument’s manufacturer (Coulter). Gat@@ntaining 5% C@for 120 hr. Proliferation was assayed by
mononuclear cells (3,500) were analyzed for each tube in thge of a commercially available cell proliferation/cytotoxic-
panel sample. A 1.0% negative isotype control integratidty assay (CellTiter96, Promega, Madison, WI). Briefly, the
cursor was dynamically set by the software for each tube Wells were pulsed for the last 4 hours of incubation with 15
the panel, which was then held for all tubes in a specifig- of a tetrazolium dye solution to allow viable cells to
subject’s sample having the same isotype specificity [B¢onvert the tetrazolium salt into formazan, which was
agini et al., 1995; Johanning et al., 1996; CDC, 1997]. Totaplubilized and read at a 630 nm absorbance (Dynatech,
lymphocyte-subset counts were calculated by multiplyinglexandria, VA). Stimulation indices (SI) were calculated
the percent positive by the total number of lymphocyte&Qr the mean of triplicate data for each antigen concentration
measured as outlined below. Blood samples with a lymphand vehicle control by the following formula: St (ODeso
cyte purity less than 85% and blood samples in which thth antigen/ORQsgwithout antigen).
sum of the percentage of T (CB3, B (CD19+), and NK L. .
(CD56+) cells was less than 85% or greater than 115% wentatistical Analysis

not included in the analysis of cell markers. ] o o
Baseline characteristics between participants and non-

Hematology participants were compared with t-tests for normally distrib-
uted continuous variables, Wilcoxon rank sum tests for
Complete blood counts with differentials and reticuloskewed continuous variables, and Chi-square tests for
cyte counts were performed with a laser hemocytometeategorical variables. Multivariate regression was used to
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evaluate the relationship between lead exposure and contifABLE I. Demographic Information for Workers Exposed to Lead in a
ous outcome variables. Logistic regression was used for tdagondary Lead Smelter and Unexposed Workers, 1994
dichotomous outcome variables (ANA and C-reactive pro-

tein). Variables including age, race, smoking habits, alcohol Exposed Group Unexposed Group
consumption, marijuana use, whether the subject worked (N = 145) (N = 84)
first or second shifts, exposure to 5 or more hours of direet

sunlight during the last week, cold or flu symptoms in thage (yrs) 32.9 (8.6) 30.1(9.3)
last week, hayfever or allergy symptoms in the last weekyration of Employment (yrs) 5.3 (4.8) 43(4.3)
and hours of sleep the evening prior to the tests wet@rent smoker 49 (33.8%) 36 (42.9%)
considered candidate covariates. Acommon set of covariates

for all models was selected by evaluating the correlationwhite 58 (40%) 52 (61.9%)
between these candidate covariates and the dependekdnwhite 87 (60%) 32 (38.1%)

variables. The covariates for all final models were age, race;
whether the subject worked first or second shifts, and currefain (D) or Number (%).
smoking status. No other covariates were included in the

models other than the exposure variable. Although theigs lead-exposed men represented 63% of the eligible
Were numerous outcodmes, no formal c_:olr)rlectlon for multlﬁ) opulation of approximately 230. Participants and nonpartici-
comparisons was made. Outcome variables were natural \0g ¢ o+ the secondary lead smelter were similar in mean age

transformed due to their skewed nature. PC-SAS softwa(lfgzl9 years vs. 34.7 years), but the time since hire for
was use_zd for all statlanal prqce_dur_es [SAS, 1989)]. ._participants was shorter, on average, than for nonpartici-
A dichotomous variable indicating whether the subjetgants (5.3 vs. 7.7 yearB=0.009, Wilcoxon rank sum test)

was occupationally exposed to lead was the initial eXposUffia g unexposed men represented 59% of the eligible
variable included in the models. These models were used {g
f'

. : ; ) ulation of approximately 142 men at the comparison
obtain adjusted geometric mean values in the lead-expo é)

q q ; h , nt. Participants and nonparticipants at the comparison
and unexposed groups for each continuous outcome Vajizn: ere similar in terms of mean age (30.2 vs. 30.3 years)

able. Unadjusted arithmetic mean values in the lead-expo mean duration of employment (4.3 vs. 4.2 years), but

and unexposed groups are also presented for comparyAiticipants were more likely to be white than nonparticipants

with other studies where multivariate analyses were ”Eéz vs. 43%P=0.03, Chi-square test). Among participants

performed. However, conclusions are based on the result§@ly_exposed subjects were slightly older, on average, than
the multivariate analyses. Among the lead-exposed SUbJeﬂﬁexposed subjects (32.9 vs. 30.1 years, respectively) and
multivariate analyses were also conducted in which the, o'y ore likely to be nonwhite (60 vs. 38.1%, Table I). Al
dichotomous exposure variable was replaced by a variale: ;ne of the 119 nonwhite participants were black.

for current BLL, current ZPP, or an estimate of cumulative The median BLL was 39 pg/dL (range: 15-55 pg/dL)
lead exposure. Cumulative lead exposure (in ug/dL days?r)nong the exposed and2 pg/dL (range:< 2-12 pg/dL)

was estimated for the lead-exposed participants from hiStoéir'nong the unexposed group. The median ZPP was 48

cal blood lead monitoring results as follows: (range: 2-424 pg/dL) among the exposed and 17.5 pg/dL

. n-1q (range: 1-59 pg/dL) among the unexposed group.
J; B(t)dt = E > (B; + Bj At Nine (six exposed and three unexposed) subjects with
i-1 recent antibiotic, narcotic, corticosteroid, or nonsteroidal

where B and B,; are the " and (i+1)" blood lead anti-inflammatory agent use and eight (seven exposed and
measurements (in upg/dL), respectivel§f is the time oOne unexposed) with possible or known diabetes mellitus or
interval (in days) between measurements, aislthe total other illnesses were not included in the analyses. Another 15
number of blood lead measurements. Blood lead monitorifl €xposed and four unexposed) subjects were not included
results were available for lead-exposed participants foriathe analyses of lymphocyte subsets because the sum of
median of 4.8 years (range: 0.5 - 18.4 years). Timédeir percentage of T (CD8), B (CD19+), and NK
integrated blood lead concentration has been reported(§P56+) cells was less than 85%.

correlate with measurements of bone lead, which is consid- The arithmetic mean serum immunoglobulins, salivary
ered a measure of cumulative lead exposure [Somervailld@f/protein ratio, C3, leukocyte differential, lymphocyte

al., 1988; Erkkila et al., 1992]. subsets, and tetanus toxoid-induced lymphoblastogenesis
among lead-exposed and unexposed workers are presented
RESULTS in Table Il. After adjustment for age, race, work shift, and

current smoking status, the geometric mean percentage of

Seven of the 152 lead-exposed volunteers and 2 of th®nocytes among lead-exposed workers was slightly lower

86 unexposed volunteers were ineligible, resulting in a findlan the geometric mean among unexposed workers (7.8 vs.
study group of 145 exposed and 84 unexposed workers. Th&%; Table Ill). There was no other difference, on average,
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TABLE II. Arithmetic Mean Results of a Panel of Inmunological Tests
among Lead-Exposed and Unexposed Workers

Outcome Exposed Unexposed
Serum IgA (mg/dL) 223(92) 196 (93)
Serum IgG (mg/dL) 1177 (304) 1078 (284)
Serum IgM (mg/dL) 121.9 (71.3) 102.6 (46.5)
Salivary IgA/protein 0.77 (0.35) 0.68 (0.30)
Complement C3 (mg/dL) 127 (21) 124 (27)
White Blood Cells (X 10%/p.L) 7.4(2.1) 7.3(2.0)
Neutrophils (X103 cells/u.L) 4.10 (1.64) 3.95(1.31)
Neutrophils (%) 54.1(8.4) 53.4(7.6)
Lymphocytes (X 108 cells/pL) 2.47 (0.58) 2.50 (0.84)
Lymphocytes (%) 34.6 (7.6) 34.6 (6.7)
Monocytes (X 10° cells/u.L) 0.59 (0.19) 0.61 (0.61)
Monocytes (%) 8.1(2.2) 8.7 (2.1)
Eosinophils (< 10° cells/pL) 0.21(0.17) 0.22 (0.15)
Eosinophils (%) 2.9(2.0) 3.0(2.0)
Basophils (X103 cells/u.L) 0.01 (0.03) 0.01 (0.03)
Basophils (%) 0.26 (0.33) 0.25(0.33)
CD56+ (cells/p.L) 111 (83) 109 (70)
CD56+ (%) 46(3.3) 43(2.3)
CD19+ (cells/pL) 358 (173) 425 (314)
CD19+ (%) 14.0(5.2) 16.1 (6.7)
CD3+ (cells/pL) 1892 (480) 1838 (594)
CD3+ (%) 75.6 (7.3) 73.0(7.7)
CD4+ (cells/pL) 1143 (319) 1132 (435)
CD4+ (%) 45.8 (8.1) 445 (7.5)
CD8+ (cells/pL) 606 (228) 600 (243)
CD8+ (%) 24 (6.5) 24.0 (6.2)
CD4+:CD8+ ratio 2.1(0.9) 2.0(0.8)
CD45RA+ (cells/pL) 1139 (365) 1196 (519)
CD45RA+ (%) 45.3(9.6) 46.9 (7.0)
CD4+/CD45RA+ (cells/p.L) 475 (224) 498 (287)
CD4+/CD45RA+ (%) 19.0 (8.1) 19.4(7.2)
CD29+ (cells/pL) 739 (299) 704 (311)
CD29+ (%) 29.3(8.9) 279(8.3)
CD4+/CD29+ (cells/pL) 642 (228) 601 (292)
CD4+/CD29+ (%) 25.6 (6.9) 23.7(7.9)
CD4+/CD8+ (cells/pL) 40 (49) 64 (84)
CD4+/CD8+ (%) 1.6 (2.1) 2.4(2.3)
CD8+/CD56+ (cells/p.L) 72.0 (65.7) 100 (98)
CD8+/CD56+ (%) 29(2.3) 3.8(3.8)
Lymphocyte activation with 5 p.g/mL

tetanus toxoid (stimulation indices) 118 (10) 118 (8)
Lymphocyte activation with 25 pg/mL

tetanus toxoid (stimulation indices) 116 (28) 117 (37)
Lymphocyte activation with 50 pwg/mL

tetanus toxoid (stimulation indices) 236 (82) 221 (80)

Mean (SD).

Some participants did not have results for all tests. The number of exposed and unexposed

participants ranged from 111 to 128 and from 71 to 79, respectively.

TABLE IlI. Adjusted Geometric Mean Results of a Panel of
Immunological Tests among Lead-Exposed and Unexposed Workers*

Adjusted Geometric Mean

R? for

Outcome model  Exposed Unexposed  P-value
Serum IgA (mg/dL) 11.1 202 180 0.07
Serum IgG (mg/dL) 31.0 1110 1090 0.62
Serum IgM (mg/dL) 4.7 106.2 94.5 0.11
Salivary IgA/protein 15 0.68 0.59 0.16
Complement C3 (mg/dL)P 11.3 125 123 0.57
White Blood Cells

(X10%/pL) 19.5 7.2 6.9 0.29
Neutrophils (<108 cells/ul)  21.0 3.88 3.60 0.14
Neutrophils (%) 12.6 54.0 52.0 0.11
Lymphocytes (<102 cells/

pL)P 11.9 241 2.42 0.84
Lymphocytes (%) 131 33.2 34.9 0.12
Monocytes (X108 cells/pL) 8.8 0.56 0.59 0.27
Monocytes (%) 5.1 7.8 8.5 0.032
Eosinophils (< 108 cells/pL) 6.6 0.17 0.17 0.80
Eosinophils (%) 1.2 24 25 0.89
Basophils (<103 cells/u.L) 2.3 0.01 0.01 0.81
Basophils (%) 2.3 0.2 0.2 0.97
CD56+ (%) 15 35 3.6 0.84
CD19+ (%) 5.1 13.2 14.6 0.13
CD3+ (%) 5.5 74.9 73.1 0.14
CD4+ (%) 10.6 44.6 447 0.92
CD8+ (%) 8.3 233 23.0 0.72
CD4+:CD8+ ratio 12.0 1.9 1.9 0.85
CD45RA+ (%) 8.6 44.1 45.6 0.43
CD4+/CD45RA+ (%) 5.6 17.2 17.9 0.56
CD29+ (%) 1.6 217 25.8 0.29
CD4+/CD29+ (%) 17.1 24.0 22.5 0.29
CD4+/CD8+ (%) 5.3 0.9 15 0.0032
CD8+/CD56+ (%) 11.0 2.2 2.8 0.042
Lymphocyte activation with

5 wg/mL tetanus toxoid

(stimulation indices) 11 118 117 0.60
Lymphocyte activation with

25 p.g/mL tetanus toxoid

(stimulation indices) 1.3 114 112 0.71
Lymphocyte activation with

50 wg/mL tetanus toxoid

(stimulation indices) 3.8 221 206 0.23

*All models had a variable for lead exposed vs unexposed. All models also included age, race,
current smoking status, and work shift and no other variables besides exposure. All outcome
variables reported here were natural log transformed prior to analysis, then untransformed for
reported results. A constant was added to the percentage of basophils prior to transformation.
Some participants did not have results for all tests. The number of exposed and unexposed
participants ranged from 113 to 128 and from 71 to 79, respectively.

ap-value < 0.05.

PA significant interaction between the dichotomous exposure variable and age was included in

the model.
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in the leukocyte differential between lead-exposed and Logistic regression results (not shown) for dichotomous
unexposed workers, but there was significant interactieutcome variables indicated no significant differences be-
between age and the dichotomous lead exposure variabléween exposed and unexposed workers for a C-reactive
the model for the number of lymphocyteB=£0.007). The protein greater than 8 units or for a positive ANA. Further-
number of lymphocytes was lower among older exposé&aore, there was no relationship between these variables and
workers than older unexposed workers and higher amogigrent BLLs, ZPP levels, or the estimate of cumulative lead
younger exposed workers than younger unexposed worket$posure.
The interaction seems to be due to an increased number of
lymphocytes with increasing age in the unexposed popuBISCUSSION
tion. The number of lymphocytes did not vary significantly
with age in the exposed population. Since the number of Fischbein and colleagues [1993] reported that firearms
lymphocytes expressing specific cell markers (such asstructors with BLLs=25 pg/dL (mean BLE=31.4 pg/dL)
CD4+) is derived from the total number of lymphocytes antiad a 48% reduction and firearms instructors with a BLL
the percentage of cells expressing the cell markers, thé¥epg/dL had a 29% reduction in the number of Gbdells
analytic models also showed an interaction for age asgmpared to unexposed controls. The firearms instructors
exposure, although the interaction was not always statistlso had a reduction in the percentage of GDdells, a
cally significant at the 0.05 level (results not shown). Faeduction in the number and percentage of T (GDgells,
example, significant interaction between age and the dichot@paired T-cell function as determined by proliferative
mous lead exposure variable was found for the absolu@sponse to mitogens, and decreased mixed lymphocyte
number of CD4 T cells (P=0.05), but not for the culture responses. nde€ger and colleagues [1996] also
percentage of CD4 T cells P=0.50). reported a reduction in the absolute number and percentage
After adjustment for age, race, work shift, and curreritf CD4+ cells among a group of lead-exposed workers with
smoking status, the percentage of GBIEDS8+ cells and ameanBLL gf 74.8 pg/dL compared to cont'rols. In contrast,
the percentage of CD&/CD56+ cells were slightly lower, other investigators have observed no difference in the
on average, among the exposed workers (0.9 vs. 1.5% A&Rrgolute number and percentage of GD4ells between
2.2 vs. 2.8%, respectively; Table IIl). There was no differt€@d-exposed subjects and controls [Cohen et al., 1987;
ence, on average, in the percentages of other Iymphocgtgsc'a etal., 1987; Sata etal., 1997].

subsets, serum immunoglobulin levels, salivary IgA/protein " thiS s;uiy, we found nc} g}sbs;[)cie}ltiorglbhetweﬁn lead
ratio, C3 levels, or lymphocyte activation with tetanu?XIOosure and the percentage o cells. Although we

toxoid between exposed and unexposed workers. ound a significant interaction between age and lead expo-

Table IV shows the results of analyses for the Ieatﬁ—ure status for the absolute number of GD7 cells, this

exposed group by current BLL, ZPP, and estimated cumu Qdmg may be related to an Increase in lymphocyte coun.t
: . . ... With age in the unexposed population rather than a change in
tive lead exposure. Increasing BLLs were associated with gn

. . e effect of lead with age. However, data from National
increase in the absolute number and percentage of €D1 - S -

- : . ealth and Nutrition Examination Surveys indicate that
cells. BLLs were not significantly associated with th

?ymphocyte counts do not increase with age among adult
number or percentage of CBAT cells, other lymphocyte oo [van Assendelft, 1985]. This suggests that the differ-
subsets, serum immunoglobulin levels, salivary IgA/prote@nce in the number of CD4 T cells observed between
ratio, C3, leukocyte differential, or lymphocyte activationy, ,,seq and unexposed workers may not be related to lead
with tetanus toxoid. One outlier was excluded in thgyhqsre but to another factor in the unexposed group. In
analyses of immunologic outcomes by ZPP levels. '“CreaéZposure-response analyses among lead-exposed workers,
ing ZPP levels were significantly associated with a decreagg found no evidence of a significant relationship between
in the percentage of monocytes. When the outlier Wage number and percentage of CB4ells and estimates of
cantly associated with a decrease in the percentage cinulative lead exposure. These findings do not support the

monocytes and an increase in the number of €Dlls, previous findings that lead exposure is associated with a
CD4+ T cells, CD8t T cells, and CD45RA-/CD4+ cells. marked reduction in the number and percentage of €D4

The estimate of cumulative lead exposure was associatgdls [Fischbein et al., 1993';Mie~ger etal., 1996].

with a decrease in serum IgG and with an increase in the There are some methodologic differences between our
number and percentage of CBACD45RA+ cells. Esti- study and the studies by Fischbein et al. [1993] andéier
mated cumulative lead exposure was not associated wiihal. [1996] that may account for these contrasting findings.
other serum immunoglobulins, CBA4T cells, other lympho- Circadian variations of CD# T cell counts have been
cyte subsets, salivary IgA/protein ratio, C3, leukocyteeported [Bertouch et al., 1983; Ritchie et al., 1983]. In the
differential, or tetanus toxoid induced lymphoblastogenesistesent study, most blood was collected between 1:00 pm



TABLE IV. Immunological Outcomes as a Function of Current Blood Lead, Zinc Protoporphyrin, and Cumulative
Lead Exposure among Lead-Exposed Workers*

Blood Lead Level  Zinc Protoporphyrin®  Cumulative Lead Exposure

Ln (Outcome) Direction P Direction P Direction P
Serum IgA (mg/dL) + 0.82 + 0.21 - 0.33
Serum IgG (mg/dL) - 0.72 - 0.83 - 0.032
Serum IgM (mg/dL) - 0.91 - 0.13 - 0.10
Salivary IgA/protein - 0.95 + 0.89 + 0.46
Complement C3 (mg/dL) + 0.99 + 0.84 - 0.71
White blood cells (%108 cells/p.L) - 0.94 + 0.73 + 0.14
Neutrophils (X102 cells/u.L) - 0.58 + 0.54 + 0.17
Neutrophils (%) - 0.26 + 0.42 + 0.46
Lymphocytes (X108 cells/pL) + 0.40 + 0.69 + 0.42
Lymphocytes (%) + 0.30 + 0.98 - 0.42
Monocytes (X103 cells/p.L) - 0.71 - 0.16 + 0.35
Monocytes (%) - 0.70 - 0.042 - 0.76
Eosinophils (X103 cells/u.L) - 0.95 - 0.32 + 0.62
Eosinophils (%) - 0.97 - 0.24 - 0.96
Basophils (X103 cells/uL) + 0.96 + 0.48 + 0.99
Basophils (%) + 0.94 + 0.52 - 0.70
CD56+ (cells/pL) - 0.63 + 0.23 + 0.60
CD56+ (%) - 0.43 + 0.27 + 0.96
CD19+ (cells/pL) + 0.0062 + 0.13 - 0.38
CD19+ (%) + 0.012 + 0.45 - 0.17
CD3+ (cells/pL) + 0.33 + 0.37 + 0.21
CD3+ (%) - 0.75 - 0.52 + 0.51
CD4+ (cells/pL) + 0.38 + 0.26 + 0.12
CD4+ (%) - 0.76 - 0.71 + 0.21
CD8+ (cells/p.L) + 0.41 + 0.32 + 0.51
CD8+ (%) + 0.84 + 0.40 - 0.79
CD4+:CD8+ ratio - 0.86 - 0.87 + 0.65
CD45RA+ (cells/pL) + 0.30 + 0.61 + 0.77
CD45RA+ (%) + 0.63 - 0.92 - 0.64
CD4+/CD45RA+ (cells/w.L) + 0.45 + 0.41 + 0.0032
CD4+/CD45RA+ (%) + 0.93 - 0.54 + 0.0022
CD29+ (cells/p.L) - 0.33 - 0.25 - 0.86
CD29+ (%) - 0.10 - 0.14 - 0.36
CD4+/CD29+ (cells/L) + 0.62 + 0.65 + 0.56
CD4+/CD29+ (%) - 0.69 - 0.72 - 0.76
CD4+/CD8+ (cells/pL) + 0.49 + 0.30 - 0.82
CD4+/CD8+ (%) + 0.64 + 0.45 - 0.66
CD8-+/CD56+ (cells/p.L) - 0.18 - 041 + 0.43
CD8+/CD56+ (%) - 0.08 - 0.31 + 0.67
Lymphocyte activation with 5 g/ml tetanus toxoid

(stimulation indices) + 0.57 - 0.96 - 0.90
Lymphocyte activation with 25 pg/ml tetanus toxoid

(stimulation indices) - 0.99 - 0.96 + 0.16
Lymphocyte activation with 50 pg/ml tetanus toxoid

(stimulation indices) - 0.62 — 0.38 - 0.17

*All models included age, race, current smoking status, and work shift and no other variables besides exposure (current blood level, zinc
protoporphyrin, or estimated cumulative lead exposure).

The outcome variable in all models was natural log transformed. A constant was added to the percentage of basophils prior to transformation.
Cumulative lead exposure was estimated from historical blood lead data.

Some participants did not have results for all tests. The number of exposed participants ranged from 109 to 128.

2p-value < 0.05.

One outlier was excluded in the analyses of immunological outcomes as a function of zinc protoporphyrin.
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and 4:30 pm, workers on third shift were excluded, and #982; Coscia et al., 1987; Jaremin, 199mddzer et al.,
variable was included in the analyses to adjust for work shif®96], and serum IgG [Ewers et al., 1982; Jaremin, 1990;
(first/second) to minimize the effect of this diurnal variatiotJndeter et al., 1996] among lead-exposed subjects com-
in CD4+ T-cell counts on the study findings. We alsgared to controls. Only three studies in addition to the
excluded blood samples with a lymphocyte purity less thawrrent one have examined the relationship between indi-
85% and blood samples in which the sum of the percentagéual BLLs and serum immunoglobulin levels [Ewers et
of T (CD3+), B (CD19+), and NK (CD56+) cells was less al., 1982; Coscia et al., 1987ndegr et al., 1996]. None of
than 85% from the analysis of the CBA4T cell count. The the studies, including the current one, found a correlation
reports by Fischbein et al. [1993] ah’muje@r etal. [1996] between BLLs and serum IgM. Serum IgA levels were not
do not describe using these restrictions. In fact, the sum@¥related with BLLs in this study or in two of the other
the mean percentage of T (CB3, B (CD20+), and NK Studies [Coscia et al., 1987ndetr et al., 1996]. However,
(CD16+) cells in the study by Fischbein and C0||eaguegecre(_":lsing serum IgG Igvels were correlated with increasing
[1993] was 95.9% among controls, 82.9% among firearnR-LS in two of the studies [Ewers et al., 1982ndetpr et
instructors with a BLL< 25 pg/dL, and only 72.6% amongal-' 1996]. IgG Ievelg were not correlated with BLI__s in th|§
firearms instructors with a BLE= 25 pg/dL. According to Study, but decreasing IgG levels were associated with
guidelines developed by the Centers for Disease Control dR§réasing cumulative lead exposure. The difference in
Prevention, these values should be 90-110% [CDC, 19971 may account for some of the differences in findings
values less than this may indicate a quality control problefiftween studies. The mean BLLs in studies with no differ-
in immunophenotyping due to high nonlymphocyte contam@C€ 1N serum immunoglobulins between lead-exposed
nation of the lymphocyte gate. Exposure differences m&ybjects and controls were, in general, lower than in studies
explain the discrepant findings between the present stuffére Iead—e>_<posed workers had lower levels of serum
and those by"Ude”ger et al. [1996]. The mean BLL amongI munoglobulins.

the 25 lead-exposed subjects in the study'hjwe];er etal. We found that, on average, lead-exposed workers had a
[1996] was higher than the maximum current BLL observe gnificantly lower percentage of monocytes than unexposed

in the present study (74.8 pg/dL vs. 55 pg/dL, respectively .orkers, although the magnitude of the difference was
. . mall. In exposure-response analyses, the percentage of
Fischbein and colleagues [1993] had observed de- L :
creased lymphocyte responsiveness to phytohemaggIutirrﬁr?nocytes was found to decrease with increasing ZPP
among the exposed subjects. Previous epidemiologic studies

and pokeweed mitogen. However, we found no association . . )
the immunologic effects of occupational lead exposure

. . .on
between Ieaq exposure and. Iympho.cyte proll_f erathn WI%ave not reported results for the percentage or number of
tetanus toxoid. This is consistent with other investigato

. Fﬁonocytes. Exposed workers also had fewer €BAD8+
who found no association between lead exposure and blggﬁs (immature T cells) and CDECD56+ cells, on

transformation of lymphocytes with phytohemagglutinin 0gtverage, than unexposed workers, but we found no evidence

Con_conavalin A [Kimber et al., 1986; Cohen et al., 198961‘ an exposure-response relationship between these cell
Queiroz et al., 1994].

; _ . types and blood lead, ZPP, or estimated cumulative lead
Whereas Fischbein et al. [1993] and Coscia et al. [198£] osure.

reported an increase in the percentage and number of Although we found no difference in the percentage of
(CD20+) cells among lead-exposed workers compared gh41 T cells or the subpopulations of CB4T cells
unexposed controls, idieter et al. [1996] and Sata et al-pepyeen the exposed and unexposed workers, the percentage
[1997] found no association and Jaremin [1990] reported @ cp4+/CD45RA+ cells (recent thymic emigrants) was
reduction in the number of B cells among exposed workeggsitively associated with the estimate of cumulative lead
with “lead poisoning traits.” Findings of this study weresyposure among exposed workers. No other study has
similar to Fischbein and Coscia in that the percentage ag¢ajuated CD4 T-cell subpopulations among lead-exposed
number of B (CD1%) cells were positively associated withyygrkers.
current BLLs among lead-exposed workers. However, there - \ethodologic strengths of this study include the selec-
was no difference in the percentage of B cells, on averaggn of a highly exposed lead population, adequate popula-
between lead-exposed and unexposed workers. tion size, control for potential circadian rhythm by restrict-
The current study found no difference in salivary IgA olng the time of blood draws, and measuring a large number
serum immunoglobulin levels between exposed and un&fimmunologic parameters. The study has some limitations.
posed workers. These findings are similar to three oth8ince workers volunteered for the study after receiving a
studies [Reigart and Graber, 1976; Kimber et al., 198@tter inviting them to participate, self-selection bias may
Quieroz et al., 1994], but in contrast to several othérave occurred. The study also has the weaknesses inherent
previous studies that found lower levels of serum and a cross-sectional study design. Another limitation of this
salivary IgA [Ewers et al., 1982], serum IgM [Ewers et al.and most epidemiologic studies of immunotoxic agents is
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that individual markers of immune function were measurdgvers U, Stiller-Winkler R, Idel H (1982): Serum immunoglobulin,

rather than integrated measures of immune function such® plergent C3, and salivary IgA levels in lead workers. Environ Res
. . o 7351-357.

primary or secondary antibody response or susceptibility to

infection. This limitation is particularly important for assessEischbein A, Tsang P, Luo JJ, Roboz JP, Jiang JD, Bekesi, JG (1993):
t of th ffect f lead si th t t effect Phenotypic abberations of CB3and CD4+ cells and functional impair-
ment o € ellects or lead since the strongest enects Wy of lymphocytes at low-level occupational exposure to lead. Clin

animal studies are found by measuring response to infecti@munol Immunopathol 66:163-168.

Ch_a"enges' Given this |Im|tat|0n, thIS_ StUdy does not plDVIdJ‘?;\remin B (1990): Immunological humoral responsiveness in men occupa-
evidence for a marked immunotoxic effect of lead at th@nally exposed to lead. Bull Inst Marit Trop Med Gydnia 41:1-4.

X re level ied. T isti ignifi
exposure evels studied he few statlstlcally Slgmflcaqghanning E, Biagini RE, Hull D, Morey P, Jarvis B, Landsbergis P (1996):

reSUItsf that were detected could rgpresent type | erofqith and immunology study following exposure to toxigenic fungi
associations that occur by chance, given the large numbe$thchybotrys chartarumin a water-damaged office environment. Intl

tests that were done. Although some associations wéyghiv Occup Environ Health 68:207-218.
observed, the magnitude of the differences observed we&i@ber I, Stonard MD, Gidlow DA, Niewola Z (1986): Influence of chronic

small. For example, serum IgG levels decreased wilgyv-level exposure to lead on plasma immunoglobulin concentration and
increasing cumulative lead exposure, but the magnitudei@ ular immune function in man. Int Arch Occup Environ Health 57:117-
the association is small. Interpretation of such findings is

iee At Cabe MJ (1994): Mechanisms and consequences of immunomodulation
difficult because there are few quantitative human data gﬁlead. In Dean JH, Luster MI, Munson AE, Kimber | (eds): ‘Immunotoxi-

the deQ_ree to which Such parameter§ need to_be modified d@gy and Immunopharmacology,’ 2nd ed. New York: Raven Press, pp
population before an increased risk of disease can be-162.

observed. McCabe MJ, Lawrence DA (1994): Effects of metals on lymphocyte

development and function. In Schook, Laskin (eds): ‘Xenobiotics and
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