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SUMMARY

The lungs are constantly exposed to inhaled debris, allergens, pollutants, commensal or pathogenic micro-
organisms, and respiratory viruses. As a result, innate and adaptive immune responses in the respiratory tract
are tightly regulated and are in continual flux between states of enhanced pathogen clearance, immune-mod-
ulation, and tissue repair. New single-cell-sequencing techniques are expanding our knowledge of airway
cellular complexity and the nuanced connections between structural and immune cell compartments. Under-
standing these varied interactions is critical in treatment of human pulmonary disease and infections and in
next-generation vaccine design. Here, we review the innate and adaptive immune responses in the lung and
airways following infection and vaccination, with particular focus on influenza virus and severe acute respi-
ratory syndrome coronavirus 2 (SARS-CoV-2). The ongoing SARS-CoV-2 pandemic has put pulmonary
research firmly into the global spotlight, challenging previously held notions of respiratory immunity and help-
ing identify new populations at high risk for respiratory distress.
INTRODUCTION

The respiratory tract is an intricate and complex system that facil-

itates both gas exchange and blood oxygenation, while forming a

physical and immunologic barrier between the external environ-

ment, blood, and tissue sites. The upper respiratory tract (URT),

also referred to as the conducting airways, includes the nasal cav-

ity, pharynx, and larynx and is also the site of the nasal-associated

lymphoid tissue (NALT; cervical lymph nodes) (Figure 1A). De-

scending into the lung, the lower respiratory tract (LRT) includes

the trachea and the bronchi and bronchiole branches of the lung.

The bronchial-associated lymphoid tissue (BALT; mediastinal

lymph nodes) drains from these sites, training localized adaptive

responses (Figure 1A). Within the lung parenchyma and extending

from the ends of the bronchioles are the alveoli and lung interstitial

spaces, often referred to as the ‘‘respiratory zone.’’ These special-

ized tissues are the major site of gas exchange between the lung

and thebloodandcontain the largest vascularbed in thebody (He-

witt and Lloyd, 2021). Proper airway and lung function is tightly

associated with human health, and a careful balance between

infection response and tissue function needs to be maintained.

Multiple disease states stem from dysregulated responses in the

airways, includingasthma,allergy,andacuteorchronicpulmonary

diseases. Further, numerous infectious agents, including respira-

tory viral, bacterial, fungal, and protozoan pathogens, target cells

that line the airways for replication and can cause direct damage

to barrier sites and trigger inflammation-associated tissue dam-

age. Indeed, respiratory pathogens remain a prominent cause of

global mortality. In 2020, LRT infections constituted the fourth

leading cause of death worldwide and are responsible for nearly

2.4 million annual deaths (GBD 2016 Lower Respiratory Infections

Collaborators, 2018; World Health Organization, 2020). Young

children, the elderly, immunocompromised individuals, and indi-
viduals with co-morbidities bear the brunt of these infections,

with Haemophilus influenzae B, Streptococcus pneumoniae, res-

piratory syncytial virus (RSV), and influenza viruses taking a partic-

ularly high toll (GBD 2016 Lower Respiratory Infections Collabora-

tors, 2018). Maintaining balance in the respiratory tract during

insult, injury, or infection is paramount to host survival. In the

lung alveoli, gas exchange is mediated by pressure balances

across epithelial and endothelial cells, and changes in this homeo-

stasis can lead to loss of blood oxygenation or accumulation of

CO2. During initial infection with a respiratory pathogen, balance

between pathogen clearance and immune modulation is tightly

controlled by the epithelial-immune cell axis, as dysregulation

can lead to severe tissue damage. At later stages of infection,

tradeoffs between sustained inflammation and tissue repair must

be made to re-establish proper lung function. As a result, innate

and adaptive pulmonary immune responses are tightly regulated

following damage and infection to maintain this balance. Here,

we discuss the innate and adaptive immune responses in the res-

piratory tract following infection and vaccination, how these sys-

tems are broadly regulated, and new areas of ongoing research

in pulmonary health and immunity. To place these responses in

context, we focus on immunity to influenza and SARS-CoV-2

infection and vaccination. The continuing morbidity and mortality

associated with the global SARS-CoV-2 pandemic further high-

lights the necessity of continued research into human respiratory

biology, factors impacting innateandadaptive immunity,and iden-

tifying cellular and humoral correlates of protection and severity

following infection and vaccination.

THE RESPIRATORY IMMUNE ENVIRONMENT

Due to the importance of proper lung function to host sur-

vival, immune responses in the respiratory tract constitute a
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Figure 1. Respiratory tract compartments
and immune environment
(A) The upper (nasal cavity, pharynx, larynx),
lower (trachea, bronchi, bronchioles), and the
lung parenchyma (alveoli and lung interstitial
spaces) compartments of the respiratory tract.
Specific structural cells in the URT include un-
differentiated basal cells, ciliated epithelial, and
secretory goblet cells. Ciliated epithelium in the
URT along with mucus that is synthesized by
goblet cells provide a mechanical means of
removing debris, allergens, and potential patho-
gens from the URT. These cells are also present in
LRT, with additional inclusion of club cells, non-
ciliated epithelia that moderate tolerance re-
sponses. Like the URT, mechanical removal of
materials from the LRT is accomplished by mu-
cociliary activities of the ciliated epithelia and
goblet cells along with coughing to dislodge
materials impacted on bronchial branch points.
(B and C) Cells and immune factors present dur-
ing mucosal immune response and acute
inflammation in the (B) lung parenchyma and in
the (C) airway tissues. Embedded within the mu-
cous layer are secreted innate immune factors
including antimicrobial peptides, proteases, lac-
toferrin, and complement that act to further
reduce passage of foreign material into the lungs.
Secretory immunoglobulins (sIgA and sIgM),
produced by sub-epithelial plasma cells, can also
be found coating the surface of the URT and LRT
in the mucous layer and provide antigen-specific
targeting of foreign antigens in parallel to their
innate immune counterparts. Among innate
cellular responders during acute infection, neu-
trophils predominate and produce additional
factors (IL8 and elastase) to further amplify im-
mune cell recruitment. In addition to neutrophils,
natural killer (NK) cells, monocytes, and eosino-
phils are also recruited from circulation. Mesen-
chymal (fibroblasts), epithelial, and endothelial
cells produce proteases to reshape the extra-
cellular matrix landscape, the products of which
signal for further recruitment of immune cells and
open physical space for immune cells to occupy.
Epithelial cells also release localized cytokine
signals to activate resident innate lymphoid cells
(ILCs), interstitial macrophages (IM), and den-
dritic cells (DCs). Each cell type, tissue-resident
or recruited, produces a carefully orchestrated
balance of either inflammatory and chemotactic
cytokines (TNFɑ, IL1b, IL6, IL8, IFN-I, -II, -III, GM-
CSF) or immune-regulatory (IL10, TGFb, IL1Ra)
factors in an effort to resist and eliminate patho-
gens without causing excessive inflammation.

(D) Professional antigen-presenting cells, mainly CD103+ dendritic cells (cDCs), capture antigen in the airways, become activated, and traffic to draining lymph
nodes (LNs) via afferent lymphatics to prime adaptive responses. In LN T cell zones, externally derived antigens are presented on class II MHC, prompting CD4+

T cell training, while internally derived antigens are processed and presented on class I MHC to CD8+ T cells. CD103+ respiratory DCs can also cross-present
peptides from external sources on class I MHC, possibly via efferocytosis, thus allowing CD8+ T cell priming (Ho et al., 2011). APCs promote maturation and
expansion of naive CD4+ and CD8+ T cells through pMHC:TCR and co-stimulation (CD80/CD86). CD8+ cytotoxic T cells and subsets of CD4+ T helper cells traffic
back to the site of infection. CD4+ Th2 cells migrate to T-B border and form cognate pairs with activated B cells (IgM+) via TCR:pMHC engagement, cytokine
release (IL4, IL6, IL21), and co-stimulation (CD40L), leading to B cell clonal expansion and differentiation into low-affinity IgG or IgA-producing plasma cells (traffic
to sites of infection) or entry into germinal centers (GCs). In GC dark zone, activated B cells undergo expansion and somatic hypermutation of the B cell receptor
(BCR), resulting in either an unfavorable BCR specificity (leading to apoptosis) or desirable BCR specificity that binds strongly to peptides maintained on the
surface of follicular dendritic cells (FDCs) in the light zone. B cells cycle through iterative rounds of expansion/somatic hypermutation (dark zone) and affinity
selection (light zone), resulting in selection of high-affinity BCRs. Interactions with T follicular helper (Tfh) cells lead to B cell differentiation and class-switching
to long-lived memory B cells and high-affinity plasma cells, which traffic to sites of infection or are maintained as long-lived memory populations. PNEC, pulmo-
nary neuroendocrine cell; NALT, nasal-associated lymphoid tissue; BALT, bronchial-associated lymphoid tissue. Figure created with BioRender.com.
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thoroughly choreographed dance between pathogen clearance

and maintenance of tissue function. This interplay is often

discussed in terms of resistance and tolerance, with resistance

referring to the innate and adaptive immune responses mounted

to clear (‘‘resist’’) an infection and tolerance referring to the
750 Immunity 55, May 10, 2022
mechanisms by which the immune system minimizes (‘‘toler-

ates’’) both pathogen- and immune-mediated damage to respi-

ratory tissue (Medzhitov et al., 2012). In the airways, states of

resistance are specifically calibrated, tightly controlled, and,

importantly, balanced by anti-inflammatory and repair-focused
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tolerance responses. The consequences of dysregulated airway

resistance include hyper-inflammatory syndromes, barrier site

destruction, and long-term sequelae such as lung fibrosis.

As the consequences of dysregulated inflammation carry a

heavy cost of morbidity and mortality spanning all age groups

and demographics, they are important areas of ongoing

research.

The respiratory tract comprises a rich cellular environment

(Figure 1). Structural cell populations, including epithelial, endo-

thelial, and mesenchymal cells, form a continuous physical bar-

rier spanning the entirety of the airway and lung tissues (Holt

et al., 2008; Ardain et al., 2020; Flerlage et al., 2021). Ciliated

epithelial cells produce growth factors, are important sensors

of infection or tissue damage, and secrete antimicrobial factors

including surfactant, complement, mucins, and antimicrobial

peptides (AMPs). Within the lung parenchyma, epithelial cells

form the structure of alveoli and, along with endothelial cells,

mediate gas exchange to and from the blood (Figure 1B). Endo-

thelial cells line the large and small blood vessels of the lung and,

during inflammation, mediate extravasation of immune cells into

respiratory tissue. Mesenchymal cells populate the space below

the epithelial layer and have numerous functions during homeo-

stasis, including synthesis of extracellular matrix (ECM) compo-

nents and production of growth factors. During acute inflamma-

tion, mesenchymal cells produce pro-inflammatory cytokines

and chemokines as well as matrix proteases that restructure

the ECM. In addition to structural cells, numerous non-recirculat-

ing, tissue-resident immune cells including alveolar macro-

phages (AMs), innate lymphoid cells (ILCs), unconventional

T cells, and adaptive tissue-resident lymphocytes comprise the

dedicated immune compartment of the respiratory tract.

Following the introduction of an immunogen, sentinel fibroblasts

and dynamic recirculating cells from the lung interstitium (inter-

stitial macrophages [IMs], dendritic cells [DCs]) or periphery

(neutrophils, natural killer [NK] cells, monocytes) respond to the

site of insult. Adaptive immune cells including plasma B cells

and CD4 and CD8 T cells provide antigen-specific responses

across the lung tissue.

A major characteristic of pulmonary mucosal sites is the ubiq-

uitous thin layer of fluid covering the luminal surface of the

airway, called mucus. Mucus, produced by secretory cells

(goblet cells), is formed by a complex of mucin proteins, cyto-

kines, complement factors, antimicrobial peptides, secretory

IgA, and commensal bacteria that line the airways and mucosal

barrier sites (Figure 1C). Mucins are particularly important

players in viral transmission, as these diverse glycoprotein com-

plexes may trap and prevent viral entry in an infected host. Evi-

dence for interference of influenza virus entry via binding and

membrane fusion was recently reported for a group of mucin-

like polypeptides in the airways (Delaveris et al., 2020).

Conversely, during other respiratory virus infections, viral attach-

ment to mucin sugars can enhance adhesion and cell entry and,

further, may facilitate formation of virus-laden particles during

expulsion, enhancing both aerosol and fomite transmission.

Interestingly, early laboratory studies of SARS-CoV-2 predicted

high rates of fomite and environmental transmission due to the

stability of the virus within mucous droplets (Kampf et al.,

2020; Kratzel et al., 2020; van Doremalen et al., 2020; Liu

et al., 2021); however, these high rates were never observed dur-
ing community transmission (Meyerowitz et al., 2020; NCIRD,

2020). A recent study found that bovine mucins could effectively

neutralize human coronavirus OC43 rather than supporting

infectivity, suggesting a possible mechanism for reduced fomite

transmission of SARS-CoV-2 (Wardzala et al., 2022).

The lipoprotein surfactant is a vital component of the alveolar

space composed of lipids, phosphatidylcholine, and surfactant

proteins (SF-A, -B, -C, and -D) produced in part by type II airway

epithelial cells (AEC2 cells) and regulated by AMs (Nobs, 2020).

During homeostasis, surfactant lines the luminal face of alveoli,

forming the air-liquid interface, reducing surface tension, pre-

venting alveolar collapse, and facilitating gas exchange (Knud-

sen and Ochs, 2018). Surfactant acts as an opsonin (Sorensen,

2018), but also has numerous immunomodulatory roles

including suppression of activated DCs and engaging AM

Toll-like receptors (TLRs) to reduce pro-inflammatory cytokine

secretion (Nathan et al., 2016; Puttur et al., 2019). Conversely,

as an immune enhancer, surfactant can directly interact with

airway immune cells, including DCs and macrophages, to

induce activation and production of inflammatory cytokines

and to increase cell chemotaxis (Sorensen, 2018).

INNATE RESPIRATORY RESPONSE: ACUTE
PULMONARY INFLAMMATION

Acute pulmonary inflammation is a complex and highly regulated

immune response to infection, damage, or other significant pyro-

genic insults to airway tissues and is broadly characterized by

vasodilation, increased vascular permeability, and enhanced in-

flammatory cell infiltration into tissue spaces in the upper, lower,

and lung parenchyma spaces. This process progresses sequen-

tially from initiation to pathogen-response calibration, signal

amplification, effector function, and immune relay, all leading

to the final resolution and tissue-repair phases (Figure 2).

Numerous cells are involved in mediating acute inflammation in

the respiratory tract, including structural cells, non-circulating

tissue-resident immune cells, and recruited innate and adaptive

responses acting in coordination to clear an infection and limit

tissue damage.

During the initiation phase, unique molecular signatures

present on viruses, bacteria, fungi, protozoans, or vaccine im-

munogens, collectively termed pathogen-associated molecular

patterns (PAMPs), are detected by surface, vesicular, and cyto-

solic pattern recognition receptors (PRRs) expressed by epithe-

lial and resident immune cells. To establish an appropriate resis-

tant or tolerant environment, responses to different agents

(bacteria, fungus, virus) are carefully calibrated through engage-

ment of distinct PRR combinations, resulting in tailored recruit-

ment of immune cell types and cytokines produced, which has

been reviewed extensively (Moldoveanu et al., 2009; Zhang

et al., 2021; Diamond and Kanneganti, 2022) (Figures 2, 3A,

and 3B). Following detection of airway and lung insults, epithe-

lial, endothelial, and tissue-resident immune cells secrete fac-

tors that form a chemotactic gradient, cajoling circulating innate

immune responders to the site of injury. Endothelial cells and

pericytes surrounding pulmonary blood vessels and capillary

sites vasodilate, becoming more permeable, and increase

expression of surface adhesion molecules to allow extravasa-

tion of peripheral immune cells from the blood. A new area of
Immunity 55, May 10, 2022 751



Figure 2. Acute pulmonary inflammation
and downstream responses
Initiation: Lung insults often involving infectious
etiologic agents or vaccine components are
recognized by structural cells, including epithelial
and endothelial cells, along with tissue-resident
antigen-presenting cells (airway macrophages
and dendritic cells). Together, these cells recog-
nize pathogen-associated molecular patterns
(PAMPs), tissue damage-associated molecular
patterns (DAMPs), or vaccine adjuvants via a
complex network or surface, endosomal, and
cytoplasmic sensors, collectively termed pattern
recognition receptors (PRRs). Calibration: Detec-
tion of viral and bacterial PAMPs or vaccine-
derived adjuvants initiates differential response
pathways depending on the source (viral, bacte-
rial, or adjuvant). Detection of viral PAMPS leads
to production of IFN-I and/or IFN-III, TNFa, IL1b,
IL6, IL8, IL12, MCP1, and inflammasome activa-
tion. Distinctive bacterial PAMPs (endotoxins,
lipopolysaccharide [LPS], and peptidoglycan
[PG]) trigger NF-kB signaling axis, leading to pro-

duction of IL6, IL8, IL18, TNFɑ/b, and inflammasome activation. Detection and response to vaccine adjuvants can be tailored to promote type 1 or type 2 immune
responses and specific development of cellular and humoral immunity. Trafficking: Specialized APCs capture and process protein components from pathogen or
vaccine sources, traffic to airway-associated draining lymph nodes, and present antigen to naive T cells. Adaptive responses: Priming of adaptive responses
begins around day 4 post-exposure and occurs in respiratory-associated lymphoid tissues. Following antigen-specific training, CD8+ T cell and CD4+ Th1 re-
sponses (IFNg, TNF, IL1, IL12) are typically mounted against intracellular pathogens (antigens presented on MHC-I), while CD4+ Th2 (IL4, 5, 6, 10, 13), humoral
(Tfh, B cells; antibody), and CD4 T helper (Th17, Th22) responses are increased in response to extracellular insults. Cross-presentation of external-derived an-
tigens on MHC-I to CD8+ T cells allows development of cellular immunity to external insults. Figure created with BioRender.com.
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investigation, culminating in an initial 2022 study, aimed to cap-

ture the numerous and rapid cellular transitional states (e.g.,

motility and morphology) of individual cells during acute inflam-

matory responses—a task that had been, until recently, techno-

logically limited (Crainiciuc et al., 2022). Using 4D live imaging of

individual leukocytes at sites of active inflammation paired with

constructed behavioral landscapes, investigators were able to

characterize the continuous morphokinetic and behavioral

changes in single leukocytes as they adapted to local cues, tis-

sue barriers, and acute states of inflammation. Importantly, the

study identifies a continuum of neutrophil states within blood

vessels that was associated with pathogenic inflammation

and, further, found that the kinase Fgr was a driver of this path-

ogenic state. This study and others underscore the importance

and heterogeneity of the recruited cellular dynamics and

intrinsic cell changes that occur between circulation and in-

flamed tissue sites. Together, the activities of these resident

and recruited immune cells coordinate pathogen clearance

through phagocytosis of opsonized pathogens and apoptotic

cellular debris, killing of infected cells via antigen-agnostic

(NK) or antigen-specific (resident CD8+ T cells) cytolysis, and

neutralization through localized antibody responses. During viral

infections, interferon (IFN)-stimulated gene (ISG) effectors also

act to restrict virus-cell membrane fusion, increase PRR expres-

sion, direct viral restriction, and trigger host cell apoptosis (Sen,

2002). Specialized professional antigen-presenting cells (APCs),

predominantly airway DCs, sample materials from the site of

infection and traffic to the draining lymphoid tissues to train an-

tigen-specific T and B cells (discussed in detail below)

(Figure 1D). After pathogen neutralization and clearance, the

pro-inflammatory resistance signals are quickly replaced by im-

mune-modulators and anti-inflammatory signals, predominantly

IL10 and TGFb, produced by airway macrophages, T regulatory

(Treg) cells, and others. Tissue-repair mechanisms begin the
752 Immunity 55, May 10, 2022
process of repairing damaged airway cells and restoring lung

function (Figures 3C–3E).

INNATE RESPIRATORY RESPONSE: ROLE OF IFN
DURING VIRAL INFECTION

Type I (IFNa/b) and type III (IFNl) interferons, master antiviral

signaling factors, are the main drivers behind the innate im-

mune response to viral infections. Via autocrine and paracrine

signaling events, structural and resident innate immune cells

are triggered to express hundreds to thousands of ISGs with

pleiotropic antiviral, pro-inflammatory, and immunomodulatory

functions. The effects of type I IFNs (IFN-I), produced in bulk by

plasmacytoid DCs, epithelial cells, and macrophages, have

been widely studied in response to nearly all human respiratory

viral infections (influenza, rhinovirus, influenza, etc.). IFN-I

directs a pro-inflammatory antiviral signaling paradigm in re-

cruited immune cells (Garcı́a-Sastre and Biron, 2006; Garcı́a-

Sastre, 2011), which can drive immune pathology if dysregu-

lated. Indeed, a murine-model SARS-CoV infection determined

that blocking IFN-I signaling ameliorated lung pathology (Chan-

nappanavar et al., 2016). Recent investigations of humans

suffering from COVID-19 implicated the cGAS-STING pathway

in IFN-I-mediated lung pathology (Di Domizio et al., 2022).

Further, IFN-I and III have recently been shown to disrupt lung

epithelial cell repair during recovery (Major et al., 2020). How-

ever, the role of IFN-I during SARS-CoV-2 (and other virus) re-

sponses is complex, as autoantibodies directed against IFNa2

and IFNu were observed in nearly 10% of patients with severe

COVID-19 pneumonia but were absent in individuals with mild

or asymptomatic infection and uninfected study participants

(Bastard et al., 2020). Thus, autoimmune responses against

IFN may underlie genetic predisposition to severe COVID-19.

Unlike the more ubiquitous IFN-I, IFN-III (IFNl1–3) are primarily

http://BioRender.com
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Figure 3. Innate and adaptive immune
response magnitude dynamics over time
Pulmonary infections or vaccinations that over-
come low immunogenic clearance (A) trigger
innate immune responses (blue/green) and
initiate acute pulmonary inflammation (A and B)
rapidly upon detection of PAMPs. Differential
response cascades are calibrated by structural
and resident immune cells to promote the
appropriate inflammatory responses, coordinate
effector functions of infiltrating innate cells, and
activate antigen-presenting cells (with internal-
ized antigen) to traffic to draining lymph nodes
(B and C). As the infection is cleared, regulatory
cells promote a return to a tolerant state, allowing
tissue repair and blocking extravasation of addi-
tional immune cells (D). In certain innate immune
cell types, the immune environment and PAMP
type can promote metabolic and epigenetic re-
programming, driving innate cells into maintained
tolerant (E, blue) or trained (F, green) phenotypes
upon a subsequent challenge. Adaptive re-
sponses (red) are primed in respiratory draining
lymphoid tissues (I), which promote clonal expan-
sion of antigen-specific CD8+ cytotoxic T cells,
CD4+ T helper cells, and low-affinity IgA and
IgG-secreting plasma B cells that respond at tis-
sue sites between 5 and 9 days post-challenge
(II). Germinal center reactions in LN lead to
class-switching, affinity selection, and generation
of high-affinity plasma cells producing IgA and

IgG and long-lived plasma cells (III). Tissue resident T (TRM) and B (BRM) cells are established in the lung via the iBALT and RAMD, while other lymphoid cells
promote tolerance and tissue repair (III). Upon secondary exposure to homotypic or cross-reactive antigens in the lung and airways, adaptive responses are
rapidly triggered, mediated first by activated TRM and BRM cells, then by recruited peripheral lymphocytes (IV and V). While innate responses activate and
wane during secondary exposure, adaptive responses, mainly IgA and IgG levels, remain elevated for weeks (V). PAMPs, pathogen-associated molecular pat-
terns; iBALT, inducible bronchus-associated lymphoid tissue; RAMD, repair-associated memory depots. Figure created with BioRender.com. See also Table 1.
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associated with mucosal barriers, especially the lung epithe-

lium, due to more restrictive expression of the IFNl receptor.

Although IFNl signaling leads to ISG expression in response

to virus infection, the gene-expression profiles are more

specialized and do not as readily promote the same degree of

inflammation as IFN-I (Hemann et al., 2017). Differential activa-

tion of interferon-regulatory factor 1 (IRF1) underlies the distinct

immune responses triggered by IFN-I and III, resulting in unique

gene-expression profiles (Forero et al., 2019). IFNl signaling

also causes translation-independent effects in neutrophils

that limit the release of tissue-damaging reactive oxygen and

nitrogen species and pro-inflammatory IL1b (Broggi et al.,

2017). A 2017 study by Galani et al. determined that low-dose

challenge of influenza A virus (IAV) led to containment of viral

infection at the mucosal barrier sites in the lung and did not re-

cruit additional pro-inflammatory cells (Galani et al., 2017).

However, IFNl signaling was overwhelmed during high-dose

IAV challenge, triggering an IFN-I response, influx of innate re-

sponders, and subsequent lung pathology. Others have high-

lighted the importance of IFNl signaling in containing influenza

to the URT, reducing virus transmission, and directing DC-

mediated CD8+ T cell programming (Klinkhammer et al.,

2018; Hemann et al., 2019). The effects of IFNl on CD8+

T cells highlight important links between the innate and adap-

tive responses and are a growing area of research. Peginter-

feron lambda-1 has also been tested as a therapeutic in a phase

II placebo-controlled randomized trial for the treatment of

COVID-19 and was found to be associated with increased

odds of viral clearance by day 7 (Feld et al., 2021).
INNATE RESPIRATORY RESPONSE: STRUCTURAL AND
NON-CIRCULATING TISSUE-RESIDENT CELLS

The airway and lung epithelium is a continuous physical and

immunologic barrier that forms the interface between the

airspace lumen and sub-epithelial respiratory tissue (Fig-

ures 1A–1C). Multiple cell types comprise the epithelium and

include airway stem, precursor, and intermediate cell types,

large secretory goblet and club cells, and ciliated cells. Secretory

cells are the main producers of mucin proteins in the airways;

however, these cells are also involved in wound healing and im-

mune modulation and responsible for secretion of AMPs (e.g.,

b-defensins), antimicrobial enzymes (e.g., lysozyme), as well as

bacterial protease inhibitors (Geitani et al., 2020; Hewitt and

Lloyd, 2021). Ciliated epithelial cells respond directly to luminal

stimulation to regulate barrier function, ion and paracellular

transport, and permeability through the activities of intercellular

junctions (Brune et al., 2015). In the lung parenchyma, AEC2 cells

secrete surfactant proteins and granulocyte-monocyte colony-

stimulating factor (GM-CSF). GM-CSF has pluripotent effects

in the airways, acting as a critical regulator of AM and DC devel-

opment (Greter et al., 2012; Guilliams et al., 2013; Schneider

et al., 2017), mediating granulocyte recruitment during allergic

response (Nobs et al., 2019), and helping to maintain gas ex-

change and survival during infection (Standiford et al., 2012;

Schneider et al., 2014; Brown et al., 2017). Inhalation of GM-

CSF has even been evaluated as a potential treatment for

COVID-19 to stabilize and improve lung function (Lang et al.,

2020). In addition to these common cell types, new single-cell
Immunity 55, May 10, 2022 753
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Table 1. Innate and adaptive immune response dynamics

Figure 3 Innate response Description Cell types or factors involved References

A Low immunogenic

clearance

Respiration of microbes, viruses, or

environmental debris may be cleared

by low-immunogenic or physical

means in the airway lumen, maintaining

tolerance including expulsion, direct

killing, and inactivation (antimicrobial

peptides; complement, lysozyme),

or immediate opsonin (complement,

surfactant, IgA)-mediated phagocytosis.

- Physical expulsion

- Mucus entrapment

- Mucociliary action of

ciliated cells

- Complement (classical)

- AMP, lysozyme, opsonins

- Surfactant (alveoli)

Watford et al., 2000

B Initiation

Calibration

Amplification

Structural cells, including epithelial and

endothelial cells, along with tissue-

resident antigen-presenting cells (airway

macrophages and dendritic cells)

recognize PAMPs or tissue DAMPs via

surface, endosomal, and cytoplasmic

sensors termed PRRs. Engagement of

PAMPs from infection or vaccination

leads to calibrated responses and

‘‘decisions’’ to maintain tolerance or

promote resistance. Pro-inflammatory

and chemokine signaling is amplified.

Innate immune cells are recruited from

the periphery. Following detection of

airway and lung insults, epithelial,

endothelial, and tissue-resident immune

cells secrete factors that form a

chemotactic gradient cajoling circulating

innate immune responders to the site

of injury.

- Structural cells

- Resident and recirculating

innate cells

- PRR detection of PAMPs

- IFN-I/III signaling initiation

(viral)

- NF-kB signal initiation

(bacterial/fungal)

- Inflammatory cytokines &

chemokines (IL6, IL8,

CXCL2)

- Peripheral innate cell

extravasation

Reviewed in

Alon et al. (2021);

Ardain et al. (2020);

Diamond and

Kanneganti (2022);

Hewitt et al. (2021);

Holt et al. (2008);

Moldoveanu et al. (2009);

Sen (2002);

Zhang et al. (2021)

C Effector functions

Clearance

Trafficking to

draining LNs

Granulation tissue comprising a cellular

matrix of fibroblasts, leukocytes, and

epithelial cells forms in the respiratory

tissue to facilitate and intensify antigen-

agnostic clearance (phagocytosis, NET

production, cell killing). Activated

phagocytes, such as AMs, DCs, and

recruited monocytes and neutrophils,

engulf opsonized pathogens and

apoptotic cellular debris while cytolytic

NK cells mediate direct killing of infected

cells. ECM is remodeled, allowing further

immune cell infiltration. APCs collect and

process antigen, traffic to LN, and

present antigen to adaptive cells

- ECM remodeling

- Sustained innate cell

recruitment

- Phagocytosis, NETs

- Antigen-agnostic cell killing

- Activity of ISGs (viral infection)

- Trafficking of APCs to LN

D Resolution

Tissue repair

After pathogen neutralization and clearance,

the pro-inflammatory resistant signals are

quickly replaced by immune-modulators

and anti-inflammatory signals, predominantly

IL10 and TGFb, produced by airway

macrophages, Treg cells, and others.

Phagocytes clear apoptotic cell debris while

numerous cell types produce anti-

inflammatory signals reducing cell recruitment

and release of pro-inflammatory cytokines.

Tissue repair mechanisms begin the process

of repairing damaged airways cells and

restoring barrier, ECM, and lung function.

- Epithelial cells, AMs, ILCs

- Phagocytosis (apoptotic

cells)

- Anti-inflammatory (IL10,

TGFb)

- Tissue repair (IL33, IL17,

Areg)

- Basal cell differentiation

- Re-establish ECM

(Continued on next page)

ll

754 Immunity 55, May 10, 2022

Review



Table 1. Continued

Figure 3 Innate response Description Cell types or factors involved References

E Tolerant response Metabolic and epigenetic reprogramming.

Tolerance to subsequent challenges

- Monocyte-lineage

- Granulocyte-lineage cells

Reviewed in:

Netea et al. (2016);

Netea et al. (2020)F Trained response Metabolic and epigenetic reprogramming.

Priming and enhancement of subsequent

challenges

- Monocyte-lineage

- Granulocyte-lineage cells

Figure 3 Adaptive response Description Cell types or factors involved References

I Antigen priming

in LN

T and B cell

expansion

Cytotoxic T cells

All airway DCs, but most regularly CD103+

cDCs, direct adaptive lymphocyte

responses by (1) sampling antigen from the

airways and alveolar spaces, (2) trafficking

to the draining LN (2–4 days post-infection),

and (3) processing and presenting peptide

antigens on MHC-I or MHC-II to naive

lymphocytes, allowing clonal expansion of

CD4+ (helper) and CD8+ (cytotoxic) T cells.

Effector T cells traffic back to airways. Th2

cells train short-lived plasma B cells (IgA

and IgG). Low-level antibody production

- APCs

- CD103+ Dendritic cells

- Cytotoxic CD8+ T cells

- CD4+ Th1

- Short-lived effector plasma

cells

- IgA and IgG production

(lower-affinity)

Guilliams et al. (2014);

Kim and Braciale, (2009);

Lambrecht and Hammad,

(2012);

Moltedo et al. (2011);

Okada et al. (2005);

Shulman et al. (2013);

Worbs et al. (2017)

II GC reactions

Lung T cell

responses

Antibody

production

Effector T cells amplify innate responses

(CD4+) or engage in antigen-specific cell

killing (CD8+). Antigen-experienced B cells

engage Tfh cells in LN GCs leading to class-

switch recombination (CSR), affinity

maturation (somatic hypermutation), and

differentiation into the long-lived plasma or

memory B cells secreting high-affinity

immunoglobulins

- GCs in LN differentiate B cells

- High-affinity IgA/IgG production

- Antigen-directed killing (CD8+)

- Innate cell activation via CD4+

Th1 cells

- Innate cell activation via Ig

subtype Fc interaction with FcR

- iBALT and RAMD form in lung

Coffey et al. (2009);

Pereira et al. (2010);

Ripperger and

Bhattacharya (2021);

Victora et al. (2010)

III Memory cell

development

Activities of CD8+, CD4+ (Th), Treg, and

gd T cells reduce inflammation and repair

tissue. Short-lived effector cells apoptose.

Memory T cell subsets include CD45RA�

CCR7+ central memory (Tcm) cells circulating

in lymphoid tissues, CD45RA� CCR7�

effector memory (Tem) in the peripheral

tissues, and CD45RA+ CCR7� Tem (TEMRA)

develop. CD8+ TRM cells accumulate and

self-renew in regions of the lung undergoing

tissue repair termed repair-associated memory

depots (RAMD) where they seed the airways

with de novo TRMs. CD4 and CD8 TRMs

accumulate with resident memory B cells

(BRM) within inducible bronchus-associated

lymphoid tissue (iBALT)

- CD8, Treg, Th17, gd T cells

- Anti-inflammatory (IL10, TGFb)

- Tissue repair (IL33, IL17, Areg)

- iBALT and RAMD

- TRM and BRM residency

- Long-lived memory T and

B cells

Adachi et al. (2015);

Halle et al. (2009);

Masopust and

Soerens (2019);

Moyron-Quiroz

et al.(2004);

Ray et al. (2004);

Saule et al. (2006);

Tan et al. (2019);

Thome et al.

(2014)

IV Adaptive

response

(Rapid – pre-

existing)

Recognition of homotypic or cross-reactive

antigen by mucosal TRM and BRM cells and

rapid differentiation and effector functions

(antibody production, cell killing, T helper).

Activation of long-lived T effectors and high-

affinity memory B cells

- Secreted mucosal IgA

- TRM and BRM

Beura et al. (2019);

Kumar et al. (2018);

Teijaro et al. (2011a);

Turner 2013;

Wu et al. (2014);

Zens et al. (2016)

V Neutralization Adaptive effector functions of resident and

circulating antigen-activated memory T and

B cells lead to direct pathogen neutralization,

opsonization, innate cell activation, or killing

of infected cells

- High-affinity IgA/IgG production

- Antigen-specific killing (CD8+

T cells)

- Innate cell activation (CD4+ T cell)

- Innate cell activation (Ig subtype)

Adachi et al. (2015);

Masopust and

Soerens (2019);

Wang et al. (2015);

Zens et al. (2016)

VI Immune

memory

Antibody levels wane but remain relatively

elevated and TRM and BRM cells re-establish

residency. High-affinity memory B cells and

antibody-secreting plasma cells traffic to the

bone-marrow and continually produce

antibodies.

- TRM, Tem, Tcm, TEMRA Humphries et al. (2021);

Kurosaki et al. (2015);

Palm and Henry (2019)
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RNA sequencing (scRNA-seq) studies have recently identified

several additional and rare populations (Treutlein et al., 2014;

Madissoon et al., 2019; Deprez et al., 2020; Zaragosi et al.,

2020; Hewitt and Lloyd, 2021). These include ionocytes (Mon-

toro et al., 2018; Plasschaert et al., 2018), tuft cells (O’Leary

et al., 2019), pulmonary neuroendocrine cells (PNECs) (Branch-

field et al., 2016), and hillock cells (Montoro et al., 2018). One

of the most important roles of the mucosal epithelium in the

lung and airways is in early detection of tissue damage and path-

ogen insult, and these cells express numerous PRRs and cyto-

kine receptors to survey the luminal landscape for markers of

infection, forming the central regulation axis controlling pulmo-

nary inflammation. In a 2018 study, Lehmann et al. profiled the

secretome and transcriptome of primary human airway epithelial

cells and identified 571 regulated genes, over 20 unique cyto-

kines, andmore than 1,000 secreted proteins produced by these

cells, highlighting the complex roles for epithelial cells in the air-

ways that help regulate immune responses, exosomal communi-

cation, and tissue homeostasis (Lehmann et al., 2018). The apti-

tude with which epithelial cells communicate with resident and

circulatory immune cells, termed the ‘‘epithelial-immune axis,’’

is important for translating external stimuli and damage at

mucosal barrier sites to the appropriate immune cells to facilitate

an appropriate response. For example, during influenza infec-

tion, CXCL16 expression by airway epithelial cells and macro-

phages engages CXCR6+ CD8+ T resident memory (TRM) cells,

recruiting these T cells from the interstitial space rather than cir-

culation, allowing for a more regulated and rapid response to tis-

sue damage and viral infection (Takamura et al., 2019). Retention

of CD8+ TRM cells at mucosal sites is moderated by interactions

between TRM-expressed ɑE/b7 integrins and E-cadherins on

epithelial cells (Higgins et al., 1998). During late stages of infec-

tion, major histocompatibility complex (MHC)-II expressed by

lung epithelial cells is needed for surface expression of PD-L1,

a critical ligand for reducing CD4+ TRM activation and promoting

tolerance (Shenoy et al., 2021). Thus, the epithelial cell-immune

axis has the capacity to regulate both innate and downstream

adaptive responses to respiratory pathogens.

AMs are a unique subset of self-renewing, long-lived, lung-tis-

sue-resident immune cells derived from the fetal liver and

seeded early in the perinatal lung by CD116+ precursors (Guil-

liams et al., 2013; Tan and Krasnow, 2016; Saluzzo et al.,

2017; Evren et al., 2022). These cells are found in alveolar spaces

where they moderate lipid homeostasis, facilitate gas exchange,

and regulate surfactant catabolism (Todd et al., 2016)

(Figure 1A). AMs are also important players in the epithelial-im-

mune axis, engaging in continual and reciprocal communication

with epithelial cells to modulate cell-to-cell contacts, barrier

permeability inflammation, injury, and tissue-repair responses

(Westphalen et al., 2014; Bourdonnay et al., 2015; Gibbings

et al., 2017). As innate immune cells, AMs are preeminent

phagocytes engulfing opsonin-mediated foreign material and

apoptotic cell debris from the alveolar space. AMs typically exist

in a semi-quiescent state (Gardai et al., 2003; Snelgrove et al.,

2008; Yu et al., 2017), maintaining a suppressed immune envi-

ronment through production of TGFb and driving Treg cell devel-

opment (Soroosh et al., 2013; Puttur et al., 2019). However, AMs

can also be conscripts of airway resistance, acting as a first line

of inflammatory response to infection and insult. Indeed, AMs
756 Immunity 55, May 10, 2022
express numerous surface, vesicular, and cytosolic PRRs, to

detect ‘‘non-self’’ signals and relay appropriate immune-

response cascades (Janssen et al., 2016) (Figure 2). Once acti-

vated, these cells produce pro-inflammatory IL6, TNFɑ, CCL2,
and granulocyte-colony stimulating factor (G-CSF) to recruit

additional innate immune cells to the site of infection. However,

as tissue damage accumulates, phagocytosis of apoptotic cell

debris drives AM expression of pro-tolerance and epithelial/

ECM repair factors designed to return the alveolar space to a

more suppressed, repair-focused state (Gersuk et al., 2006;

Landsman and Jung, 2007; Zhang et al., 2008; Lloyd and Snel-

grove, 2018). Despite their numerous functions, these cells

were once thought to be uniform populations with high degrees

of transcriptional plasticity (Mould et al., 2019); however, more

recent studies suggest a greater degree of heterogeneity. One

such study used scRNA-seq of BAL samples taken from healthy

participants and those with cystic fibrosis (CF) and identified four

AM superclusters and four ‘‘other’’ AM clusters that may have

niche-specific roles (Li et al., 2022). Further unbiased clustering

also identified four sub-clusters based on expression of distinct

chemokine combinations that selectively recruit different leuko-

cytes and appear to be niche-defined (Li et al., 2022). Others

have reported similar diverse populations in the bronchial alve-

olar lavage fluid (BALF) of healthy subjects (Mould et al., 2021)

and sputum samples from CF patients exhibiting differential

AM maturity and activation states (Schupp et al., 2020).

ILCs are another non-circulating, self-renewing, tissue-resi-

dent innate cell type found in the respiratory tract. These cells

share many functional characteristics with traditional CD4 and

CD8 T cell subsets (Murphy et al., 2022). However, unlike circu-

lating lymphocytes, ILCs do not express antigen-specific T cell

receptors (TCRs), and thus these cells respond via antigen-

agnostic detection and production of cytokines. Depending on

the ILC subset, these cytokines may be involved in responses

to tissue damage, infection, or maintaining airway homeostasis

(Simoni et al., 2017).While these cells are transcriptionally plastic

and may adopt niche-specific functional roles, in general ILCs

are classified into three groups that include ILC1 (T-bet+; Th1-

like), ILC2 (GATA3+; Th2-like), and ILC3 (Rorgt+; Th17/22-like)

(Mjösberg et al., 2012; Spits et al., 2013; Lund et al., 2017; Steer

et al., 2017; Mindt et al., 2018). Cytotoxic NK cells are classified

as ILC1 cells (transcriptionally and due to production of IFNg) but

will be discussed separately. ILC1 cells (non-cytotoxic NK cells)

represent a small fraction in the lung yet are important mediators

of immune surveillance and early response to respiratory patho-

gensmainly through production of IFNg and TNFɑ. Indeed, using
murine influenza infection models, Vashist et al. demonstrated

early (3 days post-infection) production of these cytokines from

ILC1s in response to A/H1N1 challenge, while Weizman et al.

determined that ILC1 cells produced significantly greater

amounts of IFNg in response to A/PR8/H1N1 than other known

producers (NK, CD8 TRM) in the lung (Weizman et al., 2017;

Vashist et al., 2018). Group 2 ILCs are central communicators

in both peripheral and central airway sites at steady state, con-

verting signals from epithelial cells (IL33, IL25, thymic stromal

lymphopoietin) into Th2 (IL5, IL9, IL13), immunoregulatory

(IL10), and epithelial repair factor (amphiregulin) relays (Neill

et al., 2010). ILC2 cells also engage in further contact-dependent

signaling with lymphocytes via PD1 (Th2 cells) and ICOS (ILC2;
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Treg), can modulate epithelial cell junctions, and have also been

shown upregulate MHC-II to present antigen to responding CD4

T cells (Mirchandani et al., 2014; Oliphant et al., 2014). The role of

ILC2s during influenza infection, however, is complex and de-

pends on the context of the infecting strain. While IL13+ ILC2s

were shown to restore lung function and epithelial integrity via

amphiregulin in an A/H1N1 murine lung infection model (Monti-

celli et al., 2011), others have demonstrated that IL13 produced

by ILC2s in response to A/H3N1 enhances pathogenicity by pro-

moting airway hyper-reactivity independently from adaptive re-

sponses (Chang et al., 2011). The final group, ILC3s, function

like Th17 (IL17) and Th22 (IL22) cells. As with ILC2s, the role of

ILC3s during influenza infection is double-edged, with studies

suggesting that early IL17 production during A/H1N1 infection

(likely from ILC3s) promotes neutrophil recruitment and lung

injury (Li et al., 2012) but may also be important for preventing

secondary bacterial infections (Robinson et al., 2013; Ardain,

Porterfield, et al., 2019). Although studies in humans are limited,

ILC3s have been shown to be involved in early clearance of bac-

terial infections (Gopal et al., 2014; VanMaele et al., 2014; Bayes

et al., 2016; Xiong et al., 2016; Treerat et al., 2017; Ardain, Dom-

ingo-Gonzalez et al., 2019).

Unconventional and innate-like lymphocytes, including

gamma-delta (gd) TCR-expressing T cells, mucosal-associated

invariant T (MAIT) cells, and invariant natural killer T (iNKT) cells

also populate the lung and airways and are important for

response to respiratory pathogens. gd T cells provide passive

T cell immune responses in the lung and are known to exhibit

age- and tissue-specific functionality in humans (Clark and

Thomas, 2020). These age-related differences in gd T cell abun-

dance, functionality, TCR repertoire, and tissue localization may

underlie differences in response to respiratory bacterial and viral

infections, including tuberculosis, influenza, and human

cytomegalovirus (HCMV) (Clark and Thomas, 2020). In a 2018

study, Guo and colleagues explored the immune environment

in the lung of neonatal mice infected with IAV and observed

that a more tolerant environment was critical to animal survival

(Guo et al., 2018). In response to epithelial damage, gd T cells,

through the production of IL17, stimulated secretion of IL33

from epithelial cells, which in turn promoted amphiregulin pro-

duction from regulatory T and ILC2 cells (Guo et al., 2018).

Recent evidence also suggests that gd T cell numbers are

severely reduced in children with COVID-19, though how these

cells contribute to disease progression is largely unknown (von

Massow et al., 2021).

MAIT cells are the second set of unconventional T cells abun-

dant in the human lung and are defined by expression of a semi-

invariant TCR recognizing metabolic derivatives of the riboflavin

synthesis pathway presented on MHC-related protein-1 (MR1)

(Provine and Klenerman, 2020). MAIT cells provide rapid, anti-

gen-specific immunity against bacterial infections and are

important during antiviral response in humans, though this is

more likely antigen-agnostic activation mediated by synergistic

activities of IL18, IFN-I, IL12, and IL15 (van Wilgenburg et al.,

2016; Harker and Lloyd, 2021). During experimental murine influ-

enza infection, MAIT cells were shown to be necessary to protect

mice against lethal A/H1N1 challenge (van Wilgenburg et al.,

2018). In this model, MAIT cells accumulated early (days 3-5)

and were activated to express CD69, CD25, and granzyme B
(GzmB) by local cytokines rather than MR1-restricted antigens

(van Wilgenburg et al., 2018). Like MAITs, iNKT cells are acti-

vated by cytokine responses during viral infection but can also

mediate antigen-specific responses to self- and microbial-

derived lipids presented to a limited, CD1-restricted TCR reper-

toire (Harker and Lloyd, 2021). Activation of iNKT cells is impor-

tant for antiviral responses in the lung, and direct activation of

these cells with an intranasal iNKT agonist led to rapid and

enhanced protection of piglets from lethal A/H1N1 influenza

challenge, suggesting these cells may be a therapeutic target

in treatment of severe influenza (Artiaga et al., 2016). However,

recent evidence from SARS-CoV-2-infected patients has

demonstrated that dysregulation of MAIT and iNKT cells can

have detrimental and life-threatening effects. In a 2020 study,

Jouan and colleagues found that COVID-19 influences the

phenotype and function of these unconventional T cell subsets,

observing significant reduction in peripheral levels of iNKT and

MAIT (but not gd T) cells in patients admitted to the ICU and sub-

sequent increase in activated CD69+ iNKT cells in the lung

(Jouan et al., 2020). The activation states of MAIT and gd

T cells were predictive of the level of hypoxia patients experi-

enced over the course of infection (Jouan et al., 2020). In a similar

study,MAIT cell activation and cytotoxicity, typified by increased

expression of CD69, IFNg, and GzmB, strongly correlated with

fatal outcomes in patients with COVID-19 (Flament et al.,

2021). The authors also argue that MAIT dysregulation in these

patients was likely the result of imbalanced IFN-I and IL18 cyto-

kine secretion by transitional monocyte-macrophages, as mac-

rophages from healthy donors infected with SARS-CoV-2 could

drive cytotoxicity in MAIT cells ex vivo (Flament et al., 2021).

Endothelial and mesenchymal cells are the final non-circu-

lating cell types in the airways and are recognized as important

and diverse mediators of airway inflammation, cell recruitment,

and respiratory responses. Endothelial cells (ECs) form the lining

of blood vessels and have long been appreciated in the respira-

tory system as regulators of gas exchange and ECM remodeling

and as physical gatekeepers regulating immune cell influx. How-

ever, numerous studies have shown that these cells may play a

more direct role in tolerance, immune surveillance (scavenging),

active phagocytosis, immune cell recruitment from the periph-

ery, and antigen presentation to conventional (CD4/CD8) and un-

conventional (iNKT) T cells. Collectively, these EC subsets are

referred to as immunomodulatory endothelial cells (IMECs),

and their numerous unique functions have been detailed else-

where (Amersfoort et al., 2022). However, evidence for detri-

mental functions during antiviral response have also been

uncovered. Direct infection of ECs by influenza in animal-chal-

lenge models is associated with more severe disease, induction

of cytokine storm, and breakdown of barrier functions (Teijaro

et al., 2011b; Tundup et al., 2017). In studies of a vascularized

lung-on-chip model of COVID-19, Thacker et al. report unpro-

ductive infection of ECs by SARS-CoV-2; however, interaction

with the virus lead to EC clustering, reduced CD31 expression,

loss of barrier integrity, and production of pro-coagulation fac-

tors (Thacker et al., 2021), signs of severe disease that may be

enhanced in aged individuals (Angelidis et al., 2019). Mesen-

chymal cells, encompassing fibroblasts, pericytes, smoothmus-

cle, and other stromal cell types, are important physical media-

tors of lung function, making up the connective tissue in the
Immunity 55, May 10, 2022 757
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lung, and are involved in regulating tolerance and resistance re-

sponses during infection and lung injury. In healthy states,

mesenchymal cells produce growth factors (VEGF, FGF, and

GM-CSF) to stimulate cell differentiation; however, these cells

can also produce inflammatory cytokines and chemokines and

can often be the primary producers IL6 and CCL2, two key fac-

tors in establishing resistance. Fibroblasts, along with epithelial

and endothelial cells, are responsible for remodeling the ECM,

a complex of structural proteins, proteases, and glycosylases

that provides structural support in the airways and helps in

lung function. During acute pulmonary inflammation, ECM com-

ponents are degraded by specific proteases expressed by fibro-

blasts and other structural cells, forming a loose provisional ma-

trix allowing immune cell infiltration, proliferation, and

differentiation (Sorokin, 2010; Bonnans et al., 2014; Wight,

2017). If not carefully regulated, ECM remodeling can signifi-

cantly impact outcomes and potential long-term sequelae in

the lung (El Agha et al., 2017). Recent studies have demonstrated

the importance of fibroblast-mediated ECM remodeling during

acute IAV infection, highlighting a previously underappreciated

heterogeneity in this lung cell population. Using single-cell

gene-expression profiling of fibroblasts during severe IAV infec-

tion in mouse lungs, Boyd et al. describe three distinct fibroblast

populations, including traditional ECM-synthesizing and two in-

flammatory subsets (Boyd et al., 2020). Importantly, this study

found that exuberant damage-associated fibroblasts (DRFibs)

are responsible for driving lethal immune pathology during viral

infection due to expression of ECM-remodeling enzymes.

Expression of the matrix metalloprotease ADAMTS4 leads to

specific degradation of the ECM component versican, driving

production of inflammatory cytokines, an influx of innate and

adaptive immune cells, and reduced lung function. Analogous

fibroblast populations were also uncovered in human lung bi-

opsies. Levels of ADAMTS4 in the LRT were associated with se-

vere seasonal or avian influenza infection, while DRFibs corre-

lated with acute respiratory failure in deceased donors (Boyd

et al., 2020).

INNATE RESPIRATORY RESPONSE: RECRUITED AND
DYNAMIC RECIRCULATING CELLS

Several other important innate cell types function in the respira-

tory tract, including cells recruited from the periphery during

acute pulmonary inflammation (neutrophils, NK cells, mono-

cytes) as well as more tissue-resident-like cells (DCs, IMs) that

require dynamic replacement by hematopoietic cells.

Neutrophils are the earliest and most abundant immune cell

recruited into the lungs and airways during acute pulmonary

inflammation (Forbes and Rosenthal, 2014; Wang et al., 2017a;

Konrad et al., 2019). Within respiratory tissue spaces, neutro-

phils act in remediation of pathogens and cellular materials

from the airspace through phagocytosis, degranulation, and

release of neutrophil extracellular traps (NETs)—web-like chro-

matin structures comprising cytosolic and granule proteins

assembled on decondensed chromatin that trap and dissolve

bacterial cells and capture excess cytokines (e.g., CCL5,

CXCL12, and CXCL4) in the lung milieu to help modulate inflam-

mation (Brinkmann et al., 2004; Wang et al., 2017a; Papayanno-

poulos, 2017; Capucetti et al., 2020). The production of NETs,
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termed NETosis, is a form of programmed neutrophil cell death

distinct from necrotic and apoptotic pathways. When dysregu-

lated, NETosis has been shown to exacerbate inflammation

leading to microvascular thrombosis and contribute to viral

acute respiratory distress syndrome (ARDS) (Yang et al., 2016).

Studies in mice have shown that blocking NET formation

improved outcomes during A/H1N1 infection (Narasaraju et al.,

2011; Sugamata et al., 2012). During human A/H1N1 and

A/H7N9 influenza infection, NETs were found to increase the

permeability of alveolar epithelial cells leading to enhanced dis-

ease, while detection of elevated biomarkers of NETs was found

to correlate with severe influenza and, recently, COVID-19 (Zhu

et al., 2018; Zuo et al., 2020). During early-stage response, neu-

trophils potentiate inflammation through production of IL8 and

elastase (Nakamura et al., 1992; Takahashi et al., 1993) but

also have the capacity to promote tissue-repair mechanisms

through expression of matrix metalloproteinases and lipid medi-

ators (González-López et al., 2011; Aguirre et al., 2017; Bláz-

quez-Prieto et al., 2018) and may even dampen acute lung injury

through repression of poly (adenosine diphosphate-ribose)

polymerase-1 (PARP-1) via transfer of miR-223 to epithelial cells

(Neudecker et al., 2017). Neutrophils are also important media-

tors of adaptive lymphocyte recruitment in the lung and airways

in response to both bacterial and viral infections. A 2015 study by

Lim and Hyun et al. explored this mechanism in detail using a

murine influenza challenge model, reporting not only that early

recruitment of neutrophils into the infected trachea is required

for CD8 T cell-mediated protection, but also that T cell recruit-

ment involves long-lasting neutrophil ‘‘trails’’ enriched with

potent chemotactic factors such as CXCL12 to guide lympho-

cytes to the site of infection (Lim et al., 2015).

Defined as cytotoxic members of group 1 ILCs, NK cells

exhibit antigen-agnostic cytolytic functions through the produc-

tion of perforin and granzymes and are contributing producers of

respiratory IFNg (Bernink et al., 2013). NK cells are important, but

not critical for response to viral infections in the human lung. In

response to IAV infection, early production of IFNg by NK cells

limits initial disease severity; however, it may also exacerbate

lung pathology and tissue damage during the later stages of

influenza infection (Zhou et al., 2013; Abboud et al., 2016). A sec-

ond subset of NK cells in the lung parenchyma rapidly degranu-

late, producing GzmB and IFNg to limit viral spread by direct

killing of infected cells (Cooper et al., 2018).

Respiratory or airway macrophages are categorized into three

groups: long-lived tissue-resident AMs (discussed above), dy-

namic recirculating IMs, and recruited peripheral monocytes.

Airway macrophages are highly plastic, and although studies

are limited, several IM subsets have been recently identified in

human lungs by scRNA-seq and transcriptomics (Chakarov

et al., 2019; Schyns et al., 2019). Airway macrophages express-

ing high levels of HIF1a have been called ‘‘guardians of tissue

repair’’ (Puttur et al., 2019) and are critical regulators of airway

inflammation, barrier integrity, and tissue repair. In general, mac-

rophages act as both phagocytes and surveyors of respiratory

infection, expressing high levels of PRRs to detect infections.

Macrophages also express surface Fc receptors, which aid in

progressive clearance of airway pathogens such as influenza

and SARS-CoV-2 (Guilliams et al., 2014; Tay et al., 2019). Airway

macrophages also have the capacity to collect, process, and
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present endogenous and exogenous antigens to lymphocytes,

thereby promoting adaptive responses in the lung. IMs populate

lung interstitial spaces (Figure 1A) where they act as phagocytes

(Fathi et al., 2001; Bedoret et al., 2009), present antigen, and

moderate wound repair. Like resident AMs, IMs have numerous

immune-modulatory functions and produce IL10, TNFɑ, IL6, and
IL1 at steady state (Hoppst€adter et al., 2010;Wizemann and Las-

kin, 2012; Kawano et al., 2016). During acute pulmonary inflam-

mation, circulating monocytes are recruited from the periphery,

differentiate into IMs, and are important for reducing inflamma-

tion through continued production of IL10 in response to

PAMPs. Lastly, macrophages are also implicated in inflamma-

tion-mediated lung dysfunction during coronavirus infection.

Indeed, an inflammatory monocyte-macrophage (IMM) popula-

tion was found to significantly contribute to immune-mediated

lung pathology during SARS-CoV infection in mice (Channappa-

navar et al., 2016), while ‘‘hyperactivated’’ inflammatory macro-

phages contribute to coagulation associated with severe

COVID-19 (Merad and Martin, 2020).

Myeloid-derived suppressor cells (MDSCs) are an important

monocyte subset recruited from the periphery into the airways

during infection (Koushki et al., 2021). MDSCs are heterologous

immunosuppressor cells of myeloid origin distinguished in hu-

mans by expression of CD34+ CD11b+ CD33+ human leukocyte

antigen (HLA)-DR� and categorized as either CD14� CD15+

granulocytic (PMN/G-MDSC) or CD14+ monocytic (M-MDSC)

(Bergenfelz and Leandersson, 2020). Depending on the subset,

MDSCs are capable of producing arginase-I, reactive oxygen,

and nitrogen species and, as their name suggests, are involved

in establishing an immune-suppressed local environment

through production of IL10 and TGFb and recruitment of Treg

cells (Koushki et al., 2021). MDSC function can have pleiotropic

effects on other respiratory immune cells, including downregula-

tion of IL12 signaling in macrophages leading to a suppressive

phenotype, reducing NK cell cytotoxic functions and develop-

ment, and reducing adaptive lymphocyte recruitment and

response via stymied DC development (Koushki et al., 2021).

MDSCs have also been implicated in promoting respiratory virus

disease progression. In a 2021 study of patients with a range of

influenza and COVID-19 disease severities, circulating (not res-

piratory-tissue-associated) M-MDSCs were strongly correlated

with severe illness, ICU admission, and poor patient outcomes

(Falck-Jones et al., 2021). The authors observed that

M-MDSCs sampled from COVID-19 patients suppressed T cell

proliferation and IFNg production through an arginase-I-depen-

dent mechanism, likely leading to suppression and delay of T cell

responses during active infection (Falck-Jones et al., 2021). Due

to this strong association with severe COVID-19, others have

proposed the use of circulating MDSC levels as a biomarker

delineating high-risk patients and a possible therapeutic target

to reactivate suppressed T cell responses in patients battling se-

vere respiratory viral infection (Rowlands et al., 2021).

Dendritic cells in the airways are long-lived respiratory immune

cells that can persist up to 8 weeks presenting antigen (Julia

et al., 2002; Ginhoux et al., 2009; Kopf et al., 2014) but over

time require replacement from the bonemarrow. As professional

APCs, DCs sample antigen from the airway lumen through trans-

epithelial projections, then traffic to draining lymph nodes (LNs)

in the NALT and BALT to coordinate the training and expansion
of naive T cells (Hemann et al., 2016; Kohli et al., 2016)

(Figure 1D). Pulmonary DC heterogeneity is a growing area of

research, as unique DC subsets have a high degree of impor-

tance in coordinating adaptive responses to lung infection and

vaccination, as well as acute inflammation. Three groups of pul-

monary DCs are widely recognized: plasmacytoid DCs (pDCs)

and two monocyte-derived conventional subsets, cDC1 and

cDC2. pDCs are rapid and effective mediators of antiviral re-

sponses, producing the majority of IFN-I during respiratory viral

infections (Rahmatpanah et al., 2018). While all DCs can trans-

port antigen to draining LNs, pDCs are known to be poor T cell

primers, and thus the major function of these cells is to establish

a pulmonary antiviral state. A recent study by Severa et al. high-

lights the importance of pDC heterogeneity in COVID-19, report-

ing distinct pDC phenotypes and IFN-I responses, which differed

between asymptomatic and severe SARS-CoV-2 infections

(Severa et al., 2021). Asymptomatic COVID-19 was associated

with pDC surface expression of PD-L1, antiviral ISGs, and high

serum levels of IFN-I, while severe cases were associated with

a low frequency of circulating pDCs and increased serum levels

of pro-inflammatory cytokines. Further, the authors observed

enhanced neuropilin-1-dependent antiviral responses in airway

epithelial cells following release of IFN-I from pDCs (Severa

et al., 2021). In the alveolar spaces, cDC1s, distinguished by

CD103+ expression, sample the alveolar space and interact

with epithelial cells via engagement of E-cadherins by CD103.

cDC1 cells are the predominant APC involved in antigen traf-

ficking and priming (and cross-priming) of adaptive T cell re-

sponses in the draining LNs. Further, like pDCs, these cells are

also important mediators of viral response and have been shown

to direct CD8 T cell responses during human IAV infection (He-

mann et al., 2019). The cDC2 subset is defined by

CD103-CD11b+ expression and resides in the lung interstitium

(Vroman et al., 2017). These cells have been shown to help

establish long-lived memory T cell subsets in the lung following

influenza infection in the lung (Kim et al., 2014).

INNATE RESPIRATORY RESPONSE: VACCINATION AND
RECALL

Widespread vaccination remains the best means of preventing

severe pathology and transmission of infectious diseases

including prominent respiratory pathogens. In principle, an effec-

tive vaccinemust first trigger innate immune responses sufficient

to train adaptive, antigen-specific T and B cell responses, which,

depending on the vaccine platform, can elicit systemic or local-

ized immunologic memory (Clem, 2011). Vaccine types are

broadly categorized into replicating and non-replicating formula-

tions. Replicating, or live-attenuated (LAV), vaccines mimic a

natural infection and therefore trigger classical acute inflamma-

tion and immune detection through the natural production of

PAMPs. Examples of these vaccines include the live-attenuated

influenza vaccine (LAIV) FluMist; measles, mumps, rubella, and

varicella (MMRV ProQuad); and the Bacillus Calmette-Guérin

for tuberculosis. Protocols have also been proposed for genera-

tion of LAVs against coronavirus (Deng et al., 2017, 2019; Wang

et al., 2021). Non-replicating vaccines, on the other hand,

contain natural pathogen constituents and include subunit (hep-

atitis B), split-inactivated (influenza), toxoid (tetanus), and
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conjugate (DTap) vaccine preparations that weakly stimulate

local activation at the site of introduction. These vaccine types

typically require the addition of an adjuvant, a vaccine compo-

nent designed to stimulate innate immune responses, discussed

below. Innate immune responses following vaccine-generated

PAMPs or adjuvants operate in much the same manner as in

response to a respiratory pathogen to promote recruitment of

DCs, enhance antigen collection, and train adaptive memory re-

sponses (Figure 2). Thus, the composition, duration, and

strength of cytokine and chemokine production as well as co-

stimulatorymarker expression from innate APCs following vacci-

nation can significantly affect the quality and quantity of T and B

cell responses (Kang and Compans, 2009). Kulkarni and col-

leagues evaluated the importance of RIG-I, an innate cytosolic

PRR detecting viral dsRNA, signaling during influenza vaccina-

tion (Kulkarni et al., 2014). After co-administering the RIG-I ligand

50ppp-dsRNA with influenza vaccine antigens, the authors found

that these mice developed robust levels of anti-HA antibodies

(exhibiting enhanced antibody affinity maturation), increased

germinal center (GC) reactions, increased T follicular helper

cell responses and conferred protective immunity against virus

challenge (Kulkarni et al., 2014). Interestingly, activation of the

RIG-I signaling pathway was also found to significantly reduce

the concentration of influenza antigen required for optimal influ-

enza-specific cellular and humoral responses, underscoring the

importance of innate immune pathway activation in effective

vaccine design (Kulkarni et al., 2014). Further, Kandasamy and

colleagues showed that RIG-I signaling was also important for

effective polyfunctional T cell responses in mice during influenza

infection, which were dependent on downstream production of

IFN-I (Kandasamy et al., 2016).

The use of adjuvants in respiratory virus vaccine design has a

long history, with numerous safe and effective formulations that

have been extensively reviewed (Pulendran et al., 2021). The ad-

juvants used in human vaccines are diverse and can trigger a

range of innate and adaptive immune response types and inten-

sities and, therefore, must be carefully tailored. Three classes of

adjuvants are currently approved for use in humans and include

aluminum salts (e.g., alum); oil-in-water emulsions, which often

combine multiple adjuvant types (e.g., AS03, MF59); and lipid

nanoparticles (LNPs; e.g., PEG-based LNP), which were recently

approved for use in the Moderna (mRNA-1273) and Pfizer/

BioNTech (BNT162b2) COVID-19 vaccines (Chatzikleanthous

et al., 2021; Hou et al., 2021; Teijaro and Farber, 2021). Much

like traditional infection, these adjuvants engage innate PRRs

to promote immune responses (Figure 2). For example, alum,

one of the more classic adjuvants used in influenza vaccine

design, engages the NLRP3/ASC1/NLR complex, activating

NF-kB signaling and leading to TLR-independent antibody re-

sponses that require CD4 T cell help. Conversely, MF59, an

emulsion of squalene, Span85, and Tween-80 also used in influ-

enza vaccines, recruits innate immune cells and promotes CD4

T cell-independent anti-influenza antibody production (Ko and

Kang, 2018). In the past several years, the SARS-CoV-2

pandemic has necessitated the development and clinical evalu-

ation of multiple vaccine platforms with and without the use of

traditional adjuvants. Two examples are the adenoviral vector

(AdV)-based DNA vaccines (J&J) and the LNP-mRNA (Moderna;

Pfizer/BioNTech) vaccines, which trigger unique innate path-
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ways. The goal of both vaccine types is to transfect and activate

DCs to produce the encoded SARS-CoV-2 spike (S) antigen

while also presenting peptide epitopes to CD4 and CD8 T cells

driving cellular and humoral adaptive responses in parallel. The

AdV-based vaccines encapsulate dsDNA coding for the S pro-

tein, which is delivered to the nucleus, transcribed into mRNA,

and translated. This process inherently produces intermediates

that trigger TLR9 and lead to production of IFN-I. In a similar

way, mRNA vaccines are carried in a LNP specifically designed

for uptake into DCs. While a proportion of delivered mRNA is

directly translated into full-length S, exogenous mRNA (via

TLR7) and cytosolic mRNA (via MDA5) trigger strong IFN-I pro-

duction (Figure 2). With both platforms, S protein is produced

within DCs and therefore can be processed and presented by

MHC-I and MHC-II to engage CD8 and CD4 T cells, respectively

(Sprent and King, 2021; Teijaro and Farber, 2021).

Of particular importance in immunization against respiratory

pathogens is the site at which the vaccine is administered,

whether that be intramuscular, intradermal, epicutaneous, or

mucosal. However, designing effective vaccines that stimulate

robust and protective immune responses in the respiratory mu-

cosa has been an ongoing challenge. As a result, the majority

of vaccines licensed for influenza and SARS-CoV-2, with the

exception of the LAIVs, are delivered distally and rely on sys-

temic innate and adaptive immunity, which may not be sufficient

for protection atmucosal sites. Indeed, studies of consenting hu-

man volunteers experimentally challenged with A/California/

2009 (H1N1) influenza were found to be protected frommore se-

vere disease by pre-existing mucosal IgA rather than systemic

IgG (Gould et al., 2017), suggesting that antibody titers in the pe-

riphery are not always robust correlates of protection. Thus,

there exists an immunologic disconnect between some current

vaccinations delivered systemically and protection afforded at

mucosal barriers. Several recent studies have begun to explore

the benefits and caveats to local (intranasal) and systemic vac-

cine delivery. One such group compared routes of immunization

with modified vaccinia Ankara (MVA), an approved vaccination

against smallpox, and found that MVA viral vectors delivered

by epicutaneous scarification protected mice more efficiently

(lower dose) against lethal challenge with vaccinia virus than in-

tradermal, subcutaneous, or intramuscular routes (Pan et al.,

2021). Intriguingly, immunization by epicutaneous scarification

generated CD8+ TRM cells that were as abundant in the lungs

and have transcriptional profiles overlapping those of TRM cells

generated following direct intratracheal delivery, suggesting that

MVA vectors delivered via scarification are promising and effi-

cient vaccine vectors for respiratory pathogens (Pan et al.,

2021). The failure of the other non-mucosal MVA vaccine routes

to stimulate effective airway immunity is representative of the

disconnect between these strategies and robust mucosal im-

mune protection. In a 2018 study, Li et al. also demonstrated

that both vaccine route and type of adjuvant impact the pheno-

type of recruited innate cells (Li et al., 2018). While intranasal (IN)

virus vaccination of mice prompted ‘‘classic’’ ILC2 development

in the lung, the same immunization delivered intramuscularly re-

sulted in recruitment of ‘‘inflammatory’’ ILC2s, which produced

significantly more IL13 than IN-vaccine-derived ILC2s. IL13 pro-

duction was responsible for influencing IFNg, IL22, and IL17A

expression in ILC1 and ILC3s and plays a critical role in shaping
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APC recruitment, activation, and subsequent B and T cell immu-

nity (Li et al., 2018).

Direct IN vaccination against influenza has only been success-

fully achieved with LAIV, though these replicating vaccines

cannot be delivered to all demographics, highlighting the need

for improved split, protein, or subunit IN vaccination. Dong

et al. recently demonstrated that the poor immunogenicity of

IN-delivered protein-based influenza vaccines could be over-

come by delivery of hemagglutinin (HA) within graphene oxide

polyethyleneimine (GP) nanoparticles (Dong et al., 2021). Un-ad-

juvanted HA/GP nanoparticles induced innate immunity at com-

parable levels to CpG in mice and conferred protection against

homo- and heterosubtypic influenza infection in mice (Dong

et al., 2021). In another recent study investigating improved IN

vaccine strategies, Varma and colleagues designed and tested

a hydrogel laden with cGAMP adjuvant and a broadly active

HA antigen developed using the computationally optimized

broadly reactive antigen (COBRA) approach (Varma et al.,

2022). The hydrogel was designed to increase the mucoadhe-

sion and retention (>6 days) of the cGAMP adjuvant and, upon

IN vaccination in a prime-boost schedule, resulted in signifi-

cantly higher IgG and IgA levels when compared to more tradi-

tional methods (Varma et al., 2022). Due to the success of the

LNP-based mRNA vaccines, ongoing studies into aerosolized

LNP-based IN vaccines are also being conducted (Zhang

et al., 2020).

While thesemucosal vaccine approaches are promising, there

is still significant ground to cover before any are licensed for

administration in humans. The current lot of systemic vaccines

are highly effective at reducing overall severe disease during res-

piratory infection; however, a drawback is that certain respira-

tory pathogens may still replicate in the airways for a time before

IgG-mediated neutralization, thus affording space for transmis-

sion events. This is an important consideration with respect to

the ‘‘goal’’ of vaccination, and tradeoffs are often made between

reducing transmission events and reducing symptom severity.

However, this may not be as significant an issue with mRNA vac-

cine platforms. In a 2021 study, Mades, Chellamathu, and Ko-

jima et al. observed significant IgG titers in saliva and oral mu-

cosa 15 days after the first dose of either Moderna or Pfizer/

BioNTechCOVID-19 vaccines (Mades et al., 2021). Other groups

have also shown successful IN protection against SARS-CoV-2

in mice immunized with an AdV-based vaccine promoting both

mucosal and systemic IgA production (Hassan et al., 2020).

Further, a recent preprint describes broad mucosal protection

against SARS-CoV-2 elicited following un-adjuvanted IN spike

booster vaccination, providing new incentives to invest in a

possible hybrid (systemic and mucosal) vaccine approach to

close the gap between systemic and mucosal responses (Mao

et al., 2022).

INNATE RESPIRATORY RESPONSE: TRAINED
IMMUNITY

The exposure of the innate immune system to pathogens within

the context of infection or immunization can lead to development

of a specialized innate memory-like state termed trained immu-

nity. Trained immunity is characterized by antigen-agnostic in-

creases in innate immune responsiveness against secondary
infection, which can provide broad protection against heterotyp-

ic infections (Netea et al., 2020). Trained immunity is distinct from

tolerance, as trained immune cells undergo programmatic

‘‘priming’’ resulting in enhanced effector functions, while with

tolerance, programmatic changes result in suppressed functions

(Chumakov et al., 2021) (Figures 3D–3F). During trained immu-

nity, these programmatic changes are coordinated along a

metabolic-epigenetic axis. During the first challenge, PRRs are

engaged and trigger the upregulation of metabolic pathways

including glycolysis, TCA cycle, and fatty acid metabolism, the

products of which alter the epigenetic landscape of chromatin

in gene regions important for innate immune responses. While

trained immunity typically lasts 6 months to 5 years, recent

studies on epigenetic and metabolic profiling suggest these ef-

fects could be trans-generational (Netea et al., 2020). Several

specific pathways underlying these adaptive-like innate re-

sponses have been described for monocytes, DCs, NKs, and fi-

broblasts and have been reviewed elsewhere (Netea et al.,

2016, 2020).

Long-term trained immunity and heterologous protection

against subsequent infections are also afforded by immunization

with whole-organism or replicating LAVs. Numerous studies

have reported and characterized the development of trained im-

munity following Bacillus Calmette-Guérin (BCG), measles,

smallpox, and oral polio vaccination. The initiation, functional im-

mune consequences, and innate ‘‘priming’’ observed in myeloid,

NK, and DC populations following immunization have been

extensively defined and reflect those observed with post-infec-

tion trained immunity (Netea et al., 2016). Interestingly, several

groups have shown that trained immunity arising from vaccina-

tion with LAVs may reduce susceptibility and severity of SARS-

CoV-2 infection. Evidence from Rivas et al. suggests that health-

care workers recently vaccinated with Bacillus Calmette-Guérin

had reduced SARS-CoV-2 seropositivity and, if infected,

reduced symptoms and better outcomes, comparatively (Rivas

et al., 2021). Additional studies from the Netherlands (Moorlag

et al., 2020) and United Arab Emirates (Amirlak et al., 2021)

corroborate this evidence, finding improved COVID-19 out-

comes with recent Bacillus Calmette-Guérin vaccination. Thus,

the robust and long-term humoral and T cell correlates of protec-

tion afforded to us by vaccination against SARS-CoV-2 and

newly emerging variants (Tarke et al., 2022) may synergize with

trained innate immunity to more rapidly clear SARS-CoV-2 infec-

tions and reduce symptoms.

ADAPTIVE RESPIRATORY IMMUNE RESPONSE:
PRIMING ANTIGEN-SPECIFIC IMMUNITY

While antigen-agnostic innate immune responses are triggered

within minutes to hours following detection of extracellular or

cytosolic PAMPs derived from infection or vaccination, the

adaptive immune response is highly antigen specific and takes

several days to weeks to develop (Figure 3). These responses

include CD8+ T cells, which are responsible for direct killing of in-

fected cells in the lung, CD4 T cells, which drive additional acti-

vation of innate and adaptive cytolytic immunity (Th1) or B cell re-

sponses (Th2), and B cells, which are responsible for production

of antibodies to neutralize pathogens or promote additional

function responses in innate cells. Other regulatory T cell subsets
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also function in the respiratory tract including gd T cells and Treg

cells and work to return the airways to a more tolerant space.

Following an initial antigen-specificity training phase, long-lived

adaptive responses also form, with long-lived memory T and B

cells establishing residency in lung tissue niches. Critically, anti-

gens produced by subsequent infections that are recognized by

long-lived memory T and B cells prompt a much more rapid

(hours to days) adaptive response to clear infections, oftentimes

in parallel with innate responses—a basic set of principles under-

lying nearly all current vaccination strategies.

Priming adaptive, antigen-specific immune responses during

active respiratory infection or post-vaccination occurs in drain-

ing LNs housed in the NALT and BALT (Figures 1D, 3C, and

3I). In addition to the draining LNs, evidence suggests that

T cells are also primed and expanded in the bone marrow and

spleen during intermediate and late stages of respiratory infec-

tion. An example of these T cell training and response dynamics

was demonstrated by Wu et al. using a combination of mathe-

matical models of multicompartment CD8 T cell trafficking and

murine influenza (A/X31/H3N2) infection (Wu et al., 2011).

Recently, Jenkins et al. described a pathway for murine mDCs,

which traffic from the lungs of influenza-infectedmice to draining

LNs and can re-enter circulation and localize in the spleen (Jen-

kins et al., 2021). Here, these mDCs activate CD8 T cell re-

sponses, which, intriguingly, were found to be longer lived than

traditional LN-primed CD8 T cells. While it remains unknown

how conserved thismechanism is and if this type of T cell priming

occurs in humans, it is clear that differential activation and

training of T cell responses during respiratory lung infection is

exciting as new functional activities are described for T cells

primed in unique niches.

Like T cells, antigen exposed B cells also migrate within the

LNs and accumulate at the T-B cell zone border and form anti-

gen-specific cognate pairs with activated CD4+ Th2 cells. A sub-

set of these B cells differentiate into short-lived plasma cells

(Schwickert et al., 2011; Shulman et al., 2013), while others enter

specialized B cell maturation regions in the LNs termed GCs

(Coffey et al., 2009; Pereira et al., 2010) (Figures 1D and 3I-III).

B cells expressing high-affinity immunoglobulin variants are

selected for clonal expansion and differentiation into long-lived

plasma or memory B cell subsets by T follicular helper (Tfh) cells,

shown to be necessary for sustained GC reactions and develop-

ment of long-lived memory B cells (Crotty, 2011; Qi, 2016).

Recent studies sampling draining LN sites from participants

immunized with Pfizer/BioNTech BNT162b2 mRNA COVID-19

vaccine demonstrated that antigen presentation in GCs occurs

over months and is likely a result of sustained and robust Tfh

cell responses (Turner et al., 2020, 2021; Kim et al., 2022;

Mudd et al., 2022). In another study, expanded public TCRs

from circulating Tfh (cTfh) clonotypes were found in patients

recovering from mild COVID-19 symptoms (Lu et al., 2021).

The corresponding SARS-CoV-2 spike epitope was conserved

across variants, presented by multiple HLAs. The SARS-CoV-2

epitope also activated these public cTfh clonotypes in both

patients with mild symptoms and healthy donors, suggesting

a more universal nature, which may be an important component

of vaccines specifically eliciting T cell responses (Lu et al., 2021).

Sustained antigen presentation, however, is not conserved

following all vaccinations or vaccine types. It has long been
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appreciated that while infection by influenza virus induces robust

and long-lived humoral responses, seasonal influenza vaccina-

tion strategies have largely failed in this regard. Devarajan and

colleagues speculated that this could be due to differences in

antigen availability and duration of Tfh responses in the LNs be-

tween influenza infection and vaccination with inactivated vac-

cines (Devarajan et al., 2022). Their 2022 study found that strong

influenza-induced Tfh responses require CD4 effectors to

continually recognize local antigens and receive signals from

ongoing infection (Devarajan et al., 2022). GC reactions stalled

with inactivated vaccination but could be prolonged with the

administration of LAIV. This apparent requirement for continued

antigen presence on themaintenance of GC reactions is likely an

evolutionary tolerance feature to prevent over-activation and

development of autoimmunity. Further, several studies have

also described generation of T cell-independent antibody re-

sponses, suggesting a sort of immunologic redundancy in the

development of these critical humoral responses. One such

study showed that Tfh cells, enhanced by IL2 signaling early in

life, mediated high-affinity antibody production required for pro-

tection against RSV; however, these cells were dispensable

during primary influenza infection and recall responses (Pyle

et al., 2021). This suggests that, in certain circumstances such

as influenza re-infection, TRM cells and Tfh/T cell-independent

antibody responses may be sufficient for protection and

compensate for a lack of robust Tfh activity in GCs during recall

responses (Lee et al., 2005; Wu et al., 2014; Miyauchi

et al., 2016).

Once trained, effector T andB cells exit the LN via efferent lym-

phatics and re-enter circulation. In response to a chemotactic

gradient produced by airway endothelial and innate immune

cells, these lymphocytes traffic back to the site of infection

where they accumulate in the airway parenchyma and mediate

various antigen-specific functions described below.

ADAPTIVE RESPIRATORY IMMUNE RESPONSE: T
LYMPHOCYTES

T cells play critical roles in the immune response to respiratory

infection through multiple functional activities including innate

and adaptive immune cell activation, environment-dependent

pro-inflammatory and immune-modulatory cytokine production,

antigen-specific killing of infected cells, training humoral re-

sponses, and long-term immune memory, surveillance, and re-

activation potential. T cell responses in the lung can be tempo-

rally divided into the effector responses mounted during acute

infection and long-lived memory T cells maintained in the lungs

and circulation thereafter.

Short-lived, cytotoxic CD8+ T cells recognize class I MHC-

bound peptide (pMHC) and mediate targeted killing of infected

cells through secretion of cytolytic enzymes. Dysregulation of

these cells during infection can lead to lung damage, as was

observed in a recent preprint by Guo et al., demonstrating that

overproduction of CXCR3 drives CD8+ T cell-dependent lung

pathology during influenza infection (Guo et al., 2022). In other

contexts, CD8+ T cells are also important producers of anti-in-

flammatory cytokines such as IL10. Additional cytotoxic contri-

butions are made by CD4+ T cell subsets derived from naive

and central memory clones that acquire cytotoxic functions
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(Teijaro et al., 2011a; Strutt et al., 2013). Traditional CD4+ T cell

responses can be divided into several ‘‘helper’’ lineages depend-

ing on the cytokine environment a naive T cell is exposed to. Th1

are potent responders to intracellular lung infection, activate

resident macrophages, and secrete IFNg and IL2. Th2 cells pro-

duce numerous cytokines, including IL4, IL5, IL9, IL10, and IL13,

to regulate inflammation in the airways. Tfh cells specialize in B

cell training in LNs and help establish humoral responses to

infection. A newly described lung-resident CD4, termed T resi-

dent helper (TRH) cells, were identified following influenza infec-

tion in mice and function similarly to both TRM and Tfh cells, but

operate locally to promote humoral responses in the lung

(Schattgen and Thomas, 2021; Son et al., 2021; Swarnalekha

et al., 2021). CD4+/FOXP3+ Tregs, recruited during late stages

of pulmonary inflammation, are important mediators of airway

tolerance through production of IL10 and TGFb (Chen and Kolls,

2013). Tregs also promote tissue repair through secretion of am-

phiregulin, inducing differentiation of type I and type II pneumo-

cytes and blocking fibrocyte recruitment and proliferation

(D’Alessio et al., 2009).

During the later stages of respiratory immune responses, long-

lived memory T cells begin to develop and emigrate to various

T cell compartments over decades (Thome et al., 2014).

Following both infection and vaccination, subsets of CD4+ and

CD8+ T cells in the airways transition into CD69+ CD103+,

long-lived, non-circulating resident adaptive immune cells

termed TRM cells. These cells are stable in mucosal sites

throughout life (Masopust and Soerens, 2019; Szabo et al.,

2019) and are phenotypically and transcriptionally distinct from

other T effector memory populations expressing a core tran-

scriptional signature that includes upregulation of integrin and

chemokine receptors, increased immunomodulatory signatures,

and reduced tissue egress markers (Purwar et al., 2011; Hom-

brink et al., 2016; Mackay et al., 2016; Kumar et al., 2017; Oja

et al., 2017). As resident adaptive immune cells, TRM cells

have numerous functions in the lung and airways. In mice,

CD4+ TRM cells dominate immune surveillance in the airways

and adopt shared transcriptional, phenotypic, and functional

properties with CD8+ T cells, initiating memory recall responses

through localized cytokine expression and activation of mucosal

cellular immunity (Beura et al., 2019). TRM cells have been

shown to be important for mediating post-vaccination and

post-infection cross-protection against heterosubtypic influenza

strains (Turner et al., 2013; Wu et al., 2014; Kumar et al., 2018).

Importantly, Zens et al. report that TRM cells were only observed

in airway mucosa following IN immunization with LAIV, but not

with split-inactivated preparations, suggesting that the develop-

ment of these cells is highly dependent on strong mucosal im-

mune responses (Zens et al., 2016).

T cell responses in the lung have been an important area of

research during the SARS-CoV-2 pandemic and have been re-

viewed extensively (Grifoni et al., 2020; Bertoletti et al., 2021;

Kedzierska and Thomas, 2022). In a 2021 study, Grau-

Expósito et al. identified associations of both peripheral and

lung-resident virus-specific T cells with clinical outcomes during

acute infection (Grau-Expósito et al., 2021). Severity was associ-

ated with increased IFNg and IL4 production and apoptosis in

T cells, while SARS-CoV-2-specific T cells from non-hospitalized

participants had increased expression of CCR7, IL10, IL12p70,
and degranulation markers. These authors also show that

SARS-CoV-2-specific TRM cells are established in the airways

for at least 10 months post-infection (Grau-Expósito et al.,

2021). Interestingly, Niessl and colleagues determined that

32% of donors across all age groups sampled prior to the

outbreak of SARS-CoV-2 had pre-existing tonsillar populations

of CD8+ TRM cells that cross-reacted with SARS-CoV-2 anti-

gens (Niessl et al., 2021). Further, a pre-existing population of

T cells with cross-reactivity to SARS-CoV-2 replication-tran-

scription complex (RTC) antigens was also identified among

healthcare workers with high exposure risk yet remained consis-

tently PCR- and seronegative, showed no clinical signs of dis-

ease, and had indicators of abortive SARS-CoV-2 infection

(Swadling et al., 2021). These data suggest that pre-existingmul-

tispecificmemory T cell responses are likely drawing on previous

exposures to seasonal coronaviruses and may be important de-

terminants of SARS-CoV-2 disease progression. Other groups

have shown that de novo TRM responses initiated following

SARS-CoV-2 infection are associated with reduced severity.

Indeed, Szabo et al. used scRNA-seq and flow cytometry to

generate high-dimensional immune profiles of COVID-19 in pa-

tients across age and severity groups (Szabo et al., 2021). This

group found that young participants with asymptomatic disease

had an increased TRM profile compared to older participants

with more severe disease. Severity, inflammation, and persis-

tence were associated with lower T cell responses and

enhanced inflammatory monocyte signatures, highlighting the

importance of T cell responses (Szabo et al., 2021). Further, us-

ing longitudinal sampling of a small set of patients across the

entire course of COVID-19 disease progression, Tan et al. found

early induction of SARS-CoV-2-specific T cells associated with

mild disease and viral clearance, which they argue could be a

prognostic factor in assigning disease severity risk (Tan

et al., 2021).

The specificity component of the adaptive T cell response is

ascribed to the surface-expressed TCR, which engages the

pMHC. The TCR repertoire refers to the composition and TCR

clonal diversity generated within a population of T cells respond-

ing to a particular pathogen. Studies have shown that TCRs

associating with the same antigen tend to have similar amino

acid sequences within the major peptide recognition loop

(Dash et al., 2017) and, further, that this similarity can be used

as a measure to determine overall TCR diversity within a reper-

toire. Building from these concepts, several groups have found

that polyfunctional T cell responses with high TCR repertoire di-

versity correlate with more favorable respiratory disease out-

comes, especially during viral infections (Kedzierska et al.,

2006; van Gisbergen et al., 2011; Wang et al., 2012; Wilkinson

et al., 2012; Sridhar et al., 2013; Cukalac et al., 2014; Pizzolla

et al., 2018; Sant et al., 2018; Koutsakos et al., 2019). In one

such study, authors captured and sequenced the polyclonal

TCR repertoire of recently activated CD8+ T cells responding

to A/H7N9 influenza infection, comparing the repertoires of

recovered adult patients to those with fatal outcomes, and found

significant variation in diversity over time between patient groups

(Wang et al., 2018). The authors conclude that patient recovery

was associated with the early clonal expansion of a few optimal,

and likely antigen-specific, T cell clones, while fatal outcomes

were characterized by a delay in CD8+ clonal expansion and
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diversity (Wang et al., 2018). Investigating TCR diversity has also

been an important avenue in understanding the T cell responses

during SARS-CoV-2 infection and following vaccination. In a

recent study, Minervina and Pogorelyy et al. sought to determine

the effects of diverse and repeated antigen exposures on SARS-

CoV-2 memory T cell subsets within a cohort of adults receiving

two doses of the Pfizer BNT162b2 mRNA COVID-19 vaccine,

natural infection, or breakthrough infection (Minervina et al.,

2022). Using antigen-specific scRNA and scTCR sequencing

of SARS-CoV-2-specific T cells, the authors determined that

the order of antigen exposure determined the relative distribution

of SARS-CoV-2-spike- and non-spike-specific responses. While

post-infection vaccination led to the largest expansion of

spike-specific and effector T cells, TCR repertoires analyzed

from breakthrough participants comprised mainly non-spike re-

sponses. Importantly, all antigen exposure types elicited diverse

TCR repertoires without repertoire narrowing from repeat expo-

sures, suggesting that the current, multiple-dose and booster

mRNA vaccine regimens are not negatively impacting our ability

to adequately respond to diverse SARS-CoV-2 variants of

concern (VOCs) (Minervina et al., 2022). Thus, understanding

changes in TCR repertoire diversity following infection or vacci-

nation is essential for determining adaptive immune efficiency

and T cell response potency and is a viable metric for evaluating

vaccine efficacy and post-infection response.

ADAPTIVE RESPIRATORY IMMUNE RESPONSE: B
LYMPHOCYTES

The other arm of the adaptive immune response in the airways

comprise B cell and humoral (antibody) responses. During pri-

mary infection or vaccine introduction, short-lived plasma cells

secrete low-affinity IgG and IgA in tissue sites while GC-trained,

affinity-matured plasma cells localize late during infection to

secrete high-affinity Ig. IgA is more ubiquitous in the respiratory

mucosa; however, both IgA and IgG have been shown to clear

invading respiratory pathogens through opsonophagocytic acti-

vation and direct or cross-neutralization of homosubtypic and

heterosubtypic influenza strains (Rangel-Moreno et al., 2008;

Onodera et al., 2012; Adachi et al., 2015; Allie et al., 2018; Barker

et al., 2021). The Fc portion of various IgG subtypes can also

trigger cellular effector functions that drive antibody-mediated

immune functions. In humans, a striking amount of heterogeneity

has been observed in Fc domain structural repertoires (Wang

et al., 2015; Wang et al., 2017b), which is of particular relevance

in the context of influenza virus infection and vaccination. Anti-

HA IgG effector functions can modulate influenza vaccine effi-

cacy (Wang et al., 2015; Maamary et al., 2017) as well as the pro-

tective potential of broadly reactive anti-hemagglutinin (HA) and

anti-neuraminidase (NA) IgGs (DiLillo et al., 2014, 2016). Recent

serosurvey studies in adults have shown that influenza vaccina-

tion induces specific modulations in post-translational modifica-

tions of the Fc, resulting in diverse glycoform profiles, and in IgG

subclass distributions among vaccine-elicited IgGs (Wang et al.,

2015). These results suggest that anti-HA effector IgG functional

profiles can be regulated by vaccination in adults. During SARS-

CoV-2 infection, a form of immunologic imprinting has also been

described in association with the so-called ‘‘hybrid’’ immunity

generated following exposure to infection and subsequent
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vaccination. Here, Rodda et al. determined that previously in-

fected individuals generated more SARS-CoV-2-specific mem-

ory B cells, neutralizing antibodies, and a distinctive population

of S-specific CD4 T cells expressing IFNg and IL10 after vaccina-

tion than naı̈ve-vaccinated individuals (Rodda et al., 2022). Inter-

estingly, additional vaccinations did not elicit these same CD4

T cell profiles, suggesting that immune imprinting may underlie

the unique immune signatures associated with hybrid immunity

to SARS-CoV-2 (Rodda et al., 2022).

During the resolution phase of acute pulmonary inflammation,

subsets of B cells differentiate into resting memory cells or, like

their T cell counterparts, take up residence in the respiratory

tract as tissue-resident memory B (BRM) cells. In a 2012 study,

Onodera et al. first characterized BRM populations as virus-

binding B cells that accumulated and persisted in the lungs

following murine influenza infection (Onodera et al., 2012).

Indeed, human lungs are known to be enriched with antigen-

specific BRM cells (Barker et al., 2021) that are phenotypically

and functionally distinct from other long-lived memory B cells.

In a 2018 study, Allie et al. determined that IgM+ BRM cells in

the lung required antigen for development and early engagement

of CD40L expressed by T cells, and these BRM cells were ulti-

mately responsible for early isotype-switched plasma cell (IgA

and IgG) responses during secondary influenza challenge (Allie

et al., 2018). Importantly, only influenza antigen-specific BRM

cells were activated, highlighting antigen-specific responses at

mucosal sites (Allie et al., 2018). A recent study by Poon and col-

leagues found direct evidence for SARS-CoV-2 antigen-specific

CD69+ BRM formation and retention in human lungs and LN,

which exhibit a profile distinct from that of circulating memory

B cells (Poon et al., 2021). It remains to be seen if these cells

form following intramuscular immunization against SARS-

CoV-2; however, the presence of these cells following infection

is encouraging evidence for robust, long-term mucosal protec-

tion against lineage-proximal SARS-CoV-2 infection. Together,

airway BRM populations participate in protective humoral re-

sponses to pulmonary infections with known pathogens and

are important mediators of airway immune surveillance.

IMMUNE PATHOLOGY ASSOCIATED WITH
DYSREGULATED INFLAMMATION

The global burden of morbidity and mortality associated with

dysregulated immune responses in the respiratory tract is vast.

These inflammatory conditions are prompted by various triggers

and may lead to airway tissue damage, fibrosis, and long-term

sequelae resulting in reduced capacity of the lungs to effectively

mediate gas exchange. In addition to acute respiratory distress

syndrome discussed below, chronic obstructive pulmonary dis-

ease (COPD), asthma, and allergy responses are also pervasive,

impacting hundreds of millions of people each year; however,

these important immune-mediated pulmonary complications

fall outside the scope of this review.

ARDS is a hypoxic pulmonary syndrome and one of the most

common pathologic outcomes of dysregulated inflammation in

the lungs and airways. One global study of >29,000 patients

observed that 10% of all patients admitted to the ICU and

23%of patients requiringmechanical ventilation were diagnosed

with ARDS, with mortality rates reaching 46% in severe cases
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(Bellani et al., 2016). Patient survival was associated with long-

term cognitive and musculoskeletal sequelae, underscoring the

destructive nature of this inflammatory disease (Herridge et al.,

2011, 2016). ARDS is commonly triggered by pneumonia arising

from viral, bacterial, fungal, or opportunistic infection, and often-

times, two or more agents co-present. ARDS has also been

observed due to indirect means including non-pulmonary

sepsis, substantial burn injury, or medical interventions (Thomp-

son et al., 2017). The disease progresses through three phases.

The exudative phase in the initial injury response is triggered by

alveolar epithelial damage in the lung. Resident AMs sense this

damage and produce inflammatory mediators recruiting neutro-

phils, monocytes, and effector T cells. Inflammation and tissue

damage lead to barrier disruption, accumulation of alveolar

fluids, and microvascular damage—all exacerbated by the addi-

tional mechanical stress of labored breathing. While the mecha-

nisms behind aberrant fluid influx and accumulation are not fully

understood, one study in mice found that dysregulated pulmo-

nary fluid homeostasis during respiratory IAV infection was

mediated by reduced function in epithelial sodium channels

(ENaC) and CF transmembrane regulators (CFTR) in the alveoli

(Leroy et al., 2006; Brand et al., 2018). Typical biomarkers of

ARDS include systemic inflammation cytokines IL6 and IL8,

elevated protein C (dysregulated coagulation), and markers of

epithelial and endothelial damage such as SP-D and angiopoie-

tin. In the proliferative phase, there is a shift from type I (‘‘resis-

tance’’: CD4 Th1, neutrophils, classical macrophages) to type

II (‘‘repair’’: TNFa, IL4, IL5, IL9, and IL13) immune responses. Fi-

broblasts expand and a provisional ECM is formed to restore

structure to the alveoli and clear the edema. Type II immunity

is normally associated with tissue repair but may also initiate

fibrosis, the third phase of ARDS (Gieseck et al., 2017). During

the fibrosis phase, epithelial cell damage and release of

DAMPs prevents tissue repair, leading to fibrosis. Recent studies

of human and murine influenza infection have also identified

damage-associated fibroblast populations, which may exacer-

bate inflammation through expression of ECM proteases and

degradation of versican (Boyd et al., 2020). Large genomic

studies have been performed to identify genes associated with

development of ARDS, as not all patients with risk factors prog-

ress to acute respiratory distress. Associations with ARDS were

found with IL6, IL10, TNFa, VEGF, ACE, and 30 additional genes

comprising responses to inflammation and endothelial or epithe-

lial injury (Meyer and Christie, 2013).

Understanding the role that dysregulated inflammation and

ARDS play in the pathology of multiple respiratory disease states

is critical to prevention, intervention, and mitigation of adverse

events. The reported associations between ACE and ARDS are

particularly interesting in the context of coronavirus infection,

as ACE2, a homolog of ACE that functions as a negative regu-

lator of the renin-angiotensin system (RAS) and can protect

against severe lung failure (Imai et al., 2005), serves as the

cellular receptor for both SARS-CoV and SARS-CoV-2, viral

agents known to cause significant lung damage and acute respi-

ratory distress, which suggests that viral disruption of RAS may

also directly contribute to ARDS (Li et al., 2003; Gu and Korte-

weg, 2007; Harrison et al., 2020; Hoffmann et al., 2020). Indeed,

during SARS-CoV infection, lung injury can be experimentally

attenuated by blocking the RAS pathway, which may be a
possible therapeutic target (Imai et al., 2005; Kuba et al.,

2005). More recently, a mechanism by which ACE2 downregula-

tion leads to dysregulation in the renin-angiotensin-aldosterone

system (RAAS), inflammation, and ARDS during SARS-CoV-2

infection was described. Briefly, virion attachment and budding

reduces ACE2 at the cell surface, causing decreased cleavage

of angiotensin I/II and a subsequent increase in vascular perme-

ability and vasoconstriction. Acute inflammation is a secondary

consequence of SARS-CoV-2-mediated epithelial damage trig-

gering platelet accumulation and localized release of NETs, clot-

ting, and coagulation factors, which have recently been shown to

cleave spike and increase entry of SARS-CoV-2 (Kastenhuber

et al., 2022). Together, inflammation and clotting lead to the sig-

nificant vascular and pulmonary pathophysiology associated

with COVID-19 (Gupta et al., 2020; Merad and Martin, 2020). In

addition to these physiologic disruptions to the RAAS, several

groups provide compelling evidence that SARS-CoV-2 infection

in the alveolar space causes an inflammatory pneumonia immu-

nologically distinct from other types of ARDS. Using high-dimen-

sional cellular and transcriptional profiling of BALF sampled from

patients with COVID-19, Grant et al. identified a unique enrich-

ment of inflammatory monocytes and T cells (Grant et al.,

2021). SARS-CoV-2-infected AMs released chemotactic factors

to recruit IFNg-producing T cells, which in turn enhanced pro-in-

flammatory transcriptional profiles in the AMs (Grant et al., 2021).

In a similar study, Liao and colleagues also uncovered an asso-

ciation between COVID-19 severity and inflammatory mono-

cytes and, further, characterized disease-associated CD8

T cell infiltrates in the BALF as less expanded, more proliferative,

andmore heterogeneous than CD8 T cells sampled frommoder-

ate COVID-19 cases (Liao et al., 2020). Cytokine storm syndrome

(CSS) is often used to describe the dysregulation and positive

feedback of pro-inflammatory cytokines mediating immunopa-

thology in the lung during infections with SARS-CoV-2 or other

respiratory pathogens (Huang et al., 2020; Karki and Kanneganti,

2021). Investigators treating mice with TNFa and IFNg observed

synergistic activities between these two cytokines leading to

PANoptosis, an inflammatory cell death pathway that perpetu-

ates and phenocopies the CSS observed in patients with

COVID-19 (Karki et al., 2021). However, development of true

CSS may be more limited in human SARS-CoV-2 infection

than initially expected—restricted to a subset of severe cases.

A 2020 study comparing influenza and SARS-CoV-2 infections

in hospitalized patients found that patients with COVID-19 ex-

hibited lower overall cytokine levels than patients with influenza.

While increased levels of IL6, G-CSF, IL1RA, and MCP1 pre-

dicted poor outcomes in COVID-19, levels of these pro-inflam-

matory factors were not significantly higher than patients with

influenza (Mudd et al., 2020). Further, suppression of IFN-I

signaling among patients with COVID-19 was observed by sin-

gle-cell gene-expression analysis, leading the authors to

conclude that patients with COVID-19 are less inflamed than pa-

tients infected with influenza (Mudd et al., 2020). Previous

studies of large adult human cohorts found that severe influenza

infection was characterized by increased numbers of CD16+

monocytes and virus-specific CD8+ T cells, reduced Th2 and he-

matopoiesis markers, and increased pro-inflammatory, chemo-

tactic cytokines and tissue repair factors without apparent

CSS (Wong et al., 2018). This suggests that additional factors,
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possibly health-associated, age-associated, or genetic, may be

precursors to CSS observed in severe COVID-19.

As discussed above, robust adaptive humoral and T cell re-

sponses often help to balance innate inflammation during later

stages of respiratory infection. However, in the case of COVID-

19, these adaptive responses have also been shown exacerbate

disease severity and contribute to post-acute sequelae of SARS-

CoV-2 (PASC), referred to colloquially as ‘‘long COVID.’’ Several

groups have begun investigating the long-term consequences

and mechanistic basis of acute and PASC. Recent studies by Vi-

jayakumar, Boustani, Ogger, Papadaki and colleagues showed

significant dysregulation of lung immune-proteomic profiles in

SARS-CoV-2 patients for at least 6 months after hospital

discharge (Vijayakumar et al., 2022). Although these profiles

resolved over a year’s time, significant markers of continued

cellular apoptosis, tissue repair, and epithelial injury were re-

ported, suggesting long-term consequences of acute SARS-

CoV-2 infection (Vijayakumar et al., 2022). Development of

sub-clinical autoantibodies may also underlie PASC (Bastard

et al., 2020; Su et al., 2022), and a distinctive IgMand IgG3 signa-

ture has been proposed as a predictor of PASC development

(Cervia et al., 2022). To study these effects, a recent preprint

has proposed a model of PASC lung disease (using mouse-

adapted SARS-CoV-2 MA10) for targeted therapeutic and anti-

viral identification and assessment (Dinnon et al., 2022). Further,

several groups have been working to generate two-dimensional

(human bronchoalveolar organoid) and three-dimensional (hu-

man alveolar stem cell) ex vivo model systems to investigate

SARS-CoV-2 cellular replication characteristics and pathogen-

esis (Youk et al., 2020; Lamers et al., 2021).

BIOLOGIC FACTORS IMPACTING INNATE AND
ADAPTIVE IMMUNE RESPONSES IN THE
RESPIRATORY TRACT

As discussed throughout this review, there is enormous

complexity among the cellular and humoral immune responses

within the airways following infection and vaccination, which re-

quires a delicate balance between resistance and tolerance. The

regulation, potency, and duration of these innate and adaptive

facets, however, can be significantly impacted by underlying

biological factors including age (Wu et al., 2021), biological sex

(Ursin and Klein, 2021), race/ethnicity (Prata Menezes et al.,

2021), host genetics (Patar�ci�c et al., 2015; Casanova and Abel,

2021), pregnancy (Sappenfield et al., 2013; Liong et al., 2020),

host microbiome (de Steenhuijsen Piters, Sanders and Bogaert,

2015; de Steenhuijsen Piters, Binkowska and Bogaert, 2020),

chronic underlying conditions (Glezen et al., 2000; Honce and

Schultz-Cherry, 2019), and many more (Mettelman and Thomas,

2021). As the lung is a kaleidoscope of heterogeneous cell sub-

sets, each playing a specific and necessary role, it is critical to

understand how these biological factors alter aspects of the pul-

monary immune response. Here, we discuss a few pivotal

studies to underscore the importance of considering these fac-

tors when studying airway immune responses.

Age is a well-known biological factor that dictates the immune

response to respiratory infections. Importantly, the risk

conferred by age is not consistent across all infections. Dy-

namics of certain respiratory viruses, like influenza, are complex,
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with a more bimodal distribution of severity affecting both the

very young and the aged populations. Interestingly, SARS-

CoV-2 targeted mostly the aged population and not the young

(Preston et al., 2021), causing a significant burden of morbidity

and mortality in the elderly (Pijls et al., 2021; Wu et al., 2021).

Despite these being the general trends of age-dependent

severity, there are exceptions, including the rare population of

children infected by SARS-CoV-2 developing multisystem in-

flammatory syndrome in children (MIS-C) and other long-term

consequences of mild pediatric infection. Unfortunately, these

age-dependent mechanisms during infection are not fully ex-

plained, and there exists an almost complete void in our under-

standing of how immunity is established in infants and how

immune repertoires evolve with each successive encounter.

Recently, it was demonstrated that the antibody-mediated pro-

tection to A/H1N1pdm and A/H3N2 influenza strains significantly

differed between children and adults, with protection against

influenza illness correlating with antibodies to epitopes in the

HA head in children but other sites of influenza in adults (Ranjeva

et al., 2019). This difference in protection is due to antibodies re-

activating most strongly to portions of the influenza virus that

have been previously detected even during exposure to new

strains, termed antigenic imprinting (Davenport et al., 1953,

1955; Cobey and Hensley, 2017; Henry et al., 2018), and re-

spondingmost strongly to influenza strains that circulated during

the individual’s childhood, termed antigenic seniority (Lessler

et al., 2012), though both of these mechanisms require dedi-

cated studies for further investigation. The study of antigenic

imprinting is crucial to improving vaccination strategies to vi-

ruses like influenza virus and the pandemic SARS-CoV-2 virus

(Feldstein et al., 2021; Wheatley et al., 2021; Mao et al., 2022).

Many studies have begun to tease apart how exposures (both

infection and vaccination) drive the success of a child’s immune

response to pathogens, but there is so much left to be

determined.

Many studies have investigated age-dependent differences

in immune response to respiratory viruses and collectively

describe variations in inflammatory states and mucosal T cell re-

sponses at sites of infection (Oshansky et al., 2014; Guo et al.,

2018; Wong et al., 2021). These differences have been exten-

sively reviewed (Chen et al., 2020; Bajaj et al., 2021; Mettelman

and Thomas, 2021). Briefly, one study comparing the immune

response to SARS-CoV-2 infection in children and adults

demonstrated that children have significantly fewer T cells re-

sponding to SARS-CoV-2 infection, particularly IFNg-producing

CD8+ and CD4+ T cells, fewer inflammatory monocytes, and

more activated Tfh responses (Cohen et al., 2021). Based on

this study, children were characterized as having less immune

activation at baseline compared to adults.

At the other end of the age spectrum is the aging and elderly

population, which is known to be at high risk of more severe

infection to multiple respiratory pathogens (van Wilgenburg et

al., 2018) due to mechanisms like immunosenescence and in-

flammaging (Franceschi et al., 2000; Chen et al., 2020; Pietrobon

et al., 2020; Fulop et al., 2021). Numerous studies have high-

lighted the potential mechanisms bywhich aging affects our abil-

ity to properly respond to infection and vaccination (Lanzer et al.,

2014; Chen et al., 2020), with many groups working to improve

upon current vaccination strategies for these high-risk
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populations. Several groups have accumulated evidence of res-

piratory virus-induced cellular senescence on immune subsets

including normal human lung fibroblasts and epithelial cells,

which are integral components of the host response to viral

infection in the airways (Kohli et al., 2021). Some factors have

been identified that contribute to differences in immune

response specifically in aged populations, including reduced

MHC-I and TAP (viral clearance) and reduced MX1 and IFITM1

(antiviral) in nasal epithelium as an example (Chason et al.,

2018). One such study found that, in the aged population, a pre-

dictor of successful vaccine-induced humoral immune response

was pre-existing SARS-CoV-2 cross-reactive CD4+ T cells

(Meyer-Arndt et al., 2022). It has also been found that IL17A

and IFNg concentrations were inversely related to age during

an acute phase of SARS-CoV-2 infection, indicating a difference

in the immune response in aged adults (Pierce et al., 2020). Addi-

tionally, in the context of SARS-CoV-2, gene-expression

markers of senescence (CDKN2A and senescence-associated

secretory phenotypes [SASP] factor genes) were upregulated

in pulmonary cells in patients with severe COVID-19 (Tsuji

et al., 2022). In order to characterize and compare the lung-spe-

cific immune response to influenza and SARS-CoV-2 in aged in-

dividuals, another study utilized lung tissue from deceased do-

nors 22–68 years old (Nguyen et al., 2021). Mononuclear cells

from the lung tissues were infectedwithmultiple influenza strains

and SARS-CoV-2 and then assessed for correlations in the fre-

quency of immune cell populations with age. Of the immune sub-

sets, only CD8+ T cells significantly declined in the elderly (7.5%

of total cells when >50 years of age compared to approximately

21% of total cells in donors <50 years old), and most of these

cells were antigen-experienced cells (CD45RO+). This negative

association of memory CD8+ T cells is a lung-specific trait, as

it was not observed in the periphery, and further phenotyping

of these cells indicated that the TRM cells (CD69+ CD103+)

were also negatively associated with age (25% of total cells

when >50 years of age compared to approximately 48% of total

cells in donors <50 years old). T cell activation after infection with

influenza virus, measured by HLA-DR and CD69, and secretion

of pro-inflammatory cytokines (GM-CSF, IFNg, and IFNɑ) were

also negatively correlated with age. Importantly, Nguyen and

colleagues determined that the source of IFNg was the memory

CD8+ T cells, indicating that with age, your IFNg-producing

memory CD8+ T cells in the lung wane. Using HLA-restricted do-

nors, they were able to assay influenza-specific CD8+ T cells,

and the CD103+ CD69+ influenza-specific CD8+ TRM cells

were again significantly reduced with age. After infection with

SARS-CoV-2 (with all donors being naive to SARS-CoV-2), there

was no upregulation of activation markers on any T cell subset,

and when measuring secreted immune factors of these SARS-

CoV-2-infected cells, there was no induction of these pro-inflam-

matory cytokines, regardless of age. These findings confirm the

ability of SARS-CoV-2 to evade IFN responses, which has been

well studied (Kim and Shin, 2021), allowing unhampered viral

replication and leading to more severe illness.

Genetics is an important yet understudied factor affecting our

immune response to pathogens. Much of what we do know

stems from studies of primarily European populations (Sharma

and Palaniappan, 2021), which does not allow for the ultimate

goal of biomarkers for prevention and treatment across diverse
populations. Thus, there is a deficiency in both resources and

an understanding of the effects of genetics on diverse groups.

However, new studies have begun to address these gaps, ac-

counting for a diversity of genetic backgrounds in biomedical

research.

One example highlighting the necessity of accounting for

ancestry when studying disease associations and their func-

tional mechanism of severe influenza and COVID-19 is the ge-

netic associations of IFN Induced Transmembrane Protein 3

(IFITM3) gene. IFITM3 has been well studied, with concrete evi-

dence of its importance in limiting infection of numerous respira-

tory viruses (Brass et al., 2009; Feeley et al., 2011; Londrigan

et al., 2020), including influenza virus and SARS-CoV-2 (Zani

et al., 2021). Multiple studies have identified risk variants in

IFITM3 that confer risk of severe illness, but these have been

found to be ancestry dependent. Two variants, rs12252 (Everitt

et al., 2012) and rs34481144 (Allen et al., 2017), have been the

best studied IFITM3 variants and highlight the population-spe-

cific nature of these associations. Generally, the coding variant

rs12252 has been associated with severe influenza illness in

populations of Asian descent, while the promoter variant

rs34481144 is associated with severe influenza illness in Euro-

pean based populations, reflective of their allele frequencies

(AFs). The rs34481144 SNP is an expression quantitative trait lo-

cus (eQTL) for IFITM3 in numerous human cohorts with the risk

allele (A) having lower expression of IFITM3. Further,

rs34481144 was found to be a protein quantitative locus

(pQTL) with lower IFITM3 in individuals with the risk genotype

(AA), and the SNPmodulates promoter activity as well as binding

of transcription factors. A previous study in a mouse model

concluded that Ifitm3 is important for the survival of tissue-resi-

dent CD8+ T cells upon secondary infection, and, interestingly,

frequency and number of CD8+ T cells in the airways of patients

with naturally acquired influenza virus infection were correlated

with the genotype of rs34481144, with fewer CD8+ T cells in in-

dividuals carrying the risk allele. Interestingly, these variants

have already been assessed for utility in COVID-19 risk assess-

ment (Cuesta-Llavona et al., 2021; Mohammed et al., 2021), and

these IFITM3 variants seem likely candidate biomarkers, though

again, further study across populations will be needed for vali-

dation.

As with influenza, we are also seeing more studies on popula-

tion-specific genetic variants in COVID-19 severity, which have

been well reviewed (Velavan et al., 2021; Ferreira de Araújo

et al., 2022). One genetic association with COVID-19 severity

of note is a variant that directly modulates the immune response

in the airways to SARS-CoV-2 infection (Downes et al., 2021).

Specifically, GWASs of severe COVID-19 illness (The Severe

Covid-19 GWAS group, 2020; Pairo-Castineira et al., 2021; Shel-

ton et al., 2021) have detected multiple loci of interest across

multiple populations, including a Neanderthal locus at 3p21.31

(Zeberg and P€a€abo, 2020), which comprises multiple genes of

potential effect on illness progression and was found to double

the risk of respiratory failure in COVID-19 cases. In a thoughtful

study to determine themechanism of the detected GWAS signal,

Downes et al. used a suite of computational and molecular tools

to discover the causal variant and airways-specific mechanism

of severity of COVID-19 controlled by the presence of this muta-

tion (Downes et al., 2021). The lead GWAS SNP (rs11385942),
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which doubled the risk of respiratory failure in these populations,

was found to be in linkage disequilibrium (LD) with the causal,

non-coding SNP rs17713054, which is rare in most populations

but is common in South Asian populations. They found that the

risk allele created an active enhancer with better binding of a

lung-prevalent transcription factor, CEBP/B. The SNP is an

eQTL for LZTFL1 in the lung, with the risk allele associated

with higher LZTFL1 expression. Micro Capture C (MCC) deter-

mined that the enhancer specifically interacted with the pro-

moter of LZTFL1. This study was able to identify the causal

variant of this genetic association of significant effect size, which

was a gain-of-function enhancer SNP interacting with increasing

expression of LZTFL1, specifically in lung ciliated epithelial cells.

TheMendelian disease of LZTFL1 is a ciliopathy, indicating a po-

tential consequence of this risk allele on mucociliary clearance in

the lung. Lastly, the authors discuss and describe a role of

LZTFL1 in reducing or delaying the epithelial-to-mesenchymal

(EMT) responses to SARS-CoV-2 infection. These data highlight

a population-specific risk allele, which likely contributed to the

high disease severity and mortality in Asian populations by

directly modulating lung-specific mechanisms of mucociliary

clearance and/or EMT. The proposed mechanism involving

EMT is under debate, as other groups have shown an opposing

role of EMT in severe SARS-CoV-2 infection, illustrating a path-

ogenic role, thus requiring more investigation into the implica-

tions of this variant and the careful balance of the EMT pathway

in a potentially protective role and pathogenic role in establishing

fibrosis, known to be a hallmark of severe COVID-19. These data

illustrate the ability of researchers to quickly come together with

large population genetics studies to find novel biomarkers for ex-

isting and emerging diseases. Other initiatives including the

COVID-19 Host Genetics Initiative and GenOMICC (Genetics of

Mortality in Critical Care) study are illuminating examples of sci-

entists coming together across multiple studies to discover

associated variants, which can allow for a better understanding

of the disease, discovery of biomarkers of severity, and potential

development of novel treatments and therapeutics (COVID-19

Host Genetics Initiative; Kousathanas et al., 2022).

OUTSTANDING QUESTIONS

Using these examples and the studies described throughout this

review, we highlight the complexity of what is known about the

intricate facets of the immune response within the airways.

Despite tremendous efforts to characterize and understand the

airways during infection and vaccination, there remains a vast

amount of work to be done to fill in the gaps in our knowledge.

One of the most important challenges we currently face is

reducing morbidity and mortality during respiratory infections.

Understanding how individual diversity (demographics, risk fac-

tors, biologic and genetic variation) contributes to disease sus-

ceptibility, disease severity, and vaccine effectiveness is highly

important, as these diseases impact all populations. As such, a

pressing area of ongoing and future research is to define mech-

anisms of immune imprinting across demographics, especially

within immunologic naive pediatric populations where new anti-

gen exposures are frequent. This type of research has broad im-

plications surrounding vaccination strategies and understanding

how life-long immune responses are determined at the earliest
768 Immunity 55, May 10, 2022
stages of life. As others have previously argued (Henry et al.,

2018), to investigate the impact of original antigenic sin, immune

imprinting, and/or antigenic seniority in the additive effects of ex-

posures during childhood on our immune response to respira-

tory infections, we need birth cohorts that follow infants during

their development to determine how our immune system re-

sponds to exposure by infection, vaccination, and any combina-

tion of those exposures. Understanding the immunologic conse-

quences and mechanistic drivers behind these immune

conditioning events could provide the information needed to

develop better vaccination strategies at a young age without

creating a bias in the development or trajectory of the immune

response. Further, proper vaccine development and vaccination

strategies will reduce the current vaccine inefficiencies and

improve protection in the general population and, most impor-

tantly, the high-risk population.

At the cellular and physiologic levels, new sampling and

scRNA-seq approaches have opened lines of investigation

and provided insights into the previously underappreciated

complexity and heterogeneity within the respiratory tract, espe-

cially across different demographics and disease states. In addi-

tion to the diversity identified within traditional immune compart-

ments, other studies highlight heterogeneity among specialized

pulmonary fibroblast, epithelial and endothelial, and structural

populations, arguing for continued research into the genesis of

these baseline and activation phenotypes. Several additional un-

answered questions related to these studies are outlined in He-

witt and Lloyd, 2021.

The necessity of safe, effective, and widely available vaccina-

tions cannot be understated; therefore, continued development

and improvement of vaccinations, including mucosal and IN

preparations, should be prioritized. Despite significant efforts

in producing vaccine adjuvants to enhance the immune

response, new strategies are needed for identification and

testing of adjuvants in humans for a more streamlined approach

(Pulendran et al., 2021). This is of particular importance for vacci-

nation against respiratory pathogens in that there may be an

immunologic disconnection between vaccinations delivered

systemically and robust mucosal immune responses. Devel-

oping and comparing systemic and direct mucosal vaccination

is a subject of intensive research and debate surrounding the

inherent ‘‘goal’’ of vaccination, whether that be reduction of

transmission, reduction of severe disease, or both. During the

SARS-CoV-2 pandemic, it has become apparent that both hu-

moral and T cell-mediated immune memory are protective and

underlie unique contributions to responses against VOCs, thus

conversations on whether future vaccinations should include a

T cell-specific component are ongoing. Further, initiatives like

the SARS-CoV-2 Assessment of Viral Evolution (SAVE) program

have been critical for assessing risk of emerging VOCs, their

transmission potential, and importantly, the effects these vari-

ants have on vaccine-mediated immunity (DeGrace et al., 2022).

Another underappreciated mechanism of respiratory health

during infections is interactions with the respiratory microbiome.

The human respiratory tract has a rich commensal microbiome;

however, it also houses opportunistic and pathogenic microbes

poised to exacerbate airway dysfunction, cause primary and

secondary pneumonias, contribute to asthma, and initiate

ARDS, with effects differing significantly across demographics.
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The microbiome has also been implicated in viral transmission

and viral disease progression, including influenza and SARS-

CoV-2 infection (Hurst et al., 2022). Understanding the intricate

balance of numerous features of the respiratory immune

response is of utmost importance for improving preventative

measures, screening tools, and treatment options across the

diverse human population. This topic fits into the larger conver-

sation surrounding the role played by the baseline mucosal im-

mune environment—comprising commensal bacteria; struc-

tural, resident, and circulating innate immune cells; and their

various secreted immune factors—in determining the thresholds

for respiratory resistance and tolerance (Abt et al., 2012; Tsang

et al., 2014, 2020). ARDS is a prime example of why balance be-

tween these responses is important yet remains a broad diag-

nostic classification that may have multiple distinct underlying

etiologies and treatment paths. The atypical ARDS presentation

observed during SARS-CoV-2 infection suggests we do not fully

understand this important disease state. Certainly, continued

research is needed to delineate triggers, pathways, and thera-

peutic intervention points for acute pulmonary diseases, many

of which may relate to balance between pulmonary tolerance

and resistance.

The respiratory tract is a complex system critical to human

health, engaging with our external environment and providing a

first line of defense against pulmonary insults. In this review,

we have outlined, in broad strokes, the mucosal immune re-

sponses to infection and vaccination in the respiratory tract

and provided examples from two key respiratory viral patho-

gens. The field has grown substantially in the past several years,

with the advent of new technologies, new lines of inquiry, and

new viral adversaries driving innovative and collaborative

research projects. While we have a great understanding of the

respiratory system and its components, the next stage of pulmo-

nary research must engage the massive challenge of biologic,

genetic, and demographic diversity that underlies each individ-

ual along with the implications that these have on our respiratory

health, vaccine efficacy, and response to respiratory pathogens.

Together, these investigations will vastly improve human respira-

tory health for all groups of people.
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