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The potential advantages and unique challenges of the early life immune system for the development of
HIV-specific broadly neutralizing antibodies were discussed during a workshop entitled “Immunological
Mechanisms of Inducing HIV Immunity in Infants” sponsored by the National Institute of Allergy and
Infectious Diseases (NIAID), National Institutes of Health (NIH) in conjunction with the 2018 HIVR4P
Conference held in Madrid, Spain. A safe and effective HIV vaccine remains a critical need in the fight
against the HIV pandemic, especially to prevent emerging infections in infants, adolescents, and young

. adults. To successfully target these populations, a vaccine should ideally induce protective immune
Early life . . . . s e . . L.
Immune system responses during childhood. Inte'restmgly, several recent studies hlg.hllg.htmg differences in immune
HIV responses between adults and children have suggested that the early life immune system could present
advantages for the elicitation of broadly neutralizing antibodies (bnAbs), a response highly desired for an
HIV vaccine. Notably, HIV-infected children develop bnAbs responses earlier and more frequently than
infected adults; with emerging evidence that the pathways of elicitation of bnAb lineages may differ
between adults and children. Moreover, there is precedent for the prevention of lifelong infections with
pediatric immunization, and early life provides a unique window of opportunity for the administration of
a multi-dose HIV vaccine that will likely be needed to achieve protective immunity. Further understand-
ing of how the distinct early life immune system can be harnessed to trigger bnAb lineages for induction
of durable and polyfunctional HIV-specific immunity is warranted. This strategy will include testing
promising HIV vaccine candidates in pediatric populations in preclinical and clinical studies. Novel
approaches to identify molecular markers of protection are also key to guide and accelerate pediatric
HIV vaccine development.
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1. Why is a pediatric hiv vaccine critically needed?

Every year it is estimated that ~1.8 million new HIV infections
occur worldwide, including >150,000 infections among children
<15 years of age that are mainly due to vertical transmission [1].
In addition, adolescents and young adults (15-24 years) account
for almost one-third of yearly HIV infections, making them a
key target population for prevention strategies. The burden of
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adolescent HIV infections is especially high among young women.
In 2017, ~460 adolescent girls became infected with HIV every day;
and ~50 adolescent girls died of AIDS-related illness every day [2].
In sub-Saharan Africa, young women are disproportionally affected
by the pandemic: they account for 1 in 5 new HIV infections
although they only represent 10% of the population. Though HIV
prevention and treatment services are becoming available to an
increasing number of people, the tailored comprehensive preven-
tion options are not yet available to a significant number of adoles-
cents and young adults. The implementation of an HIV vaccine
early in life may afford an opportunity to protect prior to the vul-
nerable period of adolescence and sexual debut. Moreover, early
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life immunization may provide the option to integrate HIV immu-
nization into the current Expanded Program on Immunization and
reach infants and young children with high coverage [3].

A major goal for an HIV vaccine is the elicitation of bnAbs.
While vaccine candidates tested to date have been unsuccessful
in inducing bnAbs in human adults, recent animal studies have
provided proof of principle that HIV immunogens can elicit neu-
tralization breadth in certain immune environments. For example,
it was demonstrated that immunization with SOSIP, a recombinant
protein that mimic the native HIV envelope glycoprotein, results in
rapid elicitation of broad and potent serum antibody (Ab)
responses in young cows (e.g. calves), animals that possess an Ab
repertoire with long third heavy chain complementary determin-
ing regions (HCDR3) [4]. In addition, vaccination with HIV envel-
ope glycoprotein gp120 can induce bnAbs in autoimmune mice
with breached peripheral tolerance [5]. These findings highlight
the importance of specific criteria of the immune landscape for tai-
lored immune responses towards the development of bnAb
lineages.

A number of factors suggest that the early life immune land-
scape may present an opportunity to direct immune development
for optimal vaccine-elicited immune responses, including (a) dis-
tinct immune regulation/tolerance mechanisms as compared to
the adult immune system and (b) less immune preprograming by
the environment. The hypothesis that the distinct pediatric
immune landscape provides a unique setting for B cell maturation
pathways is supported by the early development of broad HIV neu-
tralization in HIV-infected young children. Herein we summarize
the presentations from a satellite meeting entitled “Immunological
Mechanisms of Inducing HIV Immunity in Infants” sponsored by the
National Institute of Allergy and Infectious Diseases (NIAID),
National Institutes of Health (NIH) in conjunction with the 2018
HIVR4P Conference that took place on October 22, 2018 in Madrid,
Spain. Key points of the presentations and discussion included the
mechanisms by which the pediatric immunome could provide a
distinct immune landscape for rapid development of HIV bnAb lin-
eages and how the understanding of evolutionary pathways of
bnAbs in the HIV- infected early life immune system can inform
the design of HIV vaccine strategies (Fig. 1).

2. What drives the development of broadly neutralizing
antibodies in hiv-infected children?

HIV infected children develop neutralization breadth earlier and
at a higher frequency than adults. Notably, cross-clade neutralizing
Abs were detected in perinatally HIV-infected children within the
first year of life [6]; and non-progressing clade C HIV-infected chil-
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dren >5 years of age demonstrated greater neutralization breadth
and potency against a cross-clade panel of relatively difficult to
neutralize (tier 2 and tier 3) viruses compared to adults [7]. Exten-
sive mapping of bnAb specificities in the aforementioned cohort of
HIV clade C infected children showed that 63% of children devel-
oped polyclonal bnAb responses targeting multiple epitopes on
HIV envelope, including the variable loop 2 (V2)-glycan, variable
loop 3 (V3)-glycan, CD4 binding site, and interface of envelope gly-
coproteins gp120 and gp41 [8]. This finding contrasts with the
observation that plasma neutralization breadth in adults is gener-
ally driven by Ab of limited specificities [9] and raises the possibil-
ity that neutralization breadth is achieved by distinct mechanisms
in adults and children.

Several clinical factors have been associated with the develop-
ment of neutralization breadth in adults, including time since
infection, high virus load and early decline in circulating CD4 + T
cells [10,11]. While an association between persistent high viremia
and bnAb development has also been observed in children, this
association is not unequivocal [7]. Moreover, time since infection
appears to be less critical in children than in adults as broad neu-
tralization can be achieved within 1-2 years of infection in chil-
dren. Interestingly, about 7% of HIV infected pediatric patients,
remain clinically healthy and have normal for age CD4 + T cell
counts in the absence of antiretroviral treatment, despite main-
taining high levels of plasma viremia (Paul, 2004). The normal
CD4 + T cell counts in these pediatric non-progressors is possibly
due to reduced HIV infection of long-lived central memory
CD4 + T cell subsets that may enable absolute CD4 + T cell counts
to be maintained despite persistent high viremia. In addition, pedi-
atric non-progressors show low levels of CD4 + T cell activation [7].
The fact that these children develop broad neutralization suggests
that extended exposure to high antigenic load, in the context of
high viral load, high CD4 T cell counts, and low immune activation
of CD4 + T cells may contribute to drive the activation of multiple B
cell lineages and breadth in HIV-infected children.

Due to distinct cellular (e.g., suppressor cells) and soluble (e.g.,
anti-inflammatory adenosine) factors, the early life immune sys-
tem exhibits a Th2-polarized anti-inflammatory environment
[12]. Accordingly, newborn antigen-presenting cells tend to
express high levels of IL-6 and IL-23 suggesting a robust ability
to mount Th17 and follicular helper T (TFH) cells at similar or even
higher levels than adults [12]. This skewing of the infant immune
system may allow for more robust humoral immunity and could
favor the development of broad neutralization. Interestingly, high
frequency of IL-21-secreting HIV-specific circulating effector TFH
cells in blood and lymphoid tissues of HIV infected, treatment-
naive children (aged 8-13 years) correlates with neutralization
breadth [13]. Furthermore, the enrichment of IL-21-secreting
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Fig. 1. Summary of factors that could contribute to regulate the development of HIV specific broadly neutralizing antibody lineages in the setting of the early life immune

system.
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HIV-specific TFH in pediatric lymphoid tissue is accompanied by
increased TFH regulation via abundant regulatory follicular T-
cells and HIV-specific CXCR5 + CD8 + T cells compared to adults.
The distinction between infected children and adults in the magni-
tude, quality and regulation of HIV-specific TFH responses is con-
sistent with the superior ability of children to develop high
frequency, potent bnAbs.

The monoclonal bnAbs isolated from adults have specific
immunogenetic characteristics including auto/polyreactivity, long
HCDR3 and high level of somatic hypermutation (SHM) [14]. To
date only two bnAbs isolated from infected children have been
described. These include BF520.1 that was isolated from a clade
A perinatally infected infant ~1 year after infection [15], and
AIIMS- P01 that was recently isolated from a 9 year old ART-
naive clade C chronically infected pediatric elite neutralizer [16].
These two pediatric bnAbs target the N332 envelope supersite
and they both show lower levels of SHM than adult bnAbs against
the same region, demonstrating that in the setting of the pediatric
immune system, broad neutralization can be achieved without
extensive SHM. Interestingly, not all the mutations acquired during
Ab maturation of adult bnAbs are necessary for the development of
neutralization breadth [17]. Wiehe and collaborators have recently
developed a computational approach that identified bnAbs being
enriched in improbable mutations, and their results suggest that
neutralization breadth can be achieved through shorter affinity
maturation pathways involving a critical subset of improbable
mutations [18]. Immune settings that enable the rapid accumula-
tion of critical improbable mutations may therefore accelerate
the development of broad neutralization as observed in the infant
BF 520.1 bnAb lineage. The developmental pathway of BF520.1
indicates that heterologous cross-clade neutralizing activity
evolved in the infant within six months of infection and only 2%
SHM was needed to achieve the full breadth of the mature anti-
body [19]. Analysis of heavy and light chains sequences from the
two reported pediatric bnAbs have also indicated that pediatric
bnAbs may have features that are distinct from the ones described
in adults bnAbs. For example, mutations important for BF520.1
functional activity are primarily found in the complementarity-
determining regions HCDR2 and LCDR1, in contrast to many HIV
bnAbs where major determinants of breadth reside in the HCDR3
region [19]. In the case of AIIMS-PO1, the presence of indels in
the framework region HFR3, that have not been observed in adult
bnAbs, appear to be critical for neutralization breadth [16]. The
emerging knowledge of mutational changes that are critical for
bnAb activity and of the molecular networks related to functional
immune system dynamics in the pediatric immune landscape is
critical to design effective vaccines. Moreover, characterization of
additional infant bnAbs will be key to determine if the early life
immune system is more suitable for the acquisition of mutations
critical for neutralization breadth development.

3. Can the infant immune system be modulated for induction of
protective immune responses?

In order for the fetus to survive and develop in its hemi-
allogenic mother, the early life immune system is rich in regulatory
processes and in soluble mediators that work in concert at
maternal-fetal interface to create a tolerogenic immune environ-
ment. Following birth, there is a period of adaptation from the rel-
atively low pathogen environment in the uterus to the need of
developing immune responses against pathogenic microbes and
environmental antigens, while at the same time establishing a nor-
mal microbial flora. As a result, immune responses to bacterial and
viral infections during infancy can significantly differ from that of
adults. Recent systems-level approaches to investigate immune

ontogeny in early life have noted a convergence on a developmen-
tal trajectory of immune parameters around 3 months of life, indi-
cating a critical set period from which human immune system
variation is shaped by environmental exposures over the course
of life [20]. It is possible that consistent and robust molecular
and cellular changes leading to developmental convergence occurs
even earlier as multi-OMICS studies of the dynamics of immune
ontogeny within the first week of life have revealed a stable devel-
opmental trajectory shared by multiple cohorts of newborns [21].
These key pathways of molecular ontogeny are centered around
interconnected interferon signaling, complement cascade, and
neutrophil activity modules. Interestingly, sequencing of the B cell
repertoire in a longitudinal birth cohort has determined that IgG
and IgA class-switched B cells progressively gain mutations reach-
ing about 60-75% of adult SHM frequencies by three years of age
[22]. Clonality of B cells also increased with age and was signifi-
cantly different between children and adults, with changes in
BCR repertoires influenced by infectious diseases and environmen-
tal exposures in early life. In addition, the first months of life are
critical for the establishment of the repertoire of the gut microflora
that involves compositional and functional changes in the micro-
bial community through interactions with the developing immune
system in the gut [23]. Thus, there is a period of immune plasticity
in early life that can be harnessed to modulate lifelong immunity
via targeted age-specific interventions.

A cardinal way to enhance vaccine responses is through the use
of adjuvants. Recent studies by Ofer Levy and collaborators have
demonstrated that adjuvants distinctly modulate vaccine
responses across different age groups, suggesting it is critical to
understand how adjuvants may best optimize vaccine efficacy by
considering early life immune ontogeny. Notably, adjuvantation
with the Toll like receptor (TLR) 7/8 agonist, 3M-052, overcomes
hypo-responsiveness to pneumoccocoal conjugate vaccine in
neonatal non-human primates (NHPs) by enhanced generation of
antigen specific CD4" cells, activation of B cells and serotype speci-
fic Ab titers [24]. A recent study in neonatal NHPs similarity
demonstrated a potential advantage for TLR adjuvantation with
ASO1 (TLR4) and 3M-052 (TLR7/8) in the induction of breadth,
durability and functionality of HIV-specific antibody responses
[25]. Further understanding of age-specific adjuvantation and for-
mulation strategies along with an increased appreciation of
immune ontogeny may inform the rational design of pediatric
HIV vaccines to elicit durable and protective immune responses.
While alum has been the adjuvant of choice for pediatric vaccines,
some licensed vaccines, such as Cervarix (Human Papilloma Virus
vaccine adjuvanted with AS04) and the RTS,S (malaria vaccine
adjuvanted with ASO1) that contain TLR agonists, have now been
approved for use in pediatric populations. These new vaccines pro-
vide important proof of concept of innovation in adjuvanted pedi-
atric vaccines and suggest that novel adjuvanted vaccine
formulations targeted to a given population should enter in the
clinical development pipeline to help overcome barriers in eliciting
protective immune responses against HIV. Interestingly, combina-
tion adjuvant systems such as TLR- and C-type lectin receptor-
agonists have been shown to enhance Th1 responses of dendritic
cells and demonstrated higher synergy in newborns than in adults
or elders [26]. It will therefore be of interest to explore if specific
adjuvants or adjuvant combinations favor the development of neu-
tralization breadth in the early life immune landscape.

The characterization and elicitation of bnAbs is at the center of
current approaches to inform the HIV vaccine development. The
major strategies to elicit bnAbs include lineage-based immuno-
gens, germline targeting vaccine candidates and epitope-based
vaccine approaches (reviewed in [27]). The lineage-based immuno-
gen design approach employs a sequential immunization scheme
using HIV envelope sequences from patients who developed bnAbs
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with the goal to reproduce the natural development of a specific
bnAb lineage [28]. Following proof-of-principle in preclinical stud-
ies [3,29,30], this strategy is currently under testing in adult clini-
cal trials. Because in most cases, the natural evolution of a B cell
lineage is unknown, an alternative approach is to design envelope
constructs with specific antigenic features to target bnAb germline
[31]. Epitope-based vaccine approach consists in designing envel-
ope constructs that incorporate a portion of a bnAb epitope (min-
imal immunogen) for a focused immune response. Importantly,
these strategies rely on the activation of a pool of bnAb precursors
cells, and while recent studies have demonstrated the existence of
bnAb precursor cells in healthy adults [32,33], their frequency in
pediatric populations remains unknown. The assessment of strate-
gies aiming at elicitation of bnAbs in pediatric animal models will
be critical to accelerate evaluation of bnAb immunogens and define
if the pediatric immune system presents advantages for induction
of neutralization breadth. Also, it will be compelling to define sur-
rogate markers that allow to reliably predict bnAb evolution for
early assessment of vaccine efficacy. Vaccine strategies designed
to elicit Abs against multiple bnAb epitopes are especially relevant
as neutralization breadth in children is generally mediated by a
polyclonal response.

4. Does age at vaccination impact the durability of antibody
responses?

Targeting vaccine durability is key for population-level impact
and cost-effectiveness of HIV vaccination. Immunization in early
life may be beneficial in this regard. This potential advantage
was recently demonstrated by comparing the durability of
humoral responses following adult and childhood primary small
pox vaccination [34]. Individuals immunized during childhood still
had detectable Ab levels more than 30 years after vaccination
whereas the neutralizing antibody responses to vaccinia waned
after 5-10 years in individuals immunized as adults. Similarly, vac-
cination of infants with a MF59-adjuvanted HIV Env vaccine
induced more durable responses than immunization of adults with
the same vaccine [35]. An association between younger age at time
of vaccination and enhanced Ab responses has also been reported
for Hepatitis B and Human Papilloma vaccines [36,37]. Thus, it is
possible that HIV immunization early in life could afford lifetime
protection. Identifying the immunogen-adjuvant combination that
would achieve this goal is therefore a priority in the field.

5. What are the key next steps for pediatric hiv vaccine
development?

The HIVR4P satellite meeting “Immunological Mechanisms of
Inducing HIV Immunity in Infants” (October 22, 2018; Madrid,
Spain) provided a forum to identify and address the key research
gaps in our understanding of the immune obstacles to HIV vaccine
development in the context of pediatric immunity. It was recog-
nized by the group that induction of broadly neutralizing and pro-
tective anti-HIV humoral immune responses may be more readily
achieved in children than adults. Nevertheless, there still remain
critical challenges in our understanding of immune obstacles to
the development of an efficacious pediatric HIV vaccine.

The development of infant immune responses should not be
considered in isolation and should integrate maternal determi-
nants of infant immunity. The maternal-infant dyad is increasingly
recognized as an immunologic unit and studies have shown that
maternal HIV infection impacts immunity to pathogens in young
infants despite the prevention of HIV transmission [38,39]. Mater-
nal antibodies transferred through the placenta could be particu-
larly relevant to infant HIV immunization. Indeed, immunization

with HIV Env proteins complexed with monoclonal Abs alters the
immunogenic properties of HIV vaccines and influences the quality
of the vaccine-elicited Ab responses. [40]. Moreover, passive
immunization of neonatal rhesus macaques with a suboptimal
dose of monoclonal bnAb b12 (simulating perinatal setting) led
to enhanced B cell responses and rapid development of neutraliz-
ing Ab responses [41]. Maternal antibodies may also contribute
to the selection of transmitted virus and several studies have
demonstrated that infant transmitted/founder (T/F) viruses are
generally resistant to maternal plasma neutralization [42,43].
Whether these infant T/F viruses have specific characteristics that
favor the development of neutralization breadth remains
unknown. Studies of virus-antibody co-evolution in longitudinal
samples from HIV-infected adults who developed neutralization
breadth have been instrumental to provide insights on key steps
in the evolution of bnAb lineages [28]. However, it is also unclear
if the presence of maternal antibodies has an impact on the
virus-Ab co-evolution and conducting these studies in infants will
provide fresh insights into the mechanisms important for early
bnAb development.

Current WHO guidelines recommend ART initiation in all HIV-
infected children irrespective of their clinical status. Consequently,
mechanistic studies of bnAb development in humans can only be
conducted with existing pediatric samples. Studies in NHP models
can therefore be very useful to further our understanding of neu-
tralization breadth development in early life. Nelson and collabora-
tors recently compared the development nAb responses in infant
and adult rhesus macaques infected with T/F SHIV CH505 [44],
and observed comparable kinetics in the two groups of animals.
However, their study was restricted to the first few months follow-
ing infection, before the development of neutralization breadth.
Further investigations of bnAb development in infant NHPs
infected with distinct SHIVs will be key to define if the early devel-
opment of neutralization breath is recapitulated. NHP models as a
pivotal platform for testing HIV vaccine candidates would also help
define the potential benefit of early life immunization. Neverthe-
less, differences in B cell repertoires between humans and NHPs
can present an important caveat in the preclinical testing of
immunogens aiming at inducing bnAb lineages [30].

Defining if early life immunization can induce protective
immune responses will ultimately require conducting pediatric
HIV vaccine trials. A pediatric HIV vaccine protocol (HVTN 135)
is currently in development to evaluate the safety and immuno-
genicity of HIV CH505 T/F gp120 adjuvanted with TLR4 agonist
GLA-SE and to determine, if compared to adults (HVTN 115),
infants demonstrate a distinct response to the same vaccine
immunogen. Of note, infant vaccination can induce high magni-
tude and durable antibody responses against the V1V2 region asso-
ciated with protection in the RV144 vaccine trial [45]. Moreover,
infants immunized with a MF59 adjuvanted gp120 vaccine devel-
oped higher magnitude antibodies than adults immunized with
the same vaccine [35] indicating that vaccine adjuvants differently
modulate gp120-specific antibody responses in adults and infants;
and that infants can robustly respond to HIV Env immunization.
From a regulatory perspective, age de-escalation studies do not
require prior efficacy testing in adults. Accordingly, the safety
and immunogenicity results of HVTN 135 should lead the way to
other pediatric HIV vaccine clinical studies.

Identification of early markers of vaccine immunogenicity and
molecular signatures correlating with protective immunity will
also be essential to help guide future pediatric HIV vaccine trials.
Notably, precision vaccinology through applying multidisciplinary
technologies has the potential to dissect the human immune
response to HIV vaccines that may in turn accelerate, enhance,
and de-risk HIV vaccine development.
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