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Abstract

Neonates have little immunological memory and a developing immune system, which increases 

their vulnerability to infectious agents. Recent advances in understanding of neonatal immunity 

indicate that both innate and adaptive responses are dependent on precursor frequency of 

lymphocytes, antigenic dose and mode of exposure. Studies in neonatal mouse models and human 

umbilical cord blood cells demonstrate the capability of neonatal immune cells to produce immune 

responses similar to adults in some aspects but not others. This review focuses mainly on the 

developmental and functional mechanisms of the human neonatal immune system. In particular, 

the mechanism of innate and adaptive immunity and the role of neutrophils, antigen presenting 

cells, differences in subclasses of T lymphocytes (Th1, Th2, Tregs) and B cells are discussed. In 

addition, we have included the recent developments in neonatal mouse immune system. 

Understanding neonatal immunity is essential to development of therapeutic vaccines to combat 

newly emerging infectious agents.
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Introduction

Neonates possess a developing immune system, which is different from adults as a result of 

initially living in a semi-allogeneic sterile environment to then being exposed to a microbial-

rich surrounding, rendering newborns highly susceptible to infections. It is estimated that 

40% of the annual 3 million worldwide neonatal deaths are the result from infections [1]. 

Transplacentally transferred maternal antibodies contribute to early defense against 

pathogenic organisms in neonates. However, this passive protection is short lived and 

decays by the time a child is about 6 months of age. For example, the estimated duration of 

protection by maternal antibodies among infants is 3.3 months for measles, 2.7 months for 

mumps, 3.9 months for rubella, and 3.4 months for varicella [2]. In neonates, the cellular 

immune system matures rapidly in the first three months of life. Multiple factors influence 

this maturation process [3,4]. Over the last few decades extensive study of the development 
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of immunity in neonates has occurred. This review will summarize several aspects of the 

development of cellular innate and adaptive immunity in human neonates and discuss recent 

developments in mouse neonatal immunity.

Development of cellular immunity in neonates

The development of human immune system starts at an early embryonic stages. Initially the 

fetal liver followed by hematopoietic stem cell progenitors (HSC) in the bone marrow gives 

rise to lymphocytes and polymorphonuclear cells - neutrophils, eosinophils and mast cells. 

After 7 weeks of gestation T-cell progenitor cells expressing CD34 receptors migrate to the 

thymus and differentiate into mature subsets with CD4, CD8 and αβ T- cell receptors 

(TCRs) [9]. Minor portions of T-cell progenitors in the fetal liver possess γ/δ TCRs by 6–8 

weeks of gestation and do not migrate to the thymus for maturation. Studies using human 

cord blood show that multi-potent lymphoid progenitors that are CD34+CD7+ and 

CD34+CD10+CD19+ differentiate to become B cells [5]. The maturation and differentiation 

of fetal B-cells involves activation of transcriptional factors in a stepwise manner and 

somatic recombination of V, D, J and H exons of immunoglobulin genes leading to 

accumulation of IgD and IgM molecules on the B cell surface [6].

The development and maturation of neonatal lymphoid progenitors is highly regulated by 

multiple factors including cytokines, stromal cells, transcription factors and extracellular 

matrix components. For example the differentiation of granulocyte progenitors is regulated 

by cytokines IL-3 and granulocyte-macrophage colony-stimulating factor (GM-CSF). GM-

CSF along with IL-4 and tumor necrosis factor (TNF-α) induces the expression of CD11b, 

CD11c and CD86 receptors on dendritic cells [7]. Further, exposure to an altered 

intrauterine environment to allergens, microbial infections or maternal immune-mediated 

disease can also have an impact on immunity at birth and on immune maturation during the 

early life of children. For example, a study using human cord blood cells and PBMCs from 

2-year-olds born to allergic mothers show reduced CD14+ monocyte p38-MAPK 

phosphorylation and IL-6 secretion compared with age-matched infants with non-allergic 

mothers. As a consequence reduced anti-microbial responses of CD14+ monocytes were 

measured in children born to allergic mothers [8].

Earlier studies also demonstrated that maternal infections occurring in the third trimester are 

strongly associated with an increased susceptibility both to parasitemia and to malaria 

attacks during infancy [9]. Placental infection with Plasmodium falciparum (causative agent 

of malaria) or parasite-derived antigens in utero activate cord blood antigen presenting cells 

(APC) and modulates cord blood cytokine responses to TLR ligation [10]. P. falciparum 

infections at delivery are associated with higher TLR3-mediated IL-6 and IL-10 responses in 

the child in the first 3 months of life and significantly higher TLR3-, TLR7/8-, and TLR9-

mediated TNF-α responses between 6 to 12 months of age [10]. Parasite antigen-specific 

immune responses of neonates born to helminth-infected mothers display a highly skewed 

Th2-type cytokine pattern, with a prominent role for the regulatory cytokine interleukin 

IL-10 that inhibits both APC HLA expression and Th1-type T-cell responses [11]. P. 

falciparum infection of the placenta has also been shown to have a long lasting effect on a 

child’s CD4 T-cell response to tuberculin PPD 12 months after BCG vaccination [12]. 

Basha et al. Page 2

Expert Rev Clin Immunol. Author manuscript; available in PMC 2015 April 23.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Maternal filarial infections also influence neonatal immune development and imbalanced 

cytokine levels in the plasma [13].

Several studies have shown that mother’s nutritional imbalance, both deficiency and excess, 

can have a considerable effect on neonatal immunity at birth and immune maturation in 

early life [14,15] Nutritional stress in mothers results in elevated levels of hypothalamic-

pituitary-adrenal hormone (HPA) and fetal exposure to high HPA results in a reduction in 

thymic weight, a decreased cortical lymphocyte count and activation of an endogenous 

endonuclease, which in turn results in thymocyte apoptosis and immature B and T cell 

development [15,16]. Perturbations to the developing immune system in neonates resulting 

from maternal nutritional imbalance may result in susceptibility to infections at early birth or 

later-life risk of immune-mediated or inflammatory diseases.

Studies using human milk have shown that it contains immunomodulatory cells and 

cytokines that protect newborns and infants from respiratory infections such as respiratory 

syncytial virus (RSV) bronchiolitis, as well as allergy [17]. Human milk also contains 

lactoferrin, an iron-binding glycoprotein that is important for innate immune host defenses at 

birth because it exhibits broad-spectrum antimicrobial activity and prevents invasive fungal 

infections [18,19].

The complement system, which accounts for ∼5% of the total globulin fraction of serum, 

includes over 30 proteins, protein fragments, serum proteins, and cell membrane receptors. 

They induce chemotaxis of inflammatory cells and generate proteolytic fragments that help 

in phagocytosis by neutrophils and monocytes. The components of the complement system 

(C proteins) are expressed initially in the fetus during pregnancy and increase to adult levels 

by the first 12–18 months of life. The C proteins are found in the fetus under physiologic 

conditions including cytokine stimuli and play a critical role in enhancing neutralizing 

antibody activity and protect the fetus from the maternal immune system [20]. Neonates 

express C3, C4, and total hemolytic complement (CH50). Deficiency of these factors results 

in enhanced susceptibility to pre- or perinatal infections.[21].

Phenotypic and functional characteristics of human neonatal innate 

immunity

The innate immune system consists of granulocytes (mainly neutrophils), antigen presenting 

cells (APCs), natural killer (NK) cells and γδ-T cells [22]. These cells are immediately 

available to efficiently kill a broad range of pathogens. Given the limited exposure to 

antigens in utero and the suboptimal neonatal adaptive immune response, newborns rely 

heavily on their innate immune response for protection against infection [23].

Neonatal neutrophils

Neutrophils are a major component of the innate immune system and are responsible for 

engulfing and killing pathogens during infection. The majority of cells in human blood are 

neutrophils (70–75%) [24]. However, neonatal neutrophils have both quantitative and 

qualitative deficiencies. At birth, the number of neutrophils ranges from 1.5–28 × 109 

cells/L blood, compared to steady state levels of 4.4 × 109/L in adults [25]. Both neutrophil 
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storage pools as well as production of neutrophil progenitor cells in neonates are less than 

those of adults leading to diminished neutrophil responses to infection [26,27]. Besides the 

quantitative deficiencies, neonatal neutrophils have lower surface expression levels of TLR4 

but similar levels of expression of TLR2 compared to adults [25]. However, the down-

stream signaling through MyD88 and p38 pathways are defective in neonates following 

TLR2 and TLR4 stimulation [28]. This diminished response is attributed to high levels of 

adenosine in neonatal blood, which increases cyclic AMP (cAMP) levels, leading to protein 

kinase A (PKA) dependent or independent inhibition of TLR stimulated TNF-α secretion 

[23]. Once a neutrophil senses a pathogen it adheres to the vascular endothelium and 

migrates along a chemotactic gradient towards the site of infection to engulf and destroy the 

pathogen [29]. Neutrophils then undergo apoptosis to avoid excessive inflammation. 

Neonatal neutrophils express low levels of cell surface L-selectin and Mac-1 (CD11b/CD18) 

which mediate the initial loose adhesion and subsequent tight binding of neutrophils to 

vascular endothelium [30,31]. This loose adhesion leads to a 50% reduction in 

transmigration of neonatal neutrophils to sites of infection. Newborn neutrophils also exhibit 

a 60% reduction in chemotaxis in response to chemotactic factors such as colchicine and N-

formyl-methionyl-leucyl-phenylalanine (fMLP) [32]. This impaired chemotactic response is 

due to blunted intracellular calcium influx and altered actin polymerization, limiting the 

ability of neutrophils to deform and penetrate the vascular endothelial lining [33]. Compared 

to adult neutrophils, human cord blood neutrophils do not respond efficiently to Fas-

mediated apoptosis [33]. This reduced responsiveness to apoptotic stimuli in cord blood 

neutrophils is attributed to low surface expression of Fas receptor, reduced intracellular pro-

apoptotic caspase-3 and decreased activity of pro-apoptotic proteins such as Siglec-9 and 

SHP-1 [34,35]. Moreover, neonatal neutrophils are defective in making Neutrophil 

Extracellular Traps (NETs), composed of granules and nuclear constituents used by 

neutrophils to kill extracellular bacteria [36]. Neonatal neutrophils have reduced capacity to 

phagocytize pathogens and the ability to degrade the ingested intracellular pathogens is 

impaired [37]. The NADPH oxidase system and ability to generate hydroxyl radicals is 

defective in neonatal granulocytes as a result of reduced lactoferrin and myeloperoxidase 

granules [38]. Recently, an increased number of myeloid derived suppressor cells with 

neutrophilic/granulocytic phenotype (Gr-MDSC) has been shown to suppress T-cell 

proliferation, Th1, Th2 and Th17 cytokine secretion and NK cell cytotoxicity in neonates 

compared to children and adults [39]. Overall, defects in neutrophil amplification, 

mobilization and function make neonates particularly susceptible to sepsis.

Neonatal APCs

Neonatal APCs include mainly monocytes and dendritic cells. Neonatal circulating 

monocytes express reduced levels of MHC class II molecules contributing to impaired APC 

activity [40]. DCs can be separated into two main groups: conventional DCs (cDC) and 

plasmacytoid DCs (pDCs) [24]. MHC class II expressing DC-like cells can be detected in 

the human fetal thymus and liver and are also identified in mesenteric lymph node and 

thymus around 12 weeks of gestation [41]. Fetal skin and tonsils are populated by DC-like 

cells by around 23 weeks of gestation [42,43]. DCs in human blood are mainly CD11c+ cDC 

and CD123+ pDCs, and are considered immature DCs migrating from bone marrow to 

peripheral tissue [24]. Based on the expression of CD1c (BDCA-1) and CD141 (BDCA-3), 
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cDCs can be subdivided in to cDC1 (CD1c+ CD141-) and cDC2 (CD1c− CD141+) [44]. 

Most of the information regarding human neonatal DCs comes from cord blood studies. In 

cord blood, the pDC:cDC ratio is 3:1 compared to a 1:3 pDC-cDC ratio in adults [45]. In 

newborns, DC populations and monocytes are low in numbers and are found to express 

lower MHC-II, CD80 and CD86 compared to adult cells indicating their inability to fully 

activate antigen specific T and B cell responses [24,46,47].

TLRs are important pathogen recognition receptors (PRR) expressed on DCs, monocytes 

and other immune cells and TLR activation is highly relevant to neonatal responses to life 

threatening infections [23,48]. Human cDCs express TLRs 1–8 and 10 and pDCs express 

TLRs 1, 6, 7, 9 and 10 [24]. Basal TLR expression levels of full-term neonatal APCs are 

similar to that of adults [23]; however, maturational and functional responses (cytokines) to 

neonatal TLR stimulation are very different compared to adults [49]. For example, TLR 

stimulation of whole blood from preterm infants induces a dominant anti-inflammatory 

innate cytokine, IL-10 compared to term infant DCs that produce elevated levels of IL-10, 

IL-6 and Th17 inducing IL-23 [50]. This enhanced secretion of IL-10, IL-6 and IL-23 

declines over the first year of life with a parallel increase in pro-inflammatory cytokines 

such as IL-1β and TNF-α. TLRs 1–9 induced TNF and IFN-γ responses increase from birth 

to 1 month [51] whereas LPS induced IL-12p70 reach adult levels only by 9 months [52]. 

Population (North American vs. Australasian or South African) based differences also exist 

in innate immune response to various TLRs and vaccine adjuvants [53,54].

Human cDCs and pDCs are the major producers of IL-12p70 and IFN-α/β, respectively [24]. 

IFN-α/β plays a crucial role in anti-viral immunity and assists the Th1 type immune 

response [55]. Neonatal pDCs exhibit severe defects in IFN-α/β production upon TLR7 or 

TLR9 ligation despite comparable levels of TLR expression in adults and neonates [56]. 

IL-12 plays a major function in co-stimulating Th1 immunity. However, IL-12p70 (consists 

of IL-12p40 and IL-12p35 subunits) is one of the last cytokines to reach adult levels upon 

TLR stimulation [57]. This reduced IL-12p70 secretion is attributed to defective 

transcription of the IL-12p35 subunit in neonates while IL-12p40 transcription is preserved 

[58]. Addition of recombinant IFN-γ to LPS stimulated monocyte-derived neonatal DCs in 

vitro restores IL-12p70 secretion to adult levels [59]. Synergistic stimulation with TLR4/8 or 

TLR3/8 appears to up regulate cord blood DC IL-12p70 secretion but not to the extent of 

adult DCs [60]. Altogether, neonatal monocytes, cDCs and pDCs exhibit an altered profile 

with low expression levels of MHC-II, CD80, CD86, CD40 and ICAM-1 (Table 1) and a 

bias against Th1 cell polarizing cytokines which leaves them susceptible to microbial 

infections and impaired immune responses to most vaccines.

Studies in neonatal mice demonstrated that immune suppressive cytokine IL-27, 

heterodimeric cytokine from IL-12 family, was up regulated. An elevated level of IL-27 

gene expression was observed in cord blood derived macrophages compared to adults 

affecting CD4-Th1 response [61]. Neonatal CD103+ and CD11b+ populations of CD11c+ 

MHC-II hi DCs carry antigens to mediastinal lymph node from lung. The neonatal lungs 

contained fewer conventional DCs, with a lower ratio of CD103+ to CD11b+ DCs, and a 

much lower number of plasmacytoid DCs in comparison with adult lungs [62]. Recently, 

studies in a neonatal mouse model have shown that CD103+ DCs were functionally-limited 
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in neonates, while CD11b+ DCs were diminished in both number and function compared to 

adults impacting antigen cross presentation and CD8 T-cell response [62]. Murine neonatal 

lung immune responses also show a shift in cytokine and transcription factors towards Th2 

response [63]. Recently mice models demonstrated that lack of intestinal CD103+ DCs in 

neonates made them susceptible to Cryptosporidium parvum infections [64]. Intestinal 

epithelial TLR3 expression was also show to be limited in suckling mice contributing to 

enhanced rotavirus susceptibility. Human studies also demonstrated an age dependent 

increase in TLR3 expression in small intestine [65]. CD103+ DCs in the gut are thought to 

be also involved in oral tolerance development, as they convert naïve T-cells into FoxP3+ 

regulatory T-cells (Treg) and prevent food allergies [66].

Neonatal natural killer (NK) cells

NK cell blood counts are higher in newborns than in adults, with an increased expression of 

inhibitory receptor CD94/NKG2A [67]. NK cells are rapidly activated upon cell-to-cell 

contact with DCs, monocyte/macrophages and by cytokines [68]. Activated NK cells 

mediate protection by cytolytic ability and by secreting large amounts of the Th1 cytokine, 

IFN-γ [69]. There are two functionally distinct mature NK cell subsets. The CD56bright 

CD16dim/neg subset secretes high amounts of cytokines, is poorly cytotoxic and 

preferentially homes to lymph nodes [70]. The CD56dim CD16+ subset is highly cytotoxic 

and found in inflamed tissues. The CD56bright subset is slightly higher in number in human 

newborns compared to adults. NK cell function is tightly regulated by the presence of 

activating and inhibitory receptors on the cell surface. For instance, the CD94/NKG2A 

receptor is an inhibitory receptor whereas CD94/NKG2C is an activating receptor both 

binding the same human leukocyte antigen-E (HLA-E) molecule [71]. Human cord blood 

NK cells express higher inhibitory NKG2A receptors and lower leukocyte immunoglobulin-

like receptor (LIR)-1, which binds to classical MHC-I [72]. Natural killer cytotoxic capacity 

of human cord blood NK cells, i.e. their capacity to quickly lyse cognate targets without 

undergoing differentiation, is at least 3-fold lower than in adults [73]. In addition, human 

cord blood NK cells show decreased cytoplasmic granules and poor degranulation ability 

[70]. Overall, the capacity to produce IL-15, IL-12 and IFN-γ in response to pathogens is 

reduced in neonates [74]. However, human cord blood NK cells express similar levels of 

surface CD16 (Fc γRIII) compared to adult cells and are able to perform antibody-dependent 

cellular cytotoxicity (ADCC) similar to adult cells [75]. Cord blood NK cells show low 

TLR3 mRNA expression and lack TLR3 protein expression. Cord NK cells do not produce 

IFN-γ in response to polyinosinic-polycytidylic acid [poly(I:C)], compared to a strong IFN-γ 

response from poly(I:C)-stimulated adult NK cells [76]. Additionally, there is enhanced 

expression of TGF-β in fetal lymph nodes and in a mouse model it has been shown that fetal 

NK cells are highly susceptible to TGF-β mediated suppression compared to adult NK cells 

[77]. The presence of prostaglandins and other soluble factors in human cord blood as well 

as elevated numbers of Treg- cells may contribute to the inherent defects in human cord 

blood NK cell function [77]. NK cells play a major role in the resolution of severe acute 

respiratory viral infections caused by influenza or respiratory syncytial virus. Although 

information on NK cells in bacterial infections in children is limited it has been shown that 

young children with recurrent otitis media and sinusitis have NK cell genetic defects 

[67,78].
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Neonatal γδ-T cells

γδ-T cells represent 1–5% of the lymphocytes in the peripheral blood of adults and a lower 

percentage in human cord blood. γδ-T cells are one of the first responders to microbial 

infections including Mycobacterium tuberculosis, Listeria monocytogenes and Brucella 

abortus [79]. They release large amounts of IFN-γ and exhibit a cytotoxic function. The 

major subsets of γδ-T cells in human cord blood are Vδ1 chain paired with Vγ1 (Vγ1Vδ1) 

(dominant subset) and Vγ2Vδ2 (lower frequency subset) [80]. They are found in the thymus 

and human cord blood. Human cord blood also contains other gamma-delta chain 

combinations such as Vγ2Vδ1 or Vγ1Vδ2 subsets, which are infrequent in human adults 

[81]. Within a few years after birth the Vγ2Vδ2 subset becomes the major subset owing to 

Vγ2-Jγ1.2 rearrangement, creating a biased adult repertoire [82]. Vγ2Vδ2 T-cells are 

stimulated by small non-peptidic compounds collectively called phospho-antigens and 

recognition is T-Cell Receptor (TCR)-dependent [83]. Human cord blood Vγ2Vδ2 T-cells 

exhibits a naïve phenotype, and poor proliferative and cytokine responses to phospho-

antigen stimulation [82]. They express lower levels of CD2, LFA-1, and CD45RO cell 

surface receptors and have weak cytolytic activity compared to adult cells [80]. The 

expression of early activation marker CD69 is low on both neonatal and adult cells whereas 

expression of HLA-DR is low on human cord blood γδ-T cells compared to adults [79]. 

Human cord blood γδ-T cells also have lower proportions of perforin and granzyme B 

effector molecules. TLR induced elevated levels of IL-23 produced by neonatal DCs 

costimulate neonatal γδ-T cells to induce a unique IL-17+/IFN-γ- subset compared to adult 

γδ-T cells [84].

Phenotypic and functional characteristics of human neonatal adaptive 

immunity

Experiments in cord blood demonstrate qualitative and quantitative differences in immune 

responses when compared with adult PBMCs and the impaired immune responses are seen 

up to 18 months of age after birth [85,86]. However, neonatal naïve T-cells express adult-

like phenotypes of CD45RA isoform and the co-stimulatory molecules CD27 and CD28 

with diversified T cell receptors. They also exhibit similar or even stronger Th1 immune 

responses compared to adults to certain vaccines such as the BCG vaccination [87].

Neonatal T-cells

There are two distinct subsets of T-cells expressing the T cell receptors (TCRs) γ/δ and α/β 

proteins. The cells expressing γ/δ TCRs in the fetal liver do not migrate to the thymus for 

maturation, but play an important role in protection from microbial infections at an early 

stage of development. Studies in mice have demonstrated that TCR-γ/δ cells stimulate 

dendritic cells to produce cytokines and chemokines leading to activation of adaptive 

immune responses [88]. The α/β T-cells migrate to the thymus for maturation through a 

series of orchestrated developmental events that result in CD4 or CD8 lineage-committed 

TCR+ thymocytes and this plays a vital role in antigen recognition and T-cell activation. 

These T-cells first exit the thymus in a phenotypically and functionally immature state 

referred to as recent thymic emigrants (RTEs) [89].
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Neonatal CD4 T-cells

Studies in mice have shown that CD4+ RTEs are biased towards IL-4, IL-5, and IL-13 

production than their mature naïve counterparts [90]. In humans, neonatal CD4+ cord blood 

(CB) cells are enriched in RTEs and proliferate in response to IL-7 in the absence of TCR 

stimulation [89,91]. This was shown to be due to faster down-regulation of IL-7Rα on 

neonatal compared to adult RTEs and higher levels of pSTAT5 activation upon exposure to 

IL-7 [91]. Further, the promoter regions of Th1 and Th2 cytokine genes of naïve CD4(+) 

RTEs are characterized by site-specific hyper methylation compared with those of mature 

naïve (MN) T cells [92].

Experimental studies of neonatal CD4+ T-cells demonstrate polarization towards Th2 

responses (IL-4, IL-5, IL-10) with a decrease production of Th1 cytokines (IFN-γ, IL-2, and 

TNF-α). Suppression of interferon (IFN-γ) secretion by Th1 cells was shown to be due to 

higher expression and secretion of IL-4 [93]. The Th2 bias of neonatal CD4+ T-cells is 

reflected at the level of chromatin structure, as the loci of Th2 cytokines is hypo-methylated 

and favorable for rapid transcription [94]. Recent studies by Yoshimoto et al. show that the 

epigenetic profile of the Th2 locus at CpG residues undergoes changes in T cell lineage cells 

beginning in mid-gestation of the fetus and extend throughout the first week of life [95]. 

Several studies have also shown that the environmental co-stimulatory signals in utero 

influence Th cell differentiation and establish sub-set specific genome profiles at an early 

developmental stage of the immune system. Further, studies in RSV infected mice have also 

demonstrated that dietary supplements, galacto-oligosaccharides and fructo-

oligosaccharides, contribute to an accelerated Th1/Th2 shift of the neonatal immune system 

by reducing RSV-specific Th2 cytokine CD4+ T-cells in the lung while increasing IFN-γ 

producing CD4+ T-cells [96].

Neonatal Th17 cells

Recent studies have shown that a population of CD161+ CD4+ T-cells preferentially 

develops into Th17 cells. These Th17 cells play an important role in developing immunity to 

bacterial and fungal infections at epithelial barriers [97]. Th17 cells express transcription 

factor RORγT, encoded by transcript variant 2 of the Retinoic Acid-Related Orphan 

Receptor C gene (RORC) and secrete IL-17A and IL-17F as well as IL-21 and IL-22. Th17 

cells have been shown to be important for neonatal immunity to infections from Klebsiella, 

Citrobacter, Salmonella, and Candida species [98]. Experiments using human cord blood 

cells have shown that neonates have very a low frequency or complete absence of Th17 

cells. Evidence suggests that this might be due to significantly lower levels of RORC mRNA 

resulting in reduced production of transcription factor RORγT [99]. Recently Santarlasci et 

al. demonstrated that like adult blood cells, human cord blood shows higher expression of 

IL-4 induced gene 1 (IL4I1), RORC, IL-17A and IL-17F when cultured in the presence of 

IL-1β and IL-23 [100]. Black et al. showed that neonatal CD4 T-cells exhibit a significant 

Th17 bias after TCR stimulation in vitro in the presence of proinflammatory cytokines 

IL-23, IL-6, IL-1, and TGF-β. This was shown to be due to increased expression of key 

upstream Th17 signaling components and transcription factors IL-23R, STAT3, RORC, 

IL6ST(gp130), and TGFβR1 [101]. However after TCR stimulation with anti-CD28 

antibodies, in the absence of pro-inflammatory cytokines IL-6, IL-1b and IL-23, unlike adult 
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peripheral blood cells, the human cord blood cells do not show differentiation of Th17 cells 

and do not produce IL-17, IL-21, IL-22, and GM-CSF. The studies to date confirm that 

neonatal innate cells differ in their activation-induced cytokine production that up-regulates 

Th17 defining transcription factor RORγT. The lower expression of RORC in neonatal T-

cells may help in overcoming inflammatory responses and adverse immune reactions against 

microbial commensals during the early stages of T-cell repertoire development [99]. Several 

studies have shown that T-cell activation in the presence of transforming growth-factor-β 

(TGF-β) up-regulates RORγT and forkhead box (Foxp) 3 signature lineage transcription 

factors for Th17 and Treg cells, respectively [102,103]. Th1, Th2 and Th17 cells play an 

important role in developing immunity to intracellular pathogens and extracellular parasites, 

whereas Treg cells are essential for the immune tolerance and play a crucial role in the 

limitation of the excessive immune responses exerted by Th1, Th2 and Th17 cells.

TFH cells

A subset of CD4+ T-cells, play an important role in B-cell proliferation, isotype class 

switching and antibody affinity maturation in the germinal center. CD4+ Follicular Th 

(TFH) cells produce IL-21, co-stimulatory ICOS and inhibitory PD-1 molecules, and 

express high levels of CXCL13 chemokine receptor CXCR5. These TFH cellular 

components provide B-cell help in the development of antibody responses and germinal 

center reactions [104,105]. Compared to adults, neonates show reduced 

CD4+CXCR5+PD-1+ TFH-cells in their frequency and secretion of IL-21 [106]. This was 

shown due the decreased expression of IL-4 which leads to limited localization of TFH-cells 

in germinal centers of neonatal lymphoid tissues and down regulation of the chemokine 

receptor CCR7 [106]. Further, studies in mice also show that T-cell intrinsic and extrinsic 

factors could contribute to the limitations of neonatal TFH-cell expansion and differentiation 

including reduced strength of BCR signaling and lower levels of co-stimulatory receptors 

including CD21, CD40, CD80, and CD86 [107].

Neonatal Treg cells

It has also been demonstrated that skewing of naïve T-cells towards Th17 or Treg cell 

lineage is mutually exclusive and there exists a reciprocal development pathway [103]. 

Differentiation towards Th17 and Treg phenotypes depends on the local cytokine milieu. 

Presence of TGF-β along with IL-6, IL-21 exclusively drives naïve T-cells to become Th17, 

whereas IL-2 induces TGF-β-treated naïve T-cells to differentiate into Foxp3(+) Treg cells 

[102]. Tregs, express CD4, CD25, and Foxp3, maintain immunologic self-tolerance and 

negatively regulate various immune responses. Tregs are present in high frequency in human 

cord blood (∼12% of CD4+ T cells) and neonatal lymph nodes (∼8%) [108,109]. Human 

fetal Treg cells reflect a greater propensity of naïve fetal T-cells to differentiate into Tregs in 

response to maternal antigens that cross the placenta [110]. It has been demonstrated that 

human neonatal non-differentiated naïve T-cells (CD4+CD8−Foxp3−) have an intrinsic 

default mechanism to become Treg cells in response to TCR stimulation differentiating into 

CD4+Foxp3+ Treg cells and exerting suppressive functions [111]. Several reports suggest 

that maternal CD4+CD25+Foxp3+ Treg cells play an important role in controlling maternal 

alloreactivity to the developing fetus and central tolerance during early fetal thymic 

development [112,113].
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A new subset of T helper cells, Th9, produces interleukin-9 found in the peripheral blood of 

allergic patients [114]. Adult CD4+ naïve and memory T-cells differentiate into Th9 cells in 

the presence of TGF-β and IL-4, whereas human cord blood CD4+ naïve T-cells are 

defective in their ability to differentiate into Th9 unless also supplemented with IL-1β and 

IL-10. TGF-β can convert Th2 and Th17 cells to produce IL-9 and the role of IL-9 in disease 

is unclear. Like many of the other cytokines, IL-9 has pleiotropic effects such as induction 

of inflammation, particularly allergic inflammation, survival of CD4+ T-cells, induction of 

mast cell growth and survival, eotaxin production, and goblet cell metaplasia [115]. It is still 

unknown whether Th9 cells are directly involved during infection or act to increase 

inflammation that may or may not help to eradicate the infection.

Neonatal CD8 T-cells

Human cord blood and neonatal mouse blood studies have demonstrated a deficiency in both 

magnitude and functionality of the neonatal CD8+ T-cell response [116]. This was shown to 

be due in-part to impaired production of bioactive IL-12p70 from neonatal APCs compared 

to adult APCs [57]. Recent studies in mice have shown that neonatal CD8+ T-cell hierarchy 

is distinct from adults and is influenced by intrinsic T-cell properties in RSV infected mice. 

In addition to a lower CD8+ T-cell response, neonatal mice also show a differential 

immunodominant profile than adults following RSV infection [117]. The impairment in 

neonatal CD8+ T-cell activation is also to limited CD28 mediated co-stimulation as a result 

of reduced expression of APC CD86 and CD80 receptors as well as differences in the uptake 

and processing of soluble antigen by neonatal CD103+ DCs [62]. CD103+ DCs derived from 

skin, lung, and intestine efficiently cross-present exogenous antigens in lymph nodes to 

specific CD8+ T cells- [118]. CD8+ Cytotoxic T-lymphocytes (CTLs) are important in host 

defense against intracellular infections and are important effectors of antiviral and antitumor 

immunity [119]. Earlier studies have demonstrated that human infants mount adult-like 

protective CD8+ T-cell responses to viral infections and DNA vaccines [120].

Neonatal T-cell signaling pathways

There is mounting evidence to suggest that defective signaling of T-cell activation and 

proliferation leads to reduced immune responses (Fig. 1). Experiments with human 

umbilical cord blood demonstrated a defective T-cell receptor signaling pathway 

characterized by lower expression of Lck, a protein tyrosine kinase. Inefficient 

phosphorylation of LcK resulted in reduced expression of TCR associated proteins [121]. 

Studies by Palin et al. showed that impaired human neonatal CD4+ T-cell immunity is due 

to higher expression of Cb1-b, aE3 ubiquitin ligase inducing anergy and reduced signaling 

of αβ-TCR/CD3 after stimulation with anti-CD3 and anti-CD28 [122]. Studies in mice 

showed that microRNA, miR-181a, enhances activation-induced calcium flux resulting in 

enhanced phosphorylation of downstream signaling molecules and reduced transcription of 

CD154, IL-2, and IFN-γ genes [122]. CD154 is a CD40 ligand (CD40L) and plays a role as 

a co-stimulatory molecule by binding to CD40 on antigen presenting cells (APCs). CD154 

also regulates B-cell function by engaging CD40 receptors. A defective interaction of CD40-

CD154 results in B-cell inability to undergo immunoglobulin class switching and antibody 

production. A lower level of CD154 on T-cells also results in lower expression of signaling 

cascade proteins such as nuclear factor of activated T-cells (NFATc2) and lower expression 
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of cytokine genes IFN-γ, TNF-α, IL-2, IL-4, IL-5, and IL-13 [123]. Understanding the 

immune mechanisms regulating immune responses will pave the way to develop 

interventional strategies for enhancing neonatal immune responses.

Neonatal B-cells

Neonatal B-cells are naïve, lack antigenic exposure and have only a partially developed 

surface immunoglobulin (Ig) repertoire. Based on CD5 expression, B-cells are differentiated 

into two types, B-1 and B-2. B-1 cells differ functionally from B2 by their natural Ig 

generation and play an important role in early defense against bacterial and viral infections 

after birth. Human B-1 cells in cord blood and adult peripheral blood express a novel 

phenotype of surface markers, CD20+CD27+CD43+ [124]. B-1 cells express CD11b, higher 

levels of IgM (sIgM), and low levels of secreted IgD (sIgD), CD21, CD23, and CD45R 

(B220) [125]. Although these B-1 cells express a restricted B-cell repertoire, they are shown 

to be the primary source of dynamic T-cell independent (TI) antibody production and protect 

from bacterial infection such as Borrelia hermsii and Streptococcus pneumoniae [126,127].

Neonatal B-cell signaling pathways

The deficiencies observed in neonatal antibody production can be due to various intrinsic 

features such as B-cell immaturity, poor B-cell repertoire or reduced strength of BCR 

signaling. Activation of the BCR with T-cell dependent (TD) or T-cell independent (TI) 

antigens induces cross-linking of surface Ig molecules and binding to transmembrane 

protein CD79. This is followed by a series of signaling processes involving phosphorylation 

of Src-related kinases (Lyn, Fyn, fgr, Blk and LCK) and translocation into lipid rafts. 

Neonatal B-cells express low levels of p59Fyn and p55fgr compared to adults, which leads 

to differences in antigen internalization outside of lipid rafts [128,129]. Studies with 

neonatal B-cells indicate that they are functionally deficient to produce antibodies upon TI 

antigen stimulation with type 4 pneumococcal polysaccharide [130]. The limited ability of 

neonatal B-cells to respond to antigen stimulation can also be related to higher expression of 

negative regulators of BCR signaling or cross-linking of antigen to BCR molecules (Fig. 2). 

The high density of IgM molecules, low expression of complement factors C3d and CD21/

CD22 lowers the ability of neonatal B-cells in cross-linking the BCR to bacterial 

polysaccharides [131,132]. Stimulation of human neonatal B-cells with a TD antigen along 

with CD40 and IL-4 results in increased expression of BCR negative regulator (CD22) and 

lowers the threshold of BCR signaling [133]. Further, defects in the nuclear signaling 

pathway such as NF-κB also causes maturational delay in neonatal B-cells and defects in 

isotype switching in response to TD antigens [134,135]. All these factors contribute to a 

defective BCR signaling pathway and deficiency in maturation of B-cell responses in 

neonates.

Overall, the available data indicate that neonatal naïve B and T lymphocytes are differently 

programmed in neonates compared to adults. Neonates exhibit an increased susceptibility to 

infections because of immaturity in their lymphocytes including a high frequency of naïve 

recent thymic emigrants, low numbers of effector-memory T-cells, impaired Th1 cytokine 

secretion and reduced strength of B-cell receptor signaling. Several studies suggest that 

neonates are able to mount adult like T-cell and B-cell responses, but qualitative and 
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quantitative differences have been observed after primary infections with viruses. Further, 

neonates have underdeveloped germinal centers in lymph nodes and spleen and low 

expression of B-cell receptors including CD21, CD40, CD80 and CD86 all of which results 

in low levels of primary IgG responses to infections and vaccines.

Neonatal erythroid cells

Experimental studies using animal models demonstrated that multiple non-immune cells 

also contribute to the development of immune responses in neonates. Recent experimental 

findings suggest that erythroid-lineage cells expressing transferrin receptor-CD71,present in 

neonatal mouse spleen, exert an immunosuppressive role to reduce excessive inflammation 

resulting in increased susceptibility to pathogens and reduced immune protection [136]. 

Depletion of CD71+ cells abrogate the suppressive effect of neonatal splenocytes resulting 

in complete protection against Listeria monocytogenes. Only a small number of CD71+ cells 

were detected in adult mice, but they did not show immunosuppressive properties suggesting 

that the immunosuppressive property of this population may be specific to early stage 

development [136]. Studies by Rimcon et al. demonstrated that the non-lymphoid-erythroid 

cells bearing the lymphocyte antigen 76 (LY-76, Ter119) from mice (neonatal spleens) have 

the capacity to modulate the differentiation of CD4+ T-cells into effector cells and provide a 

bias towards a Th2 type instead of Th1 type cells. These nucleated erythroid cells can 

produce IL-6 that contribute to IL-4 up regulation in CD4+ T-cells [137].

Role of immune regulatory plasma factors

Plasma is a rich mixture of immune regulatory factors that play an important role in in utero 

fetal-maternal tolerance and in suppressing pro-inflammatory responses in neonates [22]. 

Neonatal plasma decreases production of TNF-α induced by most TLR agonists (except 

TLR8) [23,49]. Also neonatal mononuclear cells suspended in neonatal plasma show 

decrease TLR induced IL-12p70 production and increase IL-10 compared to cells suspended 

in adult plasma [138]. Recently Belderbos et al. reported >50 immune suppressive factors 

present in neonatal plasma [22]. A number of them, IL-4, IL-13, TGF-β, adenosine and 

prostaglandin E2 (PGE2), are anti-inflammatory cytokines/factors found in higher amounts 

in neonatal plasma compared to adult plasma. Higher levels of adenosine, a purine 

metabolite, have been shown to enhance intracellular cyclic AMP concentrations that inhibit 

Th1-polarizing cytokines such as IFN-α, IFN-γ and IL-12. PGE2 has also been shown to 

decrease IL-12 and TNF-α production and increase IL-10 [23].

Neonatal chemokine receptors

Chemokine receptors on differentiated T-cells help in selective trafficking to target sites 

where the T-cells encounter antigen and activate their effector functions. Human neonatal T-

cells have a similar phenotype of chemokine receptors as adult naïve T-cells, except CCR1. 

Experiments in mice show that the CCR1 receptor along with CCL6 plays a critical role in 

pathogenesis of IL-13 induced inflammation in lung tissue [139]. A chemokine receptor 

CCR7 is expressed on both naïve and antigen experienced T-cells. The CCR7 receptor along 

with CD27 and CD28 receptors can be used to differentiate early stage antigenic-specific 

responses. Our group has shown that predominantly early-differentiated CD4+ T-cells 
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(CCR7+ CD27+) persist in infants during the first year of life [140]. Studies in neonatal 

mouse model demonstrated that a chemokine receptor CCL19 also plays a major role in 

emigration of mature T cells out of the thymus [141].

Overall, neonates exhibit a highly regulated and predominantly anti-inflammatory innate 

immune response characterized by phenotypic and functional alterations in neutrophils, 

APC, NK and γδ-T cells. Maternal infections during pregnancy and nutritional imbalances 

in resource poor countries also shape the cellular immunity of newborns along with the 

various anti-inflammatory plasma factors present in cord blood. As innate immune system 

instructs adaptive immunity, functional alterations in neonatal innate response contribute to 

the bias against Th1 adaptive response. Therefore overcoming the innate immune tardiness 

in neonates can offset the slow maturation of protective Th1 response. Since generation of 

protective antibodies depends on the activation of memory B-cells and plasma cells which 

are induced by CD4+ T-cells, intrinsic defects in B- and T-cell development and function 

also contributes to the diminished immune response in infants. With the development of new 

technologies, including multicolor flow cytometry, multiplex cytokine analysis and gene 

expression analyses and by using integrative systems biology approach we can better 

understand how the infant immune system develops, and how the innate and adaptive 

immune system interplay to defend the microbial infections at early age.

Conclusion

The development of neonatal immunity is influenced by multiple factors including maternal 

cytokines, antigen exposure and precursor frequency of lymphocytes and antigen presenting 

cells. Neonatal immunity shows an inherent bias towards Th2-cell polarizing cytokines and 

suboptimal Th1 responses and B-cell differentiation, which makes them more vulnerable to 

acute respiratory and diarrheal diseases. Several experimental data showed that mature adult 

like cellular immune responses can be developed under appropriate conditions of stimulation 

of neonatal T lymphocytes. Currently infants are the target age group for many of the 

vaccines including TB, malaria and HIV vaccines. Therefore it is important to understand 

more about the intrinsic factors influencing maturation and development of neonatal 

immune system, which paves the ways to the development of these new vaccines eliciting 

efficient and safe protective responses against these agents.

Expert commentary

Extensive studies in mice and human neonates have allowed an improved understanding of 

neonatal immunity but we still have much to learn. Studies using cord blood have 

demonstrated the immaturity of the neonatal immune system at birth to respond bacterial 

and viral antigens. However, as discussed in this review, under proper conditions of antigen 

presentation and cytokine environment, neonates can exhibit adult-like adaptive immune 

responses. Our group recently discovered a group of infants and young children (6–36 

months) who display a Prolonged Neonatal-Like Immune Profile (PNIP) [142]. In the U.S. 

alone each year, there may be 1–1.2 million children with PNIP. We have determined that 

PNIP children fail to generate protective immunity to T-cell dependent antigens such as 

diphtheria toxoid, tetanus toxoid, pertussis toxoid, pertussis filamentous hemagglutinin, 
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polio vaccine, hepatitis B vaccine, and some components of Streptococcus pneumonia 

polysaccharide-conjugate vaccines [142]. Since maternal antibody levels wane over the first 

6 months of life [2], study of PNIP children beginning at 6 months through 18 months old 

should allow evaluation of the neonatal adaptive response without the influence of maternal 

antibody as a variable.

Five-year view

Future research to dissect the intrinsic defects in neonatal cells involved in the adaptive and 

innate immune response represents the path forward in this field of immunology. Our group 

and others are studying differences in neonates and infants compared to older children and 

adults regarding antigen processing and presentation by APCs, TCR signaling in T-cells and 

the interactions between Ig molecules with BCR in B-cells. Within 5 years, the inadequate 

responsiveness to infections and vaccination of neonates and infants should be more 

completely understood. Neonates can respond to some antigens very well and the features of 

those antigens that permit protective responses to pathogen exposure and adequate responses 

to vaccines (e.g. tetanus toxoid and hepatitis B vaccine) will be evaluated. The use of novel 

adjuvants to facilitate improved APC processing and presentation of antigen is actively 

being investigated and an achievable goal in the near future.

Utilizing the advanced study of multiple immune cells with multicolor flow cytometry, 

multiplexed cytometric assays and systems biology tools will lead to a better understanding 

of pathogen and vaccine-inducible responses at the single-cell level. Application of these 

newer technologies will also permit characterization of the regulatory mechanisms involved 

in generating secondary immune responses. Systems biology will be used in the future to 

determine molecular signatures of transcriptomes regulating pathogen-specific and vaccine-

specific responses in order to predict improved methods to facilitate protective immunity 

[143].

Our group intends to identify the mechanisms at play with respect to limited vaccine-

induced immune memory in neonates and PNIP infants. We will focus on further 

determining the contributing factors to immune maturational delays with respect to the 

quality and quantity of the adaptive CD4+ T-cell vaccine-specific recall response, of 

systemic and mucosal antibody and memory B-cell generation and persistence and of 

APC/CD4 T-cell interactions following routine U.S. ACIP-recommended vaccinations. 

Moreover, we will seek to understand the contributing immune mechanisms that cause 

divergence in vaccine responses of neonates and infants with PNIP compared to older 

children and adults that could be overcome by a more rational approach to modifications in 

pediatric vaccines such as the addition of novel adjuvants.
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Key Issues

• The immune system of the neonate makes them highly vulnerable to viral, 

bacterial, fungal and parasitic diseases, often associated with a high mortality. 

Understanding the molecular regulation of innate and adaptive immune system 

as well as their molecular signatures is a key issue.

• Maternal infections (HIV, malaria, TB) during pregnancy shape neonatal 

immune development and it is important to consider maternal vaccinations that 

can generate protective immunity in neonates.

• The low precursor cell frequency and quantity, and quality of innate immune 

response have been shown to impede a stronger adaptive immune response in 

neonates. Future efforts to improve APC response by using new generation 

adjuvants/TLR agonists are a key priority.

• Multiple factors influence the neonatal adaptive immune responses such as 

proliferation of T lymphocytes, T-cell help to B-cell immunity and B-cell 

antibody production. All of these should be considered in enhancing vaccine 

efficacy.

• Other factors that affect neonatal immunity include maternal nutrition, allergens, 

infections, maternal antibodies and plasma factors.

• Neonates and infants receive multiple priming doses of vaccines to achieve 

immunity. Yet, 19.3 million neonates and infants throughout the world do not 

receive the multiple recommended doses of vaccines required to achieve optimal 

immunity (UNICEF). These data strongly argue for additional research to better 

understand exploitable mechanisms to achieve more robust and prolonged 

immunity with fewer primary and booster vaccinations.
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Figure 1. 
Pathways of neonatal T-cell responses during APC interactions: 1. TCR signaling: Neonatal 

T-cells have reduced TCR mediate activity due to inefficient phospholipase C (PLC) 

activation and reduced Lck expression. 2. Cytokine expression: Neonatal T-cells 

demonstrate polarization towards Th2 responses by producing higher IL-4 and decreased 

production of multifunctional Th1 cytokines (IFN-γ, TNF-α and IL-2).
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Figure 2. 
Impairment of neonatal B-cell activation with antigen: 1. Reduced expression of CD21 and 

increased expression of negative regulators (CD22) lowers the level of BCR signaling and 

induces apoptosis. 2. Higher density of IgM molecules induces cross-linking with BCR 

molecules resulting in lower proliferation of B-cells and loss of TCR-MHC II interactions.
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Table 1

Comparison of activation and cytokine responses* of human neonatal cord blood derived monocytes and 

dendritic cells compared to adults.

Surface molecules/
cytokines

Relative expression
in newborns Function

HLA-DR ↓ MHC class II cell surface receptor
for antigen presentation

CD80 ↓ Costimulatory signaling molecule
for T cell activation

CD86 ↓ Costimulatory signaling molecule
for T cell activation

CD40 ↓ Costimulatory signaling molecule
for T cell activation

TNF-α
↓ Proinflammatory cytokine which

activates neutrophils and T helper
cells

IFN-α ↓ Antiviral cytokine important for
MHC class I expression

IFN-γ
↓ Important Th1 cytokine against

antiviral and intracellular
pathogens.

IL-12 ↓ Cytokine produced by dendritic
cells inducing Th1 type immunity

IL-1β
↓ Proinflammatory cytokine secreted

in response to infection and
causes fever

IL-6 ↑ Proinflammatory cytokine.

IL-10
↑ Antiinflammatory cytokine involved

in downregulation of Th1
response.

IL-23 ↑ IL-17 functions to regulate Th17
function and proliferation

*
Relative expression levels of cytokines upon stimulation of APCs with TLR ligands.
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