Original article

Effects of environmental tobacco smoke on the
developing immune system of infant monkeys

Lei Wang, MD,? Jesse P. Joad, MD,® Kristina Abel, PhD,° Abigail Spinner, MS,° Suzette
Smiley-Jewell, PhD,? Hao Liu, PhD,? and Kent E. Pinkerton, PhD*"° Davis, Calif, and
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Background: Exposure to environmental tobacco smoke (ETS)
is associated with an increased incidence of allergic and
infectious diseases among children that is thought to be partly
due to the immaturity of the immune system.

Objective: We sought to investigate the effects of ETS exposure
on immune development during the first year of life in the
nonhuman primate.

Methods: Fifteen neonatal rhesus monkeys studied to 13
months of postnatal age were randomized into 3 groups: (1)
exposure to filtered air, (2) continuous ETS exposure beginning
at gestation day 50 (perinatal ETS); and (3) exposure to ETS
beginning at 6 months of age (6-month ETS). Complete blood
counts, lymphocyte subsets, and mRNA levels of 12 cytokines
in PBMCs were measured.

Results: Fetal/infant exposure to ETS altered the normal
maturation of mRNA levels of IFN-vy, IL-2, and IL-10, as well
as the ratio of CD4 to CD8 lymphocytes, compared with
filtered-air control levels. Blood lymphocyte subset distribution
also significantly differed based on the onset of exposure to
ETS. Subacute exposure to ETS for 2 weeks in 6-month-old
infants was found to increase levels of peripheral blood
neutrophils and IL-6 mRNA.

Conclusions: Short-term exposure to ETS can induce an acute
systemic inflammatory response in the neonatal nonhuman
primate, and long-term exposure to ETS beginning in utero or
at 6 months of postnatal age can significantly alter immune
effectors.

Clinical implications: Normal immune system development is
compromised by in utero and postnatal exposure to ETS and
might contribute to ETS-related childhood diseases. (J Allergy
Clin Immunol EEEE;EEN:EEN-EEN,)
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Maternal smoking during pregnancy and exposure of
infants to environmental tobacco smoke (ETS) is associ-
ated with a number of adverse health effects in child-
hood." Major sequelae of ETS exposure in infants and
children include increased frequency of asthma and lower
respiratory tract and middle ear infections.*® Whole ciga-
rette smoke, as well as many of its individual constituents,
has been shown to have immunomodulatory effects in an-
imals, as well as human fetuses, infants, and adults.” !
Previous studies have demonstrated differences in lym-
phocyte numbers and T-cell cytokine function in new-
borns compared with adults, which could explain in part
the physiologic immaturity and increased susceptibility
of the neonatal immune system to the adverse effects of
ETS. 1213

Establishing a fully functional immune system requires
a series of carefully timed and coordinated developmental
events that begin early in embryogenesis and finish during
childhood.™* During infancy and early childhood, the
development of the immune repertoire requires exposure
to a myriad of antigens, which together stimulate a series
of activation and maturation processes.15 These matura-
tion adjustments continue until an immune balance is
achieved that is sufficient to combat the numerous diseases
of childhood and adult life.">'® Disruption of immune de-
velopment by means of perinatal exposure to immuno-
toxic agents might result in reduced postnatal immune
responses or, conversely, exacerbate postnatal aberrant
immune responses.14

Studies of children’s exposure to perinatal or postnatal
ETS have primarily focused on overall growth and
function of the respiratory system.'’'? Limited informa-
tion is available about ETS altering the immune system
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during the perinatal or postnatal time period. Our goal is
to understand the pathogenesis underlining the disease
frequency in children exposed to ETS. Therefore we
conducted a controlled longitudinal study in nonhuman
primates, a species whose immune system is closely
aligned with that of the human, and examined the effect
of perinatal and postnatal exposure to ETS on maturational
changes of the systemic immune system during the first
year of life. Preliminary findings of this study were previ-
ously reported in an abstract.”’

METHODS

See additional Methods information in the Online Repository at
www.jacionline.org.

Animal treatment

Fifteen pregnant rhesus monkeys (Macaca mulatta) from the
California National Primate Research Center (Davis, Calif) were se-
lected and obtained. Their fetuses/infants were assigned to one of 3
different treatment groups: (1) exposed to filtered air (FA) from ges-
tational day 50 to 13 months of age, (2) exposed to ETS from gesta-
tional day 50 (perinatal ETS) to 13 months of age, and (3) exposed to
ETS from 6 months of age (6-month ETS) to 13 months of age. Aged
and diluted sidestream smoke was used as a surrogate for ETS and
produced in a smoking apparatus built in our laboratory, as previously
described.?' Research cigarettes (2R4F) were obtained from the
Tobacco Research Institute at the University of Kentucky. Exposure
to ETS occurred for 6 h/d, 5 d/wk at a total suspended particulate con-
centration of 1 mg/m?.

Blood sampling

Peripheral blood samples were obtained from the infant monkeys
at1,3,6,9, 12, and 13 months of postnatal age. Blood was also drawn
2 weeks after the start of ETS exposure for the 6-month ETS group.
All blood samples were processed within 1 hour of collection.

Complete blood counts

EDTA-treated blood was analyzed on an ABX Pentra 60+
electronic cell counter (ABX Diagnostics, Irvine, Calif). The differ-
ential count of white blood cells (WBCs) was determined by means of
standard counting after Wright-Giemsa staining.

Lymphocyte subsets

Whole blood samples were directly labeled with fluorescein
isothiocyanate-conjugated CD3, phycoerythrin-conjugated CD4,
peridinin-chlorophyll-protein complex-conjugated CDS8, and allo-
phycocyanin-conjugated CD20 mAbs. A FACSCalibur (BD Biosci-
ences, San Jose, Calif) instrument equipped with an automated FACS
Loader and CellQuest Software was used for acquisition and analysis
of all samples.

Isolation of PBMICs

PBMCs were isolated from heparinized blood by using lympho-
cyte separation medium and lysed in Trizol (Invitrogen, Grand Island,
NY) according to the manufacturer’s protocol. Lysates were frozen at
—80°C.

RNA isolation and cDNA preparation

Total PBMC RNA was isolated with Trizol according to the
manufacturer’s instructions and DNase treated with DNA-free.
cDNA was prepared by using random hexamer primers and reverse
transcriptase.
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Cytokine mRNA analysis by using reverse
transcriptase real-time PCR

Twelve cytokines and glyceraldehyde-3-phosphate dehydrogen-
ase (GAPDH) mRNA were analyzed by using real-time quantitative
PCR with an ABI 7700 TagMan Sequence Detector (Applied
Biosystems, Foster City, Calif).?> The primer sequences for each
gene are listed in Table El (available in the Online Repository at

www.jacionline.org). Results are presented as ratios of target
mRNA to GAPDH mRNA (n = 5).

Statistical analysis

Statistical analysis was performed by using generalized estimating
equations and paired ¢ tests in SAS version 8.2 statistical software
(SAS Institute, Cary, N C).23 Analysis of time trends for all immuno-
logic parameters for each group was done by using the slope obtained
from generalized estimating equations. Paired ¢ test analysis was used
to compare the difference in means between samples before and 2
weeks after initiation of exposure to ETS. Figures were made by
using R version 2.0.1 software.”* A P value of less than .05 was con-
sidered statistically significant.

RESULTS

Effects of short-term ETS exposure in infant
monkeys

To determine whether 2 weeks of ETS exposure
induced a systemic inflammatory response, we evaluated
complete blood cell counts, lymphocyte subsets, and
cytokine mRNA expression in monkeys whose exposure
to ETS was initiated at 6 months of age. The absolute
numbers and percentages of neutrophils in the blood were
significantly higher after 2 weeks of exposure to ETS
than before ETS exposure (Fig 1, A and B). The IL-6
mRNA expression level in PBMCs was also increased
compared with that before ETS exposure (Fig 1, D).
In contrast, the proportion of lymphocytes was signifi-
cantly lower (Fig 1, C). Other immunologic parameters
studied were not affected by short-term exposure to
ETS.

Effect of ETS on the cytokine mRNA
expression profile in PBMCs during the
first year of postnatal life

Cytokine mRNA profiles in PBMCs were characterized
at3,6,9, 12, and 13 months of age by means of real-time
quantitative PCR to evaluate the effect of perinatal and
postnatal ETS exposure on the maturational changes of
cytokine expression during the first year of postnatal life.
In the FA group mRNA expression of the Ty1 cytokines
IFN-vy (Fig 2, A) and IL-2 (Fig 2, D) increased during the
first year of life, whereas mRNA expression of the Ty2
cytokines IL-10 (Fig 3, A) and IL-13 (Fig 3, D) decreased.
The inflammatory cytokine IL-1 also decreased in expres-
sion during the first year of life in the FA group (see Table
E2 in the Online Repository at www.jacionline.org).

mRNA expression of [FN-vy during the first year of life
was different in the perinatal ETS group, which was
exposed to ETS from gestational day 50 to 13 months of
age, and the 6-month ETS group, which was exposed to
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FIG 1. A comparison of systemic markers of inflammation before and after 2 weeks of ETS exposure by 6-
month-old monkeys. Absolute number (A) and frequency (B) of neutrophils, frequency of lymphocytes (C),
and PBMC IL-6 mRNA levels (D) are shown. Data are presented as means + SEs (n = 5). *P < .05 compared

with before ETS exposure.
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FIG 2. Effect of ETS on IFN-y and IL-2 mRNA maturation during the first year of postnatal life. Graphs show
individual monkeys from the FA (@), perinatal ETS (H), and 6-month ETS (A) groups; slopes; and 95% Cls
(shaded areas). * Age-related changes in FA group, P < .05. #Perinatal ETS versus FA, P<.05. &6-month ETS vs

FA, P < .05.

ETS from 6 months of age to 13 months of age, compared
with the FA group (Fig 2, A, vs 2, B and C); the 2 ETS
groups had progressive decreases in IFN-y mRNA levels.
IL-2 mRNA levels increased with age but to a significantly
lesser extent than in the FA group (Fig2, D, vs 2, E and F).
Both ETS treatment groups increased IL-10 mRNA ex-
pression during postnatal maturation (Fig 3, A, vs 3, B
and C), which was different from the FA group. IL-13
mRNA expression with age was not changed by ETS ex-
posure (Fig 3, D-F). IL-12, IL-4, IL-6, TNF-o, IL-8, mon-
okine induced by IFN-vy, and macrophage inflammatory
protein 13 levels were not affected by ETS (see Table
E2 in the Online Repository at www.jacionline.org).

Effect of ETS on postnatal maturational
changes in WBC differential

A WBC differential was made by using whole blood
samples taken at 1, 3, 6, 9, 12, and 13 months of age to
evaluate the effect of ETS on the leukocyte subset distri-
bution during the first year of life. As shown in Table I, for
all 3 treatment groups, absolute WBC counts decreased
with increasing postnatal maturation. Monkeys starting
ETS exposure at 6 months of age had different slopes for
absolute numbers and frequencies of neutrophils com-
pared with monkeys in the FA and perinatal ETS groups;
6-month ETS monkeys had decreasing neutrophils,
whereas monkeys in the FA and perinatal groups had
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FIG 3. Effect of ETS on IL-10 and IL-13 mRNA maturation in PBMCs. Graphs show individual monkeys from the
FA (@), perinatal ETS (), and 6-month ETS (A) groups; slopes; and 95% Cls (shaded areas). *Age-related
changes in FA group, P < .05. #Perinatal ETS versus FA, P < .05. &6- month ETS vs FA, P < .05.

TABLE I. Estimated slope determined from WBC differential (absolute number and frequency percentage) by using
the generalized estimating equation model

WBC differential FA (control; 1-13 mo) Perinatal ETS (1-13 mo) 6-mo ETS (6.5-13 mo)
WBC —0.04 (0.01)* —0.04 (0.01)* —0.05 (0.02)*
Neutrophil cells/p.L 0.02 (0.03) 0.04 (0.01) —0.09 (0.03)1§
Percentage of WBC 2.08 (0.50)* 2.82 (0.48)* —1.49 (0.51)i§
Lymphocyte cells/wL -0.07 (0.01)* -0.08 (0.01)* 0.01(0.02)&$
Percentage of WBC —1.85 (0.47)* —2.38 (0.54)* 1.68 (0.57)i§
Monocyte cells/pL —0.06 (0.02)* —0.14 (0.02)*F —0.13 (0.06)*
Percentage of WBC —0.17 (0.07)* —0.28 (0.07)* —0.25 (0.11)*
Eosinophil cells/pL —0.11 (0.07) —0.12 (0.04) 0.04 (0.08)
Percentage of WBC —0.06 (0.05) —0.17 (0.05) 0.06 (0.08)

SEs are shown in parentheses.

*P < .05 indicates the slope shows an age-related change.

fP < .05 indicates the slope is significantly different between the perinatal ETS and FA groups.

1P < .05 indicates the slope is significantly different between the 6-month ETS and FA groups.

§P < .05 indicates the slope is significantly different between the perinatal ETS and 6-month ETS groups.

increasing neutrophils with age. The opposite was found decrease in T lymphocytes (CD3™; Fig 4, A), B lympho-
for lymphocytes. Although both the FA and perinatal groups cytes (CD20™; Fig 4, D), and Ty cells (CD4" T cells; Fig
had a decrease in absolute number and frequency of 5, A) during postnatal maturation. Natural killer (NK) cells
lymphocytes, the 6-month ETS group had an increase. were evaluated by using the phenotype of CD3~CD8™,
Peripheral monocytes decreased with age in all 3 groups. which is generally considered to be appropriate for the iden-
However, perinatal ETS monkeys showed a higher rate tification of NK cells in macaques.> The absolute number
of decrease in the number of monocytes compared with of these cells decreased with age (Fig 4, G) in the FA
the FA monkeys. No differences were found for eosinophils. group. T cytotoxic cells (CD8™ T cells) remained rela-

. tively stable (Fig 5, D), and therefore the CD4/CDS ratio
Effect of ETS on the peripheral blood decreased during the first year of life in the FA group

lymphocyte subsets in the first year (Fig 5, G).

of postnatal life The profiles of blood lymphocyte subsets in the peri-
The effect of perinatal or postnatal ETS exposure on the natal ETS monkeys were similar to those in the FA group

phenotypes of circulating lymphocytes in infant monkeys (Figs 4 and 5), except for the CD4/CD8 ratio (Fig 5, H).

was made by using whole blood samples taken at 3, 6, 9, Compared with the FA and perinatal ETS groups, mon-

and 12 months of age and evaluated by means of flow keys that started ETS exposure at 6 months of age had a

cytometry. FA monkeys demonstrated an age-related significantly different peripheral blood lymphocyte subset
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FIG 4. Effect of ETS on lymphocyte maturation during the first year of postnatal life. Graphs show individual
monkeys from the FA (@), perinatal ETS (H), and 6-month ETS (A) groups; slopes; and 95% Cls (shaded
areas). *Age-related changes, P < .05. &6-month ETS versus FA, P < .05. $Perinatal ETS versus 6-month

ETS, P< .05.
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FIG 5. Effect of ETS on T-lymphocyte maturation during the first year of postnatal life. Graphs show individual
monkeys from the FA (@), perinatal ETS (Hl), and 6-month ETS (A) groups; slopes; and 95% Cls (shaded
areas). *Age-related changes, P < .05. &6-month ETS versus FA, P < .05. $Perinatal ETS versus 6-month

ETS, P < .05.

for CD3™ T cells, CD20" B cells, NK cells, and CD4™
T cells (Fig 4, C, F, and I, and Fig 5, C, respectively).

DISCUSSION

Here we show that perinatal and postnatal exposure to
ETS alters maturational changes of specific immunologic
parameters within the peripheral blood during the first year

of life. The level of ETS used in this study was based on
measured concentrations of cigarette smoke surrounding a
person (eg, a caregiver) engaged in the act of smoking.*®
To our knowledge, this is the first report to reveal short
and long-term effects of ETS on the developing immune
system in a primate species.

The significant increase in the peripheral neutrophils
and IL-6 mRNA observed in PBMCs after the 6-month
group was exposed to ETS for 2 weeks strongly suggests
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that short-term ETS exposure in infant monkeys induces a
systemic inflammatory response. Adult cigarette smokers
have increases in peripheral leukocyte counts and neutro-
philia in lung tissue.>”?® Free radicals found in cigarette
smoke could be responsible for increasing IL-6 mRNA
in PBMCs. Reactive oxygen species can activate nuclear
factor kB and activator protein 1 and thus activate the
genes of proinflammatory mediators, such as IL-6.%° The
effect of 2 weeks of ETS exposure on neutrophils and lym-
phocytes did not persist further in monkeys starting ETS
exposure at 6 months of age. Rather, there was a progress-
ive decrease in neutrophils and an increase in lymphocytes
from 6.5 to 13 months of age. The mechanisms for these
changes are unknown; however, systemic inflammation
might be a factor involved in initiating adverse health
effects from subacute ETS exposure during childhood.

Normal maturation of peripheral leukocytes has been
reported for both human subjects and rhesus mon-
keys.25 3% Our results are consistent with previous findings
that WBC counts and the number of peripheral blood
lymphocytes progressively decrease during infancy in
monkeys. Surprisingly, we did not see significantly differ-
ent changes in WBC differential and lymphocyte subsets
with ETS exposure, except for a faster decrease of mono-
cytes in infants exposed to ETS in utero. Increased migra-
tion and differentiation of monocytes into the pulmonary
system might be responsible. Chronic cigarette smoking
has been associated with increased numbers of macro-
phages in bronchial lavage fluid.>' The reasons for the ob-
served difference in developmental patterns of leukocyte
populations and specific lymphocyte subsets between
the perinatal ETS and 6-month ETS groups are not clear.
The maturational status of the immune system of these
monkeys when ETS exposure is initiated might play
arole.

Cytokines are important in orchestrating inflammatory
and immunologic effector mechanisms. In the present
study we analyzed the in vivo expression of typical type
1 cytokines (IFN-vy, IL-2, and IL-12) and type 2 cytokines
(IL-4, IL-10, and IL-13), which are key cytokines deter-
mining the Tyl and T2 immune response and favoring
the cellular or humoral immune response, respectively.
We also investigated the cytokines IL-1, IL-6, and TNF-
o and the chemokines IL-8, monokine induced by IFN-vy,
and macrophage inflammatory protein 1f3, all of which
play a role in innate immunity and the adaptive immune
response.”? Our results confirm previous reports that T
cells capable of IFN-y production increase progressively
with age'>? and also demonstrate age-related increases
in IL-2 mRNA expression during infancy. Furthermore,
mRNA expression levels of the T2 cytokines IL-10 and
IL-13 progressively decreased during the first year of post-
natal life, which is consistent with previous reports®°
describing an age-dependent decrease in IL-10 and IL-
13 release in response to inhalant allergens in cord blood
mononuclear cells and PBMCs of healthy children.
These findings suggest a progressive maturation of the
Tyl pattern with increasing age during postnatal life
in FA-exposed monkeys. In contrast, we observed an
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inhibition in IFN-y and IL-2 and an increase in IL-10
mRNA levels in the perinatal ETS group and the infants
beginning exposure to ETS at 6 months of age. Impaired
Tyl cytokine maturation coupled with the increase in
Tyu2 cytokine levels observed in our study suggest that
ETS alters the balance of Tyl/TH2 cytokine secretion
and skews the immune response toward the allergy-asso-
ciated T2 cytokine phenotype in infancy.

Generalized functional immaturity of the immune sys-
tem during infancy is particularly manifested in the Ty1
arm of the adaptive immune response.>*>” Our findings
suggest that ETS exposure delays or reduces the efficiency
of Ty1 maturation postnatally. A lack of development of
Tyl responses, a blunting of Ty 1 responses, or both might
leave the individual with a predominant Ty2 response and
predisposes them to atopy.38 Atopy in 12-year-old chil-
dren was found to be most prevalent among those who
previously did not have Tyl-dependent delayed tuber-
culin hypersensitivity in response to BCG vaccination
during infancy.? The T-cell selection process is dependent
on the functions of relevant antigen-presenting cells.
Principal antigen-presenting cell populations involved
are intraepithelial dendritic cells (DCs), which occur as a
dense network throughout the airway mucosa.*® DC pop-
ulations from central lymphoid organs in newborn animals
are deficient in the capacity to prime naive T cells for Ty1-
dependent memory generation, resulting in a generalized
skewing of immune responses during infancy toward the
Ty2 cytokine profile.* Previous studies have reported
that the antibody response to a variety of antigens, such
as influenza virus infection and vaccination, is decreased
in cigarette smokers.*? Seymour et al** have demonstrated
that tobacco smoke might enhance the development of the
Ty2 response in a murine model of allergy. The ability of
cigarette smoke to impair antigen-presenting cell function
by inhibiting the ability of DCs to stimulate appropriate
T-cell responses has also been reported recently.44

All findings here were obtained within blood and might
not parallel immunopathologic changes in the respiratory
tract. However, findings in a neonatal mouse model
provide evidence that sidestream cigarette smoke expo-
sure leads to a significant decrease in IL-12 and IFN-y
levels in the lungs.45 Our preliminary studies also suggest
that exposure to ETS alters the Ty 1/Ty2 balance toward a
Tx2 phenotype in lung tissues, which is consistent with
the changes in the blood observed in this study (data
unpublished). The ability of ETS alone to induce an asth-
matic condition is still not clearly established; whether
there is a causal relationship or an adjuvant effect remains
to be determined. However, we have previously reported
that ETS exposure during the perinatal period suppresses
nuclear factor kB signaling to increase apoptosis, which
might affect the overall growth and function of the respi-
ratory system.*® Changes in cytokine patterns and periph-
eral leukocyte numbers are highly suggestive of altered
immune development caused by exposure to ETS, but
further studies are required for confirmation, especially
in regard to whether such changes at 1 year of postnatal
life persist and result in asthma or long-term adult-onset
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disease, such as chronic obstructive pulmonary disease,
emphysema, or cancer.

In summary, our findings suggest that exposure to low
levels of ETS during critical windows of immune devel-
opment alter cytokine response and immune effectors,
which might compromise normal immune system devel-
opment, with potential implications for future onset of
diseases. These findings further indicate that rhesus
monkeys can provide a valuable nonhuman primate model
to examine environmental influences on the functional
immune response in the neonate.

We thank Janice Peake and Marie Suffia for technical assistance.
We appreciate the help with assay development and gene expression
analysis provided by the Inmunology Core of the California National
Primate Research Center.

REFERENCES

1. Tashkin DP, Clark VA, Simmons M, Reems C, Coulson AH, Bourque
LB, et al. The UCLA population studies of chronic obstructive respira-
tory disease. VII. Relationship between parental smoking and children’s
lung function. Am Rev Respir Dis 1984;129:891-7.

2. Holberg CJ, Wright AL, Martinez FD, Morgan WJ, Taussig LM. Child
day care, smoking by caregivers and lower respiratory tract illness in the
first 3 years of life. Pediatrics 1993;91:885-92.

3. Sherrill DL, Martinez FD, Lebowitz MD, Holdaway MD, Flannery EM,
Herbison GP, et al. Longitudinal effects of passive smoking on pulmonary
function in New Zealand children. Am Rev Respir Dis 1992;145:1136-41.

4. Kraemer MJ, Richardson MA, Weiss NS, Furukawa CT, Shapiro GG, Pier-
son WE, et al. Risk factors for persistent middle-ear effusions: otitis media,
catarrh, cigarette smoke exposure and atopy. JAMA 1983;249:1022-5.

5. Gortmaker SL, Walker DK, Jacobs FH, Ruch-Ross H. Parental smoking
and the risk of childhood asthma. Am J Public Health 1982;72:574-9.

6. Pedreira FA, Guandolo VL, Feroli EJ, Mella GW, Weiss IP. Involuntary
smoking and incidence of respiratory illness during the first year of life.
Pediatrics 1985;75:594-7.

7. Sopori ML, Goud NS, Kaplan AM. Immunotoxicology and immuno-
pharmacology. New York: Raven Press; 1994. p. 413-33.

8. Holt PG. Immune and inflammatory function in cigarette smokers.
Thorax 1987;42:241-9.

9. Sopori ML, Kozak W. Mechanisms and effects of immunomodulation by
cigarette smoke. J Neuroimmunol 1998;81:138-46.

10. Noakes PS, Holt PG, Prescott SL. Maternal smoking in pregnancy alters
neonatal cytokine responses. Allergy 2003;58:1053-8.

11. Singh SP, Razani-Boroujerdi S, Pena-Philippides JC, Langley RJ, Mishra
NC, Sopori ML. Early postnatal exposure to cigarette smoke impairs the an-
tigen-specific T-cell responses in the spleen. Toxicol Lett 2006;167:231-7.

12. Adkins B. T cell function in newborn mice and humans. Immunol Today
1999;20:330-5.

13. Gasparoni A, Ciardelli L, Avanzini A, Castellazzi AM, Carini R, Rondini
G, etal. Age-related changes in intracellular Th1/Th2 cytokine production,
immunoproliferative T lymphocyte response and natural killer cell activity
in newborns, children and adults. Biol Neonate 2003;84:297-303.

14. Holladay SD, Smialowicz RJ. Development of the murine and human
immune system: differential effects of immunotoxicants depend on
time of exposure. Environ Health Perspect 2000;108(suppl):463-73.

15. Hartel C, Adam N, Strunk T, Temming P, Muller-Steinhardt M, Schultz
C. Cytokine responses correlate differentially with age in infancy and
early childhood. Clin Exp Immunol 2005;142:446-53.

16. Dietert RR, Piepenbrink MS. Perinatal immunotoxicity: why adultexposure
assessment fails to predict risk. Environ Health Perspect 2006;114:477-83.

17. Lannero E, Wickman M, Pershagen G, Nordvall L. Maternal smoking
during pregnancy increases the risk of recurrent wheezing during the first
years of life (BAMSE). Respir Res 2006;7:3.

18. Li YF, Gilliland FD, Berhane K, McConnell R, Gauderman WIJ,
Rappaport EB, et al. Effects of in utero and environmental tobacco

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

34.

35.

36.

37.

40.

Wang et al 7

smoke exposure on lung function in boys and girls with and without
asthma. Am J Respir Crit Care Med 2000;162:2097-104.

. Gilliland FD, Berhane K, McConnell R, Gauderman WJ, Vora H, Rappaport

EB, et al. Maternal smoking during pregnancy, environmental tobacco
smoke exposure and childhood lung function. Thorax 2000;55:271-6.
Wang L, Liu H, Pinkerton KE. Acute and long term effects of environ-
mental tobacco smoke (ETS) on systemic immune system in young non-
human primates [abstract]. Am J Respir Crit Care Med 2006;132:A657.
Teague SV, Pinkerton KE, Goldsmith M, Gebremichael A, Chang S, Jenkins
RA, et al. A sidestream cigarette smoke generation and exposure system for
environmental tobacco smoke studies. Inhal Toxicol 1994;6:79-93.

Abel K, Alegria-Hartman MJ, Zanotto K, McChesney MB, Marthas ML,
Miller CJ. Anatomic site and immune function correlate with relative
cytokine mRNA expression levels in lymphoid tissues of normal rhesus
macaques. Cytokine 2001;16:191-204.

Fitzmaurice GM, Laird NM, Ware JH. Applied longitudinal analysis.
New York (NY): Wiley; 2004.

R Development Core Team (2006). R: a language and environment for sta-
tistical computing. R Foundation for Statistical Computing, Vienna, Aus-
tria. Available at: http://www.R-project.org. Accessed December 2006.
DeMaria MA, Casto M, O’Connell M, Johnson RP, Rosenzweig M.
Characterization of lymphocyte subsets in rhesus macaques during the
first year of life. Eur J Haematol 2000;65:245-57.

Department of Health and Human Services, Center for Disease Control
and Prevention, Coordinating Center for Health Promotion, Office on
Smoking and Health. The health consequences of involuntary exposure
to tobacco smoke. A report of the Surgeon General. Washington (DC):
Department of Health and Human Services; 2006.

Hoidal JR, Niewoehner DE. Lung phagocyte recruitment and metabolic
alterations induced by cigarette smoke in humans and in hamsters. Am
Rev Respir Dis 1982;126:548-52.

Floreani AA, Rennard SI. The role of cigarette smoke in the pathogenesis
of asthma and as a trigger for acute symptoms. Curr Opin Pulm Med
1999;5:38-46.

Zhang J, Liu Y, Shi J, Larson DF, Watson RR. Side-stream cigarette
smoke induces dose-response in systemic inflammatory cytokine produc-
tion and oxidative stress. Exp Biol Med (Maywood) 2002;227(9):823-9.
de Vries E, de Bruin-Versteeg S, Comans-Bitter WM, de Groot R, Hop
WC, Boerma GJ, et al. Longitudinal survey of lymphocyte subpopula-
tions in the first year of life. Pediatr Res 2000;47:528-37.

Hoidal JR, Niewoehner DE. Lung phagocyte recruitment and metabolic
alterations induced by cigarette smoke in humans and hamster. Am Rev
Respir Dis 1982;126:548-52.

Chipeta J, Komada Y, Zhang XL, Deguchi T, Sugiyama K, Azuma E,
et al. CD4+ and CD8+ cell cytokine profiles in neonates, older children,
and adults: increasing T helper type 1 and T cytotoxic type 1 cell popu-
lations with age. Cell Imunol 1998;183:149-52.

. Neaville WA, Tisler C, Bhattacharya A, Anklam K, Gilbertson-White S,

Hamilton R, et al. Developmental cytokine response profiles and the clin-
ical and immunologic expression of atopy during the first year of life.
J Allergy Clin Immunol 2003;112:740-6.

Prescott SL, Macaubas C, Smallacombe T, Holt BJ, Sly PD, Holt PG.
Development of allergen-specific T-cell memory in atopic and normal
children. Lancet 1999;353:196-200.

Prescott SL, Macaubas C, Smallacombe T, Holt BJ, Sly PD, Loh R, et al.
Reciprocal age-related patterns of allergen-specific T-cell immunity in
normal vs. atopic infants. Clin Exp Allergy 1998;28(suppl):39-44.
Adkins B, Bu Y, Guevara P. The generation of Th memory in neonates
versus adults: prolonged primary Th2 effector function and impaired de-
velopment of Th1 memory effector function in murine neonates. J Immu-
nol 2001;166:918-25.

Wilson CB, Westall J, Johnston L, Lewis DB, Dower SK, Alpert AR.
Decreased production of interferon-gamma by human neonatal cells.
Intrinsic and regulatory deficiencies. J Clin Investig 1986;77:860-7.

. Peden DB. Development of atopy and asthma: candidate environmental in-

fluences and important periods of exposure. Environ Health Perspect 2000,
108(suppl 3):475-82.

. Shirakawa T, Enomoto T, Shimazu S, Hopkin JM. The inverse association

between tuberculin responses and atopic disorder. Science 1997;275:77-9.
Holt PG, Haining S, Nelson DJ, Sedgwick JD. Origin and steady-state
turnover of class II MHC-bearing dendritic cells in the epithelium of
the conducting airways. J Immunol 1994;153:256-61.


http://www.R-project.org

8 Wang et al

41.

42.

43.

Ridge JP, Fuchs EJ, Matzinger P. Neonatal tolerance revisited: turning on
newborn T cells with dendritic cells. Science 1996;271:1723-6.

Finklea JF, Hasselblad V, Riggan WB, Nelson WC, Hammer DI, Newill
VA. Cigarette smoking and hemagglutination inhibition response to
influenza after natural disease and immunization. Am Rev Respir Dis
1971;104:368-76.

Seymour BW, Pinkerton KE, Friebertshauser KE, Coffman RL, Gersh-
win LJ. Second-hand smoke is an adjuvant for T helper-2 responses in
a murine model of allergy. J Immunol 1997;159:6169-75.

44,

46.

J ALLERGY CLIN IMMUNOL
umm 2007

Vassallo R, Chen L. Selective suppression of dendritic cell functions by
cigarette smoke extract [abstract]. Chest 2004;125(suppl):107S.

. Phaybouth V, Wang SZ, Hutt JA, McDonald JD, Harrod KS, Barrett EG.

Cigarette smoke suppresses Thl cytokine production and increases RSV
expression in a neonatal model. Am J Physiol Lung Cell Mol Physiol
2006;290:1.222-31.

Zhong CY, Zhou YM, Joad JP, Pinkerton KE. Environmental tobacco
smoke suppresses nuclear factor-kB signaling to increase apoptosis in
infant monkeys lungs. Am J Respir Crit Care Med 2006;174:1-9.



	Effects of environmental tobacco smoke on the developing immune system of infant monkeys
	Methods
	Animal treatment
	Blood sampling
	Complete blood counts
	Lymphocyte subsets
	Isolation of PBMCs
	RNA isolation and cDNA preparation
	Cytokine mRNA analysis by using reverse transcriptase real-time PCR
	Statistical analysis

	Results
	Effects of short-term ETS exposure in infant monkeys
	Effect of ETS on the cytokine mRNA expression profile in PBMCs during the first year of postnatal life
	Effect of ETS on postnatal maturational changes in WBC differential
	Effect of ETS on the peripheral blood lymphocyte subsets in the first year of postnatal life

	Discussion
	References


