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Abstract

Vitamin A supplementation (VAS) at birth was not associated with improved survival in a randomised, placebo-controlled trial in Guinea-
Bissau. However, a negative sex-differential effect, which became evident after diphtheria—tetanus—pertussis (DTP) vaccination, was
noted; among girls who had received DTP, VAS at birth was associated with two-fold higher mortality than placebo. The objective of
the present study was to investigate the immunological effects of VAS at birth within a subgroup of participants in the randomised trial.
Guided by the mortality results, we further explored whether VAS had a differential effect according to sex and DTP status. At 6 weeks
after randomisation and supplementation, we measured differential leucocyte counts and TNF-q, interferon-y, IL-10, IL-13 and IL-5
production in a whole-blood culture assay. A total of 471 children were included. VAS compared with placebo at birth was associated
with a higher proportion of monocytes (relative risk ratio 1-26, 95% CI 1-07, 1-49, P=0-04), while spontaneous TNF-a production was
lower in the VAS group (geometric mean ratio 0-54, 95% CI, 0-37, 0-78, P=0-001). Stratified analysis showed that VAS was associated
with lower TNF-a and IL-10 production for girls without DTP and boys with DTP, resulting in significant three-way interactions between
VAS, sex and DTP vaccination status (P=0-03 and P=0-04, respectively) for spontaneous TNF-a and IL-10 production. The results sub-
stantiate the potential role of VAS as an immunomodulatory intervention, which has different effects depending on concomitant health
interventions and the sex of the recipient.
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DTP, VAS at birth was associated with 2:19 (95% CI 1-09,
4-38) times higher mortality than placebo at birth®. These ten-
dencies were subsequently confirmed in a separate study of
low-birth-weight children®
ated by serum concentrations of retinol-binding protein (RBP)

Vitamin A is essential for immune defence and protection
against infectious diseases as is seen by the severe impli-
cations of being vitamin A deficient™. We investigated the
effect of high-dose vitamin A supplementation (VAS) with
Bacille Calmette-Guérin (BCG) vaccine at birth in a random-

. Analysing vitamin A status evalu-

ised, double-blind, placebo-controlled trial conducted in
an African setting with high infant mortality. Surprisingly,
VAS was not associated with improved survival®. However,
as seen in two preceding Asian trials>?, we found a more
beneficial effect in boys than in girls. The sex difference
became pronounced after the children received diphtheria—
tetanus—pertussis (DTP) vaccinations recommended at the

age of 6, 10 and 14 weeks; among girls who had received

at 6 weeks as well as 4 months of age revealed no overall
effect of neonatal VAS on vitamin A status, but the number
of DTP vaccines received before 4 months of age was nega-
tively associated with vitamin A status at the age of
4 months, particularly in girls””. A post hoc analysis revealed
a strong interaction with season of supplementation, resulting
in a significantly beneficial effect of VAS if given to boys

during the dry season, but a significantly negative effect if

Abbreviations: atRA, all-trans-retinoic acid; BCG, Bacille Calmette-Guérin; CRP, C-reactive protein; DTP, diphtheria—tetanus—pertussis; GMR, geometric
mean ratios; IFN, interferon; LLD, lower limit of detection; LPS, lipopolysaccharide; OPV, oral polio vaccine; PHA, phytohaemagglutinin; PPD, purified
protein derivative of Mycobacterium tuberculosis; RBP, retinol-binding protein; Th, T helper; TT, tetanus toxoid; VAS, vitamin A supplementation.
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given to girls in the rainy season‘®. Hence, VAS at birth may
indeed be beneficial in some circumstances. However, VAS
apparently also interacts with other, yet unknown, factors
including possibly sex, DTP vaccination and season, to pro-
duce a negative effect on survival. It should be essential to
clarify the underlying mechanisms to optimise the use of
VAS in low-income countries.

Within the randomised trial of VAS at birth, we aimed to
investigate the effect of VAS at birth on the infant’s developing
immune system. We collected blood samples from a subgroup
of the participants 6 weeks after their initial randomisation to
VAS or placebo, and analysed the samples by means of differ-
ential leucocyte counts and by measuring in vitro cytokine
production to various antigens and mitogens. The effect of
supplementation on a potential T helper (Th) 1 or Th2 bias
was examined by measuring the Thl cytokine interferon
(IFN)-y and the Th2 cytokines IL-5 and IL-13.Additionally,
we examined the effects on pro-inflammatory TNF-a and
anti-inflammatory IL-10.

We had anticipated that VAS would be associated with a
reduction in mortality and wished to investigate whether
any such mortality benefit would be mirrored as alterations
of the cytokine profile. Based on the findings from the ran-
domised study, we also found it relevant to explore the
potential differential effect of VAS in the two sexes, and the
effect of VAS according to whether DTP had been received
or not. Unfortunately, the samples available for analysis

Table 1. Characteristics of the children included in the study

were primarily collected in the rainy season (Table 1),
and it was therefore not possible to examine the impact of
season.

Methods
Setting and population

The Bandim Health Project has a health and demographic sur-
veillance system in six suburban districts of the capital of
Guinea-Bissau and covers approximately 90000 inhabitants.
The present study was carried out within a randomised,
double-blind, placebo-controlled trial of the effect of VAS
with BCG vaccine at birth on mortality. Mothers giving birth
at the maternity wards at the national hospital and the local
health centre were invited to participate in the present
study, when their child was to receive BCG vaccination after
delivery. Furthermore, mothers who delivered at home were
invited to participate, when they came for BCG vaccination
at two of the three health centres in the study area. Inclusion
criteria were weight >2500 g and no signs of overt illness.
All infants were vaccinated intradermally by a trained study
nurse in the upper left deltoid region with 0:05ml BCG
vaccine (Statens Serum Institut). A total of 4345 infants were
randomised to 50000IU vitamin A or placebo. VAS was
0-5 ml of vegetable oil containing 50 000 IU vitamin A as retinyl
palmitate and 101U vitamin E, and placebo was 0-5ml of
vegetable oil containing only 101U vitamin E. Vitamin A and

(Number of participants and percentages; mean values and standard deviations)

VAS Placebo
n % n %

Blood samples obtained 223 248
Differential leucocyte count performed 221 0-9* 246 0-8*
Samples included in in vitro cytokine production analysis 214 4.0* 247 0-4*
Sex

Boys 103 46-2 121 488

Girls 120 53-8 127 51.2
Age at sampling (d)

Mean 45.2 44.9

SD 8-8 9.7
DTP vaccine before sampling 57 25-6 48 194
OPV at birth 156 70-0 178 718
Included in the dry season 14 6-3 10 4-0
Included in the rainy season 209 93.7 238 96-0
Positive malaria slide 7 31 10 4-0
CRP > 5 pg/mit 51 23-6 52 215
Axillary temperature > 37°C 10 4.5 6 24
it 59 27-3 61 24.7
Received medicine before sampling 51 229 45 182

Paracetamol 29 130 37 14-9

Antibiotics 15 67 11 4-4

Chloroquin 22 99 23 9-3
Vitamin A deficient (<0-83 nmol RBP/I)t 68 315 79 32.0
Borderline vitamin A deficient (0-83—1-11 wmol RBP/I)t 101 46-8 104 421

VAS, vitamin A supplementation; DTP, diphtheria—tetanus—pertussis vaccine; OPV, oral polio vaccine; CRP, C-reactive protein; RBP, reti-

nal-binding protein.
* Percentage lost.

1 For eight children, we did not have serum available for CRP/RBP analysis.
11l defined as having a positive malaria slide, elevated serum CRP, an axillary temperature above 37°C or any combination of these.
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placebo were prepared by a Danish pharmacy, which held
the code until all children had been followed for 1 year.

At the time of enrolment, information on baseline anthropo-
metrics and socio-economic background factors was collected.
The prevalence of HIV-1 among women of fertile age
was 5:6% in the study area at the time of the study®. With
the vertical-transmission control programme ongoing, we
expected less than 1% of the children to be HIV-1 infected.

The Bandim Health Project provided the BCG vaccine.
According to the WHO recommendations, all children
should receive BCG and oral polio vaccine (OPV) at birth, fol-
lowed by three DTP vaccines and OPV at 6, 10 and 14 weeks
of age®
where OPV was missing, partly because the Ministry of
Health in Guinea-Bissau withheld them for two OPV cam-
paigns conducted in October and November 2004. As a
result, the children participating in the study received several
different combinations of vaccines.

. During the study, there were, however, periods

Study design

On 1 June 2004, we initiated the immunological subgroup
study. Children included in the randomised trial were visited
6 weeks after enrolment and randomisation to VAS or placebo.
The mother was informed about the subgroup study and pro-
vided consent, an interview was conducted and a blood
sample obtained from the child. If a child was absent, we
kept on revisiting the home until the child was found at
home; however, we did not include children above 3
months of age. Initially, we attempted to only visit children
who had not yet received a DTP vaccine, recommended at
6, 10 and 14 weeks of age. This left a very small window of
opportunity as many children received their first dose of
DTP before we were able to visit them at home. Hence, we
modified the rules for inclusion; from 1 August 2004 until
the end of inclusion into the trial on 28 November 2004, all
children were visited regardless of whether a DTP vaccine
had been registered or not.

Sample size calculations were hampered by the fact that no
previous studies of the effect of neonatal VAS in this age group
had been conducted. We aimed to include 200 children in
each treatment group and ended up recruiting 480 children.
A previous publication from our group utilised, in part, the
same samples as well as samples from approximately 200
additional participants to specifically investigate the effect of
VAS on the immune response to BCG vaccine'?,

At the blood sampling visits, the mother was interviewed
about breast-feeding, consultations at the health centres, hos-
pitalisations and vaccines received. Furthermore, the mother
was asked about current symptoms of infections, including
the use of medicine. The child’s mid-upper-arm circumference
and axillary temperature were measured. The vaccination card
was inspected and all vaccinations noted.

Blood sampling

Blood samples (approximately 600 pl) were taken by finger
prick. Blood was sampled into an uncoated tube and a

heparinised tube. Additionally, two drops were used to
prepare malaria slides and slides for differential leucocyte
counts. The blood and the slides were placed in a plastic
box protected from sunlight in ambient temperature
(28-32°C) until further processing within maximally 4h. For
detection of malarial infection, thick and thin blood films
were prepared on site. The slides were then Giemsa-stained,
and microscopically examined for malaria parasites by an
experienced laboratory technician.

For analyses of RBP and C-reactive protein (CRP), serum
was separated and frozen until analysis. RBP and CRP were
measured at SEAMEO, University of Indonesia, Jakarta using
a sandwich ELISA technique developed there”. With
regard to vitamin A status, children were classified as suffi-
cient, borderline deficient or deficient using the cut-offs 1-11
and 0-83 wmol RBP/1 as described previously”.

Differential leucocyte counts

Thin blood smears were prepared on site and air-dried. After
methanol fixation, smears were stained using May-Grunwald—
Giemsa stains. One observer (I. M. L.) performed all differen-
tial leucocyte counts by microscopy, assigning 100 leucocytes
to the leucocyte subtypes lymphocyte, monocyte, granulocyte
or eosinophil.

In vitro cytokine production

A whole-blood culture was performed as a 1:10 dilution
of heparinised blood in a final volume of 200wl in sterile
ninety-six-well plates (Nunc). The dilution was made with
glutamine-free Roswell Park Memorial Institute-1640 medium
containing streptomycin (100 pwg/ml), penicillin A (100 IU/mD),
glutamate (2mm) and pyruvate (1mm) (all Gibco). Stimu-
lations were made in uniplicates performed at conditions
leading to submaximal cytokine production using phytohae-
magglutinin (PHA, 2 pg/ml; Wellcome Diagnostics), lipopoly-
saccharide (LPS, 100 ng/ml; Sigma-Aldrich Chemie), purified
protein derivative of Mycobacterium tuberculosis (PPD,
10 pg/ml; Statens Serum Institut) and tetanus toxoid (TT, 1-5
limit-of-flocculation units/ml; NVI). Culture plates were incu-
bated at 37°C and 5% CO,. Supernatants were collected
on day 1 (LPS) and day 3 (PPD, PHA and TT). At both days,
control samples consisting of diluted blood only were
collected (control day 1 and control day 3). Each culture
well was assessed at the time of harvesting and any visual
signs of contamination were registered. If contamination was
suspected in more than three of the six wells, all samples
from that child were excluded from the analysis. Individual
wells suspected of contamination were not included in the
analysis, giving rise to differences in the number of wells
analysed for each stimulant. The supernatants were frozen
and kept below —40°C until analysis. Supernatant concentrations
of IL-5, IL-10, IL-13, IFN-y and TNF-a were measured
simultaneously using a Luminex cytokine kit (Luminex
Corporation) and a buffer reagent kit (BioSource) on a
Luminex-100 cytometer (Luminex Corporation), equipped with
StarStation software (Applied Cytometry Systems). The stated
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lower limit of detection (LLD) of the assay was 3, 5, 10, 5 and
10 pg/ml for IL-5, IL-10, IL-13, IFN-y and TNF-a, respectively.

Statistical methods

Differential leucocyte counts were analysed by multinomial
logistic regression, allowing evaluation of the effect of VAS
on the overall cell distribution. Multinomial distributions are
generalisations of the binomial distribution to more than two
outcomes'?. Assignment of 100 independent cells to one of
four leucocyte subtypes leads to a multinomial distribution.
We used the clustered variance estimator to account for the
dependence of having 100 cells from each child. For each sub-
type, we present the marginal effect of VAS calculated from
predictions of the multinomial regression®. For lymphocytes
for example, the marginal effect is the probability that a cell is
a lymphocyte in the VAS group minus the probability that a
cell is a lymphocyte in the placebo group. Hence, the marginal
effect represents the difference in lymphocyte proportion
between the VAS and placebo groups.

In the analysis of in vitro cytokine production, samples with
a cytokine concentration below the LLD were assigned the
value of half the LLD. Data were transformed using the natural
logarithm in order to approximate a normal distribution,
which was visually confirmed. We conducted two types of
analyses:

(1) Log cytokine concentrations were compared by linear
regression for cytokines with less than 33% of samples
with non-detectable concentrations (i.e. below the LLD).
To account for potential differences in unstimulated cyto-
kine production, we adjusted analyses for the cytokine
concentration of the appropriate control, i.e. IL-10 con-
centrations of day 1 controls were included in the
model of LPS-stimulated IL-10 concentrations and IL-10
concentrations of day 3 controls were included in the
model of PHA- and PPD-stimulated IL-10 concentrations.
The remaining cytokines were treated similarly. Uh
et al"™ have recommended tobit regression as an
approach for this kind of cytokine data. Tobit is a cen-
sored regression technique for normally distributed
data, where the censored observations contribute to the
analysis with the probability of being below the censor-
ing limit. We found that results from tobit regression
and linear regression were almost identical and chose
to present results from the more commonly used linear
regression. We calculated the ratios TNF-o:IL-10 and
IL-5:IFN-y in order to assess potential effects on the
balance of pro- v. anti-inflammatory responses and Th2
v. Thl responses, respectively. Log-ratios were analysed
by linear regression. Geometric mean ratios (GMR)
were obtained by re-transforming all coefficients to the
original scale.

(2) For cytokines with more than 33% of samples with
non-detectable concentrations, the cytokine responses
were categorised as either detectable (> LLD) or
non-detectable (<LLD). The proportions of detectable

responses were compared in Poisson regression models
with robust variance estimation, providing relative risks"'> .

There was almost no response to TT, neither overall, nor in
the 22% of the children who had received a DTP vaccination
before blood sampling. For these reasons, the in vitro
response to TT was not included in the analyses.

For investigating the potential correlation between vitamin
A status and cytokine production, we used Spearman’s rank
tests and, additionally, linear regression of the log-transformed
cytokine data with vitamin A status as a continuous variable.

A significance level of 5% was used for all analyses with the
exception of interactions for which a P value<0-1 was inter-
preted as significant. All analyses were done using Stata/SE
10 (Statacorp LP).

Ethical considerations

The trial, including the immunological subgroup study, was
conducted according to the guidelines of the Declaration of
Helsinki and all procedures were approved by the Ministry
of Health in Guinea-Bissau and by the Danish Central Ethical
Committee. The trial was registered at ClinicalTrials.gov as
NCT00168597. For all subjects, verbal informed consent was
obtained, witnessed and formally recorded.

Results

A total of 480 children were included in the immunological
subgroup study. Of these, nine were older than 3 months at
sampling and were excluded for this reason. The basic charac-
teristics of the included children by intervention group are
presented in Table 1. With regard to the in vitro cytokine
production, ten children had signs of contamination and
were excluded; hence, results were available for 461 children.
A significantly larger proportion of samples obtained from
children in the VAS arm was excluded due to contamination
(9 v. 1, P<0:01, x* test). Results from differential leucocyte
counts were available for 467 children.

Cell distributions

Tables 2, 3 and 4 shows the distribution of cell subtypes from
the differential leucocyte count and the corresponding differ-
ences between the treatment groups. Overall, the distribution
of the four subtypes differed between the VAS and placebo
groups (P=0-04; Table 2). This was due to a higher frequency
of monocytes among the VAS recipients (difference 0:9, 95 %
CI 0-3, 1-5). When data were stratified by sex (Table 3), the
higher frequency of monocytes after VAS was mainly observed
among girls (difference 1-:2, 95% CI 0-4, 2-1), whereas there
was no effect of VAS among boys. However, the test for
interaction between sex and VAS was not significant (P for
interaction 0-58). Stratification by DTP status at the time of
blood sampling (Table 4) showed that the higher monocyte
frequency among children who received VAS was significant
only among the DTP recipients (difference 17, 95% CI
0-6, 2-9), but with no significant interaction between DTP
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Table 2. Effect of vitamin A supplementation (VAS) on leucocyte subtype frequency

for all subjectst

(Mean values and standard deviations)

VAS (n 221) Placebo (n 246)
Cell subtype Mean sSD Mean SD Difference* 95% ClI
Lymphocytes 67-0 119 67-5 111 -05 —26,16
Granulocytes 25.3 10-9 25.8 10-4 -05 -24,16
Eosinophils 3.0 2.7 29 3.2 0-1 —-0-4,0-6
Monocytes 4.7 3-6 3-8 3-3 0-9 0-3,1.5

* Statistically significant overall effect of VAS on leucocyte distribution; P=0-04.
1 Crude estimates resulting from multiple logistic regression without adjustments. Estimates and
95 % Cl for differences between treatment groups are derived using average marginal effects.

status and VAS (P for interaction 0-21). P for the for three-way
interaction between VAS, sex and DTP status was 0-94.

In vitro cytokine production

There was no overall effect of VAS on the stimulated pro-
duction of any of the included cytokines (Table 5). There
was a highly significant effect of VAS on spontaneous TNF-a
production on day 1 after sampling, as seen by the lower cyto-
kine concentrations in the control wells on day 1 (Table 5).
VAS recipients had almost half the concentrations of TNF-a
than children receiving placebo. The difference remained if
we adjusted for being ill or included CRP concentrations in
the model (GMR adjusted for being ill: 0-54, 95% CI 0-35,
0-73, P<0-001; GMR adjusted for CRP: 049, 95% CI 0-34,
0-71, P<0-001).

The effect of VAS on spontaneous TNF-a production was
significant for girls (GMR 0:43, 95% CI 0-26, 0-72) but not
for boys (GMR 0-70, 95% CI 041, 1-20) (P for interaction
0-2D).
between sex and VAS with regard to TNF-a production in
response to LPS and PHA stimulation. Boys receiving VAS
had a smaller TNF-a response to LPS compared with boys
receiving placebo (GMR 0-68, 95% CI 0-47, 1-00, P=0-05),
while girls displayed no effect (GMR 1-09, 95% CI 0-76, 1-50,
P=0-64) (P for interaction 0-08). For the PHA stimulation,
the opposite was seen with a tendency for higher TNF-a
production among the male VAS recipients compared with
placebo (GMR 1:38, 95% CI 095, 199, P=0-09). Again,

In addition, we observed significant interactions

no effect was seen among girls (GMR 0-89, 95% CI 0-63,
1-27, P=0-53; P for interaction 0-096). Results were similar
when conducting the analysis only on children not receiving
DTP before blood sampling (7 358), and there were no signifi-
cant interactions between VAS and DTP (data not shown).

We found a borderline significant effect of receiving VAS on
the TNF-o:IL-10 ratio in unstimulated blood on day 1; children
who had received VAS had lower ratios (GMR 0:76, 95% CI
0-57, 1:01, P=0-00). A similar pattern was seen for the
response to LPS (GMR (unadjusted) 0-78, 95% CI 0-59, 1-04,
P=009). No significant effect of VAS was seen for PHA or
PPD or when we calculated the Th2:Th1 ratios (IL-5:IFN-y;
data not shown).

When the results were stratified by sex and DTP status,
lower spontaneous TNF-a production on day 1 among the
VAS recipients persisted among boys who had received DTP
(GMR 0-26, 95% CI 0-08, 0-81) and among girls who had not
received DTP (GMR 0-37, 95% CI 0-21, 0-67) (Table 6 and
Fig. 1. This resulted in a significant three-way interaction
between receiving VAS, DTP status and sex (P for interaction
0-03). In parallel, the concentration of IL-10 seemed to be
dependent on the combination of VAS, DTP status and sex
(Table 6 and Fig. 1): girls who had not received DTP had a sig-
nificantly lower spontaneous IL-10 production on day 1 (GMR
0-49, 95% CI 0-27, 0-87) after VAS. Boys who had received
DTP had the same but non-significant tendency towards
lower IL-10, while boys who had not received DTP appeared
to be unaffected. No effect was seen among girls receiving
DTP. Overall, this

resulted in a significant three-way

Table 3. Effect of vitamin A supplementation (VAS) on leucocyte subtype frequency by sextt

(Mean values and standard deviations)

Boys Girls
VAS (n 102) Placebo (n 121) VAS (n 119) Placebo (n 125)
Cell subtype Mean sD Mean sD Difference 95% ClI Mean SD Mean sD Difference* 95% ClI
Lymphocytes 68-1 11-3 67-6 10-3 0-5 —23, 34 66-0 12.3 67-4 11.8 —-1-4 —4.4,1.7
Granulocytes 246 107 256 10-0 -1.0 -37,17 259 111 26-0 10-8 —0-1 —2.8,27
Eosinophils 2.7 2.8 2.8 3-3 -0-1 -09,07 32 2:6 30 32 0-2 -0-5,09
Monocytes 4.6 3-6 41 35 0-5 —04,15 4.8 3-6 3-6 31 1.2 0-4, 21

* Statistically significant overall effect of VAS on leucocyte distribution for girls; P=0-03. For boys, the overall effect was NS; P = 0-65.

T Test for interaction between VAS and sex; P=0-58.

1 Crude estimates resulting from multiple logistic regression without adjustments. Estimates and 95 % ClI for differences between treatment groups are derived using average

marginal effects.
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Table 4. Effect of vitamin A supplementation (VAS) on leucocyte subtype frequency by whether or not the diphtheria—tetanus—pertussis (DTP) vaccine

had been received prior to blood sampling %
(Mean values and standard deviations)

DTP No DTP
VAS (n 56) Placebo (n 48) VAS (n 165) Placebo (n 125)
Cell subtype Mean sSD Mean SD Difference* 95% ClI Mean SD Mean sD Difference 95% ClI
Lymphocytes 625 12.7 66-7 12.2 —4.2 -9.0,0-6 68-5 11.3 67-4 10-8 0-8 -1.4, 31
Granulocytes 29.0 119 271 114 1.9 —2.5,64 241 10-3 25.5 10-2 -14 -36, 07
Eosinophils 2.9 31 2.4 2.7 0-6 -0-6,17 30 2.5 30 3-3 0-0 —-0-6,0-6
Monocytes 5.6 3:2 3-8 29 1.7 0-6, 2:9 4.4 3.7 3-8 3-4 0-6 —-01,14

* Statistically significant overall effect of VAS on leucocyte distribution for having received DTP; P=0-03. For not having received DTP, the overall effect was NS; P=0-23.
1 Test for interaction between VAS and DTP status; P=0-21. Test for three-way interaction: VAS, sex, DTP status: P = 0-94.
1 Crude estimates resulting from multiple logistic regression without adjustments. Estimates and 95 % CI for differences between treatment groups are derived using average

marginal effects.

interaction between VAS, sex and DTP (P for interaction 0-04).
We also noted that PHA-stimulated IL-5 production was
significantly affected by VAS among boys who had received
DTP: VAS recipients in this strata displayed significantly
higher IL-5 concentrations than placebo recipients (GMR
2:56, 95% CI 1-10, 599). Among boys who had received
DTP, the IL-13 response to PPD was also higher after VAS
than after placebo (GMR 2-25, 95 % CI 1-18, 4:32). On average,
DTP recipients were older than children who did not receive

DTP. However, adjusting the analyses for age had essentially
no effect on the estimates.

For cytokines where more than one-third of the samples
were below the LLD, we examined the risk of having a detect-
able cytokine response. Using this approach on the unstrati-
fied data, we observed no statistically significant effects
of VAS for any of the cytokines. When we performed the
analysis stratified by sex, we found an interaction between
VAS and sex for spontaneous IFN-y production on day 3

Table 5. Effect of vitamin A supplementation (VAS) on in vitro cytokine productiont

(Geometric means (GM) and 95 % confidence intervals)

VAS (n214) Placebo (n 247)
GM (pg/ml) 95% ClI %ND GM (pg/ml) 95% CI %ND GMR or RR 95% Cl

TNF-«

Control day 1 487 364, 653 5-2 901 711, 1142 2.0 0-54* 0-37,0-78

LPS 7507 6004, 9386 3-3 9857 8389, 11583 1.2 0-87 0-67,1-13

Control day 3 112 83, 152 15-6 149 111, 199 14.2 0-75 0-50, 1-15

PHA 871 719, 1055 2-8 848 694, 1037 37 1-11 0-86, 1-44

PPD 726 564, 935 6-7 892 696, 1142 6-0 0-89 0-64, 1-24
IL-10

Control day 1 32 24, 42 26-9 45 35, 58 20-7 0-71 0-49, 1-04

LPS 917 810, 1038 0-0 942 833, 1066 0-4 1.06 0.92, 1.22

Control day 3 12 10, 16 48.2 17 13, 22 40-3 0-87% 0-73, 1-03

PHA 120 102, 140 19 122 104, 143 21 1-09 090, 1-32

PPD 66 55, 80 5.3 73 60, 90 7-8 1.07 0-89, 1-30
IL-5

Control day 3 2 2,2 90-0 2 2,2 86-3 0-73% 0-43, 1.24

PHA 121 98, 149 2.4 99 81, 121 41 1.23 0-92, 1-64

PPD 13 11,17 26-8 12 10, 15 241 1-09 0-81, 1-46
IL-13

Control day 3 14 12,17 50-3 13 11,15 50-0 0-99% 0-82, 1-20

PHA 342 294, 399 3-3 324 284, 370 29 1.05 0-86, 1-29

PPD 63 55,74 115 51 44, 60 16-8 1.22 0-98, 1-53
IFN-vy

Control day 3 6 57 58-8 6 5,7 54.4 0-90% 0-73,1-13

PHA 138 113, 169 2.8 126 104, 154 2.5 1.12 0-85, 1-48

PPD 170 133, 219 5.3 136 106, 174 7-8 1.29 0-91, 1.83

%ND, percentage of samples under the limit of detection; GMR, geometric mean ratio; RR, relative risk; LPS, lipopolysaccharide; PHA, phytohaemagglutinin; PPD, purified pro-

tein derivative of Mycobacterium tuberculosis.
* Statistically significant findings.

1 Analysed using linear regression of log-transformed cytokine values. For stimulated responses the spontaneous cytokine production was taken into account by adjusting

for the cytokine concentration of the control.

tLinear regression not performed due to too high proportion of non-detectable samples. The estimate displayed is instead from crude Poisson regression reflecting RR of

having a detectable sample.
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Table 6. Effect of vitamin A supplementation (VAS) on cytokine production by sex and having received the diphtheria—tetanus—pertussis (DTP) vaccinet
(Geometric means and 95 % confidence intervals)

Boys Girls
No DTP prior to blood No DTP prior to blood
DTP prior to blood sampling (n 49) sampling (n 170) DTP prior to blood sampling (n 54) sampling (n 188) h P for
ree-way
Geometric Geometric Geometric Geometric interaction
mean (pg/ml) mean (pg/ml) mean (pg/ml) mean (pg/ml) between
GM —  GMR -  GMR —  GMR VAS, sex

VAS Placebo orRR 95% Cl VAS Placebo orRR 95%Cl VAS Placebo orRR 95% ClI VAS Placebo orRR 95% ClI and DTP

TNF-a =
Control Day 1 361 1375 0-26* 0-08,0-81 728 777 0-94 0-53,167 555 766 072 019,272 361 976 0-37* 0-21,0-67 0-03* g
LPS 5395 14932 045 0.16,1.30 7996 10656 076 048,119 8027 10857 079 048,129 7652 8090 117 0.78,1.77 0-93 E
Control Day 3 88 163 054 014,217 135 136 099 0-49,2.02 151 105 1.44  0-42, 4.93 93 172 054 0-28,1.04 0-12 >
PHA 1017 635 1.86 071,487 951 732 1.30 0-85,2:00 915 837 098 0.52,1.86 761 1040 0-87 059, 1-29 0-77 -
PPD 517 694 073 020,262 764 932 0-84 0-48,1-46 895 725 099 0-49, 2.02 709 955 091 0-55,1.52 0-90 g
IL-10 3
Control Day 1 23 54 042 014,133 34 35 099 052,189 53 39 1.36  0-43, 4-36 28 56 0-49* 0-27,0-87 0-04* <
LPS 735 936 096 069,134 1005 914 1.09 085,138 841 663 114 072, 1-81 933 1056 1.06 0-84,1-33 0-58 ¢
Control Day 3t 652 333 0-52* 0-28,0.98 478 466 098 072,132 393 455 111 068, 1-82 469 348 0-81 0-63,1.05 0-04* )
PHA 66 63 126 067,237 134 113 119 084,168 94 124 077 0-42,1-43 141 151 114  0-89, 1-46 0-37 5
PPD 29 47 0-88 046,166 81 67 124 093,166 59 51 110  0-59, 2:06 73 97 1.05  0-79, 1-40 0-34 z
IL-5 =3
Control Day 3t 957 834 026 003,221 91.0 830 053 021,129 927 955 1.57 0.15,16.61 864  88.0 114 052, 2.48 055 i‘
PHA 194 76 2.56 110,599 122 97 129 076,220 96 112 085 0-39,1-82 114 105 1.07 0-68, 1-67 0-19 ‘g
PPD 20 17 1.34 052,346 14 11 1.30 078,216 333 333 1.02 069, 1-52 12 13 0-88 0-56, 1-38 0-90 =
IL-13 =
Control Day 3t 520 458 0-88 050,156 478  51-1 1.07 078,146 571 36-4 067 0-39,1-15 494 533 1.08  0-80, 1-47 0-53 &
PHA 440 250 178 097,327 306 328 093 065,133 345 373 096 0-56, 1-63 350 329 1.05 0.76, 1-45 0-13
PPD 105 46 2.25* 1.18,4.32 63 51 122 085,174 58 47 1.34 071,253 58 54 1.06 0.73,1.54 0-46
IFN-y
Control Day 3t 652 625 092 043,2:.00 493 580 121 086,170 679 500 064 0.32,1.27 617  50-0 0-77 0-54,1.08 0-88
PHA 245 176 140 051,381 118 118 098 061,158 132 103 114 055, 2:37 136 131 114  0.75,1.73 0-82
PPD 333 195 170 041,709 163 124 129 071,232 185 139 1.32 056, 3-14 143 135 118  0-69, 2:01 0-94

GMR, geometric mean ratio; RR, relative risk; LPS, lipopolysaccharide; PHA, phytohaemagglutinin; PPD, purified protein derivative of Mycobacterium tuberculosis; %ND, percentage of samples under the limit of detection.

* Statistically significant findings.

1 Analysed using linear regression of log-transformed cytokine values. For stimulated responses the spontaneous cytokine production was taken into account by adjusting for the cytokine concentration of the control.

fLinear regression not performed due to too high proportion of non-detectable samples. %ND displayed instead of geometric mean and the estimate displayed is instead from crude Poisson regression reflecting relative risk of
having a detectable sample.
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Fig. 1. Unstimulated TNF-a and IL-10 production (geometric means and 95% confidence intervals) for vitamin A supplementation (VAS) and placebo stratified by
sex and diphtheria—tetanus—pertussis (DTP) vaccination status. (a) TNF-a-control day 1. P for three-way interaction between sex, DTP and VAS: 0-03. (b) IL-10-
control day 1. P for three-way interaction between sex, DTP and VAS: 0-04. (c) IL-10-control day 3. P for three-way interaction between sex, DTP and VAS: 0-04.
* Mean value was significantly different from that of the placebo group (P < 0-05). 00, VAS; B, placebo; w, with; w/o, without.

(P for interaction 0-05). Among girls, few VAS recipients
had detectable responses compared with placebo recipients
(relative risk 0-73, 95% CI 0-54, 0-99), whereas the opposite
tendency was seen among boys (relative risk 1-13, 95% CI
0-83, 1:55). The effect of VAS was the same irrespective
of DTP status (data not shown). However, stratified by sex
and DTP, there was a significant three-way interaction on
the risk of having a detectable concentration of spontaneous
IL-10 production on day 3 (P for interaction 0-04; Table 06).
Among DTP-vaccinated boys, few VAS recipients had detect-
able concentrations recipients.
Among girls not receiving DTP, we noted the opposite ten-

compared with placebo

dency. There was no apparent effect of VAS among boys
who did not receive DTP and girls who had received DTP.

Effect of vitamin A status on cytokine concentrations

Using the categories sufficient, borderline deficient and deficient
for vitamin A status in Spearman’s rank analysis, we found that

vitamin A status was positively correlated with IL-5 and IL-13
production to PPD (#0-11; P=0:04 and r 0-12; P=0-03, respect-
ively) if excluding children with ongoing inflammation
(ninety-eight out of 434 excluded). For none of the other
cytokines we noted any correlations (data not shown).

Discussion

We investigated the effect of VAS at birth on the immune
system 6 weeks later through differential leucocyte counts
and an evaluation of the in vitro response to a panel of anti-
gens/mitogens using a whole-blood culture protocol. Children
receiving VAS had higher levels of monocytes in the peripheral
blood but lower spontaneous production of TNF-a. None of
the stimulants showed differences between the VAS and pla-
cebo groups. However, stratified post hoc analyses revealed
that the effect of VAS on some cytokine concentrations may
have differed by sex and depending on whether the child
had received DTP or not at the time of blood sampling.

ssa.d Ansseniun abpriquied Aq auljuo paysiignd ¥0€100Z LSt L LL000S/ZL0L 0L/Bio 10p//:sdny


https://doi.org/10.1017/S0007114512001304

o

British Journal of Nutrition

Vitamin A: leucocyte counts and cytokines 475

Limitations of the present study are inherent in its
explorative nature: many analyses were carried out and the
risk of chance findings is high. Hence, the results should
be interpreted with great caution and mainly as hypothesis
generating. The absence of a pre-intervention measurement
in the present study means that inherent differences between
treatment groups could influence the results. However, since
the present study was nested in a randomised trial, these
potential confounders are likely to be distributed evenly
between treatment groups.

With this in mind, one interpretation of lower spontaneous
TNF-a production after VAS could be that VAS recipients
had few infections or that infections were less severe due to
an improvement in immune function. For placebo recipients,
infections could thus translate to a higher spontaneous pro-
duction of pro-inflammatory TNF-a due to a lowered
threshold to external stimuli per se or an activated state of
macrophages/monocytes. However, lower TNF-a concen-
tration among the VAS recipients persisted even after adjusting
for CRP and being ill. This could suggest that the present find-
ing does not reflect differences in healthy state at blood
sampling between the two groups, but corresponds to differ-
ences at the steady state of a resting immune system. We
speculate that these differences may not be evident when
observing the stimulated immune response. In one study uti-
lising human cord blood peripheral mononuclear cells as
well as a monocyte/macrophage cell line, it was found that
in vitro treatment of the cells with the bioactive vitamin A
metabolite all-trans-retinoic acid (atRA) resulted in increased
IL-10 and decreased TNF-a production after stimulation®.
Another study assessed peritoneal macrophage function in
rats and showed a dose-dependent decrease in LPS-stimulated
TNF-a production with in vitro atRA treatment'”. To our
knowledge, the present study is the first to show an effect
of vitamin A on baseline TNF-a production in human subjects.
We find it noteworthy that VAS may induce differences despite
no apparent effect on vitamin A status. We interpret this as
indicative that VAS can have immunomodulatory effects irre-
spective of pre-existing vitamin A deficiency in parallel with
murine experiments showing an impact on the antibody
response after oral atRA“®,

It is a popular, although dispute , point of view that
vitamin A and related metabolites hold anti-inflammatory
potential especially decreasing Thl responses, thus skewing
the immune response in a Th2 direction®”. VAS may have
reduced Th1 skewing in girls, as witnessed by the significantly
reduced proportion of girls with detectable spontaneous IFN-y
levels. There was no effect of VAS on Th2 skewing overall.
However, in the stratified analyses, VAS was associated with
a higher IL-5 response to PHA and IL-13 to PPD among
boys receiving DTP, consistent with a Th2 skewing. Thus,
although our study does not confirm a generalised Th2-skew-
ing effect of VAS, it is noteworthy that the results of the sub-
group analyses are consistent with previous reports, at least
for boys receiving DTP.

We observed that VAS recipients had a higher fraction of
monocytes. As monocytes are considered to be the main pro-
ducers of TNF-a®?| it is interesting to note the apparently

d(l‘)*Zl)

contradictive observations that VAS was associated with a
larger monocyte fraction but lower TNF-a production. One
could speculate that the individual monocyte is producing
less TNF-a at the steady-state level. However, we do not
have an absolute leucocyte count, and cannot exclude that
VAS recipients had less circulating leucocytes and thereby a
lower absolute number of monocytes. Monocytes are, how-
ever, not the sole TNF-a producers, and quantitative and/or
qualitative differences of other cell types such as T lympho-
cytes could also be the source of decreased TNF-a production
after VAS. Very few have studied the effect of VAS on leucocyte
counts but one animal study has reported increases in total
leucocyte numbers in response to an intensive regimen invol-
ving daily injections of atRA, for 5 d®?. A study of the effect of
VAS as a treatment in measles infection in children reported an
increase in total lymphocyte numbers in vitamin A-treated
children but no data on the total leucocyte number were pro-
vided®”. Ueki ef al.®® have reported that retinoic acids at
physiological concentrations can inhibit eosinophil apoptosis
in vitro and although the study was concerned with immedi-
ate effects of retinoic acid, it might lead one to expect that
eosinophil counts would display a difference between
groups in the present study. We did not observe any positive
association between VAS and eosinophil proportion, but this
does not exclude that the absolute number of eosinophils
might have been higher in VAS recipients.

A previous publication from our group including, in part,
the same participants as the present study investigated the
effect of VAS on the immune response to the BCG vaccine™”
and found that VAS was associated with a significantly
increased net IFN-y response to PPD. This tendency was
seen in the present study, but it did not reach statistical
significance.

A recent publication showed an inverse correlation between
whole-body vitamin A stores and LPS-induced IL-10 pro-
duction in a whole-blood set-up very similar to the present
study, although addressing adult immune function®”. We
tested that observation in our data but did not find any corre-
lation between IL-10 production and vitamin A status assessed
by serum RBP concentrations.

The present study was nested in a randomised controlled
trial, which has reported that the effect of VAS at birth was
modified by sex and receiving DTP. Prompted by these results,
we conducted a stratified analysis in the present dataset. With
regard to the differential leucocyte counts, we observed that
the positive association between VAS and monocyte pro-
portion was particularly evident for girls and for children
who had received DTP. The in vitro cytokine production
showed a differential effect of VAS by sex and DTP status on
spontaneous TNF-a production and IL-10 production on day 1
and spontaneous IL-10 production on day 3. As illustrated in
Fig. 1, in all three instances, receiving VAS was associated
with lower cytokine production for boys who had received
DTP and girls who had not received DTP. In contrast, there
was no effect of VAS among boys not receiving DTP and
among girls receiving DTP.

Can these results be interpreted in light of the observed
mortality pattern with an increase in mortality among female
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VAS recipients after DTP and no apparent effect among boys?
The present in vitro findings corroborate that health inter-
ventions do not necessarily affect boys and girls similarly.
We speculate that the reason might be underlying differences
in the immune system between the two sexes. In parallel, one
may speculate that sex-differential responses to the same
infectious insult can occur. A recent study seems to support
this line of thought, reporting that inflammatory markers,
CRP, lymphocyte and neutrophil counts were different for hos-
pitalised boys and girls, overall and when stratified according
to the reason for hospitalisation®®. The putative existence of
sex-differential immune responses means that we should use
even more caution than usual, when translating 7 vitro find-
ings into real-life situations.

In summary, we found that children receiving VAS at
birth had a higher proportion of monocytes. In line with
other studies, which have observed that vitamin A has anti-
inflammatory capacities, VAS at birth decreased spontaneous
TNF-a production in a whole-blood culture set-up. The pre-
sent results indicate that VAS at birth affects the resting state
of the immune system measured 6 weeks later and that the
extent of this basic immune modulation could be dependent
on other factors such as sex and DTP status. The results
seem to substantiate the potential role of VAS as an immuno-
modulatory intervention in addition to its role in relieving
vitamin A deficiency. An elucidation of the underlying mech-
anisms of the effects of VAS holds great potential for further
improving the chance that more children in low-income
countries will be getting their vitamin A in the right dose at
the right time.
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