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Infancy
The first year of life.
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The impact of differential antiviral
Immunity in children and adults

The period from fetal development to early infancy is one
of vulnerability to maternal transmission of viral infec-
tions. Mother-to-child transmission of viruses can occur
in utero, at birth (intrapartum) or postnatally. Viral
infections acquired at this time are often characterized
by higher levels of viral replication, a greater risk of per-
sistent (chronic) infection and more severe disease com-
pared with those acquired in later life. In this Review, we
focus on chronic infections with three viruses — HIV,
hepatitis B virus (HBV) and cytomegalovirus (CMV) —
each of which can be acquired through mother-to-child
transmission. These viruses cause a substantial burden
of disease globally and illustrate the differences between
the antiviral immune response in early life and in adult-
hood. In each case, host control of the virus is highly
dependent on age at acquisition. We discuss how differ-
ences in antiviral immunity between children and adults
fundamentally influence the pathogenesis, time course
and clinical outcome of these infections (TABLE 1), and
we consider how knowledge of the differential immune
responses between early and later life might inform
therapeutic strategies to improve the outcome of chronic
viral infections in childhood.

Viral transmission and disease burden

HIV. Approximately 34 million people are living with
HIV today, of whom 3.4 million are children'. Without
interventions to prevent mother-to-child transmission,
30-40% of infants with HIV-positive mothers acquire
HIV, and this can occur in utero (5-10%), intrapartum
(15%) or postnatally through breastfeeding (15%)>.
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Abstract | The course of immune maturation has evolved to favour survival at each
stage of development in early life. Fetal and neonatal immune adaptations facilitate
intrauterine survival and provide early postnatal protection against extracellular
pathogens, but they leave infants susceptible to intracellular pathogens such as viruses
that are acquired perinatally. This Review focuses on three such pathogens — HIV,
hepatitis B virus and cytomegalovirus — and relates the differential impact of these
infections in infants and adults to the antiviral immunity that is generated at different
ages. A better understanding of age-specific antiviral immunity may inform the
development of integrated prevention, treatment and vaccine strategies to minimize
the global disease burden resulting from these infections.

Antiretroviral drugs given to mother and infant
decrease transmission substantially. Nonetheless, more
than 1,000 infant infections occur daily, predominantly
in sub-Saharan Africa, as a result of suboptimal ante-
natal HIV testing, inadequate coverage of prevention
strategies for mother-to-child transmission and the
overall benefits of prolonged breastfeeding (that is, in
developing countries, breastfeeding reduces the risk of
death from gastrointestinal and respiratory tract infec-
tions, which is sufficient to outweigh the increased risk
of death from HIV transmission by breast milk)'.
HIV-infected infants progress to disease more rap-
idly than adults (TABLE 1). Without treatment, the median
times to AIDS and death in adults are approximately 10
and 11 years from infection, respectively®. In infected chil-
dren without treatment, the CD4* T cell count declines
rapidly from birth, leading to severe infections and
delayed growth and neurological development. Mortality
exceeds 50% by 2 years of age*. As with other chronic viral
infections, the timing of HIV acquisition affects disease
outcome. A recent pooled analysis of 12,112 infants born
to HIV-infected women estimated 1-year mortality for
perinatally infected children to be 52%, compared with
26% for postpartum-infected children’. In one cohort that
distinguished between in utero, intrapartum and postnatal
infections, the median times from infection to death were
208, 380 and >500 days, respectively®. Viral loads are high
(with a median of 10°-107 copies of viral RNA per ml
plasma) in almost all HIV-infected infants, but they
tend to be lower in postnatally infected infants com-
pared with those infected in utero or intrapartum, which
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Active immunization

The induction of immunity by
immunogens that activate and
expand the endogenous
immune repertoire. Such
immunogens induce antibodies
and cell-mediated immunity, as
well as immunological memory
that might last for decades.

Passive immunization
Immunity that is provided
rapidly by the transfer of
immunoglobulins, the maximal
activity of which lasts for
approximately 2—3 weeks
before it wanes owing to
catabolic destruction.

indicates that immune maturation after birth might
improve viral control and slow disease progression”®.
However, viral loads do not typically reach adult levels
(~10* copies per ml) until perinatally infected children
reach 3-5 years of age’ (FIC. 1).

Hepatitis B virus. More than 350 million people are
infected with HBV worldwide, and HBV infection
accounts for almost half of all cases of cirrhosis, end-stage
liver disease and hepatocellular carcinoma'. In regions
with high endemicity, the major time of infection is early
childhood, with mother-to-child transmission at birth
having a crucial role'. Perinatal HBV acquisition leads to
persistent infection in ~90% of cases, whereas equivalent
exposure in adults leads to persistence in ~5% of cases'!.
The incidence of mother-to-child transmission is mark-
edly reduced by active immunization and passive immu-
nization of the child at birth, providing short-term and
long-term protection, respectively, against HBV infec-
tion'2. However, rare cases of intrauterine transmission
do occur'®, depending on the viral load, and effective
treatment with antiviral drugs such as lamivudine can
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The clinical presentation of HBV infection ranges
from asymptomatic infection to fulminant hepatitis,
and age at acquisition determines the likelihood of
symptoms (TABLE 1). Perinatally infected infants are
usually asymptomatic until late adolescence or early
adulthood, whereas later acquisition of HBV leads to
symptoms such as fever, abdominal pain and jaundice
in 5-15% of children aged 1-5 years and in 33-50% of
adolescents and adults'. Liver damage arises from CD8*
T cell-mediated destruction of infected hepatocytes (dis-
cussed below). The immune response to HBV therefore
determines the risk of both viral persistence and clini-
cal disease. Perinatally infected infants have high viral
loads and a greater risk of persistence (FIC. 1), but a much
longer asymptomatic period (‘immunotolerant disease’)
compared with older children and adults. However, a
younger age at infection carries a greater long-term risk
of developing hepatocellular carcinoma'®.

Cytomegalovirus. Congenital CMV infection is the
most common congenital infection in the developed
world and an important cause of childhood disabil-

reduce this risk further'.

ity'””. Congenital CMV infection occurs in 0.2-6.2%

Table 1 | Differential clinical outcomes of chronic viral infections in early and later life

Virus Perinatal infection

HIV ¢ Rapid disease progression, with a typical time to symptomatic
disease of several months in sub-Saharan Africa*

e Clinical presentation with pneumonia, septicaemia,
gastroenteritis, opportunistic infections (such as CMV infection
or Pneumocystis jiroveci pneumonia), failure to thrive, oral
candidiasis, persistent diarrhoea and encephalopathy

* More than 50% mortality within 2 years in the absence of ART*

A small minority (<5%)*® become long-term non-progressors,
with stable CD4* T cell counts, low viral loads and minimal
clinical disease, and may only be diagnosed in adolescence

HBV e Acute infection: almost always asymptomatic®®

e Chronic infection (>90% of individuals): generally a long
‘immunotolerant’ phase (up to 20-30 years) with high viral loads
but minimal histological changes in the liver; some individuals
develop flares of liver disease; long-term risk of cirrhosis,
end-stage liver failure and HCC in adulthood'*

® As an adult, the 5-year survival rate for patients with cirrhosis
is 71%'%2

CMV e Congenital CMV: most infants are asymptomatic at birth;
~11% have symptoms such as microcephaly, intrauterine growth
restriction, hepatosplenomegaly, petechiae, chorioretinitis or
jaundice; long-term risks include sensorineural hearing loss,
developmental delay and rarely visual loss; permanent sequelae
are more likely in those who are symptomatic at birth thanin
those who are asymptomatic at birth (40-58% versus 13.5%)'7*¢

* Postnatal CMV: in extremely pre-term infants, infection can
cause symptomatic disease, such as sepsis-like syndrome,
hepatitis and pneumonitis, and this has a possible association
with long-term neurodevelopmental sequelae®?!

e Infection in healthy infants and children is usually
asymptomatic, although a mononucleosis-like illness, similar to
EBV infection, can occur, with pharyngitis, lymphadenopathy,
fever, malaise and hepatomegaly

e Infection inimmunocompromised hosts (such as patients with
HIV or recipients of solid-organ transplants or haematopoietic
stem cell transplants) can cause severe disease, such as
hepatitis, pneumonitis, retinitis and gastrointestinal disease

Adult infection

e Slower disease progression, typically with many years of clinical
latency; median time to AIDS is 10 years®

e Clinical presentation with pneumonia, septicaemia, skin infections,
oral candidiasis and tuberculosis, or with AIDS-defining illnesses
such as toxoplasmosis, Pneumocystis jiroveci pneumonia, CMV
retinitis, disseminated nontuberculous mycobacterial infections and
malignancy

* Approximately 40% mortality within 10 years in the absence of ART?

* 5-15% become long-term non-progressors; <1% become ‘elite
controllers’, who control the virus to undetectable levels in the absence
of ART*#

e Acute infection: may have a prodromal phase with fever, rash and
arthralgia; infection is asymptomatic or mild in two-thirds of adults;
one-third develop symptomatic hepatitis with fatigue, nausea and
jaundice; 1% develop ‘fulminant’ hepatitis with acute liver failure!*

e Chronic infection (<5% of individuals): most individuals are
asymptomatic; 15-40% of adults with chronic disease eventually develop
cirrhosis; approximately 2-5% of those with cirrhosis develop HCC'#

e 5-year survival rate for patients with cirrhosis is 71%*%*

e As for healthy infants and children, infection is usually inapparent,
but can cause a mononucleosis-like illness
e Severe disease occurs inimmunocompromised hosts

ART, antiretroviral therapy; CMV, cytomegalovirus; EBV, Epstein—Barr virus; HBV, hepatitis B virus; HCC, hepatocellular carcinoma.
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Figure 1| Differential outcomes of viral infections in early and later life.

a| A schematic representation of the relative plasma levels of HIV following adult
infection (blue line) and paediatric infection (green line) in those children who progress
slowly and maintain high CD4* T cell counts despite initial high viraemia. b | A schematic
representation of the time taken to clear hepatitis B virus (HBV) following paediatric
infection (green line) and adult infection (blue line). The dashed line for paediatric
infection represents the fact that some children do not clear virus at all. ¢ | A schematic
representation of the duration of viral shedding in urine following cytomegalovirus
(CMV) infection either in early life (green line) or in adult life (blue line).

Neonates
Infants up to 28 days of age.

of live births following maternal CMV reactivation,
re-infection or primary infection during pregnancy,
causing symptomatic disease in ~11% of congenitally
infected infants and long-term sequelae (such as hear-
ing loss and/or developmental delay) in ~50% of these
infants'”!®. These sequelae are more likely when mater-
nal infection occurs in the first trimester of pregnancy,
compared with later in gestation". By contrast, post-
natal CMV acquisition through breastfeeding typically
does not lead to disease in normal, full-term infants,
although in premature or very-low-birth-weight
infants it can be symptomatic and possibly associated
with long-term motor and cognitive sequelae*?!. CMV
loads are lower in infants who are infected postnatally
than in infants with congenital CMV infection?, as
is the case for HIV infection. However, CMV infec-
tion of immunocompetent infants leads to prolonged
viral excretion, which does not occur in adults (FIG. 1).
CMYV is therefore another example of a chronic viral
infection for which the outcome is critically dependent
on the timing of infection (TABLE 1).

Other viral infections. Other viral infections that also
have different outcomes depending on the timing of
infection — but that are not discussed in detail here —
include infections with herpes simplex virus (HSV),
varicella zoster virus (VZV), enterovirus, respiratory
syncytial virus (RSV) and influenza virus. Most chil-
dren infected with HSV after the neonatal period have
either an asymptomatic infection or a mild cutaneous
or orolabial infection, whereas neonates who acquire
HSV through contact with infected maternal secretions
at birth typically develop severe disseminated or cen-
tral nervous system disease. Even those infants who
initially have localized skin, eye or mouth disease usu-
ally progress to systemic infection unless they receive
antiviral therapy. Similarly, VZV acquired from a non-
immune mother shortly before or after birth leads to
severe neonatal varicella, with an untreated mortality
rate of ~30%.

Enterovirus infections are frequently asymptomatic
in older children or adults, but perinatal vertical trans-
mission leads to severe disseminated disease in neo-
nates, and this can be indistinguishable from bacterial
sepsis. RSV and influenza virus, similarly to CMV, have
a longer period of viral shedding if they are acquired
earlier in life. Animal data support these findings:
mice infected with lymphocytic choriomeningitis virus
(LCMV) in utero or during the first 2 days of life develop
a persistent infection, whereas those infected at 2 weeks
of age have prolonged viraemia, and those infected as
adults clear the virus rapidly*. By contrast, after this
early neonatal period, several viral infections — notably
chickenpox and mumps (BOX 1) — cause markedly less
severe disease in childhood than in adulthood. In this
Review, we discuss the crucial immunological differ-
ences between early and adult life that underpin these
differential outcomes of viral infection.

Immune tolerance in early life

Pregnancy is characterized by the adaptation of both
maternal and fetal immune responses towards immuno-
logical tolerance. In addition to local mechanisms at the
materno-fetal interface??, the maternal regulatory T
(T, cell pool is expanded to prevent allogeneic T cells
from damaging the fetus®. Equally, the fetus needs to
tolerate both non-inherited maternal alloantigens and
self antigens in utero. Fetal T cells, which are present
after 10 weeks of gestation®, are generated from a dis-
tinct haematopoietic stem cell population from that
used in adults® and are highly responsive. Naive T cells
from mid-gestation fetuses show much greater prolif-
eration in a mixed lymphocyte reaction than do naive
T cells from adults, but they tend to differentiate into
CD4*CD25"FOXP3* T,,, cells following stimulation®.
In response to non-inherited maternal alloantigens on
maternal cells that cross the placenta, the fetus generates
T, cells that persist postnatally®. T, _cells constitute up
to 15% of the CD4" T cell pool during fetal life, but they
decline to an adult frequency of ~5% by delivery* (FIC. 2).
The greater capacity of neonatal innate immune cells to
produce interleukin-10 (IL-10)%, an anti-inflammatory
and immunomodulatory cytokine, reinforces the toler-
ogenic environment in early life. The fetal immune
system is skewed towards T helper 2 (T2) cell* and
T, cell’*** populations to avoid pro-inflammatory
T, 1-type responses that could be damaging in utero®.
Congenital CMV infection, however, results in a shift
towards a pro-inflammatory (T, 1-type) environment.
Indeed, amniotic fluid from second trimester pregnan-
cies with congenital CMV infection has increased levels
of pro-inflammatory cytokines (such as tumour necro-
sis factor (TNF), IL-1p, IL-12 and IL-17) compared with
amniotic fluid from control pregnancies®, and these
cytokines can mediate placental and fetal damage”. An
additional mechanism contributing to congenital CMV
disease might be CD4* T cell exhaustion (A. Marchant,
personal communication), which could also underlie
the striking dichotomy between CD4* and CD8" T cell
responses that is observed in CMV and HIV infection
in early life (see below).
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Box 1 | The Goldilocks effect and recent experiments of nature

Antiviralimmune responses in infants or older children are sometimes termed
‘impaired’ when, more accurately, the response differs both qualitatively and
quantitatively from that seen in adults. Although in many respects the neonatal
immune response is indeed dampened down compared with the adult response,
certain responses are increased in infants. These differences are likely to be the result
of Darwinian adaptation that enables the neonatal immune response to be directed
mainly against extracellular pathogens. By contrast, protection against intracellular
pathogens would largely be provided by maternal antibodies. However, evolutionarily
recent changes in human behaviour can expose this time-tested immune strategy to
new challenges against which it has not been designed.

An example here would be the immune response to varicella zoster virus (VZV).
Infection in infants whose mothers previously had chickenpox leads to very mild
symptoms and may even be clinically undetectable. The immune response in the infant
is minimal, in part because the infection is attenuated by the presence of maternal
antibodies. This weak immune response against VZV carries an increased risk of the
reactivation of VZV infection as ‘shingles’ in adulthood. By contrast, in older children,
there is a robust immune response to VZV, characteristic symptoms and signs of
chickenpox, and mild illness. In adults with chickenpox, the immune response against
VZV is excessive and often leads to significant disease such as pneumonitis and, rarely,
death. In Europe, where 90% of VZV infections occur in children, this system works well.
The immune response in children is not too small, as it is in infants, and not too large,
asitisin adults, but ‘just right’.

Unlike the European setting, where only 2% of VZV infections occur in adults over
20 years of age, in many tropical countries 50% of infections occur in this age group.
This difference is thought to result from a combination of climatic factors (such as the
dramatic seasonal incidence in temperate zones) and cultural factors (such as the
occurrence or absence of ‘chickenpox parties’ for the deliberate exposure of children
to VZV). Not only do infected adults suffer severe disease, but 50% of women risk
becoming infected during pregnancy. Disease in the mother can be severe, with a
maternal mortality rate of 1%. VZV infection in the first trimester of pregnancy can also
cause congenital infection and, if mothers become infected around the time of delivery,
neonatal varicella can result, which has a ~30% risk of fatality.

Innate antiviral immune responses in early life

Innate antiviral immunity in newborns differs from that
in adults®*. Epithelial surfaces in adults are protected by
antimicrobial peptides, which can contribute to antiviral
defences, but the levels of several antimicrobial peptides
are lower in the cord blood of newborns, especially those
born prematurely, than in the blood of adults®. Innate
immune cells — such as monocytes, macrophages and
dendritic cells (DCs) — express receptors that recognize
pathogen-associated molecular patterns (PAMPs) and
trigger the activation of the innate immune response.

REVIEWS

Toll-like receptor 3 (TLR3), TLR7 and TLR8, and mem-
bers of the RIG-I-like receptor (RLR) family, are intrin-
sic intracellular sensors of viral nucleic acids. Signalling
through these pattern-recognition receptors (PRRs)
induces the production of various molecules, namely:
type I interferons (IFNs); cytokines such as IL-12 and
IL-27 that act on natural killer (NK) cells to induce IFNy
production; and chemokines such as CXC-chemokine
ligand 10 (CXCL10) that are involved in the induction of
CD8" T cells and T |1 cells. The importance of TLR sig-
nalling in antiviral responses is highlighted in children
with mutations in genes controlling the TLR3 signalling
pathway, as these children are predisposed to severe
encephalitis during primary HSV infection®.

TLR stimulation studies reveal quantitative and
qualitative differences between neonatal and adult cells.
Neonatal plasmacytoid DCs are less polyfunctional than
those of adults* and, in response to TLR activation, they
produce lower amounts of type I IFNs, which are impor-
tant for the prevention of viral spread and the induction
of antiviral adaptive immune responses*'. Moreover, in
response to TLR ligands, neonatal innate immune cells,
as compared with those of adults, produce lower levels
of IFNy and IL-12, cytokines that support T ;1 cell dif-
ferentiation, and higher levels of IL-6, IL-23 and IL-1p,
which support T ;17 cell differentiation®*. This pattern
of innate immune responses is amplified in whole blood,
as compared with the pattern shown by monocytes and
DCs that have been isolated from the blood, suggesting
that soluble factors in neonatal serum contribute to the
skewing of the cytokine milieu’*. Adenosine, which has
immunomodulatory properties and is abundant in neo-
natal serum, is one factor that contributes to this altered
cytokine profile*. Taken together, the results indicate that
neonatal innate immune defences are skewed towards
protection against extracellular bacterial pathogens
rather than intracellular bacterial pathogens and viruses,
and this presumably provides a survival advantage in
early life against rapidly fatal bacterial infections (FIC. 3).

In children who are 1-2 years old, DCs and mono-
cytes are altered in phenotype and function compared
with both neonatal and adult cells*. Type I IEN produc-
tion reaches adult levels* and the production of IL-6
and IL-23 (which are T ;17 cell-polarizing cytokines)
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Figure 2 | Changes in lymphocyte subset composition from birth to early adulthood. The figure shows the
relative proportions of lymphocytes at birth, 4-6 years of age and 15-18 years of age. The data are adapted from REF. 179.
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and of IL-10 is lower than in neonates. Although IL-12
(a T, 1 cell-polarizing cytokine) production increases®,
it remains lower than in adults, even into late child-
hood*. Thus, after the neonatal period there is a
marked increase in antiviral capacity, owing to increased
type I IFN production, and a gradual improvement in
responses to intracellular pathogens, although in early
childhood these responses remain below adult levels.
The activity of NK cells also differs between neonates
and adults, although this aspect of the innate immune
response is less well studied in children. NK cells lyse
virus-infected cells through the recognition of decreased
or absent HLA class I expression or through engagement
with IgG-bound target cells (a process known as antibody-
dependent cell cytotoxicity). NK cells are important early
in viral infections, when virus-induced downregulation
of HLA expression can hinder the engagement of CD8*
T cells. Although NK cell numbers are similar in new-
borns and adults®, there are differences in the pattern
of cell-surface activating and inhibitory receptors**,
the functional consequences of which are unclear. In

Decreased

neonates, NK cell cytotoxic activity against HIV-infected
cells is similar to that in adults*>*2. Non-cytolytic func-
tions of NK cells, such as chemokine-mediated inhibition
of HIV replication, are also important in innate anti-
viral defence. Neonatal NK cells seem to be more effec-
tive than adult NK cells at inhibiting the replication of
CC-chemokine receptor 5 (CCR5)-tropic HIV strains™.

In summary, the differences between neonatal and
adult innate immune responses arise mainly as a result
of the pattern of cytokine production by innate immune
cells in response to PAMPs. In neonates, the levels of
IL-12, type I IFNs and IFNYy are decreased, whereas
the levels of IL-1p, IL-6, IL-23 and IL-10 are increased
compared with the levels in adults (FIC. 3).

Adaptive immune responses in HIV infection

HIV-infected adults. In adults, the high viral load peak
(~107 copies per ml) that is typical of acute HIV infec-
tion declines within a few weeks to a set point, the level
of which predicts the speed of disease progression, albeit
imperfectly®. Studies in humans®**** and in the simian
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Figure 3 | Differences between innate immunity in early and later life. During fetal life, non-inherited maternal
antigens that cross the placenta trigger the expansion of the regulatory T (T, ) cell pool, which constitutes up to 15% of
the peripheral T cell pool during fetal life. In comparison with adult cells, neonatal dendritic cells (DCs) and monocytes
have different patterns of cytokine production in response to stimulation by pathogen-associated molecular patterns
(PAMPs) through pattern-recognition receptors. Such neonatal cells produce lower levels of interferon-y (IFNy) and
interleukin-12 (IL-12), which support T helper 1 (T, 1) cell differentiation and the clearance of intracellular pathogens such
asviruses, and produce higher levels of IL-1p, IL-6 and IL-23, which support T, 17 cell differentiation and the clearance of
extracellular pathogens. Adenosine and other uncharacterized soluble factors in neonatal plasma seem to exacerbate
the skewing of this cytokine milieu. In addition, plasmacytoid DCs (pDCs) in neonates have decreased polyfunctionality
and produce lower levels of type | IFNs compared with adult pDCs, which contributes to the impairment of immunity
against intracellular pathogens. TGFp, transforming growth factor-.
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immunodeficiency virus (SIV)-macaque model* sug-
gest that HIV-specific CD8* T cells can mediate virae-
mic control. The HLA class I type of an individual has a
major impact on HIV disease progression®-*. In partic-
ular, HLA-B*57 and HLA-B*27 are associated with slow
progression to AIDS, whereas HLA-B*35 subtypes are
associated with rapid disease progression. The mecha-
nism underlying these HLA class I associations is prob-
ably multifactorial, but seems to be related in part to the
Gag specificity of the CD8" T cell response®-*2. Evasion
of Gag-specific T cell responses through viral escape
mutations can ultimately benefit the host as a result of
the consequent reduction in viral replicative capacity
(that is, the decreased viral fitness resulting from Gag
mutations)®-%,

In addition to their specificity, the functionality of
CD8" T cells is important®-"2, including their ability to
exert a selection pressure on HIV7>7%, Other functional
measures of CD8* T cells are also associated with virae-
mic control. Such measures include proliferative activ-
ity” and the capacity to produce multiple cytokines®®®,
to express perforin™ and to load lytic granules”. An
‘exhausted’ phenotype of HIV-specific T cells — similar
to that found in mice chronically infected with LCMV7>7¢
— is associated with HIV disease progression®®7¢7,
This T cell phenotype is characterized by the expres-
sion of multiple inhibitory receptors and by decreased
proliferation and cytokine production®”7#05!,

CD4" T cell activity is required for effective CD8*
T cell responses against HIV®2%, Although the magni-
tude of the CD4" T cell response is not related to viral
control®*, as it is for CD8* T cell responses, a broad
Gag-specific CD4* T cell response is associated with
viraemic control, whereas a predominantly Env-specific
response is associated with progressive disease®.

The role of humoral immunity in controlling estab-
lished HIV infection is less clear. Neutralizing anti-
bodies arise several months after the initial decline in
acute viraemia. Rapid viral escape from neutralizing
antibodies means that circulating antibodies are often
capable of neutralizing only historical viral quasispecies®.
However, recent studies in an HIV-infected patient with
B cell lymphoma, who received the CD20-specific mono-
clonal antibody rituximab and lost viraemic control,
reveal the contribution made by neutralizing antibodies
in chronic infection®. Non-neutralizing antibodies may
also provide protection by promoting complement depo-
sition and direct virolysis®, by enhancing phagocytosis
and by recruiting antiviral effector cells (such as NK cells)
to mediate antibody-dependent cell cytotoxicity®.

HIV-infected infants and older children. In contrast
to HIV-infected adults, HIV-infected infants have
very high viral loads (typically 10°-107 copies per ml
plasma)®*°-% throughout the first year of life, which
decline only slowly with age, at a rate of 0.21 log,  cop-
ies per ml per year’. There are several immunological
reasons for the slow viral decline in children compared
with adults (BOX 2). The immune response in early
infancy, as described above, is characterized by the
preferential induction of T2 and T,;17 cell responses.

REVIEWS

Although CD8" T cell activity is detectable from birth
in HIV-infected infants®'*, these responses are ini-
tially insufficient to reduce viral load. Furthermore,
the maternally transmitted virus may be pre-adapted
to the HLA alleles present in the child'*"'®. For exam-
ple, an HLA-B*27-positive child cannot generate a cru-
cial HLA-B*27-restricted Gag-specific response if the
HLA-B*27-positive mother transmits a virus carrying
an escape mutation within that Gag epitope. Neither the
magnitude nor the breadth of CD8* T cell responses at
1 month of age predicts control of viraemia or mortal-
ity within the first year of life'™, but Gag-specific CD8*
T cell responses at 3 months of age do predict survival at
12 months'®. Both the breadth and magnitude of CD8*
T cell responses increase with age®!°*1*+10617 with Nef
and Env epitopes of HIV-1 being the initial main targets
of CD8* T cells*!**106197 Eor unknown reasons, Gag-
specific responses can increase in magnitude with age
substantially more than non-Gag-specific responses'®.
In one study'®, but not in another'”, the breadth and
magnitude of the Gag-specific CD8" T cell response were
inversely related to viraemia in HIV-infected children.

As in adults, polyfunctional HIV-specific CD8*
T cell activity is related to slow disease progression in
children'®, and the upregulation of expression of inhibi-
tory molecules, such as programmed cell death protein 1
(PD1), by CD8* T cells is also observed in children dur-
ing HIV infection'®'". The ability of CD8" T cells to
exert a selection pressure on the virus has not been well
studied in children. Viral escape can occur within the
first year of life, particularly in epitopes presented by
protective HLA alleles'>'"'""%, but the precise timing
and consequences of viral escape are unknown. Some
infants with protective HLA alleles experience disease
progression before making any detectable Gag-specific
CD8" T cell responses, and they therefore derive limited
benefit from the expression of those alleles. The narrow
CD8" T cell response in infants can lead to viral escape
mutations within epitopes in which mutations are not
typically observed in HIV-infected adults, thereby creat-
ing an even narrower immune response'®. Finally, the
persistently high levels of viral replication in infants may
facilitate the selection of escape mutants with compensa-
tory mutations that increase viral fitness'', negating any
benefit to the host of selecting escape mutants that have
reduced viral replicative capacity.

The most striking contrast between HIV infection
in children and adults is the very low levels of CD4*
T cell responses that are detectable in children. Most
infected infants (of <1 year of age) do not have a detect-
able HIV-specific CD4* T cell response!®'®. In the
infant SIV-macaque model, suppression of SIV-specific
CD4" T cells occurs due to an expanded T, cell pool in
early life, and depletion of T, _ cells is required to detect
effector CD4" T cell responses'”>. When CD4* T cell
responses are present, they seem to be important in
T cell-mediated control of HIV. One study showed that
in HIV-infected human infants of 3-6 months of age,
the frequency of Gag-specific CD4* T cells, but not of
CD8" T cells, was inversely related to viral load'®. HIV-
specific CD4* T cell responses increase with age'*''® and,
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Long-term non-progressors
(LTNPs). There is no universally
adopted definition of LTNPs,
and often the term LTNP is
used interchangeably with HIV
controller, because control of
viraemia is strongly predictive
of long-term non-progression
of disease. LTNPs are
individuals infected with HIV
whose plasma viral load is
controlled to low levels for
extended periods. Stricter
definitions of LTNPs include
the duration of infection and
preservation of CD4* T cell
numbers.

Box 2 | Factors contributing to the slow decline of HIV viraemia in paediatric infection

* Tolerogenic environment: enhanced regulatory T cell activity and increased interleukin-10 (IL-10) production

e Decreased production of type | interferons (IFNs)

* Decreased production of T helper 1 (T, 1) cell-supporting cytokines (such as IL-12 and IFNy) and increased production of
T,2and T,17 cell-supporting cytokines (such as IL-6 and IL-23), so T cell-mediated immunity is skewed towards

extracellular pathogen clearance

* Low-magnitude CD8" T cell responses with a narrow range of specificities, which predisposes to viral escape mutations

* Inheritance by the child of one HLA haplotype from the mother, which means that the transmitted virus is pre-adapted
to at least half of the HLA alleles of the child; if the father previously transmitted HIV to the mother, then the maternally
transmitted virus may also be pre-adapted to the paternally inherited HLA alleles of the infant

* HLA alleles associated with mother-to-child transmission are those associated with a high viral set point in adults;
therefore, disease-susceptible HLA alleles are enriched in HIV-infected children

* Nef and Env viral antigens are the main targets of CD8* T cells in infected children; in adults, these specificities of T cells

are less effective against the virus than Gag-specific T cells

¢ Initially undetectable, and subsequently low-magnitude, narrow CD4* T cell responses

* Persistent viraemia facilitates the selection of compensatory viral mutations (which compensate for the reduced viral

fitness resulting from T cell escape mutations)

in older children who have not received antiretroviral
therapy (ART), there is a strong inverse correlation
between the magnitude of p24 Gag-specific CD4* T cell
responses and viral load'””. In one study'", but not in
another'”’, Gag-specific CD4" T cell responses correlated
with Gag-specific CD8* T cell activity, which indicates
that a strong T, cell response of the corresponding speci-
ficity might be required to generate effective antiviral
CD8" T cells.

The events that bring about the eventual decline in
viraemia in paediatric HIV infection remain unknown.
Children who manage HIV infection most successfully,
and who eventually become ‘long-term non-progressors’ or
‘slow progressors, have lower levels of immune activation
in the first weeks of infection"'®. Immune activation also
contributes to CD4* T cell depletion in adult infection'”,
as a result of the apoptosis of activated but HIV-uninfected
cells', and it is a stronger prognostic indicator of disease
outcome than viral load'?'. In the tolerogenic neonatal
environment and in the absence of significant T, cell
responses, CD8" T cell activity may be largely irrelevant.
In paediatric slow progressors, this phase resembles the
situation in natural SIV infection of sooty mangabeys or
African green monkeys, in which stable high CD4* T cell
counts persist in the setting of high viral loads (>10° copies
per ml) and low immune activation'?2. Depletion of CD8*
T cells in sooty mangabeys does not alter the SIV load'*.
However, unlike the SIV-infected sooty mangabeys or
African green monkeys, paediatric slow progressors even-
tually bring the viral load down over time (FIC. 1a) and,
also unlike the sooty mangabeys or African green mon-
keys, this occurs in association with an increasing breadth
and magnitude of HIV-specific CD4* and CD8* T cell

response599,100,104, 106,107,116

Adaptive immune responses in HBV infection

Hepatitis B virus in adults. HBV infection causes dia-
metrically opposed outcomes in adults and newborns,
and this is associated with distinct immune responses. In
adults, sustained virological control is achieved through
the generation of robust innate, humoral and cellular

immune responses; there is evidence for the importance
of each from clinical studies and animal models'**!%*.
After several weeks of viraemia, without any apparent
host response or liver inflammation, the clearance of
HBV DNA from plasma is accompanied by the sequen-
tial development of antiviral antibodies specific for
distinct targets (see below). During the process of viral
clearance, a flare of liver inflammation is seen, which
can be accompanied by severe liver dysfunction and,
rarely, fulminant disease. Although HBV is not clinically
detectable in those who have cleared the infection, and
such individuals are healthy and non-infectious, viral
DNA can be detected in tissues for life'*.

In contrast to antibody responses in HIV infection, the
emergence of antiviral antibodies in HBV infection —
particularly those specific for the surface antigen and
envelope antigen of the virus — is associated with viral
control'?*1?7128 The importance of antibodies is prob-
ably linked to the relatively invariant nature of the HBV
envelope, which provides a reliable target for natural and
vaccine-induced humoral immunity. Antibodies con-
tribute to acute clearance of HBV but also have a long-
term role in chronic infection, even in those individuals
without circulating virus. This is evident in humans
whose B cells are depleted using rituximab, as this
treatment can lead to flares of HBV infection, which are
sometimes accompanied by severe hepatitis'?.

Both CD4* and CD8* T cell responses have a role
in the acute control of HBV and also in immuno-
pathology during chronic disease'®. The emergence of
CD8" T cell responses immediately precedes the clear-
ance of the virus in individuals studied longitudinally
after exposure'. There are clear functional, pheno-
typic and numerical differences in circulating CD4*
and CD8" T cell responses between individuals with
resolved and chronic infection, although cause and
effect are not always clear'?>'3>1% It seems likely that, in
chronic infection, inflammation in the liver is accom-
panied by an antiviral T cell infiltrate that, although
insufficient to fully control viral replication (through
cytotoxicity or IFN release), nevertheless contributes
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Mucosa-associated
invariant T cells

(MAIT cells). A conserved
mammalian T cell subset that
expresses TCR a-chains with a
canonical Va7.2 junctional
sequence in rodents and
humans. MAIT cells are specific
for an as-yet-undefined antigen
that is bound to the
monomorphic MHC class I-
related molecule MR1.In a
similar manner to invariant
natural Killer T cells, MAIT cells
typically express memory

T cell markers and natural killer
cell receptors, and in adult
humans they account for one
in six circulating CD8+ T cells.

Follicular helper T cells
CD4* T helper cells that are
specialized to regulate multiple
stages of antigen-specific B cell
immunity through cognate cell
contact and the secretion of
cytokines. They localize to

B cell follicles during immune
responses.

to immune-mediated tissue damage. These ineffective
T cells are characterized by features of T cell exhaustion,
including the upregulation of inhibitory receptor expres-
sion and of apoptotic pathways'*2*%, However, the nature
of the T cell infiltrate in chronic hepatitis is complex,
regardless of the aetiology, and includes not only antiviral
cells but also a large fraction of non-virus-specific T cells,
including NKT cells and mucosa-associated invariant
T cells (MAIT cells)'.

Neonatal infection: tolerance, ignorance or immaturity?
Although it is well recognized that mother-to-child
transmission leads to high rates of HBV persistence, the
underlying mechanisms have not been well defined. The
failure of neonates to mount typical antibody and T cell
responses to HBV leads to high levels of viraemia with no
liver inflammation, and this has been taken as evidence
of tolerance'*. This apparent tolerance is incomplete, as
some children develop early clinical disease, which is
indicative of an active host response. Furthermore, over
longer periods, both T cell and humoral responses to
HBYV are typically generated in infants, leading to sero-
conversion to envelope-antigen-specific antibodies and
partial viral control'””. Nevertheless, failure to mount an
effective, or indeed detectable, humoral response is a
hallmark of neonatal HBV infection.

A delayed immune response is characteristic of HBV
infection even in adults, who show several weeks of
apparent non-responsiveness before an innate immune
response is detected, followed eventually by adaptive
immune responses and ultimately acute disease and
virological control™'. This is clearly an intrinsic fea-
ture of the virus, which is highly host-adapted, having
co-evolved with humans for many hundreds, if not thou-
sands, of years'*. The pre-symptomatic period is diffi-
cult to investigate, but it seems that type I IFN responses
are delayed, and in addition active suppression occurs
through the induction of immunosuppressive IL-10
(REF. 139). Thus, it is currently unclear to what extent
the lack of responsiveness is mediated by evasion of
innate detection versus active suppression (for example
through the action of secreted proteins on TLRs)"*!4!,

These clinical observations and immunological stud-
ies indicate that HBV limits or delays the induction of
immune responses, but they do not explain the divergent
outcomes in adults and neonates. As described above, sev-
eral features of the neonatal immune system may favour
viral replication. A recent study identified low levels of
IL-21 secretion in neonates as one such feature'*%. Lack
of IL-21 secretion in young mice is an important cor-
relate of failure to control viral replication in a mouse
model of human HBV infection, and adult mice failed to
control HBV infection when IL-21 signalling was abol-
ished. Similarly, in adult patients, IL-21 is induced during
acute resolving disease but not during chronic infection
with HBV. The likely source of IL-21 is virus-responsive,
liver-homing follicular helper T cells, which are significantly
more prevalent in adult mice than in young mice'*. Of
note, responses to HBV vaccination in neonates (to the
same surface antigen as that displayed during natural
infection, although the antigen is presented in a different
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form) are substantial, leading to immediate protection
and to long-term memory !>, Thus, a lack of IL-21 in
this setting may not be limiting if innate immune signal-
ling and antigen presentation are optimal. Indeed, some
vaccinated neonates born to HBV-infected mothers
have detectable CD4* and CD8* T cell responses to viral
polymerase and core proteins that are not present in the
vaccine. This indicates that, in the presence of humoral
responses induced by a vaccine, robust cellular immunity
can help to contain HBV, even in the neonatal period'*”*5.
Overall, HBV infection represents an extreme exam-
ple of host-virus interactions in the neonatal period,
in which apparent tolerance is the norm, with minimal
consequences for the host owing to a lack of immuno-
pathology. This is a result of both viral stealth and a lack
of innate immune induction, superimposed on a blunted
host response and perhaps exaggerated by the tolerogenic
environment of the liver. Similar features may apply to
hepatitis C virus (HCV) infection, with the added com-
plications of viral adaptation (as for HIV), although
mother-to-child transmission of HCV is much rarer.

Adaptive immune responses in CMV infection
CMYV has a very large (230kb) genome, which contains
multiple genes that interfere with antigen presentation
and limit the surface expression of peptide-MHC class I
complexes. Despite this, cellular immune responses to
CMYV are substantial, and some of these CMV genes are
probably involved in superinfection rather than immune
escape'”. Infection is lifelong and involves low-level tis-
sue persistence of CMV that is normally contained by
continuous active immune surveillance. In mouse mod-
els of murine CMV (MCMYV) infection and in patients
who are immunosuppressed (after transplantation or
in late-stage AIDS), loss of this immune surveillance
by T cells and NK cells leads to recrudescence of the
virus and severe disease'®. The observation that peri-
natal infection is generally not associated with signifi-
cant pathology suggests that antiviral cellular immune
responses to CMV are functional in tissues even during
the neonatal period.

Lessons from adult humans and mice. Most CMV-specific
immune responses have been studied in adults, during the
phase of established viral latency. In this context, immune
responses to CMV can be very large, constituting ~10% of
the total CD8" T cell compartment in healthy adults'. The
size of the CMV-specific CD8" T cell pool increases with
age' These T cells are highly differentiated and express
markers of continuous or repetitive antigen exposure,
but not markers of exhaustion'*. Thus, they tend to lose
expression of co-stimulatory molecules such as CD27
and CD28, express CD57 and re-express CD45RA;
such populations of bulk CD8* T cells are a marker
of age. It has been estimated that CMV has an ageing
effect on the immune system of approximately 2-3 dec-
ades'*1%. As acute CMV infection is usually clinically
silent, few studies have tracked these T cell populations
as they emerge, but some analyses of post-transplant
infection have revealed the distinct evolution of CMV-
specific responses'. Studies in mice have tracked the
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Memory inflation

The gradual accumulation of
peptide-specific CD8* T cells
with an effector memory
phenotype that occurs after
the resolution of certain viral
infections (for example, MCMV
infection).

Immunosenescence

The decreased function of the
immune system with age. In
particular, the number of naive
T cells decreases as thymic
function declines, and the
number of terminally
differentiated T cells with

shortened telomeres increases.

development of CMV-specific T cell populations after
exposure to CMV. Populations that are dominant in
latency are not always immunodominant in acute dis-
ease, but may gradually grow over time, a feature termed
memory inflation'*. From such experiments it seems that
only some T cell populations undergo memory inflation;
the majority undergo classical memory evolution and
are retained as small central memory pools. Memory
inflation in mice reflects the known phenotypic and
functional features of human responses, and it depends
on antigen persistence, continuous turnover of the T cell
pool, T cell help, IL-2 and co-stimulation through OX40
and 4-1BB ligand'”". Although classical DCs are required
for the priming of CMV-specific T cell responses, non-
haematopoietic cells — which lack constitutive immuno-
proteasomes and therefore present a different peptide
repertoire — are responsible for the long-term main-
tenance of memory T cell inflation'*®. This interaction
may occur in the lymph nodes, although CMV-specific
T cells tend to accumulate in the tissues, notably the
lungs and liver.

CMV-specific responses in early life. As discussed above,
perinatal infection is typically asymptomatic, although
CMYV can cause clinical disease in premature infants**'*.
However, whereas adults typically shed the virus in secre-
tions for weeks to months, virus shedding in children is
much more prolonged, and it has been suggested that the
urine of infected children aged 1-2 years may provide
an important viral reservoir for maternal infection'®.

CMV-specific CD8" T cell populations in very early
life are remarkably similar to those of adults in terms
of size, phenotype and function'*>'**'®!, Studies in The
Gambia, where 62% of infants are infected by 3 months
of age and 85% by 1 year of age, show that in infants,
as in adults, T cell responses are so large that infection
is evident at the level of bulk CD8* T cells, which show
changes in the expression level of several differentiation
markers. These T cell responses seem to be maintained
over time'* and are functional, at least in terms of IFNy
responses'>>¢2,

These data indicate that early CD8* T cell responses
to CMV are not impaired in neonatal life, and this is fur-
ther supported by data from studies in utero. Despite the
tolerogenic environment in utero, CD8" T cell responses
to CMV are generated during congenital infection'®-'%,
and expanded populations of differentiated yd T cells can
be observed at as early as 21 weeks of gestation'*®. CMV-
specific CD8" T cell responses in chronically infected
children aged 1.5-4 years are similar in magnitude to
those observed in infected adults. However, CMV-
specific CD4" T cell responses at this age, when CMV
can still be detected in the urine, are less than 10% of the
magnitude of responses observed in infected adults'®".

Previously we argued that functional tolerance to
HBYV during the neonatal period confers an advantage
to both host and virus. Could functional immunity to
CMV have similar benefits? The immune deviation
seen in response to CMV has typically been thought to
drive lymphocytes towards immunosenescence and has
been associated with various adverse outcomes in the

elderly, although this remains controversial'*>. However,
emerging data also suggest that, in the early stages of
infection, the high number of effector T cells and the
triggering of macrophages in the tissues may have a pro-
tective effect against bacterial infection. This has been
assessed so far only in mouse models, based on infec-
tion with Listeria and Yersinia spp., and the effect may
not be very prolonged'®'®. However, it is tempting to
speculate that the rapid immune maturation driven by
CMV could reset some of the dampening of innate and
adaptive responses described above. As early infection
with CMV has been the norm throughout human evo-
lution (indeed, loss of high-level CMV seropositivity in
Western populations is a recent experiment of nature),
this impact could be viewed as integral to immune mat-
uration, in much the same way that the gut microflora
shapes host mucosal immunity.

Implications for therapy

Given the global impact of viral infections that are
acquired in early life, alternative preventive and thera-
peutic approaches are clearly needed. Interventions
to reduce the impact of perinatal viral infections
could be targeted at the mother, the infant or the
mother-infant dyad.

Maternal interventions. Prevention of primary infec-
tion in women is a logical approach to prevent vertical
transmission of chronic viral infections, and this is one
of the key strategies in HIV prevention programmes for
mother-to-child transmission. Vaccination of CMV-
seronegative women to prevent primary infection during
pregnancy would be a cost-effective strategy to reduce
congenital CMV infection; however, transmission of
CMYV to the fetus can occur even in women with pre-
existing immunity owing to re-infection with distinct
strains'”®. Nonetheless, a Phase II trial of a vaccine using
recombinant CMV envelope glycoprotein B and a novel
MF59 adjuvant showed a vaccine efficacy of 50% among
CMV-seronegative women'”!. Together with data from
arecent trial of a CMV DNA vaccine in haematopoietic
stem cell transplant recipients'”?, this trial provides
promising evidence that effective vaccination against
CMYV may be an achievable goal in the future.

Interventions among women who are already
infected may reduce vertical transmission of viral infec-
tions. In the case of HIV infection, effective measures
including maternal ART, planned Caesarian section
and avoidance of breastfeeding can reduce the prob-
ability of mother-to-child transmission to <1%; how-
ever, in many parts of the world, these interventions are
not available or feasible. Despite a major drive to elimi-
nate new HIV infections in children by 2015 (REF. 173),
paediatric HIV infection remains a major health prob-
lem, particularly in sub-Saharan Africa. The number
of new infections in children has remained stable over
the past 5 years at ~390,000 per year, and the number
of children living with HIV globally is increasing dra-
matically (FIC. 4). Unless the number of new paediatric
infections can be reduced, a rapidly growing paediatric
HIV epidemic will develop.
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Figure 4 | The number of children and adults living with HIV. The graphs show the number of children (a) and adults
(b) living with HIV worldwide. The global data (1990-2011) were published by the World Health Organization (WHO), the
United Nations Children’s Fund (UNICEF) and the Joint United Nations Programme on HIV and AIDS (UNAIDS) and were
obtained from the AVERT Worldwide HIV and AIDS Statistics webpage.

Infant interventions. Immunization at birth is a logical
approach for preventing viral infections in early life'™.
Globally, birth is an important time of contact with
healthcare providers, making it a practical time point at
which to administer vaccines. However, in the drive to
develop new neonatal vaccines, there is a crucial need to
better understand the ontogeny of the immune response
to inform vaccine design, the rational choice of adjuvants
and the route of administration'’. In the case of HBV
infection, immunization at birth is the cornerstone of
prevention, reducing mother-to-child transmission by
>95%"2. Where HBV vaccination coverage is broad, infec-
tion in infants results from vaccine failure; this can be
due to intrauterine transmission or viral escape mutants.

For infants who become infected with persistent
viruses in early life, antiviral treatment may be benefi-
cial. Infants infected with HBV have a long-term risk of
cirrhosis, liver failure and hepatocellular carcinoma, and
approaches to treatment during childhood with antiviral
drugs and IFNs are being evaluated. Treatment of infants
with congenital CMV infection using ganciclovir seems
to reduce hearing loss and improve neurodevelopmental
outcomes'”>'’¢, but it requires intravenous therapy and
is associated with uncertain long-term toxicity. A cur-
rent trial (ClinicalTrials.gov identifier NCT00466817)
is evaluating the efficacies of short (6-week) and long
(6-month) courses of the oral prodrug valganciclovir in
symptomatic infants. In HIV-infected infants, early treat-
ment with ART substantially reduces disease progression
and mortality, but a lifetime of ART from birth is unre-
alistic because of cost, drug resistance and cumulative
toxicity. The case for the development of an effective ther-
apeutic vaccine to enable HIV-infected children to inter-
rupt ART, after successful early treatment, is ever more
compelling. In contrast to the situation in HIV-infected
adults, thymic activity in infected children enables Gag-
specific CD4"* T cell responses to be rescued after a period
on ART"®. However, ART interruption in children is
unlikely to be beneficial unless improved antiviral immu-
nity can be induced before ART discontinuation. Given
the crucial role of the T, cell response described above

and the years that it takes for substantial virus-specific T,
cell responses to develop in children, together with con-
cerns about the impact of HIV on neurodevelopment in
childhood, an optimal time for a vaccine to be used might
be in older children, aged 5-10 years, who have been on
ART from birth. Co-infection with CMV and HIV also
accelerates HIV disease progression'”’. Many breast-
fed children in developing countries acquire CMV at a
very similar time to HIV, which provides another argu-
ment in favour of early ART for HIV-infected children.
CMV induces a substantial T cell response that leads
to increased immune activation, which may accelerate
HIV disease progression; CMV treatment thus may be
beneficial in early life by reducing immune activation, as
in adults'”®. Alternatively, the immunostimulatory effects
of CMV may accelerate the maturation of the immune
response and assist in the subsequent immune control of
other viruses, such as HIV.

Conclusion

In summary, antiviral control in early life — even well
into later childhood — is qualitatively and quantita-
tively different from that of adulthood. This is because
of fundamental adaptations, such as the induction of
tolerance and robust extracellular immune defences,
that have evolved to favour survival in utero and peri-
natally. Chronic viral infections acquired at this time
therefore frequently cause more severe disease than
those acquired later. Although effective strategies to
reduce mother-to-child transmission of viruses such
as HIV and HBV have been developed, these are only
successful in certain settings. Efforts to maximize the
coverage of prevention strategies for mother-to-child
transmission should be prioritized, but it is also neces-
sary to address the consequences in some settings of the
failure of these prevention approaches. New strategies
should focus on the prevention of maternal infection,
neonatal immunization and the use of antiviral therapy
in early life. A deeper understanding of the ontogeny
of antiviral immunity is critically required to enable the
rational design of these interventions.
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