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Introduction

Summary

Much of the developing world, particularly sub-Saharan Africa, has high
levels of morbidity and mortality associated with infectious diseases. The
greatest risk of invasive disease is in the young, the malnourished and
HIV-infected individuals. In many regions in Africa these vulnerable
groups and the wider general population are under constant immune
pressure from a range of environmental factors, under-nutrition and mul-
tiple concurrent infections from birth through to adulthood. Intermittent
microbial exposure during childhood is required for the generation of
naturally acquired immunity capable of protection against a range of
infectious diseases in adult life. However, in the context of a resource-
poor setting, the heavy burden of malarial, diarrhoeal and respiratory
infections in childhood may subvert or suppress immune responses rather
than protect, resulting in sub-optimal immunity. This review will explore
how poor maternal health, HIV exposure, socio-economic and seasonal
factors conspire to weaken childhood immune defences to disease and dis-
cuss the hypothesis that recurrent infections may drive immune dysregu-
lation, leading to and premature
immunological aging.

relative immune senescence
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disadvantaged and susceptible to a cycle of concurrent
infections. We will evaluate the evidence that supports

The burden of infectious diseases is greatest in countries
with scant resources where poor access to clean water,
good sanitation, hygiene and basic health care are still
widespread. Worldwide, around 10 million children die
each year, many of these deaths are in the poorest coun-
tries and most are avoidable. Apart from deaths caused
by HIV and tuberculosis (TB), infectious disease-related
mortality is greatest in the under-5s,' most commonly as
the result of malaria, diarrhoeal diseases and lower respi-
ratory tract infections (Fig. 1). Fetal and infant immunity
develops from the point of conception and is greatly
influenced by the maternal uterine environment and pas-
sive immunity, respectively.”™* This review will focus on
how poor maternal health and socio-economic circum-
stances in African settings leave children immunologically

the hypothesis that long-term immune dysregulation is
caused by the heavy burden of childhood infection.

High burden of infectious disease in children
< 5 years of age

In sub-Saharan Africa, Plasmodium falciparum, Streptococ-
cus pneumoniae and non-typhoidal Salmonella (NTS) are
among the most frequent causes of life-threatening infec-
tious disease in children < 5 years of age. Within the
region, uncomplicated P. falciparum malaria infections
can reach 260/1000 children < 5 years/year,” bacteraemia
caused by S. pneumoniae and NTS can reach 213/100 000
and 175/100 000 children < 2 years/year, respectively."™
The high prevalence of symptomatic malaria in childhood

Abbreviations: BCG, bacille Calmette—Guérin; CMV, cytomegalovirus; IFN-y, interferon-y; IL, interleukin; LBW, low birthweight;
LPS, lipopolysaccharide; NTS, non-typhoidal Salmonella; pIgR, polymeric immunoglobulin receptor; sIgA, secretory
immunoglobulin A; TB, tuberculosis; Th2, T helper type 2; TLR, Toll-like receptor; TNF, tumour necrosis factor.
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Figure 1. Regional distribution of mortality in the under-5s and causes of mortality in the under-5s in Africa, 2008 (adapted from ref. 1; neona-

tal mortality excluded).

is in part the result of the frequency of exposure.”'® Simi-
larly, the high incidence of invasive pneumococcal disease
is exacerbated by increased nasopharyngeal colonization
by S. pneumoniae, which reaches up to 50% in the first
month of life and remains high compared to industrial-
ized countries.®!" In this setting, the intensity of antigen
exposure coupled with external immune pressures may
drive microbial competition and adaptation, indeed a
novel variant of NTS has emerged as a common cause of
invasive disease in African populations.'? From the host
perspective, poor maternal health can directly influence
the programming of fetal and infant immunity leaving
children vulnerable to highly adapted pathogens. To help
to explain the high burden of childhood infections in
developing countries, even in HIV-uninfected children
who readily adhere to national childhood vaccine regi-
mens, it is important to consider the intimate relationship
between maternal health and the development of child-
hood immunity.

Impact of maternal health on childhood
immunity

Good maternal health during pregnancy is critical for
fetal growth and development. Babies born to women

with HIV, placental malaria, malnutrition or micronutri-
ent deficiencies are predisposed to low birthweight (LBW)
(weighing < 2500 g) with an altered immune phenotype
(Table 1)."*"> Maternal health is also essential for new-
born immunity, which is largely acquired passively from
the maternal placenta and breast milk. Poor maternal
health and infection expose the fetus to transplacental
transfer of soluble antigens and inflammatory cytokines,
reduces fetal growth factors,'® and compromises passive
immunity'”'® leaving infants immunologically vulnerable.
These processes are all amplified by exposure to HIV
infection, placental malaria and maternal malnutrition
and will be discussed below.

Infant exposure to HIV infection

Seroprevalence for HIV in antenatal clinics can reach
30% in HIV-endemic countries in Africa,' making HIV
infection a considerable burden to child health. Although
the rapidly expanding availability of anti-retroviral ther-
apy to pregnant HIV-infected women in several coun-
tries®® has dramatically reduced perinatal transmission of
HIV from mother to baby, there is an increasing group of
HIV-negative infants being born to HIV-positive mothers.
These ‘sero-reverters’ are becoming recognized as a

Maternal

Table 1. Effects of poor maternal health on
childhood immunity

complication Impact on mother

Outcome for child

In utero inflammation

Weight loss

Poor T-cell help for B-cell
antibody production

HIV infection

Placental Placental inflammation
Malaria Transplacental passage of
soluble Plasmodium falciparum
Maternal Weight loss
malnutrition Gestational zinc deficiency

Skewed/activated T cells
Low birthweight

Thymic atrophy

Poor placental immunity

Low birthweight

Thymic atrophy, Deceased antibody
transfer Th2 skew, with decreased
interferon-y and increased
interleukin-10

CD4" CD25" Foxp3" T reg

Reduced breast milk

Low birthweight

Thymic atrophy

Reduced transfer of maternal IgM, IgG

Th2, T helper type 2; Treg, regulatory T.
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susceptible group with LBW,"? reduced placental antibody
titres’’ and increased susceptibility to infections.?
Regardless of the causal mechanism (such as poor mater-
nal health, HIV infection or anti-retroviral therapy), there
is increasing evidence to suggest that sero-reverted chil-
dren are immunologically different. Clerici et al.'* found
increased production of thymopoietic interleukin-7 (IL-7)
and altered T-cell populations, with increased numbers of
activated CD8 CD38 T cells, normal CD4 T-cell numbers
but a skewed memory : naive CD4 T-cell ratio present at
birth. This phenotype persisted in older HIV-exposed
uninfected children. An increase in activated T cells may
generate compensatory regulation or premature immuno-
logical senescence, which has direct implications for the
generation of vaccine-induced and naturally acquired
immunity. Vaccine-induced immunity in these individuals
has shown contrasting results, while Malawian children
had impaired CD4 T-cell responses to bacillus Calmette—
Guérin (BCG) vaccine,”® a South African study found
comparable antigen-specific IgG titres to all routine child-
hood vaccines in HIV-exposed and unexposed children.?'
Impaired BCG responses were associated with elevated
effector and senescent CD57", programme death-1" T
cells which may undermine the longevity of BCG vaccina-
tion, whereas subtle T-cell phenotypic defects may not
dramatically alter IgG antibody production to a short-
term conjugate vaccine at 9 months. The degree or lon-
gevity of immune defects in sero-reverted children
remains undefined. Whether the immune dysfunction
described is caused by in utero HIV exposure,”* in utero
exposure to a maternal cytokine storm driven by
HIV,>>* or more generalized poor maternal health
remains to be determined.

Placental malaria

During pregnancy, P. falciparum-infected erythrocytes
sequester in the placenta where they induce inflammation
causing placental insufficiency, decreased maternal insu-
lin-like growth factor-1 levels (critical for fetal growth),16
which increases the risk of LBW infants, future infant
malaria infections®” and sepsis.”® Studies investigating the
effect of placental malaria on maternal-fetal antibody
transfer have consistently shown a decrease in antibody
titres to tetanus,’” measles and S. pneumoniae.'® One
study categorized placental malaria into active-acute,
active-chronic and past infections and found the biggest
impact on placental antibody transfer was in those women
who had chronic infection because they were more likely
to have placental damage and high lymphocyte infiltra-
tion.'” Uterine inflammation and transplacental passage of
soluble P. falciparum antigens during placental malaria
alter neonatal adaptive and innate immunity in a number
of ways.”” " Placental malaria decreases cord blood
mononuclear cell tumour necrosis factor-o. (TNF-o) pro-

Irreversible immunological damage

duction in response to lipopolysaccharide-Toll-like recep-
tor-4 (LPS-TLR-4) ligation.29 Placental infection also
skews neonatal adaptive immunity by biasing T helper
type 2 (Th2) cytokines, reducing interferon-y (IFN-y) and
increasing IL-10 in response to P. falciparum, which
appears to be under the control of CD4" CD25" Foxp3*
regulatory T cells.”® This skew in neonatal P. falciparum-
specific Th1/Th2 cytokines and involvement of regulatory
T cells’ may partly explain why infants born to women
with placental malaria are predisposed to P. falciparum
infection in their first year of life.?” In Malawi, the inter-
vention of impregnated bed nets by pregnant women
was shown to reduce the incidence of placental malaria
from 25-2% to 6-8% and LBW infants from 14:1% to
8-9% during 1997-1998 and 2005-2006, respectively.’>
Importantly, the decrease in placental malaria was more
dramatic than the drop in LBW infants, highlighting the
role of other confounders such as maternal nutrition and
HIV status.

Maternal malnutrition

Outside times of famine in sub-Saharan Africa, malnutri-
tion or under-nutrition in adults is commonly linked to
HIV infection® and is exacerbated by seasonal fluctua-
tions in the availability of food. There is increasing evi-
dence that maternal under-nutrition not only affects
birthweight but also causes persistent immune defects in
the newborn. A Gambian study (where HIV seropreva-
lence is low) found that adults (< 25 years age) born dur-
ing the months of July—December when rainfall is high
and food availability is low (hungry season) were 10 times
more likely to die from an infection-related illness than
those born throughout the rest of the year. Although
maternal malaria and diarrhoea infections peak in the
hungry season and could contribute to the long-term
effects on health, premature adult infection-related mor-
tality remained high outside the August to November
peak in placental malaria. The predominance of deaths
from infectious diseases therefore suggests a permanent
immunological defect caused by the reduced availability
of food during critical periods of early development.**

A study comparing breast milk from Zairian malnour-
ished women with healthy controls found comparable
secretory IgA (sIgA) antibody titres against rotavirus,
respiratory syncytial virus, Escherichia coli, S. pneumoniae
and Haemophilus influenzae but an approximately 30%
decrease in the amount of breast milk.*> Hence, the quan-
tity of antibodies and innate factors delivered to the new-
born in maternal milk was reduced. When lactoferrin,
lysozyme and sIgA levels were serially evaluated in breast
milk from mothers with healthy babies and mothers with
septicaemic babies, the breast milk from mothers with
healthy babies had rapidly declining sIgA titres that were
replaced by lactoferrin and lysozyme (blocks bacterial
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binding and lyses bacterial cell walls). In contrast, milk
samples from women whose babies developed septicaemia
had sustained levels of sIgA and low levels of lactoferrin
and lysozyme,® implicating lactoferrin and lysozyme rather
than sIgA in the control of infection in the newborn.

Micronutrient deficiencies, including vitamin A and
zing, are widespread in resource-poor settings. Although
vitamin A deficiency is known to cause immunological
defects,” a review of vitamin A supplementation trials in
pregnant women showed no beneficial effects on prenatal
and postnatal infant mortality, stillbirth or LBW babies.”®
In contrast, although zinc supplementation given to all
pregnant women irrespective of deficiency had no impact
on the reduction of LBW babies, it did reduce the risk of
infant diarrhoea, dysentery and impetigo in LBW infants,”
implying an effect on maternal passive immunity. Indeed,
zinc-deficient mothers are known to produce low levels of
natural immunoglobulins with a persistent defect in IgM,
associated with transiently low levels of IgA and IgG2 in
the neonate.*” Maternal zinc deficiency not only affects the
mother but is linked with LBW babies'> and infant thymic
atrophy.*' In a study conducted in Bangladesh, antenatal
zinc supplementation improved newborn BCG vaccine
responses in LBW babies but surprisingly not responses to
H. influenzae type-b vaccine.*” Although Akman et al.*’
found no link between gestational zinc deficiency and
LBW babies they reported reduced neonatal zinc levels,
which is critical to macrophage oxidative burst,** dendritic
cell function®” and thymic cell function in the newborn.*®
The discrepancies between zinc-related maternal and child
immune defects and the variable benefits of zinc supple-
mentation highlight the complexities of micronutrient
deficiencies and the effects of supplementation.

Immunological disruption caused by concurrent
infections

Poor maternal health and consequential defects in fetal
and newborn immunity are likely to predispose infants to
multiple recurrent or concurrent infections. Although
exposure to antigens is required for the generation of nat-
urally acquired immunity and long-lasting immune pro-
tection, excessive recurrent or concurrent infections
during periods of immune development may indepen-
dently alter normal development, increasing the individ-
ual’s susceptibility to further infections. This will be
particularly important in sub-Saharan Africa where infec-
tion is endemic. For example, effective clearance of con-
current bacterial and helminth infections may be
hampered by a predominant Thl response inhibiting Th2
immunity and vice versa or because of bystander immune
regulation. Furthermore, the inflammatory environment
and tissue damage caused by one pathogen may enhance
microbial attachment and dissemination of another.*”*®
However, the impact of recurrent/concurrent infection as

a potential cause of immune dysfunction and long-term
morbidity/mortality has not been fully investigated.
Studies in Malawi,” The Gambia®® and Mozambique®
all describe a link between underlying P. falciparum infec-
tion and lethal NTS septicaemia in children. Although
NTS infections are usually limited to the intestinal tract,
the increase in bacterial dissemination in those co-infected
with malaria suggests a defect in the gut mucosal barrier
as well as a splenic defect.’™*® In a mouse model of
S. typhimurium-malaria, co-infection resulted in attenu-
ated neutrophil influx and pro-inflammatory cytokine
responses to NTS within the intestinal tissue.”’ Using the
same murine model of co-infection, Roux et al.>® have
shown that macrophages were unresponsive to NTS
because of the overwhelming uptake of damaged red blood
cells as a consequence of malaria-induced haemolytic anae-
mia. In addition, antigen-presenting cells infected with Sal-
monella have limited ability to present antigen and induce
subsequent T-cell responses.”” Similarly, in vitro malaria-
infected erythrocytes inhibit the maturation of dendritic
cells and reduce their capacity to stimulate T cells.”* In
general, but not exclusively, co-infections result in a poorer
prognosis. A study in Ghanaian children co-infected with
rotavirus and enteropathogenic E. coli were shown to
suffer from more severe diarrhoea and dehydration, with
diarrhoea often lasting longer than in children infected
with rotavirus alone.”® Together these data highlight the
commonality of co-infections and demonstrates the added
immune pressure that is common in sub-Saharan Africa.
Persistent microbial exposure can result in the regula-
tion of the immune response as the host attempts to limit
detrimental effects of inflammation. Conversely, bacteria
such as Neisseria meningitidis®® and Helicobacter pylori®>’
regulate adaptive responses for their own persistence. In
the context of recurrent infectious inflammation and high
levels of commensalism in a resource-poor setting, regula-
tion is a strong contender to hamper immunity to other
pathogens or reduce vaccine efficacy. Although children
suffer the greatest mortality from P. falciparum malaria,
most experience only mild disease. Frequent episodes of
uncomplicated parasitaemia in children are thought to
generate regulatory T cells that suppress anti-parasitic
responses resulting in uncontrolled parasitic load and
susceptibility to complicated malaria.’®>® Similarly, the
induction of regulatory T cells to one infection may
impact on others in a bystander fashion. Lung IL-10 pro-
duction during influenza virus infection has been shown
to predispose mice to secondary infection following pneu-
mococcal or meningococcal challenge by impairing phag-
ocytic bacterial clearance.®®! Interestingly, IL-10 appears
late in the immune response to influenza and is sustained
after the virus is cleared. Bacterial, viral and parasitic
organisms such as mycobacteria, measles virus and
helminths® can skew or suppress immunity to new path-
ogenic stimuli via high levels of suppressive cytokines

128 © 2011 The Authors. Immunology © 2011 Blackwell Publishing Ltd, Immunology, 135, 125-132



(transforming growth factor-ff and IL-10) or Th2/IL-10
subverted responses.

A variety of viral infections®® also have the potential to
induce localized inflammation and tissue damage to the
lung and gut epithelium in resource-poor settings. Both
processes favour microbial pathogenesis, exposing surface
molecules and cell receptors to which bacteria readily
adhere. Bacteria attach more effectively because of
increased expression of epithelial adhesion mole-
cules,””®*% exposure of epithelial basement membrane
and reduced mucociliary velocity.®® Pneumococci express
PspA which binds to the polymeric immunoglobulin
receptor (pIgR) on respiratory epithelial cells.*® Expres-
sion of pIgR is greatly increased by IFN-y*” and coinci-
dently influenza-induced IFN-y correlates with reduced
pneumococcal clearance®® probably because of enhanced
bacterial attachment. Although the incidence of respira-
tory viral co-infections are not widely reported in sub-
Saharan Africa, a recent study in South African children
<5 years has revealed the prevalence of respiratory infec-
tions in HIV-infected and uninfected children.®” Whether
certain viral infections predispose individuals to invasive
pneumococcal disease in areas of high pneumococcal col-
onization remains to be determined. Cytomegalovirus
(CMV) is another common viral infection with seropre-
valence that reaches up to 100% in Africa with increased
rates of CMV-associated pneumonia in HIV-positive chil-
dren.”® In the elderly, CMV infections are associated with
advanced aging of the immune system,”' and recently it
was shown that adults thymectomized in early childhood
had a similar phenotype to an aging population with
decreased naive T cells, increased markers of inflamma-
tion and highly differentiated CD57" cells.”* Features of
premature immunological aging were even more pro-
nounced in those individuals who were CMV seroposi-
tive, suggesting a synergistic effect of lack of thymic
activity and immune pressure exerted by CMV on pro-
moting premature exhaustion of the T-cell repertoire.

Although intermittent microbial exposure is required
for the generation of naturally acquired immunity, the
antigen load must be controlled. We propose that multi-
ple antigenic challenges in the short-term generate
immune memory which is potentially undermined by
immune regulation and premature immune exhaustion
and relative ‘immunological aging’ caused by excessive
immunological activation. Hence, intense antigen expo-
sure in immunologically disadvantaged children in a
resource-poor setting may lead to repeated episodes of
malarial, gastrointestinal and respiratory infections.

Environmental impact on childhood susceptibility
to infections

In addition to poor maternal health and multiple
co-infections in childhood, common socio-economic, sea-

Irreversible immunological damage

sonal and environmental factors together with childhood
malnutrition amplify pathogen exposure with the poten-
tial to further undermine immune function, in sub-Saha-
ran Africa.

Socio-economic and seasonal factors

Socio-economic and seasonal factors converge to
increase the risk of infection. Socio-economic status
determines the size of home; smaller dwellings become
crowded during the cold winter season, which increases
pathogen exposure and transmission. Likewise, better
quality and stability of pit latrines cause less water con-
tamination in the rainy season and subsistence farming
and food yield is influenced by seasonality. Studies
from West Africa have shown high faecal carriage of
Salmonella among rural populations during the rainy
season (8-16%) and high rates of faecal excretion in
the malnourished (29%).”> With the coincidental peak
in malarial infections in the rainy season, the likelihood
of lethal NTS septicaemia is increased. In relation to
access to clean water, enteric infections are especially
common during the rainy season; these alter gut integ-
rity, which leads to impaired absorption of nutrients;
coupled with the irregular food yield a vicious cycle of
infection—malnutrition—infection is a frequent outcome.
Seasonality influences disease rates in part because of
optimal conditions for pathogenic survival but also
because immunity is weakened by malnutrition and
co-infections.

Childhood malnutrition

Under-nutrition owing to inadequate breastfeeding, poor
access to nutritious foods, recurrent enteric infections are
potent causes of immunosuppression. In many countries
in sub-Saharan Africa some degree of childhood
under-nutrition is the norm ranging from those with
micronutrient deficiencies to the severely malnourished
(weight-for-age Z-score < — 3).*

Zinc deficiency contributes to pneumonia,” diarrhoea,”
and possibly malaria.” Supplementation is recommended
by the World Health Orgnaization for the treatment of
childhood diarrhoea in developing countries.”” The
immunological basis for increased infections in zinc-defi-
cient individuals is complex. Intracellular zinc comes in
both bound (essential for < 300 enzymes) and free forms,
and zinc supplementation may largely alter the availability
of free zinc.”® Recently, dendritic cell activation was
shown to decrease intracellular free zinc and, contrary to
expectation, zinc supplementation hampered LPS-TLR-4-
mediated expression of MHC class I, class IT and CD86.*’
In severely malnourished Zambian children dendritic cell
number and function were evaluated on admission, dur-
ing convalescence and at the 6-month follow-up.”” On
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Table 2. Summary of environmental confounders on childhood
immunity

Confounder Impact Outcome for child

Socio-economic  Crowding High antigen exposure and

transmission

Seasonality Instability of pit Recurrent enteric infections

latrines Malaria and non-typhoidal
Contaminated water  Salmonella co-infections
Optimal pathogen

survival

Childhood
malnutrition

Zinc deficiency Poor dendritic cell function
Reduced T-cell numbers

Thymic atrophy

admission, malnourished children had decreased numbers
of dendritic cells and impaired capacity to produce IL-12
and up-regulate HLA-DR and CD86 in response to LPS;
whether these defects were caused by altered zinc homeo-
stasis was not addressed in this study. Maternal and
infant zinc deficiency in human and animal models has
been linked to infant thymic atrophy,*' impaired BCG
responses’® and decreased mitogenic T-cell responses.”’ In
HIV-negative malnourished Rwandan children there was
a correlation between zinc deficiency and low %CD4 T
cells,*® perhaps caused by a combination of thymic atro-
phy and IL-7 unresponsiveness. Recently, Miz-1, a tran-
scription regulator composed of 13 zinc finger domains
was shown to control the downstream effects of thymo-
poietic IL-7; Miz-1-deficient mice have thymic atrophy
and lack T-cell lineage precursors.®’ A recent study in
Tanzania found that 48:3% of well-nourished children
were zinc deficient and that deficiency was associated with
increased peripheral blood mononuclear cell TNF-o and
IFN-y responses in malaria-infected individuals.*> The
increase in TNF-o may inadvertently cause greater harm
by up-regulating the vascular endothelium promoting
parasitic sequestration.*® Keeping parasitized erythrocytes
in the circulation potentially increases transmission by
maintaining an assessable pool of infected cells for the
mosquito to ingest (Table 2).

Evidence of long-term immunological defects and
the ‘Barker Hypothesis’

In a series of studies, Barker introduced the hypothesis
that prenatal environmental insults (such as maternal
under-nutrition), manifested by low birthweight, pro-
gramme the fetus for susceptibility to infectious diseases
in infancy and development of chronic non-communi-
cable diseases in adulthood.” In parallel, evidence is
accumulating to suggest that early events may also pro-
gramme immune function. This is perhaps not surprising,

because development of the immune system begins pre-
natally and it is likely that prenatal and early postnatal
factors, such as nutritional resources and pathogen expo-
sure, are important determinants of later immune func-
tion. Indeed, prenatal growth restriction has been
associated with increased prevalence of atopic and auto-
immune disease in adulthood.®* As previously discussed,
a study in The Gambia showed that the season of birth
was strongly linked to infectious disease mortality later
in life.>* The implication is that prenatal under-nutrition
(or possibly an infectious or toxic insult correlated with
season of birth) caused permanent impairment of
immune function. In an area of intense antigen exposure
such as sub-Saharan Africa prenatal immune impair-
ments will predispose infants to recurrent infections that
prematurely age the immune system. A prospective study
in Bangladesh showed that children who had been LBW
infants had high T-cell turnover with shortened telo-
meres, increased concentrations of T-cell receptor rear-
rangement excision circles and a low proportion of CD3
cells, which are features of early immunological ageing.®’
As chronic infections such as CMV and HIV frequently
cause prolonged T-cell senescence,® we propose that sub-
optimal immunity and concurrent childhood infections
may also drive irreversible premature ‘immunological
aging’.

These findings add to a growing body of evidence that
events occurring in utero or early in postnatal life may
permanently affect components of the immune system.
Experimental data from several animal models support
these observations. In the rat, maternal under-nutrition
results in significant immune deficiencies in the offspring,
and these impairments persist into adulthood, despite
ad libitum feeding of the offspring.>* Interestingly, these
deficits carry over into the next generation of offspring
without further nutrient restriction, demonstrating that
prenatal insults can have intergenerational effects, perhaps
inherited epigenetically.®”

Conclusion

In resource-poor settings, humans are exposed to a wealth
of immunological pressures as they negotiate the transi-
tion from an in utero environment to one full of potential
pathogens. We have described a range of factors specific
to sub-Saharan Africa that may undermine the effective-
ness of childhood immunity. Exposure to antigens is
required for the generation of naturally acquired immu-
nity and long-lasting immune protection. However, we
propose that excessive exposure from concurrent child-
hood infections and high antigen burdens are detrimental
and could cause immune dysregulation rather than pro-
tection. Maternal vaccination offers the potential to
increase placental and breast-milk antibody titres, giving
the infant greater protection against common pathogens.
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Huge progress has been made with the intervention of
bednets’® and anti-retroviral therapy,® dramatically
reducing the incidence of placental malaria and mother-
to-child transmission of HIV infection, respectively. How-
ever, better maternal and infant health is still undermined
by gestational and childhood micronutrient deficiencies.
A mechanistic understanding of how malnutrition effects
maternal and child immunity is required to make
advances in overcoming the long-term problem of poor
nutrition within this setting. Furthermore, additional
focus of how co-infections predispose children to recur-
rent disease may lead to further optimization of current
and novel vaccine regimens or the generation of new
therapeutic approaches.
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