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Abstract

Background: In rural Gambia, birth season predicts infection-related adult mortality, providing
evidence that seasonal factors in early life may programme immune development. This study tested
whether lymphocyte subpopulations assessed by automated full blood count and flow cytometry
in cord blood and at 8, 16 and 52 weeks in rural Gambian infants (N = 138) are affected by birth
season (DRY = Jan-Jun, harvest season, few infections; WET = Jul-Dec, hungry season, many
infections), birth size or micronutrient status.

Results: Geometric mean cord and postnatal counts were higher in births occurring in the WET
season with both season of birth and season of sampling effects. Absolute CD3+, CD8+, and
CD56+ counts, were higher in WET season births, but absolute CD4+ counts were unaffected and
percentage CD4+ counts were therefore lower. CD 19+ counts showed no association with birth
season but were associated with concurrent plasma zinc status. There were no other associations
between subpopulation counts and micronutrient or anthropometric status.

Conclusion: These results demonstrate a seasonal influence on cell counts with a
disproportionate effect on CD8+ and CD56+ relative to CD4+ cells. This seasonal difference was
seen in cord blood (indicating an effect in utero) and subsequent samples, and is not explained by
nutritional status. These findings are consistent with the hypothesis than an early environmental
exposure can programme human immune development.

Background

Using demographic data from West Kiang in rural Gam-
bia, collected since 1949, we have previously demon-
strated a profound birth-season bias in adult deaths, with
a large excess of early adult deaths amongst individuals
born in July-December [1]. This period includes the

annual rains and 'hungry season' arising from depletion
of the previous year's food stocks. In combination with a
period of intensive agricultural labour, this results in an
acute negative energy balance lasting several months in all
adults, including pregnant women [2]. The predominance
of infectious or infection-related deaths in the historical
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cohort [1], suggests the programming of immune func-
tion by a seasonal component of the fetal or early postna-
tal environment. Candidate programming factors include
seasonal differences in fetal nutrient deprivation, expo-
sure to toxins (e.g. aflatoxin or pesticides), or antigen
exposure. These could act directly, or indirectly via prim-
ing or suppressive effects of maternal immunological or
endocrine signals [2].

The thymus is a potential programming target that is cen-
tral to the development of adaptive immunity, contribut-
ing to long-term maintenance of T-lymphocyte
populations [3]. In animal models, maternal under-nutri-
tion has a disproportionately severe impact on thymic
growth [4], and there is some evidence of the same phe-
nomenon in humans [5]. Limited evidence suggests a pos-
itive association between thymic volume and circulating
naive phenotype CD4+ T-cell numbers [6], and between
fetal growth restriction and reduced T-lymphocyte sub-
population counts at birth [7,8], although the latter find-
ings have not been replicated using modern flow
cytometric techniques (G. Morgan, unpublished observa-
tions). In this Gambian population we have recently
described seasonal variations in the proportion of T-cells
of recent thymic origin as assessed by T-cell rearrangement
excision circles (TRECs) [9]. Studies in other West African
children have described seasonality in a variety of immu-
nological measures, including seasonal effects on lym-
phocyte and T-cell subpopulation counts [10].

This study was designed to test the hypothesis that abso-
lute and percentage lymphocyte subpopulation counts in
this community are affected by birth-season with a greater
effect on T-cell subpopulations and a maximal discrep-
ancy between January-June (DRY) and July-December
(WET) births. Here we describe changes in leucocyte, lym-
phocyte and CD3+, CD4+, CD8+, CD19+, CD56+ sub-
population counts in 138 rural Gambian infants.

Results

There were three deaths during follow-up: one unexpect-
edly at home aged 7 weeks, cause unknown, a second
from malaria complicated by severe anaemia aged 34
weeks, and a third from dysentery with septicaemia aged
36 weeks. Two infants left the study during follow-up.
Overall, lymphocyte subpopulation data were obtained
from 453 (83%) of 545 possible samples.

Mean (range) birth-weight and gestation were 2855
(2020-3900) grams and 38.6 (35.4-41.2) weeks. Birth-
weight was similar in the two seasons (p = 0.75, adjusted
for gender, gestation and parity), and this remained the
case after adjusting for maternal weight. All infants were
breast fed from birth, reported introduction of comple-
mentary feeds ranging from 8 to 32 weeks. Weight-for-age
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improved from a median z-score of -0.8 at birth to 0 at 8
weeks, but deteriorated progressively thereafter to -1.9 by
11 months. Seven blood films were positive for malaria
parasites out of all the 8, 16 and 52 week visits when the
infants were venesected and all samples examined for
malaria parasites. There were an additional 28 positive
blood films from the remaining four-weekly visits (1309
visits in total), when capillary blood was examined only
in febrile infants.

Effects of birth season

There was a strong effect of birth season on the total lym-
phocyte and leucocyte counts at all ages, including at birth
(see Figures 1 and 2). The geometric mean cord blood
lymphocyte and leucocyte counts were both higher in
WET season births compared to DRY season births (p =
0.007 and p = 0.0014 for lymphocyte and leucocyte
counts respectively). The postnatal lymphocyte and leuco-
cyte counts were also higher in WET season births (p =
0.0031 and p = 0.0002 for lymphocyte and leucocyte
counts respectively, for all ages combined). Overall abso-
lute CD3+, CD8+, and CD56+ counts were positively
associated with WET season birth (p = 0.01, 0.0007 and
0.0014 respectively; Table 1). Changes in the absolute
lymphocyte count and subpopulations were not inde-
pendent of a general effect on total leucocyte numbers as
no significant association was seen between percentage
lymphocyte count (expressed as a percentage of total leu-
cocyte count) and either season of birth or season of sam-
pling. Overall percentage CD4+ lymphocyte counts were
negatively associated with wet season birth (p = 0.0017;
Table 1), whilst absolute CD4+ counts showed no associ-
ation with birth season. CD19+ counts showed no signif-
icant association with birth season, whether expressed as
absolute counts or percentages.

Age-related changes

Geometric mean absolute and percentage lymphocyte
counts were highest at 16 weeks and significantly lower at
52 weeks (p = 0.0056 and p < 0.0001 respectively). Sub-
population counts at each age are shown in Table 2. Per-
centage CD4+ counts remained unchanged from birth. A
number of age-related changes were observed compared
to cord blood. Percentage CD3+ at 52 weeks were 7.8%
higher (p < 0.0001) and percentage CD8+ counts were
lower at 8, 16, and 52 weeks (p < 0.001), although there
was a significant increase between 16 and 52 weeks (p =
0.003). The absolute counts for CD3+ were higher at 8
weeks (p = 0.005) and CD4+ higher at 8, 16 and 52 weeks
(p<0.0001). Absolute and percentage CD19+ counts rose
from birth to 16 weeks but declined between 16 and 52
weeks (p < 0.0001 for each comparison). Absolute and
percentage CD56+ count fell sharply from birth to 8
weeks (p < 0.0001 for both comparisons) but remained
constant thereafter.
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Leucocyte counts by season of birth (geometric mean and 95% confidence intervals). Solid black bars represent
DRY season births, solid grey bars represent WET season births.

Evidence of immunological phenotype

Cord blood percentage CD4+ and CD4+/CD8+ ratios at
birth were predictive of levels at 8 weeks (R = 0.3 (p =
0.003), and R = 0.28 (p = 0.0054) respectively). These, in
turn and all other subpopulation percentages predicted
levels at 16 weeks p < 0.0001 for CD4+, CD8+, CD19+
and CD56+; p = 0.004 for CD3+). The strength of correla-
tion between counts at 8 and 16 weeks ranged from R =
0.26 (CD3+) to R = 0.64 (CD4+).

For percentage CD4+ and CD56+ counts and the CD4+/
CD8+ ratio 16 week counts predicted 52 week counts (R =
0.05 (p < 0.0001) for CD4+ and CD56+; R = 0.30 (p =
0.0011) for CD4+/CD8+). The CD4+ and CD19+ 8 week
percentage counts at 52 weeks correlated weakly with
their respective counts at 8 weeks (R = 0.36, p = 0.004 for
CD4+; R=0.28, p = 0.006 for CD19+).

Effects of concurrent nutritional status and birth size

We found no association with current weight or weight-
for-age standard deviation score for any of the subpopula-
tions at birth, 8, 16 or 52 weeks or overall, whether
expressed as absolute or percentage counts. Overall abso-

lute CD19+ counts were positively associated with con-
current plasma zinc concentration (p = 0.0068). There
were no other observed associations between any lym-
phocyte subpopulation and concurrent plasma zinc, reti-
nol or vitamin C concentration.

If birth weight was included in the regression model,
absolute CD8+ and CD3+ counts at 8 weeks and absolute
CD4+ counts at 52 weeks were positively associated with
birth mid-upper-arm circumference (MUAC) (p = 0.0079,
0.0047, and 0.0035 respectively). Overall absolute counts
of these subpopulations were also associated with MUAC
at birth (p = 0.0011, 0.0014 and 0.0056 for CD3+, CD4+
and CD8+ respectively). A small number of other associa-
tions were found with both head circumference and
crown-heel length.

Effects of gender, gestation and birth size

Overall CD4+ and CD3+ counts were negatively associ-
ated with gestational age at birth (p = 0.0017 for absolute
and p £0.0001 for percentage CD4+ counts; p = 0.012 for
absolute and p = 0.0006 for percentage CD3+ counts).
There was no association of the measured populations
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Figure 2

Lymphocyte counts by season of birth (geometric mean and 95% confidence intervals). Solid black bars represent

DRY season births, solid grey bars represent WET season births.

and subpopulations with gender or length of gestation at
any age or overall.

Discussion

A strong seasonal effect on circulating leucocyte counts
was found in cord blood and at every age of measurement
in infancy. This was manifested in consistently higher leu-
cocyte counts in the WET season, with a magnitude of
1,600 leucocytes per mm?3 in relation to season of birth, or
2,300 leucocytes per mm?3 in relation to season of sam-
pling. These changes were accompanied by a correspond-
ing effect on absolute lymphocyte subpopulations counts;
this was selective in that it was not seen in the CD4+ sub-
population. The lack of an observed seasonal effect on
percentage lymphocyte counts suggests that seasonal fac-
tors lead mainly to a non-specific increase in circulating
leucocyte counts. Correspondingly, absolute but not per-
centage CD3+, CD8+, and CD56+ counts were positively
associated with WET season birth. Seasonal fluctuations
in the burden of infection provide a plausible explanation

for the seasonality, since malaria transmission is intensely
seasonal in The Gambia [11], and malaria parasitaemia,
diarrhoea and levels of the plasma acute phase reactant
alpha-1 antichymotrysin (ACT) all showed strong sea-
sonal patterns in this cohort. However, we did not find
consistent correlation between lymphocyte subpopula-
tion counts and concurrent plasma ACT, and found no
association between any cell population counts and pla-
cental malaria status assessed by histological examination
(data not shown). Asymptomatic malaria has been shown
to be associated with a decreased percentage CD4+ count
in 3-6 year old West African children [12]. In the present
study however, parasitaemia was detected in only 7 blood
samples at 8, 16 and 52 weeks [13], and the overall effect
was of a relative increase rather than decrease in lym-
phocyte and leucocyte numbers in the months of peak
malaria transmission.

The observed selective effect on CD8+ and CD56+ cells
relative to the CD4+ subpopulation could be explained by
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Table I: Geometric mean absolute and percentage lymphocyte subpopulation counts at each age and overall, according to season of
birth (values adjusted for gender, gestation, birth weight and monoclonal antibody source; overall values also adjusted for age at

measurement).
Absolute counts (x 109/L) Percentage counts
Week DRY season birth WET season birth p-value DRY season birth WET season birth  p-value
CD3+ 0 2.30 2.53 0.41 51.8 50.5 0.70
8 3.57 4.35 0.029 58.7 58.2 0.77
16 4.10 5.26 0.014 57.7 59.0 0.66
52 332 372 0.26 60.9 61.9 0.71
All 3.40 3.85 0.01 57.1 56.2 0.47
CD4+ 0 |.45 1.73 0.17 35.0 338 0.65
8 2.49 2.73 0.26 40.8 37.0 0.017
16 2.80 3.28 0.05 39.1 374 0.34
52 2.07 2.19 0.55 384 36.7 0.27
All 2.26 241 0.15 37.8 35.1 0.0017
CD8+ 0 1.29 1.44 0.44 272 27.7 0.82
8 0.98 1.47 0.011 16.3 19.0 0.055
16 1.34 1.65 0.093 18.7 18.7 0.97
52 1.12 1.28 0.22 20.9 21.6 0.60
All I.16 1.42 0.0007 204 21.4 0.18
CDI9+ 0 0.78 0.73 0.68 17.4 14.6 0.084
8 1.88 1.94 0.79 327 30.7 0.37
16 1.97 2.50 0.034 329 347 0.39
52 1.50 1.51 0.95 27.7 25.5 0.32
All 1.54 1.66 0.23 27.5 25.9 0.12
CD56+ 0 0.84 0.78 0.68 19.1 16.0 0.14
8 0.27 0.35 0.095 4.8 5.4 0.34
16 0.25 0.33 0.028 4.1 4.5 0.38
52 0.21 0.29 0.0052 39 4.7 0.036
All 0.33 0.42 0.0014 6.1 6.5 0.17
CD4/CD8 ratio 0 1.3 1.2 0.70
8 2.5 1.9 0.018
16 2.1 2.0 0.69
52 1.8 1.7 0.32
All 1.9 1.6 0.013

seasonal variation in exposure to viral pathogens [14].
Studies in The Gambia have reported seasonal variations
in the incidence of clinical presentation with respiratory
syncitial virus (RSV) [15] and rotavirus infection [16],
with peak rates of clinical infection in December-January

Seasonal fluctuations in leucocyte and lymphocyte sub-
population counts have been reported previously in West
African children [10]. In their study, Lisse et al found sea-
sonal influences that were strongest in children aged 3 to
5 years, although children aged 0 to 35 months had
slightly higher leucocyte counts in the wet season [10].
However, in contrast to the present study, Lisse et al
reported lower lymphocyte counts in wet season samples.
The authors found no seasonal effect on CD4+ cell counts

in the younger age group, but they did report an increase
in CD8+ counts relative to CD4+ counts in the wet season.

Our results do not permit a reliable distinction of prenatal
from postnatal seasonal influences, but it is notable that
the effect on total lymphocyte and leucocyte counts was
no less pronounced in cord blood. This confirms that a
seasonal influence, infective or otherwise, operates in pre-
natal life. Since mothers in this community are subject to
the same seasonality of infectious and parasitic disease
exposure, it seems probable that the presence of maternal
infection boosts leucocyte and lymphocyte counts in the
fetal circulation. It is also likely that the same factors oper-
ating at the time of postnatal measurements contributed
to the observed seasonality.
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Table 2: Absolute and percentage lymphocyte surface marker counts.

Surface marker Age (weeks)

Absolute count (x 109/1)

Percentage count

n Geometric mean (95% CI) n

CcD3+ 0 72 255 (2.32-2.80)

Geometric mean (95% CI)

73 551 (52.1-58.3)

8 14  3.58(3.28-391) 120  57.5 (55.8-59.3)
16 114 3.75 (3.43—4.11) 117 555 (53.2-57.9)
52 103 3.64 (3.34-3.98) 105 62.9 (60.9-64.9)
CD4+ 0 78 179 (1.62-1.97) 79 38.1 (35.9-40.4)
8 119 2.40 (222-2.59) 125 387 (37.2-40.3)
16 120 2.49 (2.31-2.69) 123 369 (35.5-38.3)
52 103 2.17 (1.98-2.38) 105 37.6 (36.0-39.2)
CDs+ 0 78 1.24(1.10-1.40) 79 267 (24.9-28.6)
8 119 111 (0.99-1.24) 125 17.6 (16.4-18.9)
16 120 1.21 (1.08-1.35) 123 180 (16.9-19.1)
52 103 1.22(1.10-1.37) 105 21.3(20.0-22.7)
CDI9+ 0 60 077 (0.67-0.88) 60 160 (14.5-17.6)
8 9 191 (1.72-2.12) 96  31.8(29.8-33.9)
16 109 2.22 (2.00-2.47) 109 338 (31.8-35.8)
52 105  1.59 (I.42-1.78) 105  27.5(25.5-29.7)
CD56+ 0 62 0.83(0.71-0.98) 63 17.8(15.8-20.1)
8 89  0.30(0.26-0.35) 95 5.1 (4.6-5.7)
16 103 0.28 (0.25-0.32) 106 4.3 (3.947)
52 103 0.25 (0.23-0.28) 105 4.3 (3.947)

We found no effect of birth weight on total leucocyte
count, lymphocyte or subpopulation counts. However,
the results showed a consistent positive influence of birth
MUAC on the overall absolute CD3+, CD4+ and CD8+
counts, after adjusting for birth-weight. For CD3+ and
CD8+ this result was also significant in the separate anal-
ysis of subpopulation counts at 52 weeks, and for CD4+
counts the effect was also significant at 8 weeks. These
results appear robust, since they are consistent in relation
to each of the measured T-cell surface markers, and signif-
icant in analyses of both the grouped data from all ages of
sampling and results from samples at specific ages. These
results suggest that at a given birth weight in the range
included in this study, infants with a greater MUAC have
higher circulating T-cell counts in infancy.

The results provide little evidence that nutritional status in
infancy affects circulating leucocyte, lymphocyte and lym-
phocyte subpopulation counts. The only significant asso-
ciation observed was a strong positive correlation between
infant plasma zinc status and absolute CD19+ counts. The
interpretation of this finding within the current data is
limited, but could support a role for zinc in the early
development of B lymphocytes. However, given the
almost universally accepted view that malnutrition
impairs immune function, the general lack of association

between the available measures on nutrient status and
leukocyte counts merits some reflection [17]. Numerous
previous studies (for example [8,18-20]), reviews (includ-
ing [21-23]), and leading articles [24], have reported a
major impact of malnutrition on the human thymolym-
phatic system. It is possible that the immunological effects
of acute protein-energy malnutrition - the context of
many reports of malnutrition-related immunodeficiency
- may differ from those of the chronic growth failure seen
in this study. A detailed report of factors affecting leuco-
cyte counts and T-lymphocyte subsets in West African
children similarly found no clear association of any hae-
matological values with height-for-age or arm circumfer-
ence, with the exception of higher total leucocyte counts
in severely stunted children [10], and a recent study of
immune function in a large cohort of rural Gambian chil-
dren aged 6-9 y found no consistent effects of anthropo-
metric or micronutrient status on delayed-type
hypersensitivity reactions or humoral responses to rabies
or pneumococcal polysaccharide vaccines [25]. Our
observation of substantial within-subject correlation
between successive cell subpopulation counts suggests
strongly that the measures used in this study were robust
and that they described persisting characteristics of immu-
nological phenotype at the individual level. Age-related
changes in lymphocyte subpopulations of healthy sub-
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jects have been described in cohorts with comparable or
smaller numbers of infant subjects than our own [10,26-
28], but whereas studies in other populations have
reported trends in infancy [27,28], there is little reference
data for African infants. Table 3 summarises the subpopu-
lation counts reported by the present study alongside data
from three other descriptive infant studies [10,26,29].

Conclusion

In conclusion, against a background of defined nutri-
tional patterns and consistent individual immunological
phenotype, we have shown an effect of birth season on
circulating leucocyte, lymphocyte and lymphocyte sub-
population counts, with evidence for a seasonal effect in
utero. The significance of these findings is strengthened by
the fact that analyses were carried out in relation to a sin-
gle pre hoc definition of season, selected in the light of pre-
vious data relating birth season to adult mortality in this
community [1]. We found no association of lymphocyte
subpopulation numbers with birth size or cord plasma
micronutrient status, but evidence that measures of pro-
portionality (MUAC) at birth may be more sensitive than

http://www.biomedcentral.com/1471-2172/9/18

birth weight as markers of prenatal influences linked to
fetal growth.

The relevance of these early seasonal effects on lym-
phocyte subpopulation counts to the putative program-
ming of long-term immunity remains to be established.
Measures of functional immunity in the same cohort [13]
and in a separate cohort study of 472 West Kiang children,
found no effect of birth season [30]. In a small cohort of
healthy young Gambian men from the same population
(n = 25), no effect of perinatal nutritional exposures
(assessed by season of birth and birth weight) was
observed on T lymphocyte kinetics [31]. In a population
of Pakistani adults however, lower birth weight was asso-
ciated with a weaker antibody response to a polysaccha-
ride vaccine, suggesting possible early-life influences on
long-term deficits in B-cell mediated immunity [32]. Fur-
ther work is required to fully understand the long-term
implications of early-life seasonal influences on the
immune phenotype demonstrated.

Table 3: Lymphocyte subpopulation data from the present study and other published studies ('present study, 2[10], 3 [26], 4 [29]-

Subpopulation (absolute counts (x 109/1)) Age (months) The Gambia! Guinea Bissau? UK3 Singapore?
Absolute counts CD3+ 0 2.6 3.1 1.7
2 3.6 2.5
12 3.6 2.7
CD4+ 0 1.8 1.9 1.4
2 2.4 2.5
4 2.5 2.5
12 2.2 2.2 1.8
CD8+ 0 1.2 1.5
2 1.1 1.2
12 1.2 0.9
CDI9+ 0 0.8 |
12 1.6 0.9
CD56+ 0 0.8 0.9
12 0.3 0.5
% counts CD3+ 0 55 55 67
12 62 64 63
CD4+ 0 38 35 47
2 38 38
12 37 37 4] 37
CD8+ 0 26 29 20
2 17 19
12 21 21 19
CDI9+ 0 16 20
12 27 23
CD56+ 0 18 20
12 4 11
Ratio CD4+/CD8+ 0 1.5 2.3 1.2
12 1.8 2.0 1.9
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Methods

Birth cohort

One hundred and thirty-eight infants were recruited ante-
natally representing 94% of all singleton live-births
within five participating West Kiang villages. The climate,
economy, and predominant ethnicity of West Kiang are
typical of rural Gambia as a whole. Multiple births and
infants with birth weight below 1.5 kg, gestation less than
34 completed weeks, or major congenital malformation,
were excluded. Of 184 identified pregnancies, 9 (5%)
resulted in spontaneous abortion, 24 (13%) were multi-
ple pregnancies or delivered outside the district, and the
fates of a further 2 were unknown. Of the remaining 149
infants, 10 mothers (7%) declined to participate and one
infant with congenital hydrocephalus was excluded. Sev-
enty-five infants were male. At the time of the present
study, HIV prevalence was estimated at 1.7% in reproduc-
tive Gambian women [33]. None of the mothers in this
study were known to be HIV infected. Breast-feeding
remains almost universal in this community, and there
are no local sources of commercial formula-feeds.

Ethics

The study was approved by the Joint Gambian Govern-
ment/Medical Research Council Ethical Committee. Sub-
jects were recruited with the informed consent of mothers
following an explanation of the study in their own lan-

guage.

Clinical measurements

Birth-weight and gestational age (by Dubowitz score [34])
were measured by the principal investigator (ACC) in par-
allel with a trained field assistant within 72 hours of birth
(mean 25, range 1-69 hours). Gestation was calculated
from the mean of the two independent scores. Anthropo-
metric measures at birth and every four weeks thereafter
were recorded using the same regularly validated equip-
ment for all subjects. Measurements were made using
standard techniques and expressed as Z-scores relative to
the WHO standards. Mothers were weighed lightly
clothed and without shoes using portable weighing scales.

Growth and morbidity were assessed fortnightly through-
out infancy. Cord blood was collected at birth (10 ml)
and venous samples obtained at 8, 16 and 52 week of age
(3, 4 and 6 ml respectively). Capillary blood was exam-
ined by thick film for malaria parasites every four weeks,
in any infant with intercurrent fever of 37.5°C or above,
and on each venous blood sample. Plasma alpha-1 anti-
chymotrypsin (ACT) was also measured at 8 weeks and 52
weeks as an indicator of systemic acute-phase inflamma-
tory responses. Infant feeding status was coded at each
visit.

http://www.biomedcentral.com/1471-2172/9/18

Laboratory Methods

T-lymphocyte (CD3+, CD4+, CD8+, B-cell (CD19+), and
natural killer cell (CD56+) subpopulations were enumer-
ated in whole blood samples at birth (cord blood) and at
8, 16 and 52 weeks of age by flow cytometry (FACScali-
bur, Beckton Dickinson UK Ltd, Oxford, UK) using appro-
priate isotypic controls (Cyto-Stat, Beckman-Coulter
International S.A., Nyon, Switzerland). EDTA anticoagu-
lated whole blood samples were labelled within 6 hours
of collection, red cells were lysed according to the manu-
facturer's instructions, and the labelled cells stabilised and
fixed. Stabilised samples were maintained at 4-8 degrees
centigrade and analysed within 7 days at the Medical
Research Council Laboratories, Fajara, the Gambia.

Location of the lymphocyte gate, and freedom from
monocyte contamination, were assessed using mono-
clonal antibodies to CD14+ and CD45+. The sum of
CD4+8+19+56 was calculated as a second internal con-
trol, with values between 95% and 105% accepted as con-
firming acceptable purity [26,29]. Absolute counts of each
cell sub-population were calculated in relation to whole
blood lymphocyte counts, measured as full blood count
and white cell differential on the same fresh blood sample
(Celloscope 1260, Analys Instrument AB).

Plasma ACT and micronutrient levels were measured at
MRC Human Nutrition Research in Cambridge, UK.
Plasma ACT and vitamin C levels assay on a Cobas-Bio
centrifugal analyser (F.Hoffman-la-Roche Ltd, Basel, Swit-
zerland). Prior to freezing, plasma samples for vitamin C
analysis were mixed with an equal volume of 10% meta-
phosphoric acid in order to deproteinize the plasma.
Plasma zinc concentrations were determined colorimetri-
cally using a commercial kit (Wako Chemicals, Nauss,
Germany). Plasma levels of retinol and carotenoids were
measured by high-pressure liquid chromatography
(HPLC).

Statistical analysis

All data were analysed using Data Desk Version 6 (Data
Description Inc., Ithaca, New York). Population distribu-
tions were log-transformed prior to analysis. Effects on
cell counts were assessed at each discrete age of sampling,
and in datasets of samples at all ages combined, adjusted
for days postnatal age. Cell counts were subjected to anal-
ysis of variance against defined exposure measures and
potential confounders. Chi-squared and t-tests were used
where appropriate.

Exposure effects were analysed with and without adjust-
ment for gender and gestation. Birth weight has previ-
ously been shown to be affected by birth season in this
community [1]. Therefore to assess for independent influ-
ences, associations of cell counts with birth weight were
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corrected for birth season and vice versa. Associations
with birth size were analysed adjusting for current size at
time of sampling, and effects of birth weight also adjusted
for post-partum maternal weight to give a better assess-
ment of deviant fetal growth. Potential associations
between cell counts and proportionality at birth were
tested by analysing outcomes separately against crown-
heel length, head circumference and MUAC at birth, and
repeated with adjustment for birth weight. Analyses in
relation to head circumference at birth were also analysed
after adjusting for crown-heel length.

Outcome associations were considered significant at a
level of p < 0.01. Results were further scrutinised for con-
sistency of the association with the pre-hoc hypotheses,
and in the light of corroborative or contradictory evidence
from the rest of the data (for example, the same compari-
son at other ages).

The outcome analyses at birth and 52-weeks of age were
performed twice: first on the complete data sets, and then
on subsets of data that excluded cord blood samples
below 90% CD45+ cells in the lymphocyte gate (n = 7),
and 52-week samples below 92% (n = 8). Descriptive sta-
tistics for the birth and 52-week samples were similarly
calculated after excluding samples beyond these mini-
mum levels of purity.
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