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Abstract

Vitamin A supplementation for infants and young children is recommended by WHO/UNICEF for
countries with a high prevalence of vitamin A deficiency, and vitamin A is often administered at
immunization contacts. Using a rat model, we tested whether supplementation with vitamin A or
other retinoids at the time of neonatal immunization has prospective benefit in terms of preventing
postweaning vitamin A deficiency and promoting antibody responses to T-cell dependent (TD)
antigens administered at the neonatal stage and at the young adult stage. Rats were treated orally
on postnatal d 6-8 with oil (placebo control), vitamin A, retinoic acid, or a combination of both
(VARA) (n=12/group), and immunized with tetanus toxoid (TT) on d 7. The primary anti-TT
response was measured on d 21, after which weanling rats were fed the vitamin A-deficient diet
until ~ 10 wk. At 8 wk, rats were immunized again with TT to determine the recall response, and
with a novel TD antigen, keyhole limpet hemocyanin (KLH), to assess the adult primary response.
None of the supplements affected the plasma titer of anti-TT immunoglobulinG (IgG) ond 21 (P=
0.25). However, neonatal-age supplementation with vitamin A or VARA at the young adult stage
resulted in: >5 times higher anti-TT 1gG recall response (P< 0.01); 5- and 9-times higher anti-
KLH primary IgM and 1gG responses, respectively (P < 0.05), and plasma retinol in the normal
range (~1.0 pmol/L vs. ~0.35 umol/L in retinoic acid-treated and control groups, £< 0.0001). We
conclude that early-life supplementation with vitamin A or VARA can prospectively benefit the
primary and recall antibody responses to TD antigens administered at the young adult stage, which
may involve the maintenance of normal plasma retinol levels.

Introduction

Vitamin A (retinol) and its active metabolites are essential for normal innate immunity and
the development of humoral immune responses to vaccines and pathogens (1,2). Vitamin A
is an important, cost-effective micronutrient for improving health and survival in a
population <5 y of age (3). Randomized clinical trials have shown that vitamin A
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supplementation administered to children and infants at risk of vitamin A deficiency reduces
young-child mortality by 22-30% (4-6). Vitamin A is also effective in reducing morbidity
due to measles (7). These effects of vitamin A are thought to be attributable to its ability to
enhance immune responses, which thereby leads to reduced severity of infectious diseases
and an increased likelihood of survival (1,8,9). As a result of the demonstrated protective
effect of vitamin A, children in countries where vitamin A deficiency is most prevalent are
receiving supplements of vitamin A along with immunization against poliovirus,
tuberculosis, measles, diphtheria, pertussis, and tetanus, based on policies established by
WHO/UNICEF (10,11). Whereas the primary goal of vitamin A supplementation is to
prevent vitamin A deficiency (5), there is also interest in whether vitamin A affects the
outcome of vaccine-induced immune responses (11). Several animal studies showed that
giving vitamin A or its active metabolite, retinoic acid (RA),5 along with vaccination, often
increases the humoral immune response (2). However, studies of the antibody response of
young children who have received vitamin A at the time of vaccination have been
inconsistent, and most studies have failed to demonstrate an impact on morbidity (12) or
increased antibody production following primary immunization [see (2,9) for reviews]. It
has been suggested that in a number of these studies the sample size was too small, and/or
the vitamin A status of the children may have been adequate even without vitamin A
supplementation (2).

Regardless of whether neonatal vitamin A supplementation promotes the initial antibody
response following primary immunization, this treatment may still be advantageous if it
delays the onset of vitamin A deficiency and thereby improves the secondary, or recall,
response elicited by subsequent immunization with the same antigen or exposure to the
pathogen targeted by the vaccine. Based on this reasoning, we designed the present
immunization studies using a neonatal rat model to test 2 main hypotheses. First, we
hypothesized that vitamin A supplementation given to neonates concurrent with
immunization, whether or not it enhances the neonatal primary antibody response, will
increase the recall response at a young adult age. This hypothesis is relevant to human
vaccination because an effective recall response is crucial for boosting vaccine-induced
antibodies that are crucial for neutralizing the cognate pathogen during episodes of infection.
We used tetanus toxoid (TT) as the antigen because it is Z) a thymus-dependent (TD)
antigen requiring the involvement of T-helper (Th) cells; 2) widely used as a recall antigen
for assessing immunocompetence in humans; 3) capable of priming neonatal-aged rats (13)
and mice (14) for a secondary antibody response; and 4) highly relevant clinically. A recent
survey in 193 countries estimated that infection with Clostridium tetaniis still one of the
major causes of neonatal death (15). Second, we tested the related hypothesis that vitamin A
supplementation during the neonatal period will benefit the primary immunization response
to a novel TD antigen administered to young adult rats. It is possible that providing vitamin
A to neonates, if it prevents vitamin A deficiency, might enhance immune responses at a
later age. This hypothesis is relevant for determining whether improving the vitamin A
status of neonates is beneficial with respect to enhancing immunity to new vaccines or
pathogens encountered later in childhood. To our knowledge, this situation has not yet been
evaluated in human clinical studies of vitamin A supplementation. In the present study, we
treated neonates with vitamin A (all-frans-retinyl palmitate) alone and with RA alone. Each
of these forms of vitamin A has been shown to increase TD antibody responses in mouse
and rat models. We also treated a group of neonates with the combination of vitamin A and
RA [VARA (16)]. This combination has been shown to increase vitamin A storage in the
lungs of neonatal rats and mice (16-18), but its immunological effects are not known.

S Abbreviations used: 1gG, immunoglobulin G; IgM, immunoglobulin M; KLH, keyhole limpet hemocyanin; RA, retinoic acid; TD, T-
cell dependent; TT, tetanus toxoid; VARA, vitamin A combined with RA, 10:1 mol:mol.
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Materials and Methods

Animals and diets

The animal protocols were approved by the Institutional Animal Care and Use Committee of
The Pennsylvania State University. Sprague-Dawley rat dams (virus antibody-free) were
either purchased from Charles River Breeding Laboratory as lactating rats with 12-14
female pups, or they were mated with males of the same strain in our animal facility. All rats
were housed in a rodent facility at 22°C with a 12-h light-dark cycle and given free access to
food and drinking water. Dams were fed AIN-93G diet (19) modified to lack vitamin A (20).
This protocol reduces transfer of vitamin A in milk to the nursling pups (21); however,
neither the dams nor pups were vitamin A-deficient at this stage. After weaning (see below),
rats were fed either vitamin A-deficient diet (Expt. 1 and 2) or the same diet containing 4 g
of retinol, in the form of retinyl palmitate, per gram of diet (Research Diets) to maintain
adequate vitamin A status during growth.

Experimental design, immunization, and blood collection

Rat pups within litters were randomly assigned to 4 different supplementation groups:
control (vehicle only), vitamin A, RA, and VARA (Fig. 1). The preparation of the doses was
previously described (16). Neonates were treated with either canola oil (placebo control, n=
15), vitamin A (50 nmol of retinyl palmitate per mL oil, 7= 14), all-frans-RA (5 nmol/mL
oil, n=12), and an exact combination, VARA containing retinyl palmitate and RA in a 10:1
ratio [(16), 7= 20]. The dose of vitamin A only and the amount of vitamin A in VARA
represent, on a per-kg basis (16), an amount of retinol similar to the dose of 15mgof retinol
(25,0001U) recommended for infants (11,22) and scaled to body weight (16). The dose of
RA given alone and the amount of RA present in VARA were equal, and both were based
on a dose of 500 pg RA/kg that, when previously injected i.p. to 4-14 d—old neonatal rats,
improved lung septation (23). Because RA and VARA were administered orally, the amount
of RA was increased 25% (16). The doses were all given on a weight-adjusted basis by
weighing each pup daily and delivering 0.4 pL of the dose preparation per gram of body
weight directly into the mouth using a small micropipette. Each neonate received its
assigned dose 3 times, on d 6, d 7 (the day of primary immunization with TT), and d 8 (Fig.
1).

The main study comprised the pooled results of 2 separately conducted experiments (7= 61
rats), all of which were fed vitamin A-deficient diet after weaning. Each of the 2
experiments included all 4 neonatal supplementation groups described above and were of
similar design except that rats in Expt. 1 were injected i.p. with TT (lot 297; Connaught
Laboratories), 10 pg in 300 pL of sterile saline on d 7 for primary immunization, and again
with TT (100 pg in 1 mL sterile saline at 8 wk) for secondary immunization; whereas rats in
Expt. 2 (Fig. 1) were immunized with TT (10 pg on d 7) for primary immunization, again
with TT (100 pg at 8 wk) for secondary immunization, and with keyhole limpet hemocyanin
(KLH) [150 pg (24) at 8 wk] for primary adult-age immunization.® As an additional control
to Expt. 1, a parallel experiment was conducted with 24 rats administered neonatal
treatments exactly as in Expt. 1 (n= 6/group), but were fed vitamin A-adequate diet in the
postweaning period (beginning at age 21 d); these rats were reimmunized with TT as 8-wk-
old young adults.

To assess the primary anti-TT response, ~0.2 mL of heparinized blood was collected from
the retro-orbital sinus of rats sedated by isofluraneoxygen inhalation or from the tail vein.

6The solution for the secondary immunization with TT and primary immunization with KLH also contained 15 pg of pneumococcal
polysaccharide type 111 (42), to be reported on separately.
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Seven to 10 d after the second immunization with TT, rats were killed by carbon dioxide
inhalation and heparinized blood was collected from the vena cava. The separated plasma
was stored at —20°C prior to assay for anti-TT and anti-KLH antibodies.

Plasma anti-TT and anti-KLH antibody determinations

Anti-TT immunoglobulin G (IgG) and anti-KLH immunoglobulin M (IgM) and 1gG
responses were quantified by ELISA, as previously described for TT (25,26), and slightly
modified for KLH (24). Briefly, wells of polystyrene plates (Immulon 4HBX 96-well flat
bottom plates, Thermo Electron) were coated with 100 pL of TT [10 mg/L in 0.15 mol/L
Tris-HCI buffer (TB buffer), pH 7.6] or KLH (10 pg/mL in NaHCO3 buffer, pH 9.5). After
overnight incubation, the plates were washed and incubated for 1 h with blocking solution
[1% bovine serum albumin (BSA) in 0.15 mol/L TB buffer for TT-coated plates, or 1% BSA
in saline for KLH-coated plates]. After blocking, 100 pL of six 2-fold serial dilutions of rat
plasma samples were added to the wells and incubated at 4°C overnight. The plate was
washed and then incubated with 100 pL of appropriately diluted horseradish peroxidase-
conjugated sheep anti-rat 19G (Binding Site), or goat anti-rat IgM (Southern Biotech) at
room temperature for 1 h after washing 3 times, 100 pL of 3,3',5,5'-tetramethylbenzidine
substrate (BD Biosciences) was added to each well for color development, and subsequently
50 pL of 1 mol/LH3PO4 was added to stop the reaction. Absorbance was read at 450 and
570 nm on a dual channel microplate reader. As an internal control, each plate contained a
serially diluted standard plasma sample obtained from vitamin A-adequate adult rats on 10 d
after the secondary immunization with either 100 pg TT or 150 pg of KLH. The titers of
anti-TT 1gG, anti-KLH IgM, and anti-KLH IgG were calculated by comparing the
measurements in a linear dose-response range to the serially diluted pooled serum run as a
standard on each plate. One unit was defined as the dilution fold that produced 50% of the
maximal optical density for the standard sample.

Plasma retinol analysis

Plasma total retinol concentrations were quantified after saponification using reverse-phase
HPLC with UV detection, as previously described (27).

Statistical analysis

Results

Data are expressed as means + SEM. When variances among groups were unequal, the
antibody titer values were transformed logarithmically (logyg) to obtain a normal
distribution. Differences among the 4 supplementation groups of rats fed vitamin A-
deficient diet (Expt. 1 and 2 combined), and similarly for the study of vitamin A—adequate
rats, were determined by 2-way ANOVA with vitamin A and RA as factors. Group means
were compared by 1-way ANOVA and Least Significant Difference test. Linear regression
was used to test associations. Statistical analyses were performed using the statistical
program SuperAnova (Abacus Software). Significant difference was determined at A< 0.05.

Neonatal supplementation did not affect early-life growth

Neonatal supplementation with oil, vitamin A, RA, and VARA was well tolerated. Body
weights, which were measured every week throughout the study, did not differ among the 4
groups before or after they were fed vitamin A-deficient diet (P> 0.1).

J Nutr. Author manuscript; available in PMC 2013 November 29.
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Neonatal supplementation did not increase the primary anti-tetanus IgG response

The primary anti-TT IgG response was measured 14 d after priming and did not differ (P=
0.25), although the mean responses of vitamin A, RA, and VARA-supplemented pups were
all higher than that of the control group (Fig. 2A4).

Neonatal supplementation with vitamin A and VARA increased the anti-tetanus IgG recall
response in vitamin A-deficient young adult rats

Vitamin A-deficient young adult rats that received vitamin A or VARA as neonates
produced a secondary anti-TT 1gG response that was 5.6-times and 5.3-times higher,
respectively, compared with the control group (P < 0.01; Fig. 25). Neonatal
supplementation with RA resulted in an intermediate response [~ > 0.05 compared with
control, vitamin A, and VARA groups (Fig. 2B8)]. To estimate the booster effect of
reimmunization, the ratio of the secondary anti-TT IgG to primary anti-TT IgG was
calculated for each supplementation group (Fig. 2C). The ratio was higher for the vitamin A
and VARA groups compared with the control group (both £< 0.01). For all rats, the primary
and secondary IgG anti-TT titers were correlated (= 0.70, A< 0.0001; Fig. 2D).

Neonatal supplementation with VA or VARA increased primary anti-KLH response in
vitamin A-deficient young adult rats

The primary anti-KLH IgM titers of rats that had been supplemented as neonates with
vitamin A or VARA were 8- and 9-times higher, respectively, compared with the control
group (Fig. 34, P<0.05), whereas anti-KLH 1gG was 8- and 5-times higher, respectively
(data not shown). Neonatal supplementation with RA did not affect the primary anti-KLH
response in vitamin A-deficient young adult rats. The primary anti-KLH IgM and anti-KLH
IgG titers were correlated (r=0.88, < 0.001, not shown). Although TT and KLH are
independently immunogenic antigens, the correlation between the primary anti- KLH 1gG
response and the secondary anti-TT IgG, measured at the same time, was significant (Fig.
3B, r=0.56, P<0.01). However, the primary anti-KLH 1gG response at young adult age
was not correlated with the primary anti-TT IgG response of the same rats at neonatal age (-
=0.35, P> 0.1, not shown).

Neonatal supplementation with vitamin A and VARA maintained plasma retinol levels in
young adult rats fed vitamin A-deficient diet

When rats were supplemented as neonates with either vitamin A or VARA, their plasma
retinol concentration remained at ~1 umol/L even though they had consumed vitamin A-
deficient diet from weaning to 10 wk of age (Fig. 44, £< 0.0001 vs. control group).
Retinoic acid-treated rats had the same low plasma retinol (~0.35 umol/L) as control-treated
vitamin A-deficient rats. The adult age primary anti-KLH IgM titer (log10) was associated
with plasma retinol concentration (r=0.51, £< 0.01, Fig. 458), as were the primary anti-
KLH IgG (r=0.56, £<0.01) and secondary anti-TT 1gG titers (r=0.31, A< 0.05) (data not
shown).

Neonatal vitamin A supplementation did not affect the antibody response in rats fed
vitamin A-adequate diet after weaning

In parallel with our study of rats fed vitamin A-deficient diet in the postweaning period,
additional rats were treated, as neonates, in the same manner with oil, vitamin A, RA, or
VARA, with neonatal immunization with TT, but were fed vitamin A-adequate diet from
weaning to young adult age (10 wk). Under these dietary conditions, neonatal
supplementation did not affect the primary or the secondary anti-TT IgG titers (Table 1), and
all groups had mean plasma retinol concentrations >1 umol/L.

J Nutr. Author manuscript; available in PMC 2013 November 29.
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Discussion

The effect of oral vitamin A supplementation on immune responses in children with mild
vitamin A deficiency was previously investigated in a randomized, placebo-controlled
clinical study in which two hundred thirty-six 3 to 6-y—old Indonesian children with or
without mild xerophthalmia received 60 mg of retinol (as retinyl palmitate) or a placebo 2
wk before diphtheria-pertussis-tetanus (DPT) immunization (28). Whereas anti-TT IgG
titers were higher in the vitamin A-supplemented group than the control group, they did not
differ in children with pre-existing ocular signs of vitamin A deficiency when compared
with children with normal eyes. However, in a small study of 50 Indian children 1 to 6 y of
age, the administration of 100,000 U or 200,000 1U of vitamin A, together with diphtheria
and tetanus immunization, did not elicit a significant difference in antibody response to
either toxoid after 4 wk, whereas the antibody response to diphtheria was reported to be
higher in vitamin A-supplemented children than in control children (29). A small clinical
trial of DPT immunization conducted in vitamin A-supplemented 6-17 wk—old infants in
Bangladesh did not find a difference for the antibody response against tetanus and pertussis
immunization, but it did find that the diphtheria antibody level was higher in the vitamin A-
supplemented group than the placebo group (30). Other studies conducted in vaccination
trials against polio virus, measles virus, and DPT vaccines also generally showed no
significant difference, although trends favored a positive effect of vitamin A [reviewed in
(2,9)].A lack of an effect of vitamin A in several of these human clinical trials may possibly
be related to the small sample size of the studies, lack of demonstrated vitamin A deficiency
in the children who were studied, or other factors (2).

In contrast, animal studies have provided a relatively consistent picture, generally showing
that impaired antibody responses to several TD antigens in the vitamin A-deficient
population were reversed by supplementation with vitamin A or RA, a metabolite that is
known to widely promote cellular differentiation and to act as a regulator of many
physiological processes (31). Moreover, oral supplementation with vitamin A or RA
augmented antigen-specific antibody responses in normal, vitamin A-adequate rats, or mice
(26,32,33). However, little is known about the effect of combined supplementation of
vitamin A and RA on the immune response to vaccination.

Previous studies showed that vitamin A supplementation given concurrently with TT
immunization in neonatal rats did not stimulate the primary anti-TT 1gG response, although
the rats were clearly primed by TT as manifested by a heightened antibody response to
reimmunization at 40 d of age, compared with the primary response of 40-d—old naive rats
(13). However, when young rats were raised on vitamin A-deficient diet and immunized
with TT for the first time on d 40 or later, the primary anti-TT response was significantly
lower than that in vitamin A-adequate rats (34—36). The recall response measured at ~d 60
was also impaired, unless the rats were repleted with vitamin A beforehand, which rescued
their ability to produce a recall response (35). These results showed that: 7) neonatal rats are
responsive to TT, although their antibody titers are lower than in adults; 2) an adequate level
of vitamin A is necessary to maintain a normal response to TT at young adult age; and 3)
vitamin A supplementation can readily restore a normal response to TT in previously
vitamin A-deficient young adult rats. But to date, and to our knowledge, no study has
examined the effect of vitamin A supplementation at the neonatal age, concurrent with
immunization, on the memory response to a TD antigen or on the primary antibody response
to a novel TD antigen administered at young adult age. In the current study, we tested
whether vitamin A or VARA administered to neonates at the time of TT immunization
would prevent vitamin A deficiency and enhance the secondary response at the young adult
age (~8 wk). We also tested their primary response to a novel TD antigen, KLH, first
encountered at young adult age.

J Nutr. Author manuscript; available in PMC 2013 November 29.
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In the current study, the primary anti-TT IgG response in rat pups was detectable; however,
it was not significantly affected by the coadministration of vitamin A, RA, or VARA with
TT immunization. This result is consistent with the majority of human clinical studies in
which a benefit of vitamin A on antibody response was not observed following initial
immunization. Previous studies have reported that the plasma retinol level of 7 to 8-d—old
rats nursed by dams fed vitamin A-adequate diet, or dams switched after parturition to
vitamin A-deficient diet, was >1 pumol/L, which is in the vitamin A-adequate range (17,37)
and similar to the retinol concentrations for vitamin A-adequate rats in the present study
(Table 1). Thus, the vitamin A status of the neonates at the time of primary immunization
can be considered adequate. This may explain why we did not observe a significant effect of
vitamin A supplementation on the primary anti-TT response. Retinoic acid alone also did
not significantly increase the primary anti-TT 1gG response in neonatal rats. Previously we
reported that oral treatment with RA augmented the primary anti-TT response of neonatal
mice (14); however, the amount of RA per g body wt - d1 in mice was ~4 times higher and
the treatment was continued for 6 d, compared with the 3-d treatment used in the present
study in neonatal rats.

Nevertheless, when we assessed the memory response in young adult rats fed a vitamin A-
deficient diet after weaning, it was significantly increased in the groups treated with vitamin
A or VARA as neonates. Because RA alone did not affect the recall response, and vitamin A
alone did not differ from VARA, it can be concluded that neonatally administered retinol
(vitamin A) supplementation, but not RA supplementation, is responsible for the improved
secondary antibody response of rats fed a vitamin A-deficient diet. Retinol can be stored as
retinyl esters for later mobilization, in contrast to RA for which the half-life is only minutes
to hours (38). Therefore, it is likely that the provision of retinol and the storage of retinyl
esters for gradual mobilization of retinol and production of RA in vivo maintained the
plasma and tissue vitamin A concentrations of the growing rats at a level sufficient for them
to mount a strong immune response. We also observed that the booster effect of
reimmunization with TT, evaluated by the ratio of the plasma titers of secondary anti-TT
IgG to primary anti-TT 1gG, was 3—4 times higher for the vitamin A and VARA groups than
for the control group. Two explanations are possible: first, it may be that the value for the
control group is low due to the development of vitamin A deficiency; or, second, it may be
that vitamin A and VARA, given neonatally, promoted a secondary anti-TT 1gG response at
the young adult stage. We favor the first explanation, due to the observations that plasma
retinol was low in the control group fed vitamin A-deficient diet (Fig. 4A), and this
condition was shown in previous studies to result in a low primary anti-tetanus response
(34-36). In contrast, the plasma retinol concentrations of young adult rats supplemented
with vitamin A or VARA (Fig. 4A) were similar to that of neonatal rats (37) and of young
adult rats fed vitamin A-adequate diet after weaning (Table 1). Moreover, the secondary
anti-TT 1gG response at young adult age was significantly correlated with plasma retinol
concentration determined at this age. Overall, the results show that supplementing neonates
with vitamin A or VARA can provide insurance against postweaning vitamin A deficiency.
However, a benefit may not be detectable by measuring the neonatal-age primary antibody
response. It nonetheless may be detectable later, at young adult age in the present studies, in
terms of a stronger memory response to reimmunization and in the maintenance of a normal
plasma retinol concentration, which is expected to benefit many, if not all, physiological
systems.

The prospective benefit of neonatal supplementation with vitamin A or VARA was also
evident at the young adult age in terms of the primary antibody response to the novel TD
antigen, KLH. Both KLH and TT are protein antigens and therefore share a similar
requirement for processing by antigen-presenting cells, activation of receptor-specific T
helper cells, T-cell proliferation, and cytokine production. Previous studies in vitamin A-

J Nutr. Author manuscript; available in PMC 2013 November 29.
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deficient children have shown T-cell abnormalities (39). Appropriate T-helper cell function
is required for antigen-specific B-cell proliferation and plasma cell differentiation (40),
which secrete IgM as well as other classes of 1g, predominantly 1gG, in the case of TT and
KLH. Immunization with KLH allowed us to investigate the immune function of vitamin A-
deficient young adult rats and to determine whether neonatal supplementation could affect
the antibody response to a novel antigen given a substantial period of time after neonatal
supplementation. Young adult rats receiving vitamin A or VARA as neonates generated
stronger primary anti-KLH 1gM and 1gG responses (Fig. 3), although their primary anti-TT
response in the neonatal period did not differ significantly from that of control rats. A
significant correlation between the primary anti-KLH 1gG and the secondary anti-TT 1gG,
and between the primary antibody response to KLH and plasma retinol (Fig. 45), further
confirmed the positive effect of vitamin A or VARA supplementation at the neonatal stage
on the antibody response later in life. These results support and strengthen the conclusion
that a main benefit of neonatal vitamin A supplementation may occur prospectively,
becoming manifest as an improvement in vitamin A status under conditions of a diet low in
vitamin A and as a stronger immune response to later immunizations. Although caution
needs to be taken in extrapolating the results of any animal study to humans, if a similar
prospective benefit is produced by supplementing infants with vitamin A, then it may
improve their recall response to antigens to which the child was previously vaccinated (as
for TT in our model) or improve the primary response to a new antigen (as for KLH in our
model) or to pathogens, a condition we did not test. Nonetheless, the effect of vitamin A in
reducing mortality was observed mostly in the first 2 mo of life and in infants of low birth
weight (41), and thus vitamin A also may have other beneficial effects early in life, whereas
our study revealed a later benefit on antibody production in young adult-age rats. Our results
may also suggest that prospective clinical studies of vitamin A supplementation with
immunization, such as is promoted by the WHO/UNICEF Expanded Program on
Immunization (10), could help to reveal whether vitamin A supplementation, given along
with immunization to young children, is beneficial in improving the recall response to
immunization or reducing mortality from infectious diseases. Such studies should ideally
include an adequate sample size and a direct assessment of vitamin A status to validate the
state of the study population and to determine, in the same subjects, whether neonatal
vitamin A supplementation is effective in preventing the onset of vitamin A deficiency.

In conclusion, the results of this study demonstrate that vitamin A supplementation given at
the neonatal stage can be an effective strategy for protecting against retinol deficiency at
young adult age, and that a benefit with respect to antibody production against both recall
and novel TD antigens may become evident prospectively, even when it is not apparent at
neonatal age.
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A_ge: 6-8 d 3 wk 8 wk

*1* Post-weaning vitamin A-deficient or adequate diet
Neonatal Ab: Ag: Ab:
_supplementation 1° anti-TT TT recall; 2° Anti-TT
(Oil, VA, RA or VARA); response primary response;
Ag: TT (d7) KLH 1° KLH
response
FIGURE 1.

Schematic of study design. VA, vitamin A, Ab, antibody; Ag, antigen; 1°, primary; 2°
secondary. Closed arrows indicate days of neonatal supplementation (d 6-8), closed
triangles indicate times of immunization, and open upward arrows indicate times of blood
collection. The dashed line indicates the duration of the experimental diet, either vitamin A-
deficient or vitamin A-adequate.
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FIGURE 2.

Neonatal supplementation with vitamin A or VARA increases the secondary antibody
response to TT in rats fed vitamin A-deficient diet after weaning. Values are means = SEM,
n=12/group (A, B, and C). Groups with superscripts with different letters differ, £< 0.01
(Band C). Primary anti-TT 1gG titer assayed 14 d after primary immunization with TT on d
7 (A). Secondary (recall) anti-TT IgG titer (B). Ratio of secondary to primary anti-TT IgG
titer (C). Correlation between the primary and secondary anti-TT IgG titer, tested for all rats,

n=+61, (D).
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Vitamin A supplementation at the neonatal age increases the young-adult—age primary
response to a novel T-cell dependent antigen, KLH, in rats fed vitamin A-deficient diet. The
KLH antibody response [anti-KLH IgM (A) and anti-KLH 1gG, not shown] was measured
10 d after primary immunization at 8 wk of age (A). Values are means + SEM, 7= 6/group.
Groups with superscripts with different letters differ, < 0.05. Correlation of the primary
anti-KLH IgG response with the secondary anti-TT 1gG, both at young adult age (B).

J Nutr. Author manuscript; available in PMC 2013 November 29.



1dussnuein Joyny vd-HIN 1duosnueln Joyny vd-HIN

1duosnuey JoyIny vd-HIN

Sankaranarayanan et al.

1.4

Plasma retinol (umol/L) >

B 36
3.4

e 32

o))

S 30

5 28

S 26

s

D 24

T 22

§ 2.0

c

< 1.8
1.6
14

FIGURE 4.

Page 14

Control VA RA VARA
[ =051, P=0.01
’ o ®
) Y
)
i o
i .: °®
-l 1 1 1 1 1 1 1 1 1 1 1 1 1 |
0 0.2 04 0.6 0.8 1.0 1.2 1.4
Plasma retinol (umol/L)

Supplementation at the neonatal age maintains plasma retinol concentration of young adult
rats fed vitamin A-deficient diet, which is correlated with the adult-stage antibody response.
Plasma retinol was measured in young adult rats ~9 wk of age (A). Values are means +
SEM, n= 12/group. Groups with superscripts with different letters differ, < 0.0001.
Correlation of primary anti-KLH IgM titer at young adult age with plasma retinol (B).
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TABLE 1

Primary and secondary antibody response to tetanus toxoid and plasma retinol concentration of rats fed
vitamin A-adequate diet?

Anti-TT 1gG titer?

Neonatal Primary  Secondary  pjasma retinol,3
treatment group  response  response pmol/L
Control 191+65 2192 +1013 11+0.1
Vitamin A 139+54 1550+ 718 11+0.1

RA 346 +168 2752 £ 1222 10+0.1
VARA 539+ 149 3809 £ 1552 11+0.1

1
Values are means + SEM, 7= 6/group.

Rats were immunized i.p. with TT on d 7 (primary response was measured 2 wk later), and reimmunized at 8 wk of age (secondary response was
measured 7 d later).

3 . .
Retinol was measured using plasma collected for the secondary response to TT.
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