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Preface

The respiratory immune response consists of multiple tiers of cellular responses that are engaged
in a sequential manner in order to control infections. Stepwise engagement of effector functions
with progressively increasing host fitness costs limits tissue damage. In addition, specific
mechanisms are in place to promote disease tolerance in response to respiratory infections.
Environmental factors, obesity and the ageing process can alter the efficiency and regulation of
this tiered response, increasing pathology and mortality as a result. In this Review, we describe the
cell types that coordinate pathogen clearance and tissue repair through serial secretion of
cytokines, and discuss how the environment and comorbidity influence this response.

Introduction

The respiratory tract performs the crucial function of gas exchange that is necessary for life.
The immune system that operates within the respiratory tract must therefore be compatible
with this vital function in maintaining open airways at all times. However, the inhaled air is
not always innocuous as it contains microbes and environmental particles, some of which
can cause respiratory disease if they reach an appropriate niche. These inhalants need to be
eliminated quickly by the immune system as failure to do so can lead to inflammatory
responses that result in the swelling that closes the airways or infection that can lead to
severe pneumonia.

To carry out pathogen containment, the immune response within the respiratory tract follows
an ordered, stepwise program of engagement of distinct tiers of defensel. Local sensor cells
first detect the invading microorganism. This detection event can trigger cell-intrinsic
defense responses that contain the pathogen, lead to secretion of chemoattractants to recruit
rapid responder cells such as neutrophils, and alert lung-resident lymphoid cells through the
secretion of first order cytokines (Figure 1). The tissue-resident lymphocytes that respond
to first order cytokines include innate lymphoid cells (ILCs), innate-like lymphocytes,
natural killer (NK) cells and tissue-resident memory T (Trpm) cells. These lymphocytes, in
turn, transform first order cytokine signals into second order cytokines that recruit and
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enhance the activation of effector cells that can eliminate the pathogens or expel foreign
particles. At each stage of the process, effector mechanisms are also activated that can
potentially control the infection and thus prevent activation of subsequent immune
responses, limiting the inflammatory damage. This stepwise program of immune defense
thereby ensures that the minimum necessary response to a microbe is engaged. While the
specific sensors and effector mechanisms vary, this core tiered response applies to both type
1 immune responses and type 2 immune responses as it represents an emerging pattern of
immune regulation common to a wide range of pathogens.

A variety of internal and external influences alter the activation or regulation of these tiers,
often with pathological consequences. In particular, external environmental factors,
including temperature and pollutants, can change the efficacy of antimicrobial responses, as
can internal factors such as lung disease, ageing and obesity. Indeed, people at the extreme
ends of the age spectrum as well as obese individuals are more susceptible to respiratory
infections23, and understanding how these conditions alter immunological functions is vital
for the design of therapies that improve clinical outcomes in these at-risk populations.

This Review will focus on a discussion of the different sensor and effector mechanisms of
cellular responses that are responsible for antimicrobial host defenses in the conducting
airways and lung immediately after a microbial infection. We have divided our discussions
of type 1 and type 2 immune responses in order to better explore the shared features of these
immune response paradigms. While respiratory immune responses often culminate in the
priming of adaptive immune responses, we defer to other reviews on this topic*° and instead
we focus on the early innate responses that occur within minutes to hours of respiratory
challenge. We discuss how these responses are mediated by various cell types and cytokines,
how internal and external factors disrupt the nature of these responses, and how pathology
arises. Along the way, we highlight topics worthy of future investigation.

Constitutive airway defenses

Airway epithelial cells (AECs) contribute to keeping airways open by continually and
actively defending against infection at its earliest stages, averting the need to recruit
leukocytes for this task and preventing the accompanying inflammatory response. In
addition to well-known roles in barrier defenses, mounting evidence shows that epithelial
cells also suppress infection via cell-intrinsic innate immune responses. Further, airway cells
serve as the key sensors of infection that inform the tissue-resident lymphocytes through the
secretion of first order cytokines.

Airway diameter-dependent barrier defenses

The respiratory system consists of the conducting airways of the upper respiratory tract
(nasal cavity, pharynx, larynx) and the lower respiratory tract (trachea, bronchi,
bronchioles), and the respiratory zone (alveoli). Four major cell types produce a physical
and chemical barrier to infection of the airways, including ciliated cells, mucus-secreting
goblet cells, and club cells, which produce antimicrobial compounds and basal cells which,
along with club cells, serve as regional progenitor cells to replenish the other cell types8.”.
The proportion of each cell type, and the associated defense mechanisms, are compatible

Nat Rev Immunol. Author manuscript; available in PMC 2017 July 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Iwasaki et al.

Page 3

with the airway diameter (Figure 2). In the human respiratory tree, ciliated cells and mucus-
secreting cells create the barrier defense in larger airways, whereas mucus-secreting cells
become less frequent and secretory cells become more predominant in smaller airways.
Within the alveoli, alveolar type 1 cells facilitate gas exchange whereas alveolar type 2 cells
secrete pulmonary surfactant. Immune defenses are coordinated to airway size, as effective
defenses of the large airways, such as a thick mucus layer, can be harmful rather than helpful
in small airways. This is evident in diseases such as asthma and chronic obstructive
pulmonary disease (COPD), in which mucus cell metaplasia in small airways contributes to
airway obstruction8. The relationship between epithelial composition and airway diameter is
a consideration when using animal models of respiratory infection; for example, in terms of
epithelial composition, a mouse trachea is quite different from a human trachea but similar
to a human bronchiole’® (Figure 2).

Localized sensor responses

When a pathogen manages to enter the airway, its initial detection by sensor cells localized
at the site of infection serves as the first tier of defense, promoting innate immune responses
to clear limited infections and releasing first order cytokines that alert and arm local tissue-
resident lymphocytes (Figures 1). In this section, we describe how local sensor cells detect
and respond to infectious agents.

At steady state, the respiratory mucosa maintains its quiescence, in part through the function
of alveolar macrophages. Alveolar macrophages reside inside the airway space of the
alveoli, and within the mucus of the larger conducting airways. Recent work demonstrates
that these tissue-resident macrophages arise from yolk sac progenitor cells distinct from
hematopoietic stem cells, and that circulating monocytes contribute minimally to the
alveolar macrophage compartment in young micel®11, Alveolar macrophages constantly
receive negative regulatory cues from AECs including CD200, transforming growth factor-g
(TGFB) and interleukin-10 (IL-10) which prevent their activationl2. As such, alveolar
macrophages function at steady state to clear particulates, apoptotic cells and cellular debris
from the airways in order to maintain homeostatic tissue function (Figure 3A). A subset of
mouse alveolar macrophages form connexin 43-mediated gap junctions with AECs, and
even during LPS-induced inflammation these cells use Ca2*-dependent signaling to rapidly
transmit immunosuppressive signals to local AECs and macrophages, helping to constrain
consequent inflammation?3.

Local sensor cells in type 1 immunity

Upon infection with viruses, bacteria, protozoa and fungi, type 1 immune responses are
initiated by sensor cells including AECs, alveolar macrophages and dendritic cells (DCs)
(Figure 3B). These sensors express pattern recognition receptors (PRRs) including Toll-
like receptors (TLRs), RI1G-I-like receptors (RLRS), cytosolic DNA sensors and nucleotide
oligomerization domain (NOD)-like receptors (NLRs). The specific combination of
receptors, downstream signaling molecules, and anti-microbial effector pathways that
predominate in AECs differs from those found in other immune cell populations. For
example, during the antiviral response of macrophages, DCs, and plasmacytoid DCs (pDCs),
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secretion of type | interferons (IFNs) predominates. In AECs, type 11 interferons (lambda
IFNs) are often secreted at higher levels than type | IFNs, and the ability to respond to type
[11 IFNs is also epithelial-specific in both humans and micel4.15, In diverse cell types,
engagement of RLRs at peroxisomes rather than mitochondrial membranes favors type 111
IFN induction8. Transcription factor requirements also differ for type 111 versus type | IFN
induction downstream of RLRs. For example, interferon-regulatory factor 1 (IRF1)
participates in a unique pathway regulating induction of type 111 but not type I IFNs16-18,
and AECs use IRF1 for synthesis of type 111 IFNs8. AECs also have unique sensing
requirements upstream of RLRs; for example, human AECs require the helicase DHX29 as a
co-receptor to sense certain cytosolic nucleic acids, whereas monocyte-derived THP1 cells
do not®. Thus, AECs have the ability to serve as specialized pathogen sensors, and they rely
on specific regulatory co-factors in the initiation of IFN responses, which act in an autocrine
and paracrine fashion to limit viral spread within the AECs.

In addition to AECs, innate leukocytes such as plasmacytoid DCs (pDCs) present in lungs
respond to viruses?%. Antibody depletion studies in mice show that pDCs are important for
IFN production, viral clearance in the lung and limiting immunopathology?1:22. The type |
and type I11 IFNs released by pDCs, serve as first order cytokines, inducing the expression
of interferon-stimulated genes (ISGs) with direct antiviral activities in proximal cells. IFNs
additionally amplify subsequent local IFN production if an infection is not rapidly controlled
by the local antiviral response. Alveolar macrophages express a wide range of TLRs and
cytosolic sensors including retinoic acid inducible gene I (RIG-I), MDAJ5, and cyclic GMP-
AMP synthetase (cGAS)23. Upon infection, the negative regulatory signals, including
CD200 and TGF, that normally constrain alveolar macrophage activation are lost (by virtue
of epithelial cell death, for example) and alveolar macrophages turn on their PRR signaling
machinery2 (Figure 3B). Alveolar macrophages are a major source of type | IFNs during
viral infections of the lung24. Thus, these cytokines mediate a single-tiered immune response
which does not rely upon additional lymphoid cell amplification or effector cell recruitment
in order to control the infection (Figure 3B).

In addition to the single-tiered response, two-tiered immune responses are deployed.
Infections by viruses, bacteria, fungi, and protozoa are detected by sensor cells including
alveolar macrophages, AECs and DCs (Figure 3C). IFNs secreted by these sensor cells
promote the induction of chemokines including CC-chemokine ligand 2 (CCL2) from either
the alveolar macrophages or from AECs in mice24, providing a means by which effector
cells can be rapidly recruited to sites of infection. Alveolar macrophages additionally
produce cytokines and chemokines including IL-6, tumour necrosis factor (TNF), 1L-12,
IL-23 and CCL3 during infections in response to specific PRR activation?® (Figure
3C).There are multiple DC subsets in the lung at steady state, and each subset appears to
mediate distinct roles in innate and adaptive immunity1:26. Within the alveoli and to a lesser
extent in the conducting airways, DCs extend trans-epithelial processes that sample antigens
not phagocytosed by alveolar macrophages?’+28, Upon pathogen detection, mouse lung DCs
undergo TLR-dependent secretion of first order cytokines including IL-12 and IL-23 and
migrate to draining lymph nodes to prime T cell responses?2:30, This migration can depend
on the complement anaphylatoxins C3a and C5a3! and NLRP3 inflammasome activation3?
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in addition to cytokine and chemokine signals. Inflammasome activation in response to
virulence activity drives caspase-1-dependent release of IL-1p and/or IL-18 from PRR-
activated macrophages and DCs33:34, providing additional first order cytokines signalling the
presence of a virulent pathogen (Figure 3C).These first order cytokines act on tissue-resident
lymphoid cells, which produce second order cytokines such as IFNy, 1L-17 and 1L-22
(Figure 3C). The second order cytokines act on effector cells, which mediate elimination of
pathogens.

Local sensor cells in type 2 immunity

Type 2 immunity is activated in response to inhaled allergens, venoms, or invasion by
multicellular parasites. In contrast to type 1 immunity, during which PRRs mediate detection
of pathogens, type 2 immunity is activated in response to recognition of tissue damage
caused by parasites and other features associated with pathogen invasion such as the
presence of proteases. Inhaled allergens, toxins, and venoms elicit similar type 2 immune
responses. Certain allergens exhibit TLR4-dependent3® or B-glucan-dependent3® induction
of first order cytokines in mouse models and /n vitro analyses of human cells, respectively,
indicating that PRRs may detect certain allergens. Sensors of allergens and helminths in the
airways include AECs and mast cells that together coordinate the initial first order cytokines
including thymic stromal lymphopoietin (TSLP), IL-25, IL-33 and IL-1p (Figure 4).

Mast cells represent a unique class of sensor cell, in that they are long-lived resident cells
that directly execute effector functions that eliminate helminths and allergens from the
airway through a single-tiered immune response! (Figure 4A). Mast cells are activated
directly in response to protease activity and via IgE-mediated recognition of antigen,
releasing effector molecules including proteases, histamine, and prostaglandins that promote
vasodilation and smooth muscle peristalsis3”. Although such single-tiered effector functions
enable rapid expulsion of parasites from the airway, these functions can also lead to
anaphylaxis and death in severe cases. In addition to these classical effector functions, mast
cells can secrete first order cytokines including 1L-25 (Ref.37), which enhanced by human
epithelium-derived TSLP38, enabling these cells to directly amplify type 2 immune
responses by acting on tissue-resident lymphocytes (Figure 4B).

Damage to the barrier integrity of the airway epithelium leads to release of alarmins. The
best characterized airway alarmin is IL-33, an IL-1 family cytokine that is constitutively
expressed and sequestered in the nuclei of alveolar epithelial cells3°. In human airways,
basal cells are the primary source of IL-33, whereas in mice alveolar type Il cells are the
predominate producers of IL-33 (Ref40), which underscores certain differences in airway
cell function between these species (Figure 2). IL-33 is rapidly released from these cells
upon exposure to allergens with protease activity*142, during necrotic cell death*3 or in
response to mechanical stress*. In addition to the damage-mediated release of constitutively
expressed alarmins, the expression and secretion of TSLP and IL-25 is increased in AECs
during type 2 inflammatory responses. Human AECs express and secrete TSLP in response
to protease activity, which is partly sensed by protease-activated receptor 2 (PAR-2)4°. The
expression and secretion of cytokine IL-25 is also induced in AECs in response to allergen
exposure®:47 and together these three first order cytokines (IL-33, IL-25, and TSLP) make
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up the prototypical AEC response to allergens and parasitic infection. In mouse alveoli,
alveolar type Il epithelial cells are the primary source of IL-33 and TSLP during helminth
infection, which is consistent with their role as cytokine producing cells*8. More recently,
secretion of TGFp from AECs was shown to be essential during mouse allergic responses by
acting on local 1LC2s to enhance their proliferation and cytokine secretion?® (Figure 4B).

Lymphocyte responses

The second tier of respiratory immune defenses is mediated by terminally differentiated
tissue-resident lymphocytes including innate lymphoid cells (ILCs), NK cells, innate-like
lymphocytes including NKT cells, mucosal-associated invariant T (MAIT) cells, epithelial
¥8 T cells, and tissue-resident memory T (Trm) cells. These cells serve as an intermediary
controller®0, integrating the cytokine signals from local sensor cells and producing effector
cytokines that can recruit effector cell subsets and elicit appropriate responses to clear
pathogens. These cells reside within the respiratory tract at the time of infection, and are
thus distinct from recruited lymphocytes that arrive as a consequence of adaptive immunity
several days later.

Tissue lymphocyte responses in type 1 immunity

ILCs are classified into three broad subsets based on their effector cytokine production and
differentiation, and all three populations are found in the lungs of healthy humans®L. Group
1 ILCs (ILC1s) are associated with the production of effector cytokines related to a Thl
response to viral and intracellular bacterial infections (Figure 3C). Group 3 ILCs (ILC3s)
produce effector cytokines similar to those of Th17 cells in response to extracellular bacteria
and fungi (Figure 3C). Pulmonary IL-17 production is dependent upon I1L-23 signaling in
mice?®, and lung ILC3s are a main source of both IL-17 and IL-22 in response to I1L-23
(Ref.52),

Natural killer (NK) cells are related to ILC1s and are rapidly recruited to the lung and
activated upon influenza infection®3. These cells are cytotoxic, and they recognize and lyse
cells infected by viruses and intracellular bacteria. In addition to this cell-mediated killing,
NK cells are a major source of cytokines during certain respiratory infections. NK cell
activation by IL-12 leads to IFNy production®*, and in certain mouse models of infection
NK cells also express IL-23R and are the dominant IL-22 producers®, and thereby help
restoring the integrity of the epithelial barrier (Figure 3C).

Invariant NK T (iNKT) cells consist of multiple subsets of CD1d-restricted lipid responsive
lymphocytes that serve as major producers of second order cytokines. Studies in other organ
systems exhibit a highly diverse set of cytokine responses from NKT cell populations®6, and
these results extend to pulmonary NKT cells. For example, in mice iNKT cells express the
IL-12 receptor and undergo IL-12-dependent activation and IFN-y secretion in the lungs
during bacterial infection®’, and they can secrete IL-22 and IL-17 in response to IL-1p and
IL-23 during influenza infection®8,

Studies in mice demonstrate that localized innate-like lymphocytes are also central to early
and effective airway immunity. Lung -y6 T cells secrete IL-17 in response to IL-1 and IL-23
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signaling®®, and they are an early and prominent source of 1L-17 during Mycobacterium
tuberculosis infection®9, Conversely v8 T cells stimulated with 1L-1 and IL-12 can produce
IFN+y®1, demonstrating that specific cytokine milieu elicits distinct effector cytokine
responses from the same cell type.

During recall responses lung Trp cells protect against infection®2, and memory Th1 and
Th17 cells are major sources of IFN+y and IL-17/IL-22, respectively. Of note, adaptive T
cells that make up the local Ty cell population represent a special casel because these cells
needed to go through an additional step of antigen-specific expansion and differentiation
before being able to serve in their capacity to secrete second order cytokines in the tissue.

There are clear functional similarities between these different lymphoid cell populations in
terms of the types of second order cytokines they can release. Even so, these cells retain
non-redundant functions, such as the cytotoxic properties of NK cells, the ability of INKT
cells to respond to specific lipid species and the ability of Trp cells to respond to specific
antigen peptides. Hence, although each lymphoid cell type can respond to first order
cytokines, some of these cells can also respond to specific stimuli in order to mediate
efficient antimicrobial defense.

Tissue lymphocyte responses in type 2 immunity

The first order cytokines released in response to helminth, venom or allergen detection direct
the activation and function of tissue-resident lymphocytes, including NKT cells, ILC2s and
Trm cells to produce appropriate second order cytokines, such as IL-4, IL-5, IL-13,
amphiregulin (AREG) and IL-9 (Figure 4B). DCs also respond to second order cytokines
(Box 1).

ILC2s are found in the lung at steady state in the absence of infection®3. They proliferate and
produce the canonical type 2 cytokines IL-5 and IL-13 during both helminth infections54 and
allergic responses®® in mice. ILC2s constantly survey the airway epithelium and are highly
responsive to AEC-derived cytokines including 1L-33, IL-25, TSLP, and TGFp49.64.65,
While both 1L-33 and 1L-25 can promote ILC2 proliferation, studies in mouse models of
airway hyperresponsiveness suggest that 1L-33 is a more potent activator of these cells /n
vivothan IL-25 %6, and that IL-25 activates a subset of innate lymphoid precursor cells that
can be induced to differentiate into 1LC2 or ILC3 cells8”:68, TGFB, but not 1L-33, enhances
ILC2 basal migration rates, priming ILC2s to respond to additional chemotactic stimuli in
the airways*°. Human ILC2s are also responsive to IL-1a/g, and IL-1 signaling enhances
the expression of the receptors for IL-33, IL-25, and TSLP; thus, IL-1 is important for
priming and amplifying the responsiveness of ILC2s to first order cytokines in the context of
an unresolved infection®9. 1LC2s have also been implicated as a major source of IL-9 during
lung stage helminth infections in mice as autocrine IL-9 signaling through IL-9R on ILC2s
is necessary for sustained ILC2 function and epithelial repair48.70. Together these results
suggest that the combination of AEC-derived first order cytokines in the lung specify ILC2
function (Figure 4B).

NKT cells are also responsive to first order cytokines, and thereby contribute to the
coordination of type 2 effector responses. Mouse 1L-17RB+ CD4+ NKT cells produce IL-13
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in response to IL-25 (Ref. 71), and these cells produce both IL-4 and IL-13 in models of
allergen-induced asthma’2 and ozone-induced airway hyperresponsiveness’3. TSLP and
IL-33 similarly enhance NKT activation and cytokine secretion’473. In the mouse lung,
Val4-bearing NKT cells reside in the intravascular space of the microvasculature, and
respond to the lipid antigen a-galactosyl ceramide presented on CD1d-restricted to secrete
IL-4 and recruit eosinophils’®.

In the context of recurrent allergen exposure or infection, adaptive T cell populations in the
airways have a role distinct from that of ILC2 and NKT cells. Memory Th2 cells can rapidly
produce the effector cytokines IL-4, IL-5, and IL-13 in response to allergens and helminth
infections, owing to their exquisite sensitivity to the small amount of antigens presented by
local antigen-presenting cells (APCs). Th9 cells rapidly produce IL-9 in the lungs and have
been implicated in allergic airway responses’” and I1L-9 production is necessary for maximal
allergen-induced mast cell accumulation and airway inflammation in mice’8.79, Recently, a
distinct CD4+ T cell subset secreting IL-21 was identified in the mouse lung in the context
of allergic airway inflammation, and this IL-21 production supported development of
eosinophilia®® (Figure 4B).

Adaptive T cells can also respond to first order cytokines independently of antigens. TSLP
and 1L-25 signaling enhances 1L-9 production by Th9 cells’881 and TSLP, IL-25, and IL-33
promote effector cytokine production by Th2 cells82:83 which demonstrates that first order
cytokines from the AECs induce T cell-mediated cytokine responses. In addition to its role
in stimulating mast cell proliferation, IL-9 has also been implicated in supporting ILC2
survival’®, and IL-21 indirectly supports ILC2 cytokine secretion8 suggesting that paracrine
regulation between different lymphocyte types helps to coordinate an optimal type 2 effector
response (Figure 4B).

Effector responses

The signals from tissue-resident lymphoid cell populations serve to recruit and/or activate
effector cell populations. These effector cells are the primary mode of pathogen clearance
during serious infections when previous tiers of defenses have failed.

Effector responses in type 1 immunity

Some effector responses are directly initiated by sensors, such as during local control of
viral infection within the airway epithelium by cell intrinsic defenses or localized interferon
responses, and as described for pDCs (Figure 1). First order cytokines can also directly
enhance effector responses; for example, cytotoxic T cells exhibit improved priming and
cytotoxicity in response to DC-derived 1L-12 (Ref®4). Other responses require additional
input from second order cytokines secreted by the tissue-resident lymphoid cells, which
stimulate effector cell types in the tissue to promote pathogen clearance. IFNvy, I1L-17 and
IL-22 act on tissue macrophages to enhance phagocytosis of infected cells and infectious
agents, and on AECs to produce antimicrobial peptides8®, strengthen tight junctions, and
induce proliferation and repair®>8> (Figure 3C). In addition to these responses, the
recruitment of inflammatory cell types — particularly monocytes and neutrophils — is
essential for the effective resolution of viral, bacterial and fungal respiratory infections.
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Inflammatory monocytes are recruited to the lungs of infected mice in response to CCL7
and CCL2 (Ref.2485) and play a central role in pathogen clearance. Recruited monocytes
can serve as a major secondary source of cytokines including type I IFNs, TNF and IL-6,
and their recruitment enhances subsequent neutrophil recruitment to the lung®7:88, Once
these inflammatory monocytes reach the site of infection they can differentiate either
macrophages or DCs89, reinforcing sensor cell functions in the airway and increasing the
local concentration of activated phagocytes and APCs86. Mouse monocytes can replenish
alveolar macrophage populations by first differentiating into CD11c+ macrophages in the
lung parenchyma and then migrating into the alveolar lumen®. Monocyte-derived
macrophages and DCs also serve direct innate roles in pathogen elimination, for example
monocyte-derived DCs produce TNF and/or iNOS®9 and can directly engulf spores during
respiratory fungal infection88 (Figure 3C).

Neutrophils arrive to the lung interstitium within minutes of high dose bacterial challenge,
which is in some cases a response to the release of preexisting chemokine stores91. Pathogen
sensing by AECs can also directly trigger AEC production of high levels of neutrophil
chemoattractants. Thus, these cells can be directly recruited independent of lymphocyte-
mediated signal amplification (Figure 1). In addition, AEC chemokine production can be
amplified by the second order cytokines IL-17 and IFNy92, allowing for additional
neutrophil recruitment during later stages of infection. Movement of neutrophils into sites of
infection is dependent upon their ability to secrete matrix metalloproteinase 9 (MMP9)%3,
which cleaves the collagen of the extracellular matrix (ECM). Cytokines such as TNF
directly enhance MMP9 secretion from mouse neutrophils?3, and thereby provide a
regulatory checkpoint that prevents these cells from entering non-inflamed tissues.

Activated neutrophils clear fungi, bacteria and viruses through both phagocytosis of
microbes and degranulation-mediated release of reactive oxygen species and antimicrobial
peptides (Figure 3C). In addition, neutrophils release neutrophil extracellular traps
(NETs)%, which contain DNA, histones, proteases and antimicrobial proteins. NET
production is evident in the lungs of virally infected mice®® and is associated with optimal
clearance of bacterial infections during septicaemia® and fungal infections in lung tissue.
However, the toxic substances released by neutrophils can lead to irreparable damage and
even death. Therefore, tight regulation of neutrophil responses is essential to prevent life-
threatening immunopathology.

Effector responses in type 2 immunity

Type 2 immune effector responses can be mediated in either single- or two-tiered immune
responses. As discussed above, resident mast cells can mediate a single-tiered response by
secreting mediators that directly act on local effectors to induce parasite expulsion (Figure
4A). In the context of the two-tiered immune response, second order cytokine signals from
innate-like lymphocytes initiate and amplify effector responses from AECs, basophils,
eosinophils and macrophages in a coordinated effort to expel parasitic worms and restore
damaged tissues (Figure 4B).

In addition to their roles as primary sensors of infection, AECs mediate effector functions
that contribute to resolution of disease (Figure 4B). Second order cytokines from lymphoid
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cells promote type 2 effector responses including airway cell replication and remodeling.
IL-13 signaling in AECs has several effects, such as induced production of CCL11 in mouse
alveolar and bronchial epithelial cells®’, and enhanced mucus production from bronchial
cells%. Repair of the airway epithelium is important for effective resolution of anti-helminth
responses, and ILC2s have a central role in this process by producing IL-5, IL-13, and
AREG which promote epithelial regrowth?8.70.99,

Eosinophils are largely absent from the lung at baseline, and are recruited in response to
IL-5 derived from ILC2, Th2 cells and NKT cells, and CCL11 derived from AECs100
(Figure 4B). Human eosinophils express the TSLP receptor, and TSLP signaling enhances
their chemotaxis and survival, supporting eosinophilic responses in the face of sustained
tissue damagel92, Eosinophils can thus be recruited in response to either sensor- or
lymphoid cell-derived signals, and once recruited are responsive to additional signals
produced by local sensors, which serves as a checkpoint to minimize their prolonged
activation. Eosinophil degranulation results in the release of compounds toxic to helminths
including major basic protein (MBP) and eosinophil cationic protein (ECP), as well as
additional release of IL-4 (Ref.192) to induce and enhance Th2 cell and B cell responses to
infection.

Basophils are recruited to the airways during allergen exposure and helminth infections,
where they produce IL-4 and interact with local memory T cells to enhance Th2 cell-
mediated production of IL-5 and 1L-13 and thereby potentiate airway inflammation193.104
(Figure 4B). In addition, basophils can be stimulated by the first order cytokines IL-33 and
TSLP directly and by 1gE19. Both human and mouse basophils proliferate and increase
expression of receptors including IL-33R in response to TSLP196 and 1L-33 signaling
enhances basophil cytokine production and consequent airway inflammation?>-104 and
thereby provide a direct pathway for damaged AECs to mediate basophil responses. T cell-
derived IL-3 can also promote basophil activation and proliferation, but even in the absence
of IL-3 signaling TSLP is sufficient to activate basophils directly96.107 Basophils play a
protective role in the context of recurrent A. brasiliensis infections in micel%, and basophil-
derived IL-4 can also act on ILC2s, enhancing the production of 1L-9, IL-13, and CCL11 to
increase mast cell recruitment, eosinophilia, and inflammation104,

Mast cell-derived chymase plays a role in the degradation of alarmins including IL-33 in
vivo in micel09 allowing for the rapid termination of type 2 responses. In addition, mast
cells can constrain airway inflammation in response to papain in mice owing to their ability
to produce 1L-2 and enhance Treg cell proliferation10, Interestingly, mast cell-derived
proteases can also cleave 1L-33 into more potent forms to enhance ILC2 activation!11, and
whether these cells amplify or constrain the magnitude of the immune response is probably
context dependent. Thus, both effector cytokines and cell types can amplify the immune
response as needed, but can also initiate negative feedback mechanisms that help to
terminate immune responses when they are no longer required.
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Disease tolerance in the airway

Disease tolerance is an important host defense pathway that centers on improving the
ability of the host to tolerate tissue damage, and is independent from the resistance
mechanisms that target pathogen elimination!12. This concept is distinct from the classical
immunological paradigms of central and peripheral immunological tolerance. Disease
tolerance is an essential survival strategy against respiratory infections, and the mechanisms
by which it is mediated are only beginning to be understood. Enhancing disease tolerance, in
addition to antimicrobial host defenses, represents an important alternative strategy for
future therapeutic interventions.

The mechanisms of disease tolerance are not well understood, but recent studies highlight
emerging principles. ILC2s restore airway epithelial integrity after severe influenza A virus
(IAV) infection via AREG secretion without altering viral load®® (Figure 4B). Administering
AREG to mice suffering from a lethal 1AV bacterial coinfection can promote host survival
without affecting pathogen burden!13, which demonstrates that host resistance to infection
and survival can be uncoupled by tolerance mechanisms. 1L-22 is similarly protective
against 1AV-associated epithelial cell death and damage without altering viral burden both /n
vitroand in vive®®>8 (Figure 3C).

Tissue repair responses are not the only pathway to disease tolerance. For example, reducing
the magnitude of inflammatory responses can improve survival without compromising
antimicrobial host defenses. In mice lacking the TLR and RLR signaling machinery
necessary for 1AV detection, disruption of caspase-1/11 activation can reverse |AV-
associated lung tissue damage and mortality without altering pathogen burden%. Caspase-1
is also deleterious during later stages of pneumonic plague without offering an advantage in
bacterial clearancell4, and is responsible for causing CD4* T cell loss in HIV-1 infection
without affecting viral load1®. In mice disease tolerance against 1AV is additionally
bolstered by glucose consumption during infection through a mechanism involving
prevention of cell death downstream of IFN signaling in the hind brain16. Future
identification of other disease tolerance mechanisms is needed for the design of novel anti-
inflammatory agents.

Modifiers of respiratory immunity

The stepwise engagement of the immune response is the template for respiratory immunity,
but many internal and external factors can disrupt this otherwise ordered process (Figure 5).
Environmental and metabolic factors as well as the ageing process can change the way cells
in the airways are activated or respond to stimuli, often to a deleterious end. The IFN
response in particular is susceptible to many such influences, and given its important effector
and regulatory roles in respiratory immunity this disruption probably has substantial
consequences although these are not yet fully understood. For example, asthma is associated
with a diminished IFN response to rhinovirus infection but the precise relationship between
this finding and disease pathogenesis is not yet known (Box 2).
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External factors that alter respiratory immune responses

The mucosal surface of the respiratory epithelium is exposed to the external environment
with every breath, which occur approximately 20 times per minute. Therefore the
characteristics of the inhaled air, including its temperature, can potentially impact the
biology of the surface epithelium. Changing the ambient temperature of AECs profoundly
impacts their antiviral defense responses!17:118, Rhinovirus, which causes the common cold,
is known to replicate more robustly at nasal cavity temperatures of 33—-35°C than at core
body temperature of 37°C. Studies in mouse primary airway cells showed that recognition of
rhinovirus via the RLR pathway and signaling downstream of the type | IFN receptor are
more effective at 37°C compared with at 33°C117. This phenomenon is largely responsible
for the temperature-dependence of rhinovirus replication in mouse AECs. By comparison,
human bronchial epithelial cells have relatively attenuated IFN responses during rhinovirus
infection. However, other double-stranded RNA-dependent defense responses, including
apoptosis and RNAseL activity, can control rhinovirus replication in human epithelial cells,
and these responses are also diminished at nasal cavity temperature compared with body
temperaturel18, These findings suggest that cooler temperatures in the nasal cavity — which
is further cooled when the inhaled air temperature is low — create a niche in which
rhinovirus, and perhaps other respiratory viruses, can evade natural antiviral defense
mechanisms.

In addition to temperature, evidence indicates that inhaled pollutants impact the airway
innate immune responses to viral infection, with many studies focusing specifically on the
effects of cigarette smoke. In a study of nasal epithelial cells from human smokers, the IFN
response to 1AV was dampened, and this correlated with diminished expression of the IFN-
inducing transcription factor IRF7 and hypermethylation of the IRF7 promoter'1®. /n vitro
studies of AECs have also shown that exposure to chemicals in cigarette smoke diminishes
levels of IRF7 and other key signaling molecules that mediate IFN responses'20. These
effects may partially underlie the enhanced susceptibility of smokers to viral respiratory
infections. A recent study in mice also points to a possible role for IL-33 in exacerbation of
respiratory viral infection in smokers. Exposure of mice to cigarette smoke led to increased
expression of IL-33 in bronchial and alveolar epithelial cells, and increased expression of the
IL-33 receptor ST2 on macrophages and NK cells, thereby setting the stage for an
exaggerated inflammatory response following a viral challenge!?L. These findings highlight
how environmental factors can alter the regulation of the tiered structure of the respiratory
immune response to pathological effect.

Impact of ageing on lung immunity

The ageing process has a wide range of disruptive effects on both adaptive and innate
immunity, and older adults (over the age of 65) are more susceptible to respiratory
pathogens, which account for ~90% of the mortality associated with influenza and
pneumonia in the United States each year3. Older individuals exhibit marked changes in
lung physiology including reduced respiratory muscle functionality and impaired
mucociliary clearance, which reduce the ability to eliminate pathogens from the airway22
(Figure 5). Ageing also has broad effects on innate immunity, with older individuals
exhibiting impairments in signaling through many TLRs and a skewing in hematopoiesis

Nat Rev Immunol. Author manuscript; available in PMC 2017 July 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Iwasaki et al.

Page 13

that favours myeloid cells123. On the other hand, ageing is also generally associated with
increased baseline levels of inflammation.

In aged mice, increased prostaglandin D, expression in the lung suppresses DC migration to
draining lymph nodes, which leads to impaired development of an effective immune
responsel24. Lung NK cell cytotoxicity and IFN+y secretion are decreased in mouse models
of ageing and influenzal?>. Upon LPS stimulation aged mice exhibit increased pulmonary
CXCL1 and CXCL2 levels and neutrophil infiltration, which may be linked to increased
IL-1B production!?8, In addition, ageing impairs the ability of human peripheral blood
monocytes to produce IFNs upon IAV infection or RIG-I stimulation®®, and thereby
impairing host resistance mechanisms within these cells. The combination of impaired
antiviral resistance (due to IFN defects) combined with enhanced inflammasome responses
and neutrophil activation results in lethal consequences following 1AV infection®5:127,

Impact of metabolic disease on lung immunity

Metabolic syndrome increases the risk for respiratory diseases; morbidly obese humans are
more likely to require hospitalization? and have an increased risk of developing asthma after
IAV infection128 (Figure 5). In general obesity is associated with increased levels of
inflammatory M1 macrophages, CD8" T cells, and decreased levels of anti-inflammatory
M2 macrophages or Tyeq cells. Furthermore, in the mouse lungs a high fat diet is associated
with increased numbers of monocytes and CD3* lymphocytes even in the absence of
infection129, Mice on a high fat diet exhibit increased airway hyperactivity due to an
expansion of ILC3-like cells that produce IL-17A in the lung in response to IL-1f released
from M1 macrophages!3°. Mice with obesity show a reduced ability to control bacterial
pneumonial®!, and impaired antimicrobial host defenses may be a consequence of reduced
neutrophil recruitment into the alveoli, which is also reduced during airway injury and LPS
challenge in obese micel29. Interestingly, during mouse H1IN1 IAV infections, obesity is
associated with increased lung pathology and impaired tissue repair without altered viral
titers, suggesting that disease tolerance may be additionally compromised in obese
individuals132. Peripheral blood cells from obese humans exhibit impaired IFN responses to
TLR stimulation, equal to old individuals33, and this impairment may have similarly broad
implications for loss of antiviral resistance and feedback regulation of respiratory immunity.
Metabolic syndrome thus alters the frequency and responsiveness of respiratory cell
populations and disease tolerance mechanisms, and thereby disrupts the normal tiered
structure of the immune response and increases the risk of infection-related
immunopathology and reduced pathogen control.

Concluding remarks

Specialized defense mechanisms are in place to protect the respiratory system against
infections while minimizing tissue damage. Pathogens that manage to penetrate the mucus
layer and enter the AECs trigger cell intrinsic defenses and the release of first order
cytokines that inform tissue-resident lymphocytes. In addition, resident macrophages, DC
and mast cells serve as the primary sensors of incoming pathogens that breach the epithelial
barrier. Various innate and memory lymphocytes resident in the tissue interpret the
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combination of first order cytokines to produce second order cytokines that in turn act on the
effector cells to eliminate pathogens and noxious substances. While these responses are
optimized for immune defense in the lungs, various external and internal factors, including
ambient temperature, pollutants, ageing and obesity can alter the efficiency with which the
tiers of defense are engaged. In addition, the highly regulated nature of the respiratory
immune system may be conducive to tumor metastasis and growth (Box 3).

Early immune responses in the lung are still riddled with many unanswered questions. For
example, what are the molecular pathways that enforce disease tolerance? Can we leverage
such knowledge for therapeutic treatment of acute and chronic inflammatory diseases?
Another area of interest is to determine the functional consequences of triggering iNKT cells
or Trm cells with cytokine versus specific antigens. In addition to magnitude of response,
are there fundamentally different immunological outcome of stimulating these lymphocytes
with first order cytokines versus antigens? Further areas of research might investigate
whether prior exposure to a given pathogen or allergen dictates future responses to unrelated
antigens. For instance, does exposure to virus X establish different tissue-resident lymphoid
cell composition, and if so, does subsequent challenge by allergen or bacteria induce distinct
outcomes? Can this explain susceptibility of individuals to co-infections or asthma?

Finally, both ageing and obesity increase human susceptibility to a range of airway
infections, either by impairing host resistance mechanisms and/or by impairing disease
tolerance. Reducing pathological inflammation in these populations may provide an
alternative means of limiting morbidity and mortality from infectious diseases. Thus,
understanding how engagement of tiered immune responses integrates with disease tolerance
mechanisms, and how ageing and obesity alter this underlying tiered structure, will offer
further insights for better treatment of respiratory diseases.
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Glossary terms

First Order Cytokines

A group of cytokines released from the cells that initially sense the presence of a pathogen.
These cytokines primarily serve to alert tissue-resident lymphoid cell populations in order to
coordinate an appropriate immune response to the pathogen

Second Order Cytokines

A group of cytokines released from tissue lymphoid cells in response to signals from first
order cytokines. These cytokines serve to recruit effector cells and activate effector and
tissue repair functions in order to help resolve infections

Type 1 Immune Responses

A group of related immune responses to viruses, bacteria, fungi, and protozoa that trigger
immune responses characterized by cytokines IFN-y, TNF-a, IL-17 and IL-22. These
second order cytokines are secreted by ILC1, ILC3, NK, NKT, innate-like lymphocytes, Thl
and Th17 cells. Effectors also include cytotoxic T cell to kill infected cells

Type 2 Immune Responses

A group of related immune responses to macroparasites, allergens, and certain venoms that
trigger immune responses defined by the cytokines IL-4, IL-5, IL-9 and IL-13. These second
order cytokines are secreted by ILC2, NKT, Th2 and Th9 cells

Ciliated Cells

The predominant cell type in the surface epithelium of the conducting airways. Cilia at the
apical surface of these cells beat continuously in a coordinated manner to propel airway
mucus towards the mouth and nose, where mucus (and entrapped particles) can be removed
via coughing or swallowing

Goblet Cells
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These cells produce airway mucins, the key components of the protective barrier impeding
pathogen entry into the airway epithelium

Club Cells

These secretory cells (formerly known as Clara cells) produce detoxifying and antimicrobial
compounds that contribute to defense of the airway mucosa. Club cells have also been
reported to serve as progenitor cells with the ability to replicate and/or differentiate into
ciliated cells

Basal Cells
These cells serve as regional progenitor cells of the airway epithelium, with the ability to
proliferate in response to damage and differentiate into other surface epithelial cell types

Pattern Recognition Receptors (PRRs)
Germ-line encoded receptors that recognize conserved pathogen-associated molecular
patterns and activate signalling cascades that initiate an immune response

RIG-I-like Receptors (RLRS)

A group of cytosolic PRRs consisting of RIG-1, MDAS5 and LGP2 that recognize viral RNA
in infected cells and initiate downstream inflammatory and interferon responses by
signalling through the mitochondrial adapter protein MAVS

Type | Interferons

Mammalian type | IFNs consist of IFN-a (13 subtypes in humans), IFN-B, IFN-x, IFN-8,
IFN-g, IFN-t, IFN-w, and IFN-C. They all bind to and signal through the receptor consisting
of IFNARL/IFNAR2 dimer and trigger transcription of genes involved in antiviral defense
(a.k.a “interferon stimulated genes.”)

Type I Interferons

Type 11 IFNs consist of IFN-A1, IFN-A2 and IFN-A.3, and are potent antiviral cytokines
secreted by diverse cell types following PRR detection of viral infection. Upon binding to
the IFNA receptor (IL28RA/IL10RB dimer) these interferons trigger transcription of genes
involved in antiviral defense (a.k.a “interferon stimulated genes.”)

Plasmacytoid DCs (pDCs)
Specialized sensory cells that express TLR7 and TLR9 and rapidly produce large amounts of
type | interferons in response to viral infection

Amphiregulin (AREG)

An epidermal growth factor (EGF)-like protein that promotes epithelial cell growth and
tissue repair through EGFR signalling. AREG is important for promoting disease tolerance
in lung infection models

Alarmins
Constitutively expressed molecules that are released upon cell membrane rupture that alert
the immune system

Innate Lymphoid Cells (ILCs)
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A group of lymphoid cells that lack B or T cell receptors and play that are resident in a
variety of different organs. They are a major source of second order cytokines that maintain
tissue homeostasis and promoting effective microbial clearance
Airway Hyperresponsiveness (AHR)

A pathological state in which narrowing of the conducting airways can be easily triggered.
AHR is a diagnostic feature of asthma and contributes to airway obstruction
Neutrophil Extracellular Traps (NETS)
An extracellular mesh of chromatin that contains histones, neutrophil-derived proteases, and
antimicrobial molecules. NETS are released from neutrophils in certain inflammatory
scenarios and are important for ensnaring and trapping extracellular pathogens
Chymase
A family of serine proteases primarily expressed by mast cells and released upon
degranulation that can initiate proteolytic degradation of numerous substrates including
IL-33 and the extracellular matrix
Disease Tolerance
A host strategy for improving disease outcomes by improving tissue repair or reducing the
detrimental impact of inflammatory signals
Metabolic Syndrome
A set of risk factors including obesity, elevated blood pressure, and insulin resistance that
are associated with an increased risk of heart disease, diabetes, and other negative clinical
outcomes
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Box 1 | Dendritic cells sense pathogens and cytokines in type 2 immunity

Dendritic cells (DCs) in the lung are highly responsive to first order cytokines derived
from airway epithelial cells (AECs) and second order cytokines derived from
lymphocytes. AEC-derived chemokines, such as CCL20, promote immature DC
migration to the airway3®. Interleukin-33 (1L-33) directly promotes airway DC activation
and migration to lymph nodes in the context of allergic airway inflammation34, and skin
models of allergy suggest that epithelium-derived TSLP can similarly activate DCs!35.
Airway DCs are also responsive to proximal signals from group 2 innate lymphoid cells
(ILC2s), and ILC2-derived 1L-13 induces DC migration to draining lymph nodes!26,
Migration of CD11 b+ DCs and CD301b+ DCs from the airways is essential for T helper
2 (Th2) cell differentiation and type 2 immunity in the context of allergic
inflammation37 and lung helminth infections!38, respectively. Whether AEC-derived
cytokines are necessary or sufficient to initiate or enhance these DC responses remains to
be determined, however TSLP is dispensable for Nippostrongylus brasiliensis lung
infections /7 vivot39, and helminth products may directly stimulate DC activation in this
model. DCs constantly take up antigens from the airway, and certain common allergens
interact with DC receptors such as Toll-like receptor 4 and DC-SIGN140.141 Thus, DC
activation in the context of type 2 immunity can occur as a consequence of both direct
pathogen sensing and indirect activation by first order and second order cytokines.
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Box 2 | Asthma and the impaired respiratory innate defense

Asthma is a chronic lung disease affecting ~10% of the population and is most often
characterized by asymptomatic periods punctuated with episodes of wheezing and
respiratory distress. During the past decade, nucleic-acid based virus detection methods
have demonstrated that the most common trigger for these disease exacerbations is
infection with a respiratory virus and most frequently the rhinovirus — ~90% of
childhood asthma attacks are virus-related42. Early work on bronchial epithelial cells
collected from patients demonstrated a defect in rhinovirus-triggered induction of both
type | and type Il interferons (IFNs) in cells from asthmatics compared with those from
healthy controls43.144, Subsequent studies have largely corroborated these findings but
with mixed results}4>-147_ Although this is an area of active investigation, it remains
unclear whish exact molecular mechanism accounts for the IFN defect in asthmatics, or
whether this defect is a cause or an effect of asthma pathogenesis. Nevertheless, the
observation that epithelial IFN responses are diminished in asthma is intriguing as it
could potentially explain why rhinovirus infections have severe respiratory consequences
in patients with asthma but not in healthy individuals. Recent work suggests that the
bacterial microbiota may also impact respiratory antiviral defense and asthma
pathogenesis. As part of a longitudinal study of children at risk for asthma, investigators
could retrospectively examine the early life microbiota of children who subsequently
developed asthma. This study revealed links between the presence of certain bacteria in
the nasopharynx during viral respiratory infection in infancy, febrile respiratory infection
in infancy, and subsequent development of asthmal48. Together, these studies suggest that
aberrant immune responses during respiratory virus infection may lie at the heart of
asthma pathogenesis.
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Box 3| Early responses to lung metastases

How the immune system recognizes and responds to metastatic cancer cells that migrate
to the lung is an active area of investigation. Cytotoxic natural killer (NK) cells and CD8*
T cells are important for tumor lysis and elimination, and the mechanisms that mediate
these responses against tumor cells in the lung are not fully understood. In mice,
circulating tumor cells that arrive in the lung are first engulfed by neutrophils, monocytes,
and non-alveolar macrophages and/or dendritic cells (DCs) in the lung vasculature in a
stepwise fashion14°. CCL2-driven monocyte recruitment is important for tumor cell
establishment and survival in the lung, in part due to the production of VEGF which
supports tumor endothelial extravasation150, Neutrophils similarly enable tumor
extravasation and survival through the production of both interleukin-1p (IL-1p) and
MMP-9 (Refs.151.152) 'which act on the endothelium and alter the local
microenvironment in a manner that ultimately supports tumor proliferation1°Z,
Neutrophils may additionally suppress systemic and local NK cell activation, further
enabling the survival of circulating tumor cells’®1, CD103+ lung resident DCs, in
contrast to these other myeloid cell populations, are important for the development of an
effective anti-tumor immune response. These cells phagocytose tumor cells and migrate
to the mesenteric lymph node within 72 hours of tumor cell instillation, enhancing T cell
proliferation4°. Alveolar macrophages suppress this DC proliferation and subsequent T
cell response in part through TGFp secretion in an effort to maintain lung homeostasis in
the absence of activation of pattern recognition receptors and thereby enabling metastatic
proliferation®3, Thus, a plausible model of the role of immune cells in lung metastasis is
that local and recruited myeloid cells attempt to maintain a homeostatic state in the lung
tissue due to a lack of pathogen-associated signals and in doing so they suppress the
development of an otherwise effective anti-tumor response.
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Online summary

The respiratory system consists of the upper respiratory tract — the nasal
cavity, pharynx and larynx; and the lower respiratory tract — the conducting
airway (trachea, bronchi) and the respiratory zone (alveoli). The composition
of the epithelial cell types and the resident myeloid and lymphoid cell types
depends on the diameter of the airway.

Airway cells are the first to respond to invading pathogens. They serve
multiple functions in their capacity to provide barrier function, act as innate
sensors to secrete first order cytokines, and serve as effector of antimicrobial
defence.

Following respiratory infection by viral, bacterial, fungal and protozoan
pathogens, type 1 immune responses are engaged. These infections are
recognized through pattern recognition receptors in sensor cells including
airway epithelial cells, macrophages, dendritic cells and plasmacytoid
dendritic cells.

Infection by helminths or inhalation of allergens result in the engagement of
the type 2 immune responses. Epithelial cells and mast cells detect the
activities of the helminths and allergens to secrete cytokines that stimulate the
next tier of immune response.

Sensor cells secrete discrete first order cytokines in response to pathogens,
and activate tissue-resident lymphocytes to secrete second order cytokines.
These cytokines in turn activate effector cell types to initiate pathogen
elimination and tissue repair.

Various internal and external factors can alter the effectiveness of the signals
mediated by the sensors and effectors, leading to tipping of the balance away
from antimicrobial host defenses and towards pathological inflammation.
Strategies to improve disease tolerance may be needed to combat infectious
diseases in such vulnerable populations.
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Figure 1. A stepwise engagement of tiered responses following respiratory infection
Pathogens and certain noxious compounds are detected by sensor cells located within the

respiratory tract. Sensor cells immediately initiate innate immune responses that may be
sufficient to clear localized infections. For example, sensor cells may secrete factors such as
interferons (IFNs) that lead to pathogen clearance (direct pathogen clearance, top arrow). In
some cases, first order cytokines directly recruit effector cells that clear pathogens; for
example, CXCL8 mediate recruitment of neutrophils to clear bacteria (direct effector
recruitment and/or activation, second arrow from the top). In addition, a two-tiered response
can be engaged, in which sensor cells secrete first order cytokines that act on tissue-resident
lymphoid cell populations, which integrate these signals and release appropriate second
order cytokines. These cytokines in turn recruit and activate effector cells and effector
functions specific to the pathogen type, which serve to promote pathogen clearance and
tissue repair.
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Figure 2. Composition of the airway epithelium varies with airway diameter
The conducting airways include the air passages from the nasal cavity to the terminal

bronchioles. The same major cell types compose the airway epithelium lining in all these
parts, but the relative proportion of each cell type varies with the airway diameter, which is
consistent with differences in functional requirements. This is also evident when comparing
the cellular composition of the human conducting airways with mouse airways. Mucous
goblet cells are rare in the mouse airway epithelium beyond the upper airway; similarly, club
cells are rare in human airways larger than the terminal bronchioles. The pie charts indicate
approximate proportions of the major cell types at different locations of the respiratory
system (compiled from references®1%4).
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Figure 3. Single and two-tiered responses in type 1 immunity. a
At steady state in the airways, alveolar macrophage activation is suppressed by negative

regulatory signals in part delivered by CD200-CD200R and recognition of TGF presented
by avp6 on airway epithelial cells (AECs). b |During infection, disruption of these
interactions due to death of AECs enables activation of macrophages. Recognition of viruses
by pattern recognition receptors expressed by airway epithelial cells (AECs) leads to
secretion of interferon-A. (IFNA.), whereas recognition by endosomal Toll-like receptors
(TLRs) in plasmacytoid DCs (pDCs) and cytosolic RIG-I-like receptors (RLRs) and DNA
sensors in alveolar macrophages leads to IFNa/p production. These IFNs induce an antiviral
state in proximal AECs, inducing IFN-stimulated genes that help constrain viral spread. c |
TLRs expressed by alveolar macrophages and DCs that extend trans-epithelial processes
enable the recognition of viral, fungal, and bacterial molecules, and bacterial pathogens in
the airway leading to the production of first order cytokines including interleukin-12 (1L-12)
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and IL-23. Additional pathogen recognition via inflammasome activation leads to caspase-1-
mediated activation and release of the first order cytokine IL-1p. These first order cytokines
act on tissue-resident lymphoid populations of cytotoxic T lymphocytes to enhance direct
killing of infected cells, and on innate lymphoid cells (ILCs), natural killer (NK) cells, NK T
cells, and T cells to induce the production of appropriate second order cytokines including
IFN7y, IL-17, and IL-22. These second order cytokines in turn act on AECs to induce
chemokine production, antimicrobial peptide release, and increased proliferation and/or tight
junction formation to enhance airway integrity and constrain pathogen spread. Local and
chemokine-recruited phagocytes including neutrophils and monocytes are additionally
activated by IFN-y, enhancing their phagocytic capabilities and leading to enhanced
pathogen lysis and clearance.
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Figure 4. Single and two-tiered responses in type 2 immunity. a
Mast cells can be activated directly in response to certain protease activities, venom proteins

homologous to mammalian mast cell-activating proteins, or through antigen-specific IgE-
mediated signaling through FceR, whereupon they can form a single-tiered immune
response to helminths and allergens. Activation leads to degranulation and release of
proteases, histamine, and eicosanoids (including prostaglandins), as well as the production
of certain effector cytokines. These compounds can directly initiate effector mechanisms
that can promote worm expulsion but which are also associated with anaphylaxis in severe
instances of allergy. b | Cell damage and protease activity from helminth infection or
exposure to allergens and venoms leads to the secretion and release of the first order
cytokines interleukin-25 (IL-25), TSLP, IL-33, IL-1B, and TGFp (presented by avp6) from
sensory airway epithelial cells (AECs). These cytokines in turn act on tissue-resident
lymphoid cells including innate lymphoid cells (ILC2s), natural killer T cells, T helper 2
(Th2) cells and Th9 cells to drive secretion of appropriate second order cytokines, which act
on mast cells, AECs, basophils, and eosinophils to initiate effector mechanisms aimed at
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worm expulsion and tissue repair. First order cytokines can also enhance basophil and mast
cell recruitment and activation in order to appropriately calibrate the immune response.
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Figure 5. Internal and external factors increase respiratory disease susceptibility
Both internal and external influences can alter early respiratory immune responses. External

factors like cold temperatures and cigarette smoke can both impair sensor cell functionality
and antiviral responses. Chronic conditions such as ageing and metabolic syndrome can also
have profound effects, altering the functions of sensors, lymphoid cells, and effector
responses, thus disrupting various stages of the tiered respiratory immune response. Together
these factors contribute to the increases in respiratory morbidity and mortality observed in
populations affected by these factors.
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