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Annually influenza causes a global epidemic resulting in 290,000 to 650,000 deaths and extracts a massive toll on healthcare and the economy. Infants and children are more susceptible to infection and have more severe symptoms than adults likely mitigated by differences in their innate and adaptive immune responses. While it is unclear the exact mechanisms with which the young combat influenza, it is increasingly understood that their immune responses differ from adults. Specifically, underproduction of IFN-γ and IL-12 by the innate immune system likely hampers viral clearance while upregulation of IL-6 may create excessive damaging inflammation. The infant's adaptive immune system preferentially utilizes the Th-2 response that has been tied to γδ T cells and their production of IL-17, which may be less advantageous than the adult Th-1 response for antiviral immunity. This differential immune response of the young is considered to serve as a unique evolutionary adaptation such that they preferentially respond to infection broadly rather than a pathogen-specific one generated by adults. This unique function of the young immune system is temporally, and possibly mechanistically, tied to the microbiota, as they both develop in coordination early in life. Additional research into the relationship between the developing microbiota and the immune system is needed to develop therapies effective at combating influenza in the youngest and most vulnerable of our population.
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Introduction

Influenza contributes significantly to morbidity and mortality globally and is especially devastating at the extremes of the population, the young and the elderly. Influenza causes an annual epidemic resulting in 3 to 5 million cases of severe illness and 290,000 to 650,000 respiratory deaths globally (1). Strikingly, about 99% of the deaths occur in children under the age of five in developing countries. Children under five who are otherwise healthy are at increased risk for influenza simply based on age. Children under age of two are additionally at higher risk for serious health complications due to influenza, such as pneumonia, encephalopathy, and the worsening of pre-existing chronic health problems. Moreover, among children under five, influenza-related outpatient hospital visits were 10 to 250 times as common as hospitalizations, highlighting the toll influenza takes on the young annually (2).

Influenza is not only dangerous for young children but the entire population as children are more likely to contract influenza and are more likely to transmit influenza to all age groups. Younger children tend to have longer periods of viral shedding over which they are contagious compared to adults (3).

Vaccination has been a key strategy to protect the population from influenza. Unfortunately, the young immune system responds to immunization with lower memory responses, resulting in lower antibody and memory T cells compared to adults (4). While unvaccinated infants are at an even greater risk, vaccinated infants have a reduced ability to prevent morbidity from influenza compared to other age groups (5).

Controlling and eliminating infant viral infections may also have far reaching health benefits and minimize the risk of childhood cancer as certain infections have been found to trigger the development of some cancers (6). While this link is well-established, it remains unclear if the differential immune response generated by the young contributes to this malignant cellular transformation. Therefore, further understanding of age dependent immune responses will likely inform across multiple fields of health care. Of note, in those patients already undergoing treatment for cancer, influenza poses a further threat given their immunocompromised status (7).

While recent studies investigating the influenza virus have begun to establish mechanisms behind the varied immune response in adults and the young, the infant's innate and adaptive immune system response to influenza is still poorly understood. While previously considered to be deficient, the young's differential response may serve a separate adaptive function. The infant's immune response may be tied to or instructed by the establishment of the microbiota. The microbiota has been shown to impacts the infant's immune function, and certain microbes are correlated with induction of specific cytokines and therefore play a role in resistance to infection (8). This relationship is worthy of further investigational exploration as it may lead to effective strategies to mitigate the impact of influenza in the young.



Many viral infections have more severe pathogenesis in children than in adults

Viral infections in children are typically more severe and often have a different disease presentation than adults. These viral infections in children, specifically infants and toddlers, can impact the function of multiple organ systems and have fatal consequences. Their social behaviors make them more likely to contract viral infections in the first place. Children also have differences in anatomy that make airway clearance challenging during viral respiratory infections. Their smaller airways lend to mucous obstruction and their cartilaginous chest walls promote ease of collapse increasing the severity of pulmonary disease. Enteric viral illnesses that often cause asymptomatic or mild infections in adults can have life-threatening impacts on young children, specifically those under two, often via severe dehydration. While vaccines exist for many common viral illnesses, their effectiveness in infants and young children has been relatively limited (9).

The most prevalent viral infections in infants and children are respiratory viruses, and influenza is a leader in causing severe disease in young children. Studies have found children under the age of five have a 12-fold increased risk of hospital admission due to influenza virus infection compared to older children. While infants with predisposing medical conditions are at a greater risk for severe viral complications, healthy infants and young children have also been shown to develop severe cases of infection (10). Some studies have found that the number of influenza-related deaths of previously healthy children is almost equal to the number of deaths in children with chronic illnesses. Comparatively, most adults with fatal cases almost always had preexisting health conditions (11).



Children's immune systems respond to infections differently than adult immune systems

Infants and young children are more susceptible to many viral infections and rely primarily on innate immunity, as their adaptive immune system remains naive due to limited pathogen exposure. The development and utilization of the innate immune system soon after birth aids in the development of the adaptive immune system. Studies have shown that neonatal innate responses may not be fully developed at birth, contributing to their increased susceptibility to infection (12). However, under some circumstances, neonates are able to mount a seemingly mature innate and adaptive immune response (13). The exact mechanisms underlying this differential response in the young are yet to be understood, but it is apparent that their innate and adaptive immune systems function differently from adults and is worthy of further investigation. This need is further highlighted by the COVID-19 pandemic, in which children have consistently fared better than their adult counterparts (14) and underscores the importance of understanding the cellular and molecular mechanisms driving these discrepant outcomes.

Interestingly, the differences in children's immune systems also vary geographically. Studies have shown ties between the innate immune system and the gut microbiome, which is heavily influenced by the geographic environment in which children are raised. The colonization of the gut by certain bacteria, partially determined by the predominant diet and lifestyle of the region, correlated with varied cytokine responses to the TLR2 pathway, production of IL-10 by dendritic cells, and the pro-inflammatory response (15–17).



Age-related changes in innate immune response contribute to the increased morbidity in children with influenza

Our current understanding of virology does not readily predict differences in the mechanism by which influenza infects adults and children at the virus-cell level. Thus, the varied symptoms and differential pathogenesis in children and adults is likely the result of known differences in immune responses and functions.

Studies looking specifically at cytokine levels and innate immune function have found elevated levels of IL-6, IL-12, and IFN-γ in critically ill adolescents who survived influenza (18). Non-surviving adolescents had severely low levels of the specific inflammatory cytokine TNF-α, which is typically produced by innate immune cells in recovered adolescents. Congruently, infected children also had elevated levels of IL-6 (19). These findings have led some to believe that hypercytokinemia, the rapid release of many systemic inflammatory cytokines, during influenza infection may contribute to morbidity and mortality in the young (19). Specifically, children's predisposition to increased inflammation in response to influenza may be responsible for their severe disease progression which may contribute to influenza-related death observed worldwide (11).

Studies of innate immune responses in infants compared to adults found less responsive innate immune function. Activation of TLR expression in children and adults was equivalent, but the downstream effects of the TLR activation needed for viral clearance varied with age (20, 21). Infant monkeys exhibited increased viral replication and decreased type 1 IFN secretion (22). The importance of type I IFN is highlighted by recent studies demonstrating that the transcription factor RUNX1 facilitates influenza infection by dampening IFN responses (23) and further underscored by identification of mutations in the type I IFN pathway in patients with severe influenza (24, 25). In contrast to adolescents, the infant and child innate immune responses also had limited production of IL-12 and IFN-γ (26).

Neonatal mouse models of infection are able to recapitulate increased influenza-induced morbidity and similar immune responses (or lack thereof) as observed in human children. Mouse models have found that neonatal T cells in the lungs have lower IFN-γ secretion, a finding that extended past the neonatal period (27). Animal models have also shown that infected neonatal mice secrete less IFN-γ specifically from their NK cells, T cells, and macrophages (28, 29). Neonatal mice also exhibit delay viral clearance compared to adult mice (27). This delayed clearance is associated with low levels of CD4 T antiviral and helper cell activity due to blocks in cytokine production and IFN-γ signaling (27). The inefficient response of the young's immune system to influenza infections likely contributes to increased morbidity during their first few years of life (30).

Further studies looking at the differentially regulated genes in preterm and term children have shown similar trends. Specifically preterm children had comparatively higher expression of genes that downregulated IFN-γ production, IL-10 secretion, and T cell proliferation. These findings may explain the differences in susceptibility to influenza and other diseases between preterm and term infants (27, 31).

Conversely, as it pertains to SARS-CoV-2 infection, infants and children tend to exhibit milder symptoms and disease pathogenesis compared to adults (32). Infants lack the lung inflammatory response triggered by adult innate immune systems (33), possibly due to increased immunosuppression from a less reactive innate immune system (34, 35). The downregulated innate immune response in infants, that is a major factor in increased childhood influenza morbidity, may be protective during SARS-CoV-2 infection.

Taken together, both excessive damaging inflammation but deficient expression of certain mediators necessary to control viral replication may work in concert to negatively impact the young's response to many viral infections. Accordingly, recent studies aimed at identification of which aspects of the immune response contributed to increased illness severity found that the deficient innate immune response works in conjunction with a decreased adaptive immune response. Therefore, the young's adaptive immune system, specifically T-cell immunity, deserves further investigation and discussion.



Neonatal adaptive immunity serves a differential not deficient function in responding to pathogens

Previous perceptions of the neonatal immune system as deficient are now being revised as studies are finding that the altered immune response to pathogens may serve a purposeful function. The lungs of infected neonatal mice have been observed to have lower levels of memory CD4+ and CD8+ T cells (36), which was initially viewed as a deficient function. This finding is cell-intrinsic, not environmentally regulated (5). The inability to generate memory cells may be an evolutionary advantageous adaptation, as it is more beneficial for survival to opt for a robust generalized response to infection rather than developing memory cells early in life (5).

Furthermore, CD8+ T cells made at birth have been found in adults with continued functionality (37). Neonatal adaptive immune cells may not respond to infections in the same manner as those of the adult immune systems because they serve a separate, developmentally important function which is maintained independently of adult immune function.

Mechanistically, neonatal T cells are placed in an effector-like state by developmentally regulated miRNAs, which have been found to modify and monitor their activation, differentiation, and metabolism (38–40). Adult immune cells, on the other hand, have greater potential to differentiate into memory cells and are less metabolically active (37, 41). Neonates express and display receptors typically associated with innate T cells and produce IL-8 that triggers a broad and non-specific response (42). This adaptation programs neonatal immune cells to respond to a wide range of pathogens, a response that is likely useful in the first few years of life.



T regulatory cells help viral clearance independent of T cell migration patterns

Neonates have a high number of T regulatory cells (Tregs) in the lungs which monitor and modify immune responses. However, the lack of non-regulatory T cells moving into the alveoli of infected lungs occurs independently of Tregs, as neonatal mice deficient in Tregs do not have different T cell migration patterns (43).

Two regulatory cytokines, IL-10 and TGFβ, have been identified to play a direct role in mediating T cell migration into airways. IL-10 knockout pups with neutralization of TGFβ by antibody or with deletion of the TGFβ receptor have shown increased infiltration of CD4+ cells into the airways (43). However, there is conflicting evidence on the role of IL-10 in solidarity. Some studies have shown IL-10 knockout pups had no significant difference in T-cell migration or viral clearance while others found that IL-10 is necessary for the inflammatory response induced by influenza yet has a negative effect on viral clearance (43, 44). Whether these cytokines play a role in the differences in the young's response to infection is worthy of further investigation.



Delayed migration of T cells into alveolar spaces in response to reduced expression of cytokines and preference for a type-2 response bias

While neonatal mice have difficulty recruiting T cells into the alveoli, they still have a delayed T cell response to influenza infection in the interstitial tissue. This delayed response corresponds with reduced signaling from proinflammatory cytokines TNF-α and IFN-γ (45). The alveolar spaces of neonatal lungs contain normal levels of neutrophils and elevated levels of eosinophils likely in response to elevated expression of chemokines CCL5, CCL3, and CXCL2, but lacks the T cells that were characteristic of infected adult lungs (46).

The bronchoalveolar lavage fluid of infected neonatal mice has reduced levels of IFN-γ and its induced chemokine CXCL9 (46). IFN-γ was not necessary to clear influenza from the lungs as IFN-γ knockout mice had no difference in influenza mortality, but there was an association between mice deficient in IFN-γ and the delayed T cell response (47). Additional studies that exogenously administered adult levels of IFN-γ to infected neonates were unable to elicit increased T cell migration into the alveolar spaces (46). Titration experiments conducted in adult mice found that T cell migration was independent of viral dose, and similar experiments in neonatal mice established that the lack of T cell migration into the lungs is independent of the viral load (46). Thus, IFN-γ may play a role in T-cell antigen presentation or priming that is necessary to clear infection.

T cell migration patterns may be influenced by the inability of neonatal mice to have a clear type-1 biased T cell response. Neonates seem to have a greater number of type-2 biased T cells that geographically cluster in areas without viral antigen, thereby contributing to the general interstitial inflammation observed in neonates (48). While specific chemokines may not be the singular defect in T-cell alveolar migration, there have been associations between the lack of certain chemokines and their cellular source in the young (49).



γδ T cells initiate increased production of IL-17 as a part of a type-2 immune response which protects neonatal lungs from further damage

The decreased number of CD8+ T cells in the neonatal lungs in response to infection may be due to their inability to initiate a robust type-1 immune response. However, neonates have increased development and migration of γδ T cells to the lungs which may contribute to lung tissue homeostasis during infection and is associated with a type-2 immune response (50). A recent study found that certain γδ T cells can be triggered by viral infection to undergo transcriptional reprogramming in an adaptive manner like CD8+ T cells in response to antigen-induced differentiation (51). These changes in γδ T cells may be a beneficial immune response during viral infection.

γδ T cells produce IL-17A which initiates a type-2 tissue response with the production of IL-33, the recruitment of ILC2s and Treg cells, and the production of amphiregulin (52, 53). Specifically, IL-17A suppresses early IFN-γ expression in the lungs to establish a type-2 response. IL-17A, however, serves as a feedback mechanism by later negatively regulating type-2 cytokines to possibly prevent further tissue damage in the lungs (54, 55).

There is contradicting evidence on how IL-17A and influenza induces IL-33 production and the downstream effects triggered for tissue repair and remodeling. IL-33 is an alarmin cytokine that triggers type-2 inflammation, and mice lacking IL-33 have defective ILC2 responses and impaired immunity (56, 57). Children with influenza had elevated levels of IL-33, which positively correlated with levels of IL-17A but not with IFN-γ (52). IL-33 has not been shown to be associated with type-1 immune responses, albeit IL-17A may have an important regulatory role in fighting early neonatal infection. The cellular source of these key cytokines also impacts downstream biology as epithelia-derived IL-33 is pro-inflammatory while dendritic cell derived IL-33 is immunosuppressive (58). How IL-33 signaling and its outcome are regulated in the young vs. older population remains to be determined.

While the links between IL-17A and IL-33 pathways are unclear during influenza infection, they play an important role in type-2 immunity and mediating infection responses in the young. Given the smaller, more fragile lungs of neonates, lung damage from influenza can have severe short and long-term effects. The preference for a type-2 immune response over a type 1 immune response may be necessary to protect young lungs and prevent further damage (52). Therefore, the IL-17A/IL-33 pathway requires further study as its axis may be a potential target for therapeutic intervention.



Neonatal immune system function and response are correlated with microbiota development

Further studies looking at the adaptation of infant immune systems to their environment have found connections between the gut microbiota and immune function. Similar to the immune system, the microbiota evolves with the host and adapts to its environment. Infant immune systems are influenced by early exposure to the microbiota after birth and are largely determined by the maternal microbiota. Early microbial colonization plays an important role in the immediate development of the immune system. Germ-free mice have abnormal immune development and deficient antibody production (59–61). Specifically, germ-free mice have lower numbers of IL-17, defective T regulatory cells, and impaired responses to certain inflammatory pathogens (59). A dysbiosis in the microbes colonizing human newborn gut has been shown to impede the development of a normal immune system early in life (31). Disturbances in microbiota development can also create long-term health impacts by resulting in immune defects. A lack of microbiota colonization can result in chronic inflammatory diseases and early administration of antibiotics in infants can lead to the development of diabetes and eczema (62).

While the exact mechanisms through which microbes impact immunity remains to be established, the microbiota clearly plays an important regulatory role in many aspects of immunity. Metabolites from the gut microbiota can impact the immune response directly on the mucosa or by entering circulation through epithelial cells (63). Gut microbes can produce fatty acids that impact the immune system or generate metabolites that bind to specific immune receptors (64). Pattern recognition receptors that play a role in innate immunity can respond to microbes and initiate cytokine release and signaling that further modulate immune responses (63).

The role of the developing microbiota in influenza-infected infants is still unclear. Given the correlation between neonatal immune development and microbiota colonization as well as the vast effects of the microbiota on immunity, further study is warranted to understand how the young's microbiota affects the differential response of the immune system to influenza. Such an understanding is particularly important as microbial interventions have the potential to confer beneficial immune responses and assist in targeted therapies (65).



Conclusions

Infants are generally more susceptible to viral infections than adults and have more severe disease pathogenesis. Influenza in particular is a dangerous seasonal threat to the young population. However, their immune systems respond differently than adults, making existing interventions such as vaccines less effective. Deciphering differences in the young's immune response can therefore inform development of more targeted and effective therapies.

Given the known differences in their innate and adaptive immune responses, there is a growing consensus that neonate immune systems may serve a unique function and purpose compared to adults. Their more broadly generalized immune response and type 2 skewing may serve to protect the young in the first few years of life when multiple pathogens are likely to be encountered without also eliciting damaging inflammation. The well-observed differences in T cell migration patterns in infants is considered a major factor in their poor outcomes upon influenza infection. In addition, the differential expression of certain cytokines and stimulation of Tregs likely contributes as well.

While the differences between the young and mature immune system continue to be described, understanding the mechanistic basis behind those differences will become paramount. Furthermore, the differences we observe in the young's immune system may be shaped by the simultaneous development of their microbiota. Uncovering how the microbiota impacts its effects will further garner much needed information that will allow for targeted therapeutic approaches not only for the young but for all (Figure 1).


[image: Figure 1]
FIGURE 1
 Differences in the infant and adult immune response to influenza infection.




Author contributions

SS drafted the manuscript. AS revised the manuscript. Both authors contributed to the article and approved the submitted version.



Funding

AS receives funding from the Burroughs Wellcome Fund, NIH/NIAID K08AI135097, and the Children's Discovery Institute at St. Louis Children's Hospital.



Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



Publisher's note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



References

 1. Thompson WW, Weintraub E, Dhankhar P, Cheng PY, Brammer L, Meltzer MI, et al. Estimates of US influenza-associated deaths made using four different methods. Influenza Other Respir Viruses. (2009) 3:37–49. doi: 10.1111/j.1750-2659.2009.00073.x

 2. Poehling KA, Edwards KM, Weinberg GA, Szilagyi P, Staat MA, Iwane MK, et al. The underrecognized burden of influenza in young children. N Eng J Med. (2006) 355:31–40. doi: 10.1056/NEJMoa054869

 3. Ruf BR, Knuf M. The burden of seasonal and pandemic influenza in infants and children. Eur J Pediatr. (2014) 173:265–76. doi: 10.1007/s00431-013-2023-6

 4. Sakala IG, Eichinger KM, Petrovsky N. Neonatal vaccine effectiveness and the role of adjuvants. Expert Rev Clin Immunol. (2019) 15:869–78. doi: 10.1080/1744666X.2019.1642748

 5. Rudd BD. Neonatal T cells: a reinterpretation. Annu Rev Immunol. (2020) 38:229–47. doi: 10.1146/annurev-immunol-091319-083608

 6. Alibek K, Mussabekova A, Kakpenova A, Duisembekova A, Baiken Y, Aituov B, et al. Childhood cancers: what is a possible role of infectious agents? Infect Agent Cancer. (2013) 8:48. doi: 10.1186/1750-9378-8-48

 7. Hijano DR, Maron G, Hayden RT. Respiratory viral infections in patients with cancer or undergoing hematopoietic cell transplant. Front Microbiol. (2018) 9:3097. doi: 10.3389/fmicb.2018.03097

 8. Yu JC, Khodadadi H, Malik A, Davidson B, Salles ÉdSL, Bhatia J, et al. Innate immunity of neonates and infants. Front Immunol. (2018) 9:1759. doi: 10.3389/fimmu.2018.01759

 9. Nwachuku N, Gerba CP. Health risks of enteric viral infections in children. Rev Environ Contam Toxicol. (2006) 186:1–56. doi: 10.1007/0-387-32883-1_1

 10. van Woensel JB, van Aalderen WM, Kimpen JL. Viral lower respiratory tract infection in infants and young children. BMJ. (2003) 327:36–40. doi: 10.1136/bmj.327.7405.36

 11. Coates BM, Staricha KL, Wiese KM, Ridge KM. Influenza A virus infection, innate immunity, and childhood. JAMA Pediatr. (2015) 169:956–63. doi: 10.1001/jamapediatrics.2015.1387

 12. Marodi L. Neonatal innate immunity to infectious agents. Infect Immun. (2006) 74:1999–2006. doi: 10.1128/IAI.74.4.1999-2006.2006

 13. Marodi L, Kaposzta R, Campbell DE, Polin RA, Csongor J, Johnston RB Jr. Candidacidal mechanisms in the human neonate Impaired IFN-gamma activation of macrophages in newborn infants. J Immunol. (1994) 153:5643–9.

 14. Dhochak N, Singhal T, Kabra SK, Lodha R. Pathophysiology of COVID-19: why children fare better than adults? Indian J Pediatr. (2020) 87:537–46. doi: 10.1007/s12098-020-03322-y

 15. Amenyogbe N, Dimitriu P, Smolen KK, Brown EM, Shannon CP, Tebbutt SJ, et al. Biogeography of the relationship between the child gut microbiome and innate immune system. mBio. (2021) 12:3079. doi: 10.1128/mBio.03079-20

 16. De Filippo C, Cavalieri D, Di Paola M, Ramazzotti M, Poullet JB, Massart S, et al. Impact of diet in shaping gut microbiota revealed by a comparative study in children from Europe and rural Africa. Proc Natl Acad Sci U S A. (2010) 107:14691–6. doi: 10.1073/pnas.1005963107

 17. Yatsunenko T, Rey FE, Manary MJ, Trehan I, Dominguez-Bello MG, Contreras M, et al. Human gut microbiome viewed across age and geography. Nature. (2012) 486:222–7. doi: 10.1038/nature11053

 18. Heltzer ML, Coffin SE, Maurer K, Bagashev A, Zhang Z, Orange JS, et al. Immune dysregulation in severe influenza. J Leukoc Biol. (2009) 85:1036–43. doi: 10.1189/jlb.1108710

 19. Hall MW, Geyer SM, Guo CY, Panoskaltsis-Mortari A, Jouvet P, Ferdinands J, et al. Innate immune function and mortality in critically ill children with influenza: a multicenter study. Crit Care Med. (2013) 41:224–36. doi: 10.1097/CCM.0b013e318267633c

 20. Kollmann TR, Crabtree J, Rein-Weston A, Blimkie D, Thommai F, Wang XY, et al. Neonatal innate TLR-mediated responses are distinct from those of adults. J Immunol. (2009) 183:7150–60. doi: 10.4049/jimmunol.0901481

 21. Burl S, Townend J, Njie-Jobe J, Cox M, Adetifa UJ, Touray E, et al. Age-dependent maturation of Toll-like receptor-mediated cytokine responses in Gambian infants. PLoS ONE. (2011) 6:e18185. doi: 10.1371/journal.pone.0018185

 22. Clay CC, Reader JR, Gerriets JE, Wang TT, Harrod KS, Miller LA. Enhanced viral replication and modulated innate immune responses in infant airway epithelium following H1N1 infection. J Virol. (2014) 88:7412–25. doi: 10.1128/JVI.00188-14

 23. Hu Y, Pan Q, Zhou K, Ling Y, Wang H, Li Y. RUNX1 inhibits the antiviral immune response against influenza A virus through attenuating type I interferon signaling. Virol J. (2022) 19:39. doi: 10.1186/s12985-022-01764-8

 24. Thomsen MM, Jorgensen SE, Storgaard M, Kristensen LS, Gjedsted J, Christiansen M, et al. Identification of an IRF3 variant and defective antiviral interferon responses in a patient with severe influenza. Eur J Immunol. (2019) 49:2111–4. doi: 10.1002/eji.201848083

 25. Ciancanelli MJ, Huang SX, Luthra P, Garner H, Itan Y, Volpi S, et al. Infectious disease. Life-threatening influenza and impaired interferon amplification in human IRF7 deficiency. Science. (2015) 348:448–53. doi: 10.1126/science.aaa1578

 26. Kollmann TR, Levy O, Montgomery RR, Goriely S. Innate immune function by Toll-like receptors: distinct responses in newborns and the elderly. Immunity. (2012) 37:771–83. doi: 10.1016/j.immuni.2012.10.014

 27. Verhoeven D, Perry S, Pryharski K. Control of influenza infection is impaired by diminished interferon-gamma secretion by CD4 T cells in the lungs of toddler mice. J Leukoc Biol. (2016) 100:203–12. doi: 10.1189/jlb.4A1014-497RR

 28. Schroder K, Hertzog PJ, Ravasi T, Hume DA. Interferon-gamma: an overview of signals, mechanisms, and functions. J Leukoc Biol. (2004) 75:163–89. doi: 10.1189/jlb.0603252

 29. You D, Ripple M, Balakrishna S, Troxclair D, Sandquist D, Ding L, et al. Inchoate CD8+ T cell responses in neonatal mice permit influenza-induced persistent pulmonary dysfunction. J Immunol. (2008) 181:3486–94. doi: 10.4049/jimmunol.181.5.3486

 30. Tregoning JS, Schwarze J. Respiratory viral infections in infants: causes, clinical symptoms, virology, and immunology. Clin Microbiol Rev. (2010) 23:74–98. doi: 10.1128/CMR.00032-09

 31. Olin A, Henckel E, Chen Y, Lakshmikanth T, Pou C, Mikes J, et al. Stereotypic immune system development in newborn children. Cell. (2018) 174:1277–92. doi: 10.1016/j.cell.2018.06.045

 32. Dong Y, Mo X, Hu Y, Qi X, Jiang F, Jiang Z, et al. Epidemiology of COVID-19 among children in China. Pediatrics. (2020) 145:702. doi: 10.1542/peds.2020-0702

 33. Elahi S. Neonatal and children's immune system and COVID-19: biased immune tolerance versus resistance strategy. J Immunol. (2020) 205:1990–7. doi: 10.4049/jimmunol.2000710

 34. Gantt S, Gervassi A, Jaspan H, Horton H. The role of myeloid-derived suppressor cells in immune ontogeny. Front Immunol. (2014) 5:387. doi: 10.3389/fimmu.2014.00387

 35. Zhao J, Kim KD, Yang X, Auh S, Fu YX, Tang H. Hyper innate responses in neonates lead to increased morbidity and mortality after infection. Proc Natl Acad Sci U S A. (2008) 105:7528–33. doi: 10.1073/pnas.0800152105

 36. Zens KD, Chen JK, Guyer RS, Wu FL, Cvetkovski F, Miron M, et al. Reduced generation of lung tissue-resident memory T cells during infancy. J Exp Med. (2017) 214:2915–32. doi: 10.1084/jem.20170521

 37. Wissink EM, Smith NL, Spektor R, Rudd BD, Grimson A. MicroRNAs and their targets are differentially regulated in adult and neonatal mouse CD8+ T cells. Genetics. (2015) 201:1017–30. doi: 10.1534/genetics.115.179176

 38. Shiow LR, Rosen DB, Brdickova N, Xu Y, An J, Lanier LL, et al. CD69 acts downstream of interferon-alpha/beta to inhibit S1P1 and lymphocyte egress from lymphoid organs. Nature. (2006) 440:540–4. doi: 10.1038/nature04606

 39. Zhang N, Bevan MJ. Dicer controls CD8+ T-cell activation, migration, and survival. Proc Natl Acad Sci U S A. (2010) 107:21629–34. doi: 10.1073/pnas.1016299107

 40. Joshi NS, Cui W, Chandele A, Lee HK, Urso DR, Hagman J, et al. Inflammation directs memory precursor and short-lived effector CD8(+) T cell fates via the graded expression of T-bet transcription factor. Immunity. (2007) 27:281–95. doi: 10.1016/j.immuni.2007.07.010

 41. Yu HR, Hsu TY, Huang HC, Kuo HC Li SC, Yang KD, et al. Comparison of the functional microRNA expression in immune cell subsets of neonates and adults. Front Immunol. (2016) 7:615. doi: 10.3389/fimmu.2016.00615

 42. Scheible KM, Emo J, Laniewski N, Baran AM, Peterson DR, Holden-Wiltse J, et al. T cell developmental arrest in former premature infants increases risk of respiratory morbidity later in infancy. JCI Insight. (2018) 3:96724. doi: 10.1172/jci.insight.96724

 43. Oliphant S, Lines JL, Hollifield ML, Garvy BA. Regulatory T cells are critical for clearing influenza A virus in neonatal mice. Viral Immunol. (2015) 28:580–9. doi: 10.1089/vim.2015.0039

 44. Sun J, Madan R, Karp CL, Braciale TJ. Effector T cells control lung inflammation during acute influenza virus infection by producing IL-10. Nat Med. (2009) 15:277–84. doi: 10.1038/nm.1929

 45. Lines JL, Hoskins S, Hollifield M, Cauley LS, Garvy BA. The migration of T cells in response to influenza virus is altered in neonatal mice. J Immunol. (2010) 185:2980–8. doi: 10.4049/jimmunol.0903075

 46. Powell TJ, Dwyer DW, Morgan T, Hollenbaugh JA, Dutton RW. The immune system provides a strong response to even a low exposure to virus. Clin Immunol. (2006) 119:87–94. doi: 10.1016/j.clim.2005.11.004

 47. Turner SJ, Olivas E, Gutierrez A, Diaz G, Doherty PC. Disregulated influenza A virus-specific CD8+ T cell homeostasis in the absence of IFN-gamma signaling. J Immunol. (2007) 178:7616–22. doi: 10.4049/jimmunol.178.12.7616

 48. Rose S, Lichtenheld M, Foote MR, Adkins B. Murine neonatal CD4+ cells are poised for rapid Th2 effector-like function. J Immunol. (2007) 178:2667–78. doi: 10.4049/jimmunol.178.5.2667

 49. Kristjansson S, Bjarnarson SP, Wennergren G, Palsdottir AH, Arnadottir T, Haraldsson A, et al. Respiratory syncytial virus and other respiratory viruses during the first 3 months of life promote a local TH2-like response. J Allergy Clin Immunol. (2005) 116:805–11. doi: 10.1016/j.jaci.2005.07.012

 50. Monticelli LA, Sonnenberg GF, Abt MC, Alenghat T, Ziegler CG, Doering TA, et al. Innate lymphoid cells promote lung-tissue homeostasis after infection with influenza virus. Nat Immunol. (2011) 12:1045–54. doi: 10.1038/ni.2131

 51. McMurray JL, von Borstel A, Taher TE, Syrimi E, Taylor GS, Sharif M, et al. Transcriptional profiling of human Vdelta1 T cells reveals a pathogen-driven adaptive differentiation program. Cell Rep. (2022) 39:110858. doi: 10.1016/j.celrep.2022.110858

 52. Guo XJ, Dash P, Crawford JC, Allen EK, Zamora AE, Boyd DF, et al. Lung gammadelta T cells mediate protective responses during neonatal influenza infection that are associated with Type 2 immunity. Immunity. (2018) 49:531–44. doi: 10.1016/j.immuni.2018.07.011

 53. Cheng P, Liu T, Zhou WY, Zhuang Y, Peng LS, Zhang JY, et al. Role of gamma-delta T cells in host response against Staphylococcus aureus-induced pneumonia. BMC Immunol. (2012) 13:38. doi: 10.1186/1471-2172-13-38

 54. Ajendra J, Chenery AL, Parkinson JE, Chan BHK, Pearson S, Colombo SAP, et al. IL-17A both initiates, via IFNgamma suppression, and limits the pulmonary type-2 immune response to nematode infection. Mucosal Immunol. (2020) 13:958–68. doi: 10.1038/s41385-020-0318-2

 55. Sutherland TE, Logan N, Ruckerl D, Humbles AA, Allan SM, Papayannopoulos V, et al. Chitinase-like proteins promote IL-17-mediated neutrophilia in a tradeoff between nematode killing and host damage. Nat Immunol. (2014) 15:1116–25. doi: 10.1038/ni.3023

 56. Hung LY, Lewkowich IP, Dawson LA, Downey J, Yang Y, Smith DE, et al. IL-33 drives biphasic IL-13 production for noncanonical Type 2 immunity against hookworms. Proc Natl Acad Sci U S A. (2013) 110:282–7. doi: 10.1073/pnas.1206587110

 57. Molofsky AB, Savage AK, Locksley RM. Interleukin-33 in tissue homeostasis, injury, and inflammation. Immunity. (2015) 42:1005–19. doi: 10.1016/j.immuni.2015.06.006

 58. Hung LY, Tanaka Y, Herbine K, Pastore C, Singh B, Ferguson A, et al. Cellular context of IL-33 expression dictates impact on anti-helminth immunity. Sci Immunol. (2020) 5:6259. doi: 10.1126/sciimmunol.abc6259

 59. Round JL, Mazmanian SK. The gut microbiota shapes intestinal immune responses during health and disease. Nat Rev Immunol. (2009) 9:313–23. doi: 10.1038/nri2515

 60. Macpherson AJ, Harris NL. Interactions between commensal intestinal bacteria and the immune system. Nat Rev Immunol. (2004) 4:478–85. doi: 10.1038/nri1373

 61. Falk PG, Hooper LV, Midtvedt T, Gordon JI. Creating and maintaining the gastrointestinal ecosystem: what we know and need to know from gnotobiology. Microbiol Mol Biol R. (1998) 62:1157. doi: 10.1128/MMBR.62.4.1157-1170.1998

 62. Yao Y, Cai X, Ye Y, Wang F, Chen F, Zheng C. The role of microbiota in infant health: from early life to adulthood. Front Immunol. (2021) 12:708472. doi: 10.3389/fimmu.2021.708472

 63. Rooks MG, Garrett WS. Gut microbiota, metabolites and host immunity. Nat Rev Immunol. (2016) 16:341–52. doi: 10.1038/nri.2016.42

 64. Yao Y, Cai X, Fei W, Ye Y, Zhao M, Zheng C. The role of short-chain fatty acids in immunity, inflammation, and metabolism. Crit Rev Food Sci Nutr. (2022) 62:1–12. doi: 10.1080/10408398.2020.1854675

 65. Belkaid Y, Harrison OJ. Homeostatic immunity and the microbiota. Immunity. (2017) 46:562–76. doi: 10.1016/j.immuni.2017.04.008



OPS/xhtml/Nav.xhtml




Contents





		Cover



		Influenza: Toward understanding the immune response in the young



		Introduction



		Many viral infections have more severe pathogenesis in children than in adults



		Children's immune systems respond to infections differently than adult immune systems



		Age-related changes in innate immune response contribute to the increased morbidity in children with influenza



		Neonatal adaptive immunity serves a differential not deficient function in responding to pathogens



		T regulatory cells help viral clearance independent of T cell migration patterns



		Delayed migration of T cells into alveolar spaces in response to reduced expression of cytokines and preference for a type-2 response bias



		γδ T cells initiate increased production of IL-17 as a part of a type-2 immune response which protects neonatal lungs from further damage



		Neonatal immune system function and response are correlated with microbiota development



		Conclusions



		Author contributions



		Funding



		Conflict of interest



		Publisher's note



		References

















OPS/images/cover.jpg
& frontiers | Frontiers in Pediatrics

Influenza: Toward
understanding the immune
response in the young





OPS/images/fped-10-953150-g001.gif
Infant Immune
Response

Adult Immune
Response

Reduced TLR expression, impaired|
innate signalling pathways,
diminished cytokine response

Higher levels of allcirculating
immune components, adequa
innate and adaptve response.

Limited secretion of TNF-a and
IEN-y, IL-12 and 1L-10 secretion

~x

g levelsof N, 1.

cells promotes Type-2 immune
response

iz
Pyt
) .

Low levels of CD4+ and CDB+ Memory T and B cells accumulate
el md e R e e
s et

g scvaion o neoraal T

Increased use of Type-1 immune
response and DB Tcell
prolieration

8T calls produce IL-17A and
1L:33 and have varied downsizcam
effects

NK cell ae regalated by
inhibitory receptors and are
highly acive:










OPS/images/crossmark.jpg
(®) Check for updates





OPS/images/logo.jpg
& frontiers | Frontiers in Pediatrics





