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ABSTRACT
Background: Low birth weight is generally an outcome of a fetal
insult or nutritional insufficiency. Recent studies have shown that
such exposure early in life may have long-term implications for later
immunocompetence and susceptibility to infectious diseases.
Objective: We aimed to investigate the effect of birth weight on
immune function in preschool-age children.
Design: A birth cohort cross-sectional study was conducted in chil-
dren (n � 132) aged 60.8 � 0.32 mo who were born in Matlab, a rural
area of Bangladesh, and whose weight and length were measured
within 72 h of birth. The outcome measures were thymopoiesis, T
cell turnover, acute phase response, and percentage of lymphocytes.
Results: Children born with low birth weight (�2500 g; LBW
group, n � 66) had significantly higher concentrations of T cell
receptor excision circles in peripheral blood mononuclear cells—a
biomarker for thymopoiesis—and significantly higher serum bacte-
ricidal activity and C-reactive protein concentrations than did chil-
dren born with normal birth weight (�2500 g; NBW group, n � 66)
(P � 0.05 for both). The LBW group children had significantly lower
concentrations of interleukin 7 in plasma (P � 0.02), shorter telo-
mere length in peripheral blood mononuclear cells (P � 0.02), and
a lower percentage of CD3 T cells (P � 0.06) than did the NBW
group children.
Conclusions: Greater peripheral T cell turnover (shorter telomeres
and lower CD3 concentrations) due to immune activation (elevated
C-reactive protein concentrations and bactericidal activity) may
have resulted in a greater need for replenishment from the thymus
(higher T cell receptor excision circles); these events may cause
lower immune functional reserve in preschool-age children born with
LBW. Thus, LBW has implications for immunocompetence and in-
creased vulnerability to infectious diseases in later life. Am J Clin
Nutr 2007;85:845–52.

KEY WORDS Low birth weight, T cell receptor excision cir-
cles, TRECS, telomere, CD3 T cells, C-reactive protein

INTRODUCTION

Low birth weight (LBW) can be the product of prematurity or
of intrauterine growth retardation (IUGR). Whereas IUGR has
several different causes, it often is the result of poor nutrition
during pregnancy (1). Morbidity and mortality of LBW infants
due to infectious diseases are known to be high (1), which has led
researchers to explore the effect of LBW on immune function.
Although many of the early studies focused on the depressed

immune responses of LBW infants (2–7), more recent research
suggests that these defects may persist beyond infancy (8, 9).

In a series of studies, Barker et al (10) introduced the hypoth-
esis of the developmental origin of health and disease. This
hypothesis postulates that conditions that most probably are nu-
tritional program the fetus for development of chronic noncom-
municable diseases in adulthood. In parallel, evidence is accu-
mulating to suggest that early events may also program immune
function. Studies in The Gambia in West Africa have shown
associations between birth during the nutritionally poor “hun-
gry” season and a greater risk of premature adult mortality due to
infectious diseases (9). Further prospective studies in that pop-
ulation showed seasonal effects on thymic size (11) and function
(12). A longitudinal study of adolescents in the Philippines pro-
vided evidence that prenatal undernutrition is significantly asso-
ciated with low thymopoietin production and less growth in
length during the first year of life and is positively associated with
adolescent thymopoietin production (13). These findings add to
a growing body of evidence that events occurring in utero or early
in life may permanently affect components of the immune sys-
tem, especially the thymus.

The aim of the current study was to explore the hypothesis that
LBW may impair long-term immune function and that—in a
tropical setting with high infectious exposure that will lead to
persistent activation of the immune system, increased peripheral
infiltration of thymus-derived naive T cells, and premature lym-
phocyte senescence—the effect may not become apparent until
the later years of life. To test this hypothesis, we have assessed
thymic output, T cell turnover, and lymphocyte proliferation
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response in peripheral blood lymphocytes of children from rural
Bangladesh born at either LBW or a normal birth weight (NBW).

SUBJECTS AND METHODS

Study design

The study was conducted at the International Centre for
Diarrhoeal Disease Research, Bangladesh (ICDDR,B) field re-
search station in Matlab, a typical rural and riverine delta area of
Bangladesh, located �45 km from the capital, Dhaka. The cur-
rent study selected participants from a cohort of infants born in
Matlab during 1995 or 1996, full details on whom can be found
elsewhere (14, 15). Birth weight was measured within 72 h of
delivery by using a pediatric balance-beam scale (Seca, Ham-
burg, Germany) that is accurate to 10 g. The infant’s recumbent
length was measured by using a regularly validated, locally con-
structed length board accurate to the nearest 0.1 cm. Infants’
weight and length measurements were compared with those of
the National Center for Health Statistics reference population
and converted to age- and sex-standardized z scores with the use
of ANTHRO software [version 1.02 (Y2K-compliant); devel-
oped jointly by the World Health Organization, Geneva, Swit-
zerland, and the Centers for Disease Control and Prevention,
Atlanta, GA).

Study subjects

The current study aimed to compare children born as single-
tons and at full term with NBW (�2500 g) with those born at
LBW (�2500 g). Children who had known chronic illness or
recent episode of measles were excluded from the study. The
availability of the children for the current study was initially
confirmed from the Matlab Health and Demographic Surveil-
lance System records. A door-to-door survey was conducted to
confirm the availability of the children; then, from the list of
available children (whose families had not migrated), the re-
quired number of children was selected for the study.

Initial screening in Matlab villages found 358 children who
were available. For the study, sample size was calculated based
on 5% type I error and 20% statistical power, with consideration
of several outcome variables, such as total lymphocyte count,
total leukocyte count, percentage of CD4 and CD8 T cells, the
ratio of CD4 to CD8 cells, and the concentration of total immu-
noglobulin G (IgG). Because comparison of the immune vari-
ables—eg, T cell receptor excision circles (TRECs), telomeres,
and C-reactive protein (CRP)—that are important for functional
outcomes between LBW and NBW children has not previously
been reported, it was of interest to explore these variables. A
difference of 5% in the outcome variables between the 2 groups
was considered to be important. We calculated that 66 subjects/
group would be sufficient for the proposed study. From the co-
hort of 358 children, systematic random sampling was done in
which every 2nd child was selected (the first child was chosen
randomly), and a total of 179 children were selected (Figure 1).
Thereafter, children were stratified into 2 groups: one consisting
of children born with LBW (LBW group, n � 75) and the other
with NBW (NWB group, n � 104). From each of these 2 groups,
66 children were randomly selected. Stratification into 2 groups,
blinding, and decoding of the subjects was done by a person
without relation to the study.

Anthropometric measurements at follow-up [weight, height,
and midupper arm circumference (MUAC), the mean of 2 mea-
surements] were taken by trained field research assistants.
Weight was measured with a portable electronic scale (SECA) to
the nearest 100 g. Height was measured to the nearest 0.1 cm with
a locally made, wooden height stick. Any history of diarrhea or
acute respiratory infection (upper and lower respiratory tract
infections including asthma) and skin infections within the past
2 wk or current infection were also recorded. All instruments
were validated by the supervisor of the field research assistants
before use. Physical examination was conducted, including body
temperature, respiratory rate, heart rate, pulse, and blood pressure
measurements. For anthropometric measurements at follow-up,
standard guidelines were followed by using growth percentile
curves from the National Center for Health Statistics.

Written informedconsentwasobtainedfromtheguardianofeach
child.Thestudywasapprovedby theethics reviewcommitteeof the
ICDDR,B: Center for Health and Population Research.

Sample collection

Fasting peripheral venous blood samples were obtained from
each child at enrollment in the Matlab hospital laboratory. Blood
samples were collected in heparin-coated sterile vials (Vacu-
tainer; Becton Dickinson, Rutherford, NJ) and were processed to
isolate peripheral blood mononuclear cells (PBMCs) from blood
on Ficoll-Paque (Pharmacia-Upjohn, Uppsala, Sweden) by den-
sity gradient centrifugation at 1800 rpm at 24 °C for 25 min
(Sorvall Legend RT; Kendro Laboratory Products GmbH,
Hanau, Germany). A portion of the PBMCs was used for the
lymphocyte proliferation assay, and a portion was stored in liquid
nitrogen until used for flow cytometry and DNA extraction.
Plasma collected as supernatant from the gradient was stored at
�70 °C until it was used. Serum samples were also collected, and
they were stored at �70 °C.

C-reactive protein and interleukin 7

Plasma concentrations of the hepatically derived acute phase
protein CRP were used to detect ongoing infection or inflamma-
tion. CRP concentrations were measured by immunoturbidomet-
ric assay with the use of a Hitachi 902 analyzer (Roche Diag-
nostics GmbH, Mannheim, Germany). Concentrations of

Birth cohort study in Matlab (15):
currently available children, n = 358

Systematic randomization,
every 2nd    child

LBW group
n = 75

LBW group
n = 66

Immune function study

NBW group
n = 104

NBW group
n = 66

FIGURE 1. Profile showing the number of children in the birth cohort
study (14, 15) who were assessed for availability for the immune function
study and the numbers finally enrolled in the study.
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interleukin 7 (IL-7) in plasma were measured with a high-
sensitivity colorimetric enzyme-linked immunosorbent assay
(IL-7 immunoassay kit; R&D Systems QuantikineHS, Minne-
apolis, MN) according to the manufacturer’s instructions. The
lower limit of detection was 0.1 pg/mL. Plasma IL-7 concentra-
tions were measured to assess the effect of the cytokine IL-7 on
thymopoiesis or the T cell regeneration process.

Serum bactericidal response

Preterm and small-for-gestational-age (SGA) infants have low
amounts of neutralizing antibodies (7). Because enteric diarrheal
diseases are common in rural Bangladesh, the serum bactericidal
response was evaluated against a nonpathogenic Escherichia
coli K12 strain, which lacks the O surface antigens (16). The
serum bactericidal assay similar to that used for Shigella was
modified to optimize it for nonvirulent E. coli K12 (17). Bacteria
grown in Mueller Hinton broth (MHB; Difco, Detroit, MI) at
37 °C for 3 h were suspended in saline to an absorption of 0.4 at
600 nm [1 � 108 colony-forming units (CFU)/mL], which
was followed by serial dilution to a concentration of 1 � 105

CFU/mL. Guinea pig complement (1:5) was added to the bacte-
rial suspension, and the mixture was applied to microtiter plates
(Nunc, Roskilde, Denmark) containing serum samples, with a
starting dilution of 1:10, that were complement-inactivated by
heat treatment and serially diluted by 50%. The volume of
200 �L/well was adjusted with MHB, and the plate was incu-
bated in a shaker incubator (200 rpm) at 37 °C for 16 h. The
optical density of the plates was measured at 595 nm. The titer of
the serum was defined as the reciprocal of the last dilution in
which no growth was evident by visual inspection (17).

Lymphocyte proliferation response

The ability of lymphocytes to proliferate polyclonally on ac-
tivation with mitogens provides a tool for the assessment of
lymphocyte function. The assay was conducted in triplicate on
microtiter plates as described previously (18). PBMC suspen-
sions (3 � 105 cells/well) were incubated for 3 d in 37 °C and 5%
CO2 with the mitogen phytohemagglutinin [PHA (at 5 mg/L);
Sigma, St Louis, MO) or without stimulant (RPMI 1640; Gibco
BRL Life Technologies, Grand Island, NY) supplemented with
10% heat-inactivated fetal bovine serum, 2 mmol glutamine/L,
1 mmol Na-pyruvate/L, 100 U penicillin/mL, and 100 �g strep-
tomycin/mL (Gibco). Cells were pulsed with [3H]-thymidine and
harvested on glass fiber filters 18 h later by using a multiwell cell
harvester (Automesh 2000; Dynatech, Denkendorf, Germany).
Thymidine incorporation into the fraction retained on the filter
was measured by using liquid scintillation fluid (Ecolite�; MP
Biomedicals, Solon, OH) in a � counter (LS 6500; Beckman
Instruments, Irvine, CA) and expressed as counts per minute
(cpm). The result per subject was expressed as the mean stimu-
lation index (SI) of triplicates (cpm of stimulated cells/cpm of
unstimulated cells).

Immunophenotyping

Quantifying lymphocyte subpopulations and measuring the
extent of their activation by flow cytometry provide useful indi-
cators of a person’s immune status. T cell subsets were charac-
terized by staining cells with fluorescent antibodies specific for
various cell surface markers. Frozen PBMCs were thawed rap-
idly; after being washed, they were stimulated with phorbol 12-
myristate 13-acetate (PMA) at 20 ng/mL in RPMI 1640 (Gibco

BRL) supplemented with 10% heat-inactivated fetal bovine
serum, 2 mmol glutamine/L, 1 mmol Na-pyruvate/L, 100 U
penicillin/mL, and 100 �g streptomycin/mL (Gibco) for 4 h in
37 °C and 5% CO2. After being washed in phosphate-buffered
saline (PBS; pH 7.4), cells were suspended (1 � 105 cells/mL) in
PBS containing 2% heat-inactivated pooled human AB serum
and were stained with triple combinations of monoclonal anti-
bodies for 30 min at 4 °C. Cells were washed and resuspended in
PBS containing 1% paraformaldehyde and analyzed within 4 h.
Negative controls were included in each experiment. Three-color
fluorescent analysis was performed by using a fluorescent cell
sorter (FACSCalibur; Becton Dickinson, San Jose, CA). Fluores-
cein isothiocyanate– (FITC) labeled IgG2b and phycoerythrin-
labeled IgG1 were used as isotype control. Before data acquisition,
instrument settings were checked and optimized by using Cali-
BRITE beads (Becton Dickinson). Data acquisition and analysis
were done with CELL QUEST software (version 3.3; Becton Dick-
inson). All samples were analyzed by setting appropriate forward-
and side-scatter gates around the lymphocytes, and the percentage
of positive cells was estimated.

Monoclonal antibodies

The following antibodies were used in the study for the phe-
notype analysis by 3-color flow cytometry: anti-CD45 (pan leu-
kocyte), anti-CD14 (monocytes), IgG1, IgG2 (negative isotype
control), anti-CD3 [pan T cells; FITC, peridinin chlorophyll pro-
tein (PerCP), and antigen-presenting cells (APC)], anti-CD4
(helper/inducer T cells and FITC), anti-CD8 (suppresser/cyto-
toxic T cells, phycoerythrin, and PerCP), anti-CD69 (early acti-
vation marker and PerCP), anti-CD45RA (naı̈ve T cells and
FITC), anti-CD45RO (memory T cells and phycoerythrin),
anti-CD56 (neural cell adhesion molecules, pan-natural killer
cells, and phycoerythrin), anti-CD16 (natural killer cells, Fc�
receptor III, and FITC). All antibodies were purchased from
Becton Dickinson.

Quantification of signal-joint T cell receptor excision
circles by real-time polymerase chain reaction

The thymus, a glandular organ, is the site of T cell differenti-
ation and regeneration. Thymic T cell production can be assessed
by measuring TRECs as a traceable molecular marker in newly
produced naive T cells (19). Thus, the content of TRECs in
peripheral T cells is an indicator of thymopoiesis or newly syn-
thesized and exported naive T cells (19).

From the frozen whole-blood samples, DNA was isolated by
using the QIAamp DNA Mini Kit (Qiagen GmbH, Hilden, Ger-
many) according to the manufacturer’s instructions. Quantifica-
tion of signal-joint (sj) TRECs was performed by using SYBR
Green real-time quantitative PCR and an iCycler thermocycler
(Bio-Rad version �3.021; Life Science Research Group, Her-
cules, CA). The following primers were used: [forward primer 	
5' AAAGAGGGCAGCCCTCTCCAAGGCAAA 3� and reverse
primer � 5' AGGCTGATCTTGTCTGACATTTGCTCCG 3�].
Using natural 96-well plates that can be separated into 24- or
48-wells sections (semi-skirt; Nunc), a master mix was prepared
that consisted of 12.5 �L Quantitect-SYBR Green (Qiagen),
0.5 �L forward and reverse primers each, 1.0 �L MgCl2

(50 mmol/L), 1.0 �L of each primer pair, and 8.5 �L deionized
water. Then, 23 �L of this master mix was added to the 96-well
plate, which was followed by 2 �L of standards, samples, and
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negative controls in corresponding tubes to obtain a 25-�L re-
action volume. Real-time polymerase chain reaction (PCR) was
then performed under the following conditions: denaturation
(1 cycle) at 95 °C for 3 min; preamplification of 40–45 cycles at
95 °C for 30 s, 62 °C for 30 s, and 72 °C for 45 s; and a second
amplification (final extension step) cycle at 72 °C for 5 min. A
standard (donated by PT Ngom) was prepared by using serial
dilutions of a known number of copies of a fragment of the
sjTREC gene sequence and included in each iCylcler run to
generate a standard curve (12). Serial dilutions of the cloned
TREC-PCR product were used as a standard for absolute quan-
tification of TREC concentrations. Samples were analyzed in
duplicate. The number of copies of sjTRECs in the samples was
automatically measured by reading off the standard curves
generated and expressed as TREC content (ie, no. of copies) per
106 PBMCs.

Telomere length

Telomeres are specialized structures at the ends of chromo-
somes. The length of the telomeres was reduced progressively
during each cell replication cycle, and, thus, telomere length was
shown to reflect the replicative history of those cells (20). After
extraction of DNA as above, DNA was rehydrated overnight at
room temperature, quantified by absorbance spectrophotometry
at 260-nm wave length, and stored at 4 °C. The mean length of the
telomeric restriction fragment (TRF) was determined by using
the TeloTAGGG Telomere Length Assay (Roche, Basel, Swit-
zerland) and by Southern blot. After exposure of the blot to an
X-ray film, the TRFs were visualized. For quantitative measure-
ments of mean TRF length, the signal intensity was scanned and
read by an imaging system with the use of QUANTITY ONE
software (version 4.2.2; BioRad Laboratories). The mean TRF
length was estimated as the midpoint of the smear on each lane
relative to a molecular-weight standard that was run in each gel.
Results are given as mean TRF length of the sum equation of the
telomere signal distribution.

Statistical analysis

Statistical analyses were done by using SIGMASTAT statis-
tical software (version 3.1; Jandel Scientific, San Rafael, CA)
and SPSS for WINDOWS software (Release 10; SPSS Institute,
Chicago, IL). Data were expressed as means � SEs. Continuous
variables were compared between groups by using the Student’s
t test, and categorical variables (ie, male-to-female ratio, con-
current diarrhea, fever, respiratory illness, breastfeeding status)
were compared by chi-square test. P � 0.05 was considered
significant. When a variable (eg, CRP, bactericidal antibody
titers, proliferation response, or IL-7) was not normally distrib-
uted, an appropriate transformation was used to better achieve
approximate normality. Analyses were performed on the trans-
formed variables to meet the underlying assumptions of the sta-
tistical tests used. When the data could not be normalized, non-
parametric analysis (a rank-sum test) was performed. Simple
linear and multiple regressions (forward stepwise regression)
were used to evaluate the relation between birth weight, nutri-
tional status, and current immunologic variables. Only those
variables were tested by the regression model, which showed
significant differences between the 2 groups.

RESULTS

Subjects

Descriptive features of the study children and their mothers at
the time of the children’s birth are shown in Table 1. No signif-
icant differences were found in gestational age at birth, maternal
weight, and maternal MUAC at 3 mo of pregnancy. However, as
expected, significant differences were obtained in z scores for
weight-for-age and height-for-age, head circumference, chest
circumference, length at birth, and ponderal index between the 2
groups at birth. The original birth cohort study showed that poor
nutritional status in early pregnancy was the major determinant
of LBW in rural Bangladesh (15). One limitation of the study is
that, because infants were not followed from birth up to the age
of 5 y, data on growth rate, morbidity, vaccination, nutritional
status, and other factors were not available, and therefore the
effect of those factors on current immune functions and associ-
ation could not be studied (14). However, data on breastfeeding
status were available. Current characteristics of children belong-
ing to the 2 groups are given in Table 2. Proportions of males and
females; current age; current weight-for-age, height-for-age, and
weight-for-height z scores; body mass index (BMI; in kg/m2);
current diarrhea; current fever; and current respiratory illness did
not differ significantly between the 2 groups. Because all chil-
dren included in the study were immunized with vaccines (Ba-
cillus Calmette-Guerin, diphtheria, pertussis, tetanus, oral polio
vaccine, and measles) as part of the Expanded Program on Im-
munization (EPI), vaccination history could not be related to
anthropometric measures or other immune functions. No signif-
icant differences in the current anthropometric measures and
morbidity experiences were found between the exclusively
breastfed and nonexclusively breastfed children (duration of ex-
clusive breastfeeding: 3 mo or 6 mo). No differences were found
in the current maternal nutritional status, height, or weight or
annual family income. According to the growth reference of the
National Center for Health Statistics, 58% of the LBW children
and 57% of the NBW children were mildly (defined as ��1

TABLE 1
Descriptive features at birth of study children who were born with normal
(NBW) or low (LBW) birth weight1

Features
NBW group

(n � 66)
LBW group

(n � 66) P

Gestational age (wk)2 39.55 � 0.333 39.33 � 0.46 0.69
Weight-for-age (z score) �1.18 � 0.05 �2.29 � 0.07 0.001
Height-for-age (z score) �1.22 � 0.07 �2.09 � 0.1 0.001
Head circumference (cm) 32.97 � 0.14 31.93 � 0.15 0.001
Chest circumference (cm) 31.50 � 0.16 29.50 � 0.15 0.001
Length (cm) 47.70 � 0.17 45.70 � 0.22 0.001
Ponderal index (g/cm3)3 17.34 � 0.13 14.59 � 0.154 0.001
Maternal weight (kg)4 45.60 � 0.6 45.78 � 0.7 0.80
Maternal MUAC (mm)4 228.30 � 2 227.40 � 2.4 0.80
EBF for 3 mo4 42/645 48/66 0.49

1 MUAC, midupper arm circumference; EBF, exclusive breastfeeding.
Comparison between the 2 groups was done with Student’s t test; P � 0.05
was considered significant.

2 From mother’s last menstrual period.
3 Ponderal index � weight/(height3).
4 Measurements taken at 3 mo of pregnancy.
5 Data on breastfeeding status of 2 children in the NBW group were

missing.
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height-for-age z scores) to moderately (defined as ��2 but 	�3
height-for-age z scores) malnourished.

C-reactive protein and bactericidal antibody titers

Because the variables (CRP and bactericidal antibody titers)
were not normally distributed, analysis was performed on log-
transformed data. Concentrations of CRP in plasma were signif-
icantly (P � 0.02) higher in the LBW than in the NBW group
(Table 3). Regression analysis found no association between
CRP concentrations and birth weight; birth length; current nu-
tritional status as assessed by weight-for-age, height-for-age, and
weight-for-height z scores; MUAC; and BMI.

The serum bactericidal response against nonpathogenic E. coli
was significantly (P � 0.03) higher in the LBW group than in the
NBW group (Table 3). However, no significant association was
found between serum bactericidal response and CRP concentra-
tions (R � 0.13, P � 0.76), nutritional status, or morbidity ex-
periences.

Lymphocyte proliferation response

PBMCs from children were analyzed for the ability of lym-
phocytes to respond to mitogen (ie, PHA) by proliferation re-
sponse (incorporation of tritiated thymidine). No significant dif-
ference between the 2 groups was found in the SI of lymphocytes
to PHA (Table 3). No association was found between lympho-
cyte proliferation response and current nutritional status by re-
gression analysis.

Proportion of pan T cells in low-birth-weight children

Flow cytometric analysis showed that the proportion of CD3
T cells in the peripheral blood of the LBW group children was not
significantly lower than that in the NBW group children; how-
ever, the difference showed a trend (P � 0.06) (Table 3). No
significant differences between the 2 groups were seen in the
percentage of other phenotypic markers or activation markers
studied, although a tendency was seen for the NK cell proportions
to be lower in the LBW group than in the NBW (data not shown).

TABLE 2
Current baseline features of children born with normal (NBW) or low (LBW) birth weight1

Features
NWB group

(n � 66)
LBW group

(n � 66) P

Age (mo) 61.80 � 0.402 60.10 � 0.48 0.85
Male/female ratio 32/34 41/25 0.16
MUAC (mm) 148.86 � 1 151 � 2.30 0.30
Weight-for-age (z score) �2.20 � 1 �2.30 � 0.09 0.68
Height-for-age (z score) �1.13 � 0.10 �1.80 � 0.60 0.24
BMI (kg/m2) 12.60 � 0.20 12.5 � 0.10 0.85
Current diarrhea (n)3 9 14 0.35
Annual family income ($) 825 � 104.50 759 � 132.40 0.69
Maternal weight (kg) 43.31 � 0.80 43.30 � 0.90 0.90
Maternal height (cm) 155.86 � 0.50 156 � 1 0.90
Maternal MUAC (mm) 237.85 � 2.50 236 � 3 0.60

1 MUAC, midupper arm circumference. Continuous variables were compared between the 2 groups by Student’s t test; chi-square test was applied for
categorical variables. No significant differences in the baseline features were found between the 2 groups. Current nutritional status in children was assessed
through standard anthropometric measures by using the National Center for Health Statistics growth reference. Mild and moderate malnutrition in children was
defined as ��1 but 	�2 and ��2 but 	�3 weight-for-height z scores, respectively. Ponderal index is weight/(height3).

2 x� � SD (all such values).
3 Mothers were asked at the time of the visit by trained field research assistants whether their children had had diarrhea within the past 2–3 d.

TABLE 3
Comparison of immune functions in 5-y-old children born at normal (NBW) or low (LBW) birth weight1

Features NBW group LBW group P

C-reactive protein (mg/L) 0.10 (0.0–1.8)2 0.65 (0.1–2.6) 0.02
Bactericidal antibody titers 40 (20–40) 60 (40–160) 0.03
Proliferation (SI)3 15.8 (12.3–86.8) 100.9 (19–112) 0.80
CD3 lymphocytes (%)4 68.3 (64–75) 65.7 (58–69) 0.06
sjTRECs per 106 PBMCs 0.54 (0.25–0.76) � 105 0.95 (0.42–2.3) � 105 0.05
IL-7 (pg/mL) 215.7 (0–649.6) 48.4 (0–215.7) 0.02

1 SI, stimulation index; sjTRECs, signal-joint T cell receptor excision circles; PBMCs, peripheral blood mononuclear cells; IL-7, interleukin 7. n in the
NBW and LBW groups � 66 and 66, respectively, for C-reactive protein, bactericidal antibody titers, and IL-7; 49 and 51 for proliferation; 45 and 48 for CD3
lymphocytes; and 34 and 34 for sjTRECs. Student’s t test was used for determination of P value. Differences were significant when P � 0.05. Because the
variables C-reactive protein, bactericidal titers, SI, and IL-7 were not normally distributed, an appropriate transformation was used to better achieve approximate
normality, and analyses were performed on the transformed variables. The bactericidal antibody titer of the serum was expressed as the reciprocal of the last
dilution in which no growth was evident by visual inspection.

2 Median; 25th and 75th percentiles in parentheses (all such values).
3 SI is the ratio of counts per minute of phytohemagglutinin-stimulated cells to counts per minute of unstimulated cells.
4 Percentage of pan T CD3 cells in gated lymphocyte cells.
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Forward stepwise regression analysis was applied to predict
CD3 from current nutritional status, birth weight, birth length,
and values for IL-7 and TRECs. None of the variables signifi-
cantly added to the ability of the equation to predict CD3, and
they were not included in the final equation. Neither birth weight
nor birth length was associated significantly with CD3 when
these variables were forced into the model individually or in a
linear combination.

Elevated T cell receptor excision circle concentrations in
low-birth-weight children

Concentrations of TRECs were found to be significantly (P �
0.05) higher in the LBW group than in the NBW group (Table 3).
Forward stepwise regression was applied to predict TRECs from
birth weight, birth length, current nutritional status, and CD3 and
IL-7 values. These variables did not add significantly to the
ability of the equation to predict TRECs. Neither birth weight nor
birth length was associated significantly with TRECs when these
variables were forced into the model individually. TRECs values
were measured from total PBMCs only, and, because of insuf-
ficient blood volumes, cells were not separated into CD4 and
CD8 T cells or naı̈ve and memory cells.

Shortened telomeric restriction fragment length in low-
birth-weight children

The TRF length in PBMCs ranged from 3.8 to 9.4 kb; the mean
length was 7.11 kb in all children. Significantly (P � 0.02) lower
TRF values were seen in the LBW group than in the NBW group
(Figure 2). Shortened telomere length in PBMCs indicated that
cells have gone through more cell divisions in the LBW group.
Because TRF was measured in total PBMCs, it was not possible
to know whether the reduction in TRF involved only lympho-
cytes or both monocytes and lymphocytes. No association was
found between the current nutritional status and the TRF length.

Lower plasma interleukin 7 concentrations in low-birth-
weight children

Because the variable was not normally distributed, trans-
formed data were used for statistical analysis. Plasma concen-
trations of IL-7 were significantly (P � 0.02) higher in the NBW
group than in the LBW group (Table 3). A forward stepwise
regression model was applied to predict IL-7 from birth weight,
birth length, current nutritional status, and values for CD3 and
TRECs. Birth weight was significantly associated with IL-7
when it was forced into the equation individually (P � 0.008),
and IL-7 could be predicted significantly from a linear combi-
nation of birth weight (P � 0.028) and birth length (P � 0.042).
In this model, birth weight was positively (� � 0.528) and birth
length was negatively (� � �0.318) associated with IL-7, and
the coefficient of determinants (Rsqr) obtained from the formula
was 0.217. The variables current z scores for weight-for-age,
height-for-age, and weight-for-height; MUAC; and TRECs did
not significantly add to the ability of the equation to predict IL-7
and were not included in the final equation.

DISCUSSION

The data presented here suggest that LBW children of pre-
school age have a higher T cell turnover, as assessed by telomere
length, TRECs concentrations, and T cell counts than do NBW
children. We hypothesized that persistent immune activation in
this setting with high levels of exposure to infectious diseases
may have resulted in a greater need for thymic production of T
cells, thereby generating a void in the T cell compartment.

Several studies have reported that infants with LBW or IUGR
or who were SGA have a lower percentage of T or B lymphocytes
and lower vaccine-specific IgG responses (2, 3, 21) than do
newborn infants with NBW (6, 22–24). However, the persistence
of these defects in older children has not been detected (25–27).
In one study, schoolchildren born preterm had a significantly
lower percentage of CD4�T cells and lower CD4:CD8 ratios
than did children born at term (28). We found that, at a mean age
of 5 y, children who were born at full term but with LBW had a
lower percentage of CD3 cells in peripheral blood than did NBW
children. The lower percentage of CD3� cells in the LBW group
could be a consequence of the limit of division having been met
early in life through the accelerated apoptosis of lymphocytes
(29). Increased apoptosis could cause increased proliferation in
the periphery because lymphocytes strive to “fill the space” in the
secondary lymphoid tissues. Indeed, a marked reduction in telo-
mere length in PBMCs was observed in the LBW children; this
reduction reflected higher T cell turnover, probably in response
to a greater degree of apoptosis. Increased bystander T cell ac-
tivation and proliferation can occur during HIV infections, and
telomere shortening can result (30). Shorter telomeres have been
seen in the gastric mucosa of patients with Helicobactor pylori
infection than in the mucosa of healthy subjects or patients with
gastric cancer (31). Premature telomeric loss also has been re-
ported in rheumatoid arthritis (32). However, to our knowledge,
this study is the first to show higher T cell turnover in apparently
healthy children with LBW, irrespective of current nutritional
status.

The role of the thymus as an important indicator of immuno-
logic consequences of undernutrition has been brought into focus
by several studies. Measurement of TRECs has been shown to be
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FIGURE 2. Mean (�SE) telomere restriction fragment (TRF) length in
peripheral blood mononuclear cells (PBMCs) from low-birth-weight (LBW)
and normal-birth-weight (NBW) children. The SE is expressed by error bars.
Student’s t test showed significantly shorter TRF lengths of the PBMCs in the
LBW group than in the NBW group (P � 0.021).
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a useful marker of thymic output or thymopoesis. Infants born
during the “hungry” (ie, wet) season in rural Gambia were shown
to have smaller thymuses and lower TREC concentrations than
did infants born in the “harvest” season (11, 12). However, these
infants also showed higher lymphocyte count and higher propor-
tion of CD3 T cells. In the current study, the LBW group had
higher TREC concentrations in PBMCs, lower percentages of
CD3 T cell, and shorter TRF lengths than did the NBW group,
albeit lymphocyte proliferation response was similar in the 2
groups. Higher thymic output could have resulted from the
heightened demand for T cells in response to high burden of
infections in the endemic setting of rural Bangladeshi villages. In
HIV-infected subjects, chronic T cell turnover leads to abnor-
mally shortened telomere length (30). The increased clonal ex-
haustion of cytolytic T cells and reduced cytolytic function in
HIV infection have been attributed to replicative senescence. It is
conceivable that higher TREC values and shorter telomere length
in LBW children than in NBW children may be a consequence of
a smaller initial pool of T cells in the thymus, which may lead to
earlier exhaustion to maintain homeostatic T cell numbers for
rapid replication of memory cells.

IL-7 plays an important role as a regulator of T cell homeosta-
sis. Studies in The Gambia showed markedly higher TREC con-
centrations in breastfed infants whose mother’s milk had higher
IL-7 concentrations than in breastfed infants whose mother’s
milk had lower IL-7 concentrations (12). In HIV-infected pa-
tients, high IL-7 concentrations are produced in response to T cell
depletion (33). The administration of exogenous IL-7 to mice
increased the number of TREC-bearing cells (34), although ex-
ogenous IL-7 did not always enhance thymic function (35). We
found that lower plasma IL-7 concentrations in the LBW children
were concurrent with high TREC values. Low IL-7 concentra-
tions in the LBW group may be related to the inability of the
periphery to keep up homeostatic proliferation, which requires
greater thymic output. An inverse relation between TREC and
plasma IL-7 concentrations in HIV-infected children has been
reported (36). A positive association of birth weight with plasma
IL-7 concentrations also may partly explain low IL-7 concentra-
tions in the LBW children.

In the current study, no association was observed between
current nutritional status and any of the markers of immune
function, which is consistent with the findings in the Gambian
children (37). The current morbidity experiences of the 2 groups
(eg, history of diarrhea, respiratory illness, and fever) were not
significantly different. Concentrations of CRP found in LBW
children were higher than those in NBW children; however, these
concentrations were within the “normal” range—ie, they did not
indicate the presence of acute inflammation. Numerous large-
scale, prospective studies have found that low-grade inflamma-
tion, as represented by elevated concentrations of CRP in serum
in the range traditionally accepted as normal (�6 mg/L), is an
independent predictor of cardiovascular events, especially cor-
onary heart disease (38). In addition, an inverse relation between
birth weight and CRP was found: LBW contributed to elevated
CRP concentrations in adult life (39) and predicted an elevated
risk of cardiovascular events in adulthood (40). In the current
study, no association was obtained between CRP concentrations
and current nutritional status. However, birth weight had a
marked effect on CRP concentrations (P � 0.051) when birth
length was included in the multivariate analysis. In the LBW
group, CRP concentrations tended to be higher in children with

a history of ongoing infections (P � 0.055). Thus, elevated innate
markers (ie, CRP and bactericidal activity) and telomere short-
ening could indicate greater stimulation of the immune system in
the LBW group. Heightened innate immunity in the LBW group
may be a counterbalance for altered cellular immunity.

A major limitation of the study is that the children were not
followed from birth up to the current age, and data on growth rate,
morbidity, vaccination and other factors that could potentially
confound the results were not available; therefore, the effect of
these factors on immune functions and the association could not
be studied (14). However, despite these limitations, the findings
from the current study suggest that small size at birth may result
in altered immune function in later life, which provides further
support for the hypothesis that events early in life or in utero may
leave a permanent imprint on human immune function. The find-
ings may also reflect a postnatal effect whereby LBW may be a
marker for later exposures. It is plausible that the altered immu-
nity may not be manifest in measurable morbidity outcomes
unless the person is exposed to repeated infections; however, this
validity of that possibility has yet to be seen.
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