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Abstract

Respiratory infections from influenza A virus (IAV) cause
substantial morbidity and mortality in children relative to adults.
T cells play a critical role in the host response to IAV by supporting
the innate and humoral responses,mediating cytotoxic activity, and
promoting recovery. There are age-dependent differences in the
number, subsets, and localization of T cells, which impact the host
response to pathogens. In this article, we first review how T cells
recognize IAV and examine differences in the resting T-cell
populations between juveniles and adults. Next, we describe how

the juvenile CD41, CD81, and regulatory T-cell responses compare
with those in adults and discuss the potential physiologic and
clinical consequences of the differences. Finally, we explore
the roles of two unconventional T-cell types in the juvenile
response to influenza, natural-killer T cells and gd T cells. A clear
understanding of age-dependent differences in the T-cell response
is essential to developing therapies to prevent or reverse the
deleterious effects of IAV in children.
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Influenza A virus (IAV) is a common
pathogen that causes a spectrum of disease
ranging from a mild upper-respiratory
illness to a severe, life-threatening lower-
respiratory illness. Worldwide, influenza is
responsible for 290,000–650,000 deaths
annually (1, 2). Children, the elderly, and
individuals with chronic medical conditions
are at greater risk of developing severe
disease requiring hospitalization. Each year,
there are estimated to be 90 million new
cases of influenza in children under the age
of 5 years. Of those cases, 20 million are
lower-respiratory-tract infections and 1
million are severe (3). This substantial
burden of disease in young children is only
partially explained by chronic medical

conditions, as half of influenza deaths in the
United States from 2016 to 2019 were in
previously healthy children (4).

Mouse models of IAV pneumonia
support a paradigm in which the increased
propensity for healthy children to have
severe IAV disease is linked to age-
dependent differences in the host response
to and recovery from infection. Juvenile
mice exhibit increased inflammation, lung
injury, and mortality from IAV infection
when compared with adult mice (5–7).
T cells make up a vital component of the
immune response to IAV. In both human
and murine adults, the role of T cells in
response to IAV has been well described;
however, there are key differences between

adult and juvenile T cells that change over
time in both species (8–10). Understanding
how these differences alter the juvenile
T-cell response to IAV is critical to developing
therapies to prevent or reverse the
deleterious effects of IAV pneumonia. In
this review, we will examine differences in
how several distinct T-cell subsets respond
to IAV in juveniles and discuss how those
alterations in T-cell biology contribute to
the differences in clinical outcomes between
juveniles and adults.

Although mice provide a practical
model for human disease, given their similar
genome and physiology, it is difficult to
equate ages between humans and mice (11).
In this review, we defined ages on the basis

(Received in original form May 5, 2020; accepted in final form July 1, 2020 )

*B.D.S. is Associate Editor and K.M.R. is Deputy Editor of AJRCMB. Their participation complies with American Thoracic Society requirements for recusal from
review and decisions for authored works.

Supported by the Gorter Family Foundation, the Stanley Manne Children’s Research Institute, and the Ann & Robert H. Lurie Children’s Hospital of Chicago
(A.D.P.); a David and Christine Cugell Fellowship (R.M.); U.S. National Institutes of Health/National Heart, Lung, and Blood Institute grants K08 HL143127
(B.M.C.), K08HL128867, R01HL149883, R01HL114800, and U19AI135964 (B.D.S.); and National Institutes of Health grants P01HL071643, R01HL128194,
P01GM0969971, and P01AG049665 (K.M.R.).

Author Contributions: A.D.P. wrote the initial draft. R.M., B.M.C., B.D.S., and K.M.R. further added to, revised, and updated the manuscript.

Correspondence and requests for reprints should be addressed to Andrew D. Prigge, M.D., Ann & Robert H. Lurie Children’s Hospital of Chicago, Division of
Critical Care Medicine, 225 East Chicago Avenue, Chicago, IL 60611. E-mail: aprigge@luriechildrens.org.

Am J Respir Cell Mol Biol Vol 63, Iss 4, pp 415–423, Oct 2020

Copyright © 2020 by the American Thoracic Society

Originally Published in Press as DOI: 10.1165/rcmb.2020-0169TR on July 1, 2020

Internet address: www.atsjournals.org

Translational Reviews 415

http://crossmark.crossref.org/dialog/?doi=10.1165/rcmb.2020-0169TR&domain=pdf
http://orcid.org/0000-0003-4454-5152
http://orcid.org/0000-0001-5775-8427
mailto:aprigge@luriechildrens.org
http://dx.doi.org/10.1165/rcmb.2020-0169TR
http://www.atsjournals.org


of lung development and refer to the age on
the first day of infection (12). The term
“neonate” will refer to humans ages 0–30
days and mice ages 0–7 days. “Infant” will be
used for humans ages 31 days to 1 year and
mice ages 8–14 days. “Young” will describe
humans ages 1–8 years and mice 15–30
days. Finally, “juvenile” will be used as a
collective term for any nonadult (Figure 1).

T-Cell Recognition of IAV

IAV is a single-stranded, enveloped RNA
virus of the Orthomyxoviridae family.
It contains two surface proteins, HA
(hemagglutinin) and NA (neuraminidase).
Mutations in these surface proteins allow
for evasion of the immune system through
antigenic drift, resulting in seasonal
influenza epidemics. Exchange of RNA
between human and nonhuman strains of
IAV creates antigenic shift and is the cause
of pandemics (13). The first point of
contact between IAV and the host is the
respiratory epithelium (for review, see
Reference 14). After traversing the mucus
layer, IAV attaches to sialic-acid receptors
on respiratory epithelial cells via HA,
resulting in endocytosis of the virus (15).
Acidification of the virus in the endosome
allows for release of viral nucleic acid,
which is transported to the cell nucleus to
initiate viral replication (16). Once viral
proteins are synthesized, new virions are
assembled and released by NA-mediated
cleavage of HA–sialic acid interactions (17).
During this process, detection of IAV by
the innate immune systems initiates
antiviral signaling and a proinflammatory
response (for review, see References 18, 19).

Activation of the innate immune
system is the first step in engagement of the
adaptive immune response (for review,
see Reference 20). Dendritic cells (DCs)

residing in the pulmonary interstitium
express pattern-recognition receptors that
bind pathogen-associated molecular
patterns. In addition, DCs can be activated
through binding of damage-associated
molecular patterns, which are cell
components released from stressed or dying
cells. Once activated, DCs capture viral
antigens and migrate to draining lymph
nodes through expression of the chemokine
receptor CCR7 (21). B cells residing in
lymph nodes can bind a viral antigen that
has diffused into the lymph node through
the afferent lymphatics, internalize the
antigen, and process it for presentation to
T cells (22). Macrophages are also able to
migrate from the lungs and present
antigens to T cells in draining lymph nodes;
however, their contribution to the initial
activation of the adaptive immune system
remains unclear (21, 23, 24).

DCs reach maximal numbers on Days
2–4 after infection in draining lymph
nodes, where they interact with T cells in
high numbers, increasing the likelihood
that they will encounter a viral-specific
T cell (21). Viral antigens are presented on
MHC (major histocompatibility complex)
proteins I and II for recognition by CD81

and CD41 T cells, respectively (25). When
a TCR recognizes a viral antigen in an
MHC context, an immune synapse forms,
allowing for activation and subsequent
proliferation of the cognate T cell (26).
Activation via the immune synapse is
contingent on a second signal, the binding of
CD28 on T cells to B7 (CD80/CD86) on DCs
(27). This second signal is an important
checkpoint on T-cell activation. Once
activated, T cells migrate to the lungs using
integrins and a chemokine gradient (24, 28).

TCR antigen specificity develops
after somatic recombination during
T-cell development. However, there is
cross-reactivity of antigens between strains

of influenza (29). This cross-reactivity plays
a role in subsequent influenza infections
via memory activation and is known as
heterosubtypic immunity. In nonhuman
primates, infection with cross-reactive IAV
led to early peak activation of T cells
and earlier clearance of virus (30). The
possibility of childhood encounters with
influenza fundamentally biasing future
responses is known as imprinting. In
influenza research, imprinting has focused
on the B-cell response, even though T cells
likely contribute (31). Although imprinting
may play a role in the juvenile response,
this review will primarily focus on the
initial T-cell response to IAV.

T-Cell Population and
Localization

The juvenile T-cell response to IAV must
be understood in the context of how
the juvenile adaptive immune systems
differs from that of adults. Neonates are
transitioning from a period of tolerance of
maternal antigens to an environment where
they are exposed to numerous innocuous
and pathogenic antigens. Evidence of this
transition exists in the number, subsets, and
localization of juvenile T cells. Both human
infant and neonatal murine T cells are
predominantly naive, and a large proportion
express CD31, a marker of recent thymic
emigration (32). One key difference
between human and murine newborns is
their peripheral T-cell population at birth.
Humans are born with an abundant
population of T cells in the spleen and
lymph nodes (9, 33). Neonatal mice,
however, are born with lymphopenia, with
few T cells in the spleen and lymph nodes.
These populations increase during the first
week of life, meaning that the peripheral
T-cell population in newborn mice more
closely reflects early stages of human fetal
development (9, 33, 34).

After the neonatal period, the number,
subsets, and localization of T cells continues
to differ between juveniles and adults. In
lymphoid tissues, human infants have a
reduced T-cell:B-cell ratio; however, their
CD41:CD81 composition is similar to
adults (35). Human infant CD41 cells
display a higher frequency of Foxp3
expression (35). Foxp3 is the lineage-
defining transcription factor for regulatory
T cells (Tregs), a subtype of CD41 T cells
that is essential for mediating self-tolerance
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Figure 1. Equivalent age groups of juvenile mice and humans. Approximate age ranges based on
stages of lung development as described in Reference 12.
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and immune homeostasis (36). Differences
in memory T-cell populations exist as well.
Memory T cells are present in human
infant tissues in lower proportions when
compared with proportions of adults. This
difference is more pronounced in the blood
and lymphoid tissues than in nonlymphoid
tissues (35). Similar to human infants,
infant mice produce tissue-resident
memory T cells at lower frequencies than
their adult counterparts (37). These
differences in T-cell populations and
localization reveal that even before
exposure to IAV, the juvenile adaptive
immune response is poised to respond
differently from that of adults.

CD41 T-Helper Cells

T-helper cells are a subset of CD41 T cells
that facilitate and enhance the activity of
both the innate and adaptive immune
system. Once activated, T-helper cells exert
their effector function through both
cytokines and surface proteins. For
example, T-helper cells secrete IFN-g,
which increases viral processing in infected
cells for targeting by CD81 cytotoxic
cells, and IL-4, which is essential for
immunoglobulin class-switching in B cells
(38, 39). In addition, they express CD40
ligand, which binds to CD40 on both
macrophages and DCs to augment their
activation (40). Not all T-helper cells have
the same effector profile. There are several
subtypes that have distinct functions within
the immune response. The cytokine milieu
present at the time of activation influences
the regulation of gene expression and
determines the CD41 T-cell subtype
specification (41).

In response to IAV, juveniles exhibit a
delayed CD41 T-cell response as compared
with adults (Table 1 and Figure 2). The role
of CD41 T cells during IAV infection is to
support immune function. Adult mice
without CD41 T cells infected with IAV
demonstrate a diminished CD81 T-cell
response and have delayed viral clearance
(42, 43). This finding suggests that delayed
recruitment of CD41 T cells to the lungs
impairs the juvenile immune response to
IAV. Neonatal mice reach peak counts of
CD41 T cells in the lungs at 14 days after
infection with IAV, as opposed to adults,
which exhibit peak values at z10 days (44).
A similar response is seen in young mice,
with lower CD41 T-cell counts in the lungs

at 7 days after infection when compared
with adults (45, 46). One difference
between neonatal and young mice is the
recruitment of CD41 T cells into the
airways. Although young mice exhibit
CD41 T cells in the airways during IAV
infection, neonatal mice display near-
absence of CD41 T cells in the airways
(44–46). The diminished CD41 T-cell
response appears to occur in humans as
well. In fatal cases of lower-respiratory-tract
infections in infants with influenza, there
were very low numbers of lung-tissue
CD41 T cells at autopsy (47). In neonatal
mice, the proportion of CD41 T cells
in the lungs with an effector phenotype,
CD44hiCD62Llo, is lower when compared
with adult mice early in infection; however,
these cells equilibrate around Day 14 (37,
44). Thus, there is a delay not only in peak
counts of absolute CD41 T cells in the
lungs but also in effector CD41 T cells.
Interestingly, early activation does not seem
to be impaired in neonatal mice, as they
express the activation marker CD69 on
CD41 T cells throughout infection and at
levels that are similar to those of adults
(44). Altogether, although early activation
may be intact, there is a delay in effector
CD41 T-cell recruitment to the lungs in
juveniles. This relative deficiency early in
infection may impair the juvenile’s ability
to optimally support innate immune-cell
and CD81 T-cell activity in the lungs,
leading to prolonged inflammation.

An important distinction between the
juvenile and adult response to IAV is the
type of T-helper cell response mounted. It

has been well described using noninfluenza
antigens that neonatal mice have a bias
toward a T-helper cell type 2 (Th2) response
(48–50). One theory for why this bias exists
is that it promotes perinatal adaption and
protects developing tissues (51, 52). Type 2
immune responses, which are important for
immunity against extracellular organisms,
generate lower levels of inflammation
and are involved in tissue repair. In
contrast, type 1 immune responses,
which are important for immunity
against intracellular organisms, are
proinflammatory. Thus, a type 2–biased
immune response in neonates may have
evolved to limit exposure to damaging
inflammation during the perinatal period.
In the context of IAV infection, this bias
may be detrimental to the neonatal T-cell
response. In studies of adult mice, Th2 cells
are less effective against IAV than are Th1
cells, as a primarily Th2-driven response
is associated with increased morbidity,
mortality, and delayed viral clearance (53).
During IAV infection, adult mice display a
predominantly Th1-skewed response,
whereas neonatal mice exhibit a mixed
response without clear skewing (44, 54, 55).
As juveniles age, there is a shift to a Th1-
skewed response. Young mice display a
decrease in the absolute number of Th1,
Th2, and Th17 T cells in the lungs during
IAV infection relative to adults; however,
their proportions are similar (45). Although
these observations show that the bias of the
T-helper cell response changes as juveniles
age, there is a persistent deficiency in lung
Th1 cells among juveniles. The lack of a

Table 1. Day of Peak Cell Recruitment and Cytokine Levels in Influenza A–infected
Lungs

Cell/Cytokine Juvenile Age Juvenile Peak (dpi) Adult Peak* (dpi) Citation

CD41 T cells 2 d 14 10 44
2 d 21 14 54
3 wk 7 7 45

CD81 T cells 2 d 14 10 44
2 d 21 10 54
3 wk 10† 7 45

Regulatory T cells 2 d 6‡ 6‡ 54

IFN-g 2 d 14 7‡ 44
7 d 4 — 75

IL-10 3 wk 9 7 46

Definition of abbreviation: dpi = days post-infection.
*Adult mice 8–10 weeks old.
†Last time point assessed.
‡First time point assessed.
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robust Th1 cell response likely contributes
to an inadequate type 1 immune response
that is insufficient to support cytotoxic and
phagocytic cells in the lungs.

Consistent with differences between the
juvenile and adult T-helper cell response,
there are differences in the levels and
production of IFN-g between juveniles and
adults during IAV infection (Table 1 and
Figure 2). IFN-g is the sole type II IFN and
is primarily secreted by T cells (56). It is
involved in several biologic processes,
including adaptive immunity, regulation of
inflammation, apoptosis, and the cell cycle.
During IAV infection, IFN-g has many
functions. This is evident when examining
mice deficient in IFN-g production or
signaling. Although there is no change in
mortality or viral clearance, absence of
IFN-g during IAV infection results in
delayed CD81 T-cell recruitment,
increased inflammation, and more severe

impairment of lung function (57–59). This
IFN-g–deficient phenotype is similar to that
of juveniles. Neonatal mice exhibit a delayed
and lower peak level of IFN-g in their lungs
when compared with adults (44). In
addition, there is a near-absence of IFN-g
in the airways of neonatal mice (44).
Similarly, young mice display lower levels
of IFN-g in their lungs during IAV
infection (45). Differences are seen in
humans as well. Peripheral CD41 cells
from young children produce less IFN-g in
response to stimulation with influenza HA
antigens when compared with adult cells
(60). One consequence of lower levels of
IFN-g in juveniles is decreased T-cell
recruitment, as administration of
recombinant IFN-g during IAV infection
in mice improves lung migration (44, 45).
In addition, in young mice, recombinant
IFN-g increases B-cell populations in the
spleen and IAV-specific antibody titers;

however, histopathology scores remain
unchanged (45). These findings suggest that
the decreased production of IFN-g in
juveniles impairs both cell-mediated and
humoral immunity during IAV infection.

Transcriptional regulation of the Ifng
gene partially explains the decrease of
IFN-g production observed in juvenile mice.
During T-cell development and in response
to antigen recognition, there are changes in
transcription orchestrated by transcription
factors and epigenetic phenomena that
determine T-cell activity (61–63).
Methylation of DNA near gene promoters
and transcription start sites is an epigenetic
change that generally represses gene
expression (64). CD41 T cells isolated from
human cord blood are hypermethylated
within and adjacent to the IFNG promoter
(65). This hypermethylation likely
contributes to the decreased production of
IFN-g observed in neonates. In young mice,
the mechanism behind decreased IFN-g
may be different. Binding of IL-12 to its
receptor on Th1 cells activates STAT4
(signal transducer and activator of
transcription 4), which in turn induces
expression of ERM, an Ets family
transcription factor, to promote Ifng gene
expression (66). Young mouse CD41 T cells
have decreased expression of ERM and its
downstream transcripts during activation
when compared with adult CD41 cells (45).
This implies that although the effects of
decreased IFN-g are similar across juveniles
of different ages, the mechanisms regulating
the deficiency change over time.

T cell–generated cytokines differ
during the adult and juvenile response
to IAV. IL-4 is a cytokine associated
with type 2 immune responses (67). In
addition to being essential for B-cell
immunoglobulin class-switching, it is critical
for differentiation of Th2 cells (39). Consistent
with their mixed T-helper cell response,
neonatal mice have higher levels of IL-4 in
their lungs during IAV infection when
compared with adults (44). These higher
levels of IL-4 are not seen during IAV
infections in young mice, which parallels
their shift to a Th1-skewed response (45).
TNF-a is a proinflammatory cytokine that
is produced by many cell types, including
macrophages, endothelial cells, B cells, and
T cells (68). Although there is no difference
in the levels of TNF-a seen between either
neonatal or juvenile mice and adults, the
peak of TNF-a is delayed in neonates and
correlates with the delayed recruitment of
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CD41 T cells to the lungs (44, 45). IL-10
is an immunosuppressive cytokine that
targets both innate and adaptive immune
cells to reduce inflammation and tissue
damage; it is decreased in the lungs of
young mice infected with IAV when
compared with adults (Table 1) (46, 69).
This observation of low IL-10 levels
together with low IFN-g levels in the lungs
of young mice during IAV infection is
consistent with the observation that IL-10
and IFN-g levels are closely correlated
during IAV infection in adult mice (70).
Although many immune cells can produce
IL-10, the predominant source of IL-10 in
adult mice during IAV infection is effector
CD41 and CD81 T cells (69, 70). In young
mice, the expression of IL-10 was found to
be downregulated in both CD41 and CD81

T cells (46). When IL-10 is blocked in adult
mice there is uncontrolled inflammation
during IAV infection (70). Administration
of IL-10 to juvenile mice during IAV
infection improves histopathology scores
(46). Thus, the diminished production of

IL-10 in juveniles likely allows for severe
inflammation after IAV infection, resulting
in increased tissue damaged and delayed
recovery.

Altogether, the juvenile CD41 T-cell
and T cell–generated cytokine responses
to IAV pneumonia are delayed and
diminished when compared with those
of adults (Figure 3). Transcriptional
regulation partially explains the decreased
production of IFN-g observed in juveniles.
The relative deficiency of the CD41 T-cell
response may result in insufficient support
of the innate, cytotoxic, humoral, and
antiinflammatory immune responses,
causing severe, prolonged inflammation.
This results in significant lung injury and
the severe clinical phenotype from IAV
pneumonia observed in juveniles.

CD81 Cytotoxic T Cells

The primary function of CD81 cytotoxic
T cells is to eliminate infected cells.

Cytotoxic T cells are activated through their
TCR and via other costimulatory signals
(71). Once activated, CD81 T cells deploy
several mechanisms to kill target cells. They
release perforins and proteases that form
channels in the target cell membrane and
degrade cellular proteins, respectively. In
addition, they can induce apoptosis of the
target cell through the Fas–Fas ligand (72).
Cytotoxic T-cell effector function is not
limited to cell lysis, as they contribute
to production of immunomodulatory
cytokines such as IFN-g, TNF, and IL-10
(70, 72).

During IAV infection, juveniles display
a delayed and diminished CD81 T-cell
response relative to adults (Figure 2,
Table 1). The involvement of CD81 T cells
during IAV infection is crucial, as their
absence in adult mice results in delayed
viral clearance with sublethal doses and
increased mortality with lethal doses of
IAV when compared with wild-type mice
(73). This critical role of CD81 T cells is
observed in humans as well. Adults with an
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early, prominent peak of CD81 T cells in
peripheral blood recover more quickly from
IAV than those adults with a delayed peak
of CD81 T cells (74). Although this early
peak likely represents a heterosubtypic
memory response, it illustrates the
importance of a timely CD81 T-cell
response, which juveniles are lacking.
Neonatal and infant mice have decreased
IAV-specific CD81 T cells in the lungs
relative to older juveniles and adults during
infection (32, 44, 75–77). The peak of
CD81 T cells in the lungs is not only lower
but also delayed (77). Young mice similarly
exhibit a lower and delayed peak of CD81

T cells in the lungs during infection with
IAV (46). One difference between neonatal
and young mice is that neonates have few
to no CD41 or CD81 T cells in their
airways during IAV infection, whereas
young mice display these lymphocyte

populations in their airways during IAV
infection (44, 46). Alterations in CD81

T-cell migration to the lungs is also seen in
humans. In fatal cases of lower-respiratory-
tract infections from influenza, infants have
a near-absence of CD81 T cells in the lungs
(47). The consequence of the delayed and
diminished CD81 T-cell response in
juveniles during IAV infection is likely
prolonged immune activation.

There are cell-autonomous differences
between adult and juvenile CD81 T-cell
responses to IAV. Adoptive transfer of
adult CD81 T cells into neonatal mice
results in improved CD81 T-cell expansion,
enhanced pulmonary function, and reduced
inflammation during IAV infection (75,
77). Conversely, when neonatal CD81

T cells are transferred into an adult mouse,
no improvement in T-cell expansion is
observed (77). One potential source of this

difference is the TCR. Neonatal mice have
less TCR variability, and the antigen-
specific response of neonatal CD81 cells is
less diverse because of differences in usage
of TCR gene segments as well as decreased
nucleotide addition to complementarity-
determining regions (77). When CD81

T cells with a high-affinity TCR are
selectively transferred from a neonatal
mouse to an adult, CD81 T-cell expansion
is similar to that of adult CD81 T cells (77).
It is important to note that this likely only
affects neonates, as there is rapid evolution
of the TCR repertoire in mice during
the first week after birth (77). Another
potential mechanism for differences
between juvenile and adult CD81 T-cell
responses is transcriptional regulation. The
transcriptional profile of peripheral-blood
CD81 T cells isolated from young children
(,7 yr old) with influenza revealed
decreased upregulation of IFN-stimulated
genes relative to older children (.7 yr old)
(78). This difference could only partially be
accounted for by evidence of previous
influenza exposure, suggesting that T-cell
memory alone does not account for age-
dependent differences (78). Altogether,
these studies suggest that age-related
differences in transcriptional regulation and
TCR diversity influence the CD81 T-cell
response to IAV.

Collectively, the juvenile CD81 T-cell
response to IAV pneumonia is delayed
and diminished when compared with
that of adults (Figure 3). Age-dependent
differences in TCR somatic recombination
and transcriptional regulation may
contribute to this observation. The
consequence of an inadequate CD81 T-cell
response is prolonged immune activation.
This state likely delays the initiation of
prorecovery functions and allows for
ongoing lung injury from inflammation,
resulting in the severe disease from IAV
pneumonia observed in juveniles.

Tregs

Tregs are a subset of CD41 lymphocytes
that mediate self-tolerance and maintain
immune homeostasis (for review, see
Reference 36). They are defined by
expression of the transcription factor
Foxp3. Tregs can develop in the thymus
(natural Tregs) or differentiate in the
periphery from CD41 T cells (induced
Tregs) (79). They have multiple
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diminished T-cell response, resulting in prolonged, severe inflammation that manifests as severe
clinical disease.
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mechanisms to suppress the immune
response, including expression of cell-
surface proteins CTLA4, lymphocyte
activation gene 3, CD39, CD73, and CD25
as well as production of the cytokines IL-10,
IL-35, and transforming growth factor b
(79–81). During lung injury, Tregs play an
essential role in recovery and produce the
epidermal growth factor receptor ligand
amphiregulin (82–84). Their absence
results in delayed recovery, decreased
epithelial proliferation, and increased
fibroproliferation (82, 83, 85).

Few studies have examined the role of
Tregs in the juvenile response to IAV. In
neonatal mice, there are higher proportions
of Tregs in the lungs at 6 days after infection
when compared with adults; however, the
absolute number is similar throughout
infection (54). In another model of lung
injury using intrapharyngeal LPS, adoptive
transfer of adult Tregs into neonatal mice
attenuated inflammation and decreased
weight loss, suggesting cell-autonomous
differences between juveniles and adults
(86). There is also a difference in the
propensity to generate Tregs. When
exposed to antigens, murine neonatal
CD41 T cells are more likely to induce
stable expression of Foxp3 and acquire a
regulatory phenotype when compared with
adult CD41 T cells (87). This propensity
dramatically decreases in the first 2 weeks
of life, so it likely does not play a role in
older juveniles. The specific role of Tregs
during juvenile IAV infection is unclear.
Loss of Tregs in neonatal mice increases the
number of CD41 and CD81 T cells in the
lungs, increases activation of T cells, and
increases IFN-g production (54). Even with
this increase in T-cell recruitment and
IFN-g, neonatal mice without Tregs
have delayed viral clearance (54). This
suggests a role for Tregs in mediating viral
elimination. It is interesting that despite
equal-to-increased numbers of Tregs in
the lungs, juveniles develop increased
inflammation and tissue damage after IAV
infection because Tregs have an essential
role in the recovery from lung injury
(Figure 3). Altogether, these findings raise
questions about the ability of juvenile Tregs
to promote tissue recovery and repair
during IAV infection.

Natural-Killer T Cells and
gd T Cells

Natural-killer T (NKT) cells and gd T cells
are unconventional T cells that have both
innate and adaptive properties. Like
conventional T cells, NKT cells express
an ab TCR; however, there are limited
rearrangements resulting in recognition
of conserved antigens on MHC I–like
molecules (for review, see Reference 88). gd
T cells express a TCR composed of g and d
subunits, which recognizes conserved
nonpeptide antigens that are upregulated
by cells under stress (for review, see
References 89, 90). Both NKT cells and gd
T cells have diverse populations with a
spectrum of effector functions ranging from
proinflammatory to immunosuppression
and have been shown to play a role in the
response to IAV (88–90).

Infant mice have lower counts of
NKT cells at baseline when compared with
adults (91). When infant mice are infected
with IAV, there is rapid expansion of the
NKT-cell population (91). One specific
population that increases is CD42 CD82

(double-negative) NKT cells (91, 92). These
cells produce IFN-g and suppress activity
of CD41 T cells in vitro (91). During
reinfection in adulthood, these cells are
protective against airway hyperreactivity
(91, 92).

gd T cells appear to play a protective
role in the neonatal IAV response. Neonatal
mice without gd T cells have increased
weight loss, increased inflammation, and
decreased survival with IAV infection when
compared with wild-type mice (93). In
neonatal mice, gd T cells are early
producers of IL-17, which induces
epithelial-cell production of IL-33 to cause
higher levels of amphiregulin, driving tissue
protection and recovery (93, 94). Both types
of unconventional T cells described here
appear to have protective roles for juveniles
during IAV infection; however, additional
studies are needed to further delineate
the roles of NKT cells and gd T cells
as well as to describe the roles of other
unconventional lymphoid cells, such as
mucosa-associated invariant T cells and
innate lymphoid cells (Figure 3).

Conclusions

Healthy children are more severely affected
by IAV than are adults. This difference in
outcomes may be due to age-dependent
differences in their T-cell response. The
juvenile adaptive immune system is poised
for immune tolerance and changes
throughout development in the number,
subsets, and localization of T cells. This
shifting landscape alters the T-cell response
to IAV as juveniles age, creating differences
among neonates, infants, and young
children. Nevertheless, despite these
developmental changes, similar themes
exist. There is a parallel delayed and
diminished peak of the juvenile CD41

T-cell, CD81 T-cell, and IFN-g response
to IAV in the lungs. Similarly, other
T cell–generated cytokines such as IL-10
are decreased, and despite an equal-to-
increased presence of Tregs, there is
increased inflammation and tissue damage.
This relatively deficient T-cell response in
juveniles may be providing insufficient
support to the innate, humoral, and
prorecovery immune responses, resulting in
increased lung injury that manifests as
severe clinical disease (Figure 4).

Current studies suggest transcriptional
and epigenetic programming are at least
partially responsible for these differences.
Further studies are needed to better under
understand the mechanisms behind the
delayed and diminished response. In
addition, future investigation should
explore juvenile repair mechanisms
and the regulation of switching from
proinflammatory to prorecovery processes.
An understanding of the mechanisms
underlying why the T-cell response is
delayed and diminished and how this
influences the balance of inflammation and
recovery is vital to developing therapies to
prevent and reverse the detrimental effects
of IAV in children. n
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