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Abstract
Newborns are at increased risk of infection due to genetic, epigenetic, and environmental factors.
Herein we examine the roles of the neonatal innate immune system in host defense against
bacterial and viral infections. Full-term newborns express a distinct innate immune system biased
towards TH2/TH17-polarizing and anti-inflammatory cytokine production with relative impairment
in TH1-polarizing cytokine production that leaves them particularly vulnerable to infection with
intracellular pathogens. In addition to these distinct features, preterm newborns also have fragile
skin, impaired TH17-polarizing cytokine production and deficient expression of complement and
of antimicrobial proteins and peptides (APPs) that likely contribute to susceptibility to pyogenic
bacteria. Ongoing research is identifying APPs, including bacterial/permeability-increasing
protein and lactoferrin, as well as pattern recognition receptor (PRR) agonists that may serve to
enhance protective newborn and infant immune responses as stand alone immune response
modifiers or vaccine adjuvants.
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Introduction
Infection of newborns and infants, including bacterial sepsis, is a major health care issue
with an annual global mortality in excess of one million lives. Indeed, infection is the
leading cause of mortality among infants in the first days of life1, 2. The incidence of
infection can vary widely depending on gestational age and time of onset, with severe
infection having higher incidence and mortality in very low birth weight (VLBW) premature
neonates, within the first three to seven days of life3, 4. The economic burden of caring for
and hospitalizing these infected infants is considerable, and is estimated at approximately
$700 million in the US alone5. Infection during the neonatal and infant period has also been
recognized as an international issue. In an attempt to counter and improve health conditions
for infants globally, the United Nations has outlined a series of eight Millenium
Development Goals to decrease by 2/3 the mortality of children under the age of five by
20155.
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The purpose of this review is to examine current evidence regarding the role of the innate
immune response during neonatal infection and highlight it’s relevance to the practicing
clinician. We will discuss distinct aspects of neonatal innate immune signaling pathways in
response to infection. Next we explore current insights into efforts to prevent neonatal
infection using immune adjuvants and vaccines. Lastly, we will examine future directions
and goals in the field and elaborate on exciting new therapeutic possibilities. Prior to our
discussion of the role of neonatal-specific innate immunity in neonatal infection, a very
focused overview of pertinent immunology will likely be helpful to effectively communicate
our objectives. For a more complete review of these topics, the reader is also referred to
recent reviews6–9.

The first concept we will discuss relates to innate immune function and pathogen detection.
Innate immune cells recognize pathogens via pattern recognition receptors (PRRs), of which
the most well-studied are the Toll-like receptors (TLRs). TLRs are expressed on the cell
surface and within intracellular vesicles (endosomes). TLRs are stimulated by the presence
of pathogen-associated molecular patterns (PAMPs) such as cell wall/membrane
components (eg lipopolysaccharide [LPS], peptidoglycan, flagelin) or intracellular
components (eg single or double stranded RNA or DNA)6. In general, each TLR has a
specific “toll” required for stimulation, and more than one TLR can be stimulated
simultaneously allowing for concerted responses to be produced10. Following TLR
stimulation, second messenger-specific intracellular signaling cascades are activated that
result in gene expression, cytokine/chemokine production and cellular activation6.

A second important piece of immunology background relates to the effects of the cytokines
produced following innate immune stimulation. Patterns of cytokine production are
important because the cytokine milieu can promote the differentiation of naïve CD4+ T cells
into distinct subtypes of TH cells that serve important roles in the clearance of pathogens9.
For example, TH1 cells are produced from naïve CD4+ T cells following exposure to
interferon (IFN)-γ and IL-12, and support cell-mediated immunity against intracellular
pathogens through production of IFN-γ, tumor necrosis factor (TNF), and lymphotoxin. TH2
cells arise in the presence of IL-2 and IL-4, produce IL-4, IL-5, IL-13, down-regulate TH1
responses, and support humoral immunity as well as defense against extracellular parasites.
A third subset of TH cells, TH17 cells, are produced in the presence of transforming growth
factor (TGF)-β, IL-6, IL-21, IL-23, produce IL-17, IL-22, and are important for defense
against extracellular bacteria and fungi. In subsequent sections, we will frequently refer to
the cytokine milieu as TH1, TH2, or TH17-polarizing or promoting based on these
descriptions.

Though there are multiple cells that comprise the innate immune response, the neutrophil
(also known as polymorphonuclear leukocyte) and antigen presenting cells (APCs;
monocyte, macrophage, and dendritic cells) are each important to the neonatal response to
infection (Figure 1)2, 4, 11, 12. Neutrophils have been examined in adult and neonatal
infection as one of the primary responders to pathogen-induced inflammation11, 13, 14. The
neutrophil is not only able to phagocytose and clear bacteria but it is also is able to release
anti-microbial proteins and peptides (APPs), such as lactoferrin (Lf) and bacterial/
permeability-increasing protein (BPI), upon activation at infected sites15. The role of the
macrophage is similar to the neutrophil in that it functions to clear dead or dying neutrophils
and bacteria through phagocytosis but also plays an important role in shaping the adaptive
immune response to pathogens, indirectly through cytokine secretion or directly through
antigen presentation in secondary lymphoid organs such as lymph nodes and spleen1. The
dendritic cell (DC) also plays an important role in the innate immune response to pathogens
and is critical in formation of antigen-specific immune responses (e.g. antibody production)
and memory responses in both T and B cells16, 17.
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Distinctions between neonatal and adult innate and adaptive immune function likely
contribute to the susceptibility of newborns to infection. The neonatal innate immune
response has been considered “immature”, as functional impairments in phagocytosis and
other bactericidal activity as compared to adults have been noted in neonatal innate immune
effector cells, such as neutrophils and macrophages18–20. Neonatal leukocytes also
demonstrate decreased responsiveness to agonists of classic PRRs, such as LPS that signals
through TLR421, 22. As discussed above, cytokine responses to innate and adaptive
stimulation are important for determining TH fates. Neonatal cytokine responses are often
TH2 or TH17-polarized8, 13, 23–27, skewed towards anti-inflammatory/innate immune
responses, with impaired development of TH1 polarizing responses17. Overall, the
immunologic profile of the infant is functionally distinct, possibly as a reflection of the
demands of the fetal environment and the need to avoid immune responses to maternal
antigens. Prevention or treatment of infection against which TH1-polarized immunity is
needed (e.g., against intracellular pathogens), may require at least partial and reversible
reorientation of neonatal TH2 polarization.

Why is neonatal innate immunity important to the practicing clinician?
The innate immune response is critical at every stage of human development because it
regulates tolerance to self, generates vaccine or memory responses through the interaction
with T and B cells, and provides early non-antigen specific pathogen protection to prevent
infection. In most cases, defects in post-TLR stimulation second-messenger signaling
intermediates critical to effective innate immune function, such as IL-1 receptor activating
kinase-4 (IRAK-4) or myeloid differentiation factor 88 (MyD88)-deficiency28, will present
early in life, either immediately following birth or within the first few months of life. This
early susceptibility to infection is also readily observed in infants with diseases of innate
immune system function such as chronic granulomatous disease (CGD) or leukocyte
adhesion deficiency (LAD) that typically present early after birth with systemic infection or
with persistent mucosal and respiratory infections with encapsulated bacteria throughout
infancy. However, even in lieu of congenital innate immune defects, the developing neonatal
and infant immune system is distinct at baseline with impaired generation of inflammatory
responses to prevent infection.

Innate immune effector cells determine how the host will respond to infection. In particular,
effective innate immune responses are critical for the development of adaptive immune
responses in the form of protective antibodies. Vaccine-induced antibody responses in
neonates demonstrate impairment in both quantity and quality (affinity) due to weak to
absent humoral and/or memory T cell responses2, 5. For example, vaccines to Pertussis
effectively induce productive humoral responses when given at three weeks of life, but
result in inadequate memory responses when given to newborns29, 30. Although vaccines are
available for the most common causes of pneumonia, including Streptococcus pneumoniae
and Haemophilus influenzae, protective immunity to current conjugate vaccine formulations
requires multiple boosters to promote long-lived memory responses2, 5. Importantly, these
vaccines are used in infants that are 2 to 12 months of age, with few vaccines given at birth2,
the most reliable point of healthcare contact globally. Only three vaccines are given
significant immunity during the neonatal period: bacille Calmette-Guérin (BCG, live
attenuated Mycobacterium bovis), hepatitis B vaccine (HBV) and oral poliovirus (OPV).
Moreover, there are still no vaccines to certain bacterial and viral pathogens, such as
respiratory syncytial virus (RSV) which can cause devastating infections in infants2. On-
going characterization of the neonatal immune system may inform development of vaccines
that better target age-specific aspects of immune function.
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Innate immunity and neonatal sepsis
The relative scarcity of early life vaccines is compounded by the fact that despite advances
in critical care and therapeutics, few treatments for sepsis, whether in adult, infant, or
newborn patients, have yielded any tangible benefit in terms of improved clinical outcome4.
A plethora of adjunct immunologic agents have been attempted in infants, such as
granulocyte-colony stimulating factor, activated protein C, intravenous immunoglobulin
(IVIg) or glutamine31–34. However, due to small patient numbers, discouraging results, and/
or poor study design, no adjunctive therapies beyond classic supportive care and broad-
spectrum empiric antibiotics, have been approved or instituted for the treatment of neonatal
sepsis.

Though neonatal sepsis comprises only a subset of infected infants, mortality related to
neonatal sepsis exceeds 1 million newborns a year1, 4. Neonatal sepsis is typically divided
into two categories based on timing of onset after birth. Early onset sepsis typically occurs
within the first 24 hours and is usually associated with E. coli or group B streptococcal
infections35. In contrast, late onset sepsis typically occurs after the first 72-hour period, is
particularly prevalent among very low birth weight (VLBW) babies, and is most commonly
associated with the nosocomial pathogen, coagulase-negative Staphylococcus
epidermidis36, 37. Despite our best efforts and the advancements in critical care and
antimicrobials, both early and late onset neonatal sepsis continue to cause significant
morbidity and mortality.

Together with the findings of poor immune responses at baseline and only a handful of
vaccines to prevent infection and/or improve these responses, it is no surprise that this
patient population is highly susceptible to sepsis. Part of the problem stems from attempts to
apply principles and parameters based on the adult response to neonates, and especially to
the premature or low birth weight infant, where these concepts may not be valid4. In
addition to poorly defined clinical guidelines for the management of sepsis and shock in
preterm neonates, our understanding of the neonatal immune response to sepsis lags far
behind what is known in adults. Several facets of the neonatal innate immune response
relevant to the development of neonatal sepsis appear to be well defined. There appears to
be consensus that neonates have dampened TH1-polarizing/pro-inflammatory responses to
purified PRR agonists compared with adults. In fact, many murine and clinical studies have
demonstrated decreased TH1-polarizing/pro-inflammatory responses (TNF-α, IFN-g,
IL-12p70, IFN-α, IFN-γ), with increased production of TH2 polarizing (e.g., IL-6) and anti-
inflammatory cytokine production (IL-10), following in vitro stimulation with bacterial
products or septic challenge21, 22, 38. Also, innate phagocyte function is impaired in the
neonate as compared to the adult19, 39–41. In addition, neonatal neutrophils produce
decreased neutrophil extracellular traps (NETs), which are one of the critical mechanisms by
which phagocytes localize and contain pathogens18. Moreover, the neonatal adaptive
immune response appears to play only a minor role during neonatal sepsis and is naturally
skewed towards TH2 responses13–15, 19. Although these observations might raise concern for
the ability to induce protective immune responses early in life, we are now beginning to
understand the impact of the innate immune system during neonatal infection, and
exploration of stimuli that are able to induce robust responses may hold the key to
developing novel interventions.

Innate immune signaling pathways studied in the neonate
The findings described above place innate immunity at the nexus of immune responses in
the neonate. Below, we will review key pathways of the neonatal innate immune response.
These pathways will also be the target of future therapeutic strategies to enhance pathogen
responses and vaccine efficacy. Indeed, further characterization of these pathways will
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inform development of novel approaches to improve clinical outcomes in this particularly
susceptible patient population.

Toll like receptors (TLRs)
As we described briefly above, TLRs are well-characterized PRRs. Currently, there are 13
described TLRs that recognize bacterial (such as lipopolysaccharide (LPS), peptidoglycan),
parasitic, or viral (such as Poly I:C) products6, 10 of which are expressed in humans. TLRs
are critical for the detection and recognition of pathogens and are expressed on many innate
immune effector cells, such as macrophages, neutrophils, and DCs. Downstream second-
messenger signaling following ligation of these receptors proceeds through MyD88 and/or
TIR domain containing adapter-inducing interferon B (TRIF) adaptor proteins. Signaling
through MyD88 typically leads to the production of NF-κB-dependent inflammatory
cytokines/chemokines, whereas signaling through TRIF induces production of type I
interferons as well as nuclear factor-kappa B (NF-κB) related inflammatory cytokines6. As
these receptors are expressed on many immune effector cells, differences in TLR signaling
between the infant and adult immune system may contribute to the increased susceptibility
to infection.

Due to the severity of Gram-negative septic shock in both critically ill neonates and adults,
TLR4, (receptor for LPS or endotoxin signaling) is one of the most intensively studied of the
PRRs. TLR4 signaling is not only critical for innate immune activation in leukocytes but is
also expressed on many epithelial cells where it is important in the maintenance of intestinal
epithelial and gut tolerance42. Neonatal cord blood leukocytes demonstrate reduced MyD88
expression and impaired LPS-induced p38 MAPK phosphorylation21, 22 and impaired LPS-
induced pro-inflammatory cytokine production, such as TNF-α, IL-12p70, and IFN-γ43.
Conversely newborn cord blood leukocytes demonstrate relatively increased TLR-mediated
production of the TH2/TH17-polarizing cytokine IL-6 and of the anti-inflammatory cytokine
IL-10 as compared to adults21, 43. This phenomenon of decreased TH1 cytokine responses
has been demonstrated in neonatal animals as well44.

Why would the neonatal innate immune system be so functionally different from adults and
what ontological mechanisms might regulate this state? Several investigators have turned to
epigenetics to describe why the functional consequences of TLR activation in neonates are
so markedly different from those in adults, in particular micro RNAs (miRNA). MiRNAs
are small inhibitory RNAs that post-transcriptionally inhibit the expression of certain genes.
MiRNAs participate in the control of many immunological and biological processes. In
particular, micro RNA 146a or miR146a has been found to functionally regulate TLR4
signaling through the inhibition of IRAK4, a kinase that is critical for downstream signaling
for TLR4, and appears to have a role in endotoxin tolerance45, 46. Of note, cord blood
monocytes have a higher expression of miR146a compared to adults47.

In addition to cell intrinsic factors, neonatal plasma modulates the responses of neonatal
mononuclear cells to TLR agonists. Cord blood plasma contains relatively high
concentrations of the low molecular weight endogenous purine metabolite adenosine, this is
typically released during inflammatory event and hypoxic states. Adenosine acts via
leukocyte adenosine receptors resulting in increased intracellular levels of the second
messenger cyclic adenosine monophosphate (cAMP) that reduces TLR-mediated TH1-
polarizing inflammatory responses48. In addition to the high concentrations of adenosine at
birth, neonatal mononuclear cells are also particularly sensitive to adenosine-induced
accumulation of cAMP, resulting in impaired TLR-mediated TNF-α and IL-12p70
production in neonates compared to adults49, 50. Recent work by Belderbos et al suggests
that additional soluble factors differentially modulate TLR-mediated cytokine production,
including the increased secretion of the anti-inflammatory cytokine IL-1051. Overall, soluble
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plasma factors appear to play an important role in the ontogeny of responses to TLR
agonists. Importantly, certain TLR agonists are relatively refractory to the modulating
effects of neonatal blood plasma. For example, TLR8 agonists (including small antiviral
imidazoquinoline compounds) induce robust, adult-level TNF production from neonatal
monocytes52 and are refractory to adenosine50. These observations suggest that TLR8
agonists may be well suited as TH1-polarizing vaccine adjuvants to enhance neonatal
immunization53.

Genetic polymorphisms or mutations in key downstream TLR signaling proteins can lead to
an increased susceptibility to infection or sepsis. For example, patients with MyD88
deficiency are more susceptible to recurrent bacterial infection28. Similar findings were
observed in IRAK-4 deficient patients22, 28, 54. In addition, neutrophils from IRAK-4
deficient patients were shown to be hyporesponsive to LPS via failure to upregulate cell
surface activation markers and poor phagocytic function54. Patients with a mutation in NF-
κB essential modulator (NEMO), a subunit of IκB kinase that activates NF-κB, were also
found to be extremely susceptible to pyogenic infections like the above patients55. As
MyD88, IRAK4, and NF-κB are all downstream signaling proteins utilized by many of the
TLRs, it is no surprise that these patients manifest similar susceptibilities and clinical
phenotypes.

TLR agonists induce inflammatory responses, and accordingly, have been evaluated as
stand-alone immune response modifiers and as vaccine adjuvants. For example,
administration of monophosphoryl lipid A or MPLA (TLR4 agonist) or CpG (TLR9 ligand)
can induce Th1-polarizing cytokines16, 56. Recent studies of neonatal and infant blood
stimulated in vitro have begun to shed light on the ontogeny of TLR-mediated cytokine
production57. Corbett et al profiled the cytokine responses of different APC subsets to
different TLR agonists in neonates, one and two year olds, and adults58. Surprisingly, they
found, for example, that in response to TLR2 agonists, cytokine responses did not change in
a linear manner: TLR2-mediated IL-10 production was elevated in neonatal APCs,
decreased to below adult levels in APCs isolated from a 2 year old, and then increased in
adulthood58. Belderbos et al demonstrated that whereas TLR3, 7, and 9-mediated IL-12p70
and IFN-α responses matured to adult levels over the first month of life, responses to
endotoxin remained impaired throughout the first month of life43. A study by Burl and
colleagues characterized TLR-mediated cytokine production in vitro stimulated whole blood
cultures indicates that TLR8 agonists are particularly able to induce TNF-α and IFN-γ at
birth (cord blood)59. Overall, these studies suggest that the ontogeny of mononuclear cell
cytokine responses is TLR-specific and non-linear.

A growing body of in vitro and in vivo studies suggest that TLR stimulation can modulate
responses to subsequent stimuli, in effect re-setting or priming innate immunity in a form of
innate memory or “trained immunity”60. For example, we demonstrated that intraperitoneal
administration of TLR4 or TLR7/8 agonists to neonatal mice 24 hours prior to infection
(polymicrobial peritonitis) resulted in enhanced innate phagocyte and cytokine response and
a significant improvement in survival19. Of note, live attenuated vaccines such as BCG
activate multiple TLRs and may have beneficial non-specific effects such as reducing all
cause neonatal mortality61. Much remains to be learned regarding the mechanisms
underlying these TLR-mediated response patterns, to what extent in vitro responses in whole
blood correspond with responses to TLR agonists in vivo, and how these may be modulated
to treat and/or prevent infection.

C-type Lectin Receptors
Another important component of neonatal innate immunity are the C-type lectin receptors
(CLRs). CLRs are conserved PRRs that recognize bacterial, viral, fungal, and parasitic
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carbohydrate moieties. CLRs are either expressed on the cell surface (e.g., DC-specific
intercellular adhesion molecule-3 grabbing non-integrin (DC-SIGN) and Dectin-1) or
secreted as soluble proteins (e.g., mannose binding lectin, MBL). Once bound to its
carbohydrate ligand, MBL initiates activation of the “lectin complement pathway” to form
the membrane attack complex and promote agglutination and phagocytic clearance of
pathogens. Plasma MBL concentrations are low at birth (especially in preterm infants), but
rise steadily throughout infancy and childhood62. Low levels of MBL are associated with the
increased incidence of nosocomial bacterial sepsis in neonates63–65. In addition to decreased
concentrations at birth, certain genetic polymorphisms of MBL, namely MBL2, have also
been associated with increased infection64. However, this association has not been found in
all studies62, 66, 67. Though there are some limited investigations into the role or function of
other CLRs, such as the role of surfactant protein A in the phagocytic function of preterm
baboon DC precursors68, 69, other CLRs are less well characterized, particularly in relation
to human neonatal innate immunity. Further investigation of CLRs and associated pathways
may lead to novel therapeutic strategies to enhance neonatal innate immune response and
provide protection against infection.

Antimicrobial proteins/peptides
Several APPs are expressed in neonates including Lf, BPI, cathelicidins and defensins52.
APPs are often cationic and engage in electrostatic interactions with that negatively charged
microbial surfaces resulting in membrane permeabilization. Many APPs are expressed in
neutrophil granules where they can be deployed against ingested microbes in the
phagolysosome and/or after extracellular release upon degranulation. Lf is a mammalian
milk whey protein that exerts antimicrobial activity via both direct, membrane-active and
indirect iron-binding mechanisms, thereby depriving microbes of a key nutrient. Lf has been
used as a therapeutic intervention in several neonatal sepsis and necrotizing enterocolitis
(NEC) trials. Oral supplementation with Lf reduced incidence of late onset neonatal sepsis
and of invasive fungal infections in VLBW neonates70. However, the mechanism for this
benefit is unknown, and doses were not normalized per surface area such that smaller infants
may have received a greater dose than larger study subjects. Oral Lf supplementation was
also studied in neonates in an open label design for the prevention of necrotizing
enterocolitis (NEC), but have been equivocal perhaps due to lack of well-designed
randomized trials71.

BPI’s antimicrobial and anti-infective activities against Gram-negative bacteria are targeted
by its high (nanomolar) affinity for the lipid A region of LPS. BPI kills Gram-negative
bacteria via membrane permeabilization, opsonizes bacteria for enhanced phagocytic uptake,
and neutralizes the endotoxic activity of LPS72. BPI is also expressed in pulmonary mucosal
epithelium and in the intestinal epithelial cells73, 74. Of note, neonatal neutrophils have ~3–4
fold less BPI per cell than do adult neutrophils75. Patients with a BPI Taq allele
polymorphism had a higher incidence of sepsis than those with the wild-type allele76.
Intravenous administration of a recombinant N-terminal fragment of BPI (rBPI)
demonstrated some benefit in a pediatric intensive care unit study of meningococcal sepsis77

that included a 2 week-old newborn and multiple infants77 and is in biopharmaceutical
development78 for immunocompromised hosts rendered relatively BPI-deficient by
immaturity (eg, newborns) or due to radiochemotherapy-induced neutropenia/mucositis with
associated endotoxemia due to enhanced gut permeability/translocation79.

The broadly microbicidal ~4kDa defensin peptides function via protein binding to the
bacterial cell wall, pore formation, and subsequent lysis of the pathogen72. Preterm and term
newborns demonstrated low levels of β-defensin 2 in stool that increased with age80. α-
defensin and cryptidin, are important for protection of mice against oral Shigella
infections81. Additionally, the role of defensins has been investigated in the transmission of
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human immunodeficiency virus35. Thus far, published studies suggest that defensins may
play dual paradoxical roles with respect to HIV: on one hand protecting the neonate from
mother-to-child transmission, while at the same time, facilitating infectivity of the
virus82, 83. Further studies are needed to better understand these effects. Overall, future
studies of APPs will assess whether there is a significant link between the levels of these
proteins/peptides and early life infection as well as the possible therapeutic options of
employing congeners of these proteins in neonates and infants to prevent and/or treat
infection.

The Inflammasome and NOD like receptors (NLRs)
Nucleotide oligomerization domain (NOD)-like receptors (NLRs) are intracellular PRRs that
recognize an array of microbial products. Similar to TLRs, NLRs recognize a conserved
portion of viral and bacterial components and participate in the inflammatory response that
enables the host to respond to infection. NLRs and the inflammasome are integral in the
conversion of pro-IL-1β and pro-IL-18 to mature IL-1β and IL-18 active forms84. The
formation of the cytosolic multi-protein complex known as the inflammasome has been
ascribed to several different NLRs, such Nalp3/NLRP3, as well as caspase-1 and also
involves the ATP receptor, P2X7

85. The inflammasome may contribute to the response of
trophoblasts to preterm infection at maternal-fetal interface and to initiation of preterm
labor86. Of note, the NLRP3 inflammasome is activated by the β-hemolysin of the neonatal
pathogen Group B Streptococcus (GBS)87. Importantly, some vaccine adjuvants, such as
alum, may act in part via inflammasome activation88, 89, 90. Li and colleagues demonstrated
that in mice alum-enhanced humoral responses are NLRP3-dependent90. Studies of the
ontogeny of stimulus-induced cytokine production in whole blood studied in vitro indicate
that Alum-induced IL-1β production is actually high at birth and decreases with age91. A
recent study demonstrated that low molecular weight synthetic imidazoquinoline compounds
that activate TLR7/8 can also directly activate the inflammasome in human neonatal
monocyte-derived dendritic cells with greater potency and efficacy than does alum50, 53.
Ongoing or future investigation examining aluminum-containing adjuvants, with or without
additional TLR agonists, will determine the significance or utility with respect to improving
neonatal vaccine responses.

Conclusions and future directions
Neonatal innate immunity remains incompletely understood. Translational investigation in
this field is centered on two areas: 1) modulation of the neonate’s innate immune pathway to
overcome immaturity, and 2) development of safe and efficacious adjuvanted vaccines to
protect the newborn/infant during the first few months of life. Ongoing studies
characterizing neonatal innate immunity and assessing potentially beneficial effects of TLR
agonists or live attenuated bacteria (eg, BCG) will inform efforts to extend, enhance, and/or
increase available immune response modifiers and adjuvanted vaccines for these vulnerable
patients.
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Figure 1.
Distinct Features of Innate Immune Function of Neonatal Neutrophils and Antigen-
presenting Cells
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