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Spatiotemporal Cellular Networks Maintain Immune 
Homeostasis in the Lung

Abstract
A dynamic and intricately connected tissue-resident immune cell network continuously monitors  
the lungs, which are incessantly subjected to external environmental insults. The lungs are protected  
by the respiratory epithelium, which not only serves as a physical barrier through mucociliary 
mechanisms, but also a reactive one that can release cytokines, chemokines, and other defence 
proteins in response to danger signals. In the maintenance of pulmonary homeostasis in health, the 
lung-resident immune cell network instructs tolerance to innocuous particulates and can rapidly 
and efficiently drive immunity and memory to pathogenic antigens. This review examines the 
spatiotemporal dynamics that underlie the exquisite network of highly specialised immune cells and 
their mediators in the support of pulmonary tissue homeostasis and effective lung immunity in health. 
In particular, this review examines the specialised immune cells that reside in distinct populations 
within the diverse compartments of the lung, and the molecular signals that retain and recruit lung-
resident immune cells, to further our understanding of how these can be targeted therapeutically to 
return inflamed or diseased lungs to homeostasis. 

INTRODUCTION

Lung homeostasis is maintained by an immune cell 
network of tissue-resident cells that constantly 
monitor the respiratory tract, which is exposed 
to inhaled matter containing aeroallergens and 
airborne pathogens that can cause infection, and 
noxious agents including dust, smoke, and other 
environmental pollutants known to induce lung 
tissue injury. Channelling air into the respiratory 

system are the conducting airways, comprised 
of a single layer of ciliated epithelium tissue 
interspersed with mucus-producing goblet cells 
that protects against particulates and infectious 
agents that adhere to the mucus, and through the 
actions of the cilia are cleared from the airways. 
This respiratory epithelial cell surface therefore 
represents a large and exquisitely delicate surface 
undergoing continuous challenge by immunogenic 
antigens. Maintenance of pulmonary immune 
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homeostasis, required to dynamically support 
efficient gas exchange between the epithelial 
cell surfaces and the vascular bed, is provided at 
this interface by constant immune surveillance 
differentiating between self and the environment, 
instructing tolerance mechanisms to innocuous 
inhaled particles, and through mounting rapid 
responses to pathogenic challenge. 

Maintenance of immune homeostasis and 
the triggering of pathogenesis requires a 
sophisticated understanding of the dynamic 
interplay between the network of tissue-resident 
immune cells within the microanatomical 
organisation of the lung. This review will discuss 
the spatiotemporal cellular dynamics of the 
innate and adaptive immune cell networks during 
homeostasis, focussing on the participation of 
the individual lung-resident immune cell types 
and their intricate interplay to maintain the  
pulmonary microenvironment. How these  
immune cells then participate in wound healing  
and tissue repair, become dysregulated and 
contribute to chronic inflammation, and 
the treatment of subsequent respiratory 
complications will not be discussed in this 
review, but reference to topical studies on  
advancements in these fields will be highlighted.

SPATIOTEMPORAL ORGANISATION  
OF THE PULMONARY IMMUNE  
CELL NETWORK

The lung is populated by heterogenous tissue-
resident innate and adaptive immune cells that 
function together to maintain tissue homeostasis 
and protect from recurrent pathogenic  
challenges. Dysregulation of the immune  
response can cause acute respiratory distress 
syndrome1 and asthma,2 or drive chronic 
inflammatory diseases3 including chronic 
obstructive pulmonary disease (COPD),4 
bronchopulmonary dysplasia,5 pulmonary 
fibrosis,6 and lung cancer.7 To appreciate the 
maintenance of homeostasis and development of 
immune responses within the lung, it is critically 
important to consider spatiotemporally how and 
where immune cells interact and function.

In the steady state, macrophages, the 
predominant innate leukocyte population, and 
dendritic cells (DC) continually sample and 
phagocytose the majority of inhaled innocuous 

and pathogenic particulate material that enters 
the airways, to protect local tissues from damage 
by suppressing induction of the adaptive immune 
response.8 Cluster of differentiation (CD)4+ and 
CD8+ T cells are the prevalent adaptive immune 
cells that generate specific effector and memory 
responses to innocuous bacterial, viral, and fungal 
antigens.9 Pathogenic antigen not cleared from 
the conducting airways within mucous secretions 
from goblet cells or digested by macrophages is 
sampled through the airway epithelium by DC 
and instead transported to the lung-draining 
lymph nodes for processing into the major 
histocompatibility complex Class I or II pathways 
for generation of a specific adaptive T-cell effector 
response (Figure 1).

Distinct leukocyte networks extend throughout 
the entirety of the lung, reflecting contrasting 
and variable levels of airborne antigen exposure 
experienced throughout the pulmonary 
system, which facilitate highly specific and 
directed immune responses to maintain tissue  
homeostasis. The lung is segregated into numerous 
anatomically distinct cellular compartments, 
including the conducting airway mucosa, the 
lung parenchyma, the draining lymph nodes, 
bronchoalveolar space, bronchus-associated 
lymphoid tissue (BALT), the intravascular cell 
pool, and periarterial space.10 

Conducting Airway Mucosa

The conducting airway mucosa is composed 
of ciliated epithelial cells and mucus-secreting 
goblet cells that remove inhaled particulate 
through mucociliary clearance mechanisms. The 
bronchial epithelium contains a unique leukocyte 
network, enriched in DC, predominantly myeloid 
DC, as well as plasmacytoid DC (pDC) and 
pulmonary alveolar macrophages (AM). Lung-
resident airway mucosal DC are reported to 
be strategically positioned with highly motile 
projections extended between epithelial cells to 
support direct antigen sampling from the airway 
luminal surface.11-14 Interestingly, many of these 
studies are inferred from static imaging and flow 
cytometry studies11,15,16 with recent work utilising 
elegant slice imaging, suggesting the conducting 
airways are rarely sites of transepithelial DC 
projections,17 challenging current dogma and 
indicating antigenic sampling occurs upon escape 
of particulate from mucociliary actions and its 
exposure within the lung parenchyma.

https://creativecommons.org/licenses/by-nc/4.0/
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Intraepithelial lymphocytes (IEL), specialised 
lymphocytes that do not require antigen priming 
for their effector functions, are also found in 
relatively high numbers in the mucosal linings in  
the lung as well as gastrointestinal tract, where  
they are components of the gut-associated 
lymphoid tissue. Both CD8 and CD4+  
intraepithelial T cells are found intraepithelially 
and in the lamina propria, and express an 
effector cell phenotype (CD45RO+). Indeed, in 
allergic inflammation and bronchial infections, 
intraepithelial lymphocytes participate in 

crosstalk with the bronchial epithelium in the 
regulation of inflammatory processes18 and 
present with many functions.19 The lamina propria 
also homes antibody-producing plasma cells 
(IgA+) and some B cells which may contribute 
to local antigen presentation, as demonstrated in 
the lymph nodes that drain the lungs.20

Lung Parenchyma

The lung parenchyma includes the respiratory 
bronchi, which branch into bronchioles and 
terminal bronchioles, which extend into alveolar 

Figure 1: Lung-resident immune cell network.

Immune homeostasis is maintained in the numerous distinct compartments of the lung by specific populations of 
lung-resident immune cells beyond initial mucociliary clearance of inhaled innocuous and pathogenic antigens. 
Within the airways lung-resident AM and DC from the rapidly responding innate immune system phagocytose 
airborne antigen for clearance or processing and presentation respectively to T cells in the lung-draining lymph 
nodes. These innate cells, along with ILC and innate-like γδ-T cells provide a rapid first-line of defence to inhaled 
antigenic particulates. Antigens escaping mucociliary or phagocytic clearance are sampled by DC through the 
surface lung epithelium of the bronchial mucosa or alveoli of the conducting airways. Activated DC migrate to 
the lung-draining lymph nodes through the lymphatics which are recognised by TN which become activated and 
differentiate into TEFF including Treg and Th17 or generate memory. Antigen-specific activate T cells migrate through 
the lymphatics and pulmonary capillaries into the lung parenchyma and site of infection. B cells will also generate IgE 
antibody response through the differentiation and activation of plasma B cells.

AM: alveolar macrophages; DC: dendritic cells; IM: interstitial macrophages; ILC: innate lymphoid cells; TEFF: effector T 
cells; TMEM: memory T cells; TN: naïve T cells; Treg: regulatory T cells. 

This figure was produced using images modified from Servier Medical Art (Servier, https://smart.servier.com/, licensed 
under a Creative Commons Attribution 3.0 Unported Licence).
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ducts and alveolar sacs. The pulmonary 
circulation, a dynamic network of capillaries that 
are in close contact with the alveolar space in the 
interstitium that separates the alveoli, localises a 
unique immune response within the parenchyma.

The alveolar space, and not the airways, appears 
to be the main site of particulate ingestion and 
movement to the airways. Intravital imaging has 
demonstrated that AM are the major phagocytes 
in the alveolar space and become immobile 
and phagocytic following antigen encounter, 
digesting all antigenic material that evades 
mucosal clearance. Lung-resident DC project 
dendrites into the alveoli to support antigen 
uptake, differentiating innocuous insults from 
dangerous ones, and trafficking to the airways 
to release antigen into the interstitium.17 Having 
an abundant number of AM residing in the 
terminal alveoli suggests that particulate will 
be transported upward by DC to the branching 
airways to the lung-draining lymph nodes  
resulting in local or systemic activation of T cells.21 
Thus, DC uptake and presentation only appears 
to account for a fraction of antigen uptake at 
steady state, which is enhanced during immune 
responses.17 This appears to be driven not by a 
change in the ability of DC to gain access to the 
alveoli, but by a rapid influx of monocyte-derived 
DC into the alveoli during antigenic challenge.

Another less commonly considered tissue-
resident immune cell, the neutrophil, resides 
throughout the pulmonary vasculature of the 
parenchyma at steady state, sequestered at high 
numbers in both narrow and wide capillaries. 
In response to inflammatory challenge in 
models of lung injury, lung-resident neutrophils 
dramatically increase within the pulmonary 
capillaries, cluster, and extravasate rapidly.17,22-24 

Recent imaging has suggested that neutrophils 
may actually be sequestered following a leading 
monocyte population that transmigrates into the  
interstitium immediately after lung injury.22 This 
suggests that in homeostasis, the lungs are  
primed to rapidly respond to insults due to 
the abundant number of neutrophils trapped 
throughout the microvasculature that are primed 
to enter the lung and immediately degranulate. 

Lung-Draining Lymph Nodes

Lung-draining lymph nodes are an essential 
component of the pulmonary immune cell 
network, a critical site for the development of 

adaptive immunity in infection and allergy,25 
and the primary site for the induction of 
immunological memory. Migratory DC and AM, 
although participating in alternate transport 
pathways of antigen presentation, both migrate 
from the lung to the lung-draining lymph nodes 
to actively transfer antigen and activate effector 
T-cells responses.26 Whether the lung-draining 
lymph nodes serve to functionally integrate with 
the overall immune system and exactly how this 
cross-communication is regulated is yet to be 
fully understood.

Intravascular Leukocyte Pool

The intravascular leukocyte pool is contained 
within the endothelium of capillaries and 
venules of the lung. Although the intravascular 
leukocyte pool is critical for the range of immune 
reactions in the lung, it remains unclear whether  
intravascular leukocytes are a prerequisite for 
efficient immune reactions in the lung25,27,28 and 
how their numbers and migration into the lung 
parenchyma is regulated.10

Bronchus-Associated Lymphoid Tissue

Although only present during early childhood in 
healthy individuals, BALT is a potential inductive 
site contained with the greater airway mucosa.29 
BALT, comprising discrete lymphoid-cell 
aggregates underlying a specialised epithelium, 
is part of the integrated mucosal immune system, 
facilitating the migration of lymphocytes to other 
mucosal sites.30 BALT can reappear in conditions 
of inflammation such as smoking.31 Inducible 
BALT from mice that lack other organised 
lymphoid tissue can generate protective 
immunity against pathogens, such as influenza 
virus,32 which suggests in early life that BALT may 
play a role in maintaining local immunological 
homeostasis when central lymphoid structures in 
the respiratory tract are functionally immature.

Periarterial Space

Periarterial space is located around the 
pulmonary arteries surrounded by lymphatic 
vessels and blood capillaries. The periarterial 
space was recently demonstrated to be involved 
in pulmonary host defense,33 yet whether innate 
or adaptive immunity is dominant within the 
periarterial space and the mechanisms driving 
immune cell infiltrate from the alveoli to the 
periarterial space is yet to be understood. 

https://creativecommons.org/licenses/by-nc/4.0/
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CELLULAR DYNAMICS OF THE IMMUNE 
NETWORK IN THE LUNG

A dynamic dual phagocytic system involving AM 
and neutrophils is continually removing inhaled 
particulates, but activation and recruitment of 
adaptive immune cells to the site of infection 
is critical for elimination of innocuous micro-
organisms from the alveolar space. Immune 
cell recruitment to the lungs is ‘unique’ in that 
it has two separate circulatory systems: the 
bronchial arteries from the systemic circulation 
that nourishes the bronchial wall and the low-
pressure pulmonary system that circulates 
through the lung parenchyma.34 The mucosal 
immune responses of the central airways are also 
integrated with those of distinct mucosal tissues 
through mucosal-associated lymphoid tissue. 
Lymphocytes in the lung have distinct imprinting 
of tissue-homing properties. Unlike naïve T cells 
that express adhesion molecules and chemokine 
receptors that restrict their migration to lymphoid 
tissue,35 activated memory T cells downregulate 
these lymphoid-tissue-homing receptors and 
upregulate tissue-specific adhesion molecules 
and chemokine receptors that target their 
migration to non-lymphoid tissues.36

The regulation of T-cell migration in the lung is yet 
to be fully understood but it has been shown in  
viral infection that memory T cells mainly traffic  
and recirculate through the pulmonary 
capillaries and selectively accumulate in the lung 
parenchyma.37 During homeostasis, endothelial 
cells in the pulmonary vasculature express 
intercellular adhesion molecule 1 (ICAM-1) and 
P‑selectin. Lymphocyte function-associated 
antigen 1(LFA-1)–ICAM 1  interactions have been 
demonstrated as the requisite interaction to  
retain and support egress of effector CD8+ T 
cell from the pulmonary vasculature.38 Further 
interactions with P-selectin, through P-selecting 
glycoprotein ligand 1 (PSGL-1) expression by 
CD8 T cells, further mediates the recruitment 
and retention of T cells in the alveoli and lung 
parenchyma. In addition, chemokine interactions, 
such as C-C chemokine receptor type 5 (CCR5)
and chemokine ligand 5 (CCL5), was shown 
during viral challenge to recruit memory T cells 
to the parenchyma and also appear to play 
a role in tissue-specific lung homing.37 Taken 
together with integrin mechanics, this suggests 
that specific combinations of integrin expression 

and chemokine gradients are an important 
mechanism for retention of T cells in the airways 
during homeostasis and pathogenesis.

To summarise the role of chemokine receptors 
expressed on immune cells in homeostasis in 
the lung is difficult, and largely inferred from 
studies on their role in the pathogenesis of lung 
diseases including COPD,39,40 asthma and allergic 
airway diseases,41-43 pulmonary fibrosis,44,45 and 
pulmonary infections.46,47 To determine the role 
of chemokine receptors, mice with a particular 
gene knockout, blocking antibodies, and specific 
inhibitors of chemokine receptors have been 
studied in different lung disease models which 
are comprehensively discussed in a review by 
Tomankova et al.48

TISSUE-RESIDENT IMMUNE CELLS 
CONTRIBUTING TO PULMONARY 
HOMEOSTASIS

Alveolar and Interstitial Macrophages

Alveolar and interstitial macrophages maintain 
pulmonary immune homeostasis via their 
intimate interactions with other lung-resident 
cells, specifically pulmonary epithelial cells. 
Expression of a broad range of surface receptors 
enables them to sense the environment and 
signal to local stromal cells in order to maintain 
immune homeostasis, but also to sense change 
within the inhaled environment. Macrophages 
sense change within the inhaled environment 
that can be activating (toll-like receptors [TLR] 
2, 4, 6; IL-1 receptor; IFN-γ receptor; and TNF 
receptor) or suppressive (CD200 receptor, 
signal-regulatory protein α, mannose receptor, 
triggering receptor expressed on myeloid cells 2, 
IL-10 receptor, transforming growth factor [TGF]
β receptor).49 It is clear that close interaction 
and communication between airway epithelial 
cells and airway macrophages is vital for 
maintenance of immune homeostasis within the  
respiratory tract.

At least two distinct macrophage populations 
exist in the lung at homoeostasis, termed AM 
and interstitial macrophages (IM) that are 
characterised by their distinct locations and 
unique functions (Figure 1).50 Located in the 
airway lumen, AM are characterised by high 
expression of CD206, CD11c, and SiglecF+, but 
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lack CD11b, which is expressed by other tissue 
resident macrophages.51 IM conversely lack 
CD206 and SiglecF, are CD11b bright, express 
only low levels of CD11c, and reside in the lung 
parenchyma.51 IM release cytokines associated 
with the adaptive immune response, such as IL-10, 
which exerts a regulatory role in the lung, whereas 
immunosuppressive highly phagocytic AM play 
a central role in maintaining immunological 
homoeostasis.52 Indeed, in steady state, AM are 
largely quiescent, downregulating the phagocytic 
receptor Macrophage 1 antigen, and secrete 
nitric oxide, prostaglandin endoperoxide 2, and 
immunoregulatory cytokines IL-10 and TGFβ to 
prevent uncontrolled inflammation within the 
respiratory tract.

The renewal of AM populations in the steady 
state largely occurs by local precursor-cell 
proliferation, but during inflammation renewal 
occurs via incoming monocytes and is regulated 
through the C chemokine receptor type 2 (CCR2) 
and chemokine ligand 2 (CCL2) axis.53 Of note is 
the functional phenotype of recently recruited 
monocytes contrasts significantly with that of 
lung-resident AM. Monocytes recruited to the 
alveolar space during inflammation display 
a proinflammatory phenotype with elevate 
levels of steady-state TNFα mRNA; increased 
neutrophil chemoattractants macrophage 
inflammatory protein 2 (MIP2), keratinocyte 
chemoattractant, and IFNγ-induced protein 10 
(CXCL10); TLR4 upregulation; and the expression 
of various lysosomal cysteine proteases 
involved in extracellular matrix degradation and 
tissue remodelling processes.54  Specifically, 
monocytes can function as efficient antigen-
presenting cells (APC) before their maturation 
into immunosuppressive AM, which occurs 
over a period of days.55 Interestingly, these 
‘converted’ AM, which become increasingly 
similar to lung-resident AM, can persist for over 
1 year after lung injury and cause profibrotic 
changes.56 The recruited monocyte population 
is heterogeneous, including immature DC, 
which will also enhance T-cell responsiveness 
through exposure to granulocyte-macrophage  
colony-stimulating factor.57 

Lung-Resident Dendritic Cells

In the steady state, lung-resident DC are critically 
involved in antigen uptake and processing 
in the lung but lack the capacity for efficient 

antigen presentation until they migrate to the 
lung-draining lymph nodes.58 However, during 
inflammation, alveolar myeloid DC (AMDC) can 
become potent APC.59 AMDC present with a 
phenotypic profile of high expression of major 
histocompatibility complex Class II and CD205, 
together with low expression of CD8, CD40, 
CD80, and CD86, similar to systemic DC. Other 
distinct subpopulations of lung DC have also 
been identified60,61 within the airway mucosa but 
the main focus during inflammation is attributed 
to the AMDC pulmonary network. AMDC have a 
high turnover rate in the steady state, constantly 
transporting antigens from the mucosa to the 
lung-draining lymph nodes.62 

During lung homeostasis, resident conventional 
DC (cDC) reside in the lung as two  
phenotypically and functionally distinct subsets: 
CD11b+CD103- (cDC2) and CD11b-CD103+ 
(cDC1).63,64 cDC1 are located in the epithelial 
layer, extend their dendrites between epithelial 
cells to capture antigens in the airway lumen, 
and migrate to the lung-draining lymph nodes to 
cross-present to CD8+ T cells during respiratory 
viral infection.65 cDC2 are located in the lamina 
propria and unable to directly penetrate the 
airway lumen and migrate to the lung-draining 
lymph nodes in a later stage of infection, shown 
to coincide with the peak of viral load in the  
lung tissue.65 

pDC in the lungs play an immunoregulatory role 
by influencing regulatory T (Treg) cells66 and have 
recently been implicated in tolerance induction 
to inhaled antigen.67,68 Furthermore, the high 
capacity of pDC to produce IFNα in response 
to microbial stimuli suggests this subset of DC 
may play a critical role in the lung in antiviral 
immunity.69-73 However, it is unlikely that pDC 
migrate out of lung tissues, but instead enter 
the lung-draining lymph node from the blood to 
respond and participate in local inflammation. 

Tissue-Resident Memory Cells

The majority of lung T cells are non-circulating 
tissue-resident memory T cells (TRM), which persist 
in stable frequencies for decades of human life. 
Lung TRM were first identified as CD4+ T cells that 
were retained specifically in the lung in parabiosis 
studies, occupying specific airway niches.74,75 
Displaying a unique transcription profile76,77 
and resident in specific mucosal, barrier, and  
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lymphoid tissues, TRM were distinguished as 
a distinct subset of effector memory T cells 
residing within the epithelium (Figure 1). TRM are 
sufficient to generate local inflammation, even in 
the absence of T memory cells from secondary 
lymphoid organs.78 Present in the healthy lung, 
TRM cells express CD69 and CD103 to promote 
tissue retention, as well as a diverse T-cell receptor 
repertoire.79,80 Recent studies reveal an important 
role for lung TRM in rapid protective immune 
response to maintain tissue homeostasis upon 
exposure to a diverse range of inhaled antigenic 
material, and are also important in surveillance  
for tumours and persistent viruses. Mouse studies 
have revealed the central role of TRM in multiple 
aspects of lung immunity including following 
influenza or respiratory syncytial virus infection81-83 
and in response to allergen exposure,84,85 
indicating high therapeutic potential. 

Regulatory T Cells

Treg appear to be present from birth with 
their inducible phenotype influenced by local 
microbiota from early life.86 Lung-resident Treg 
are central for the maintenance of immune 
tolerance to airborne antigen87 and in the control 
of peripheral T-cell responses.88 Crosstalk between 
AM and T  cells is considered a mechanism 
through which inducible Treg cells are generated 
and allergic responses are dampened.89 Treg cells  
have been shown as critical for lung homeostasis 
with adoptive transfer of inducible Treg cells 
inhibiting allergic inflammation and hyperreactivity 
via production of IL-10.90 Treg cells were also 
shown to attenuate airway hyperresponsiveness 
through recruitment to the airway mucosa 
following the first wave of inflammation triggered 
by allergen inhalation, demonstrating a critical role 
of Treg cells in homeostasis to maintain healthy  
pulmonary function.34

T Helper 17 Cells

T helper (Th)17 cells provide critical immuno-
regulation in the lung through the production 
of IL-17, IL-22, and IL-23. Although the role for 
Th17 cells in lung immune homeostasis remains 
poorly understood, Th17-derived IL-17 plays 
a critical response in early inflammation and 
pathogen clearance in the lung by mobilising 
neutrophils. Th17 cells are induced through the 
production of IL-6, IL-21, and TGFβ in mice and 
IL-6 and IL-1β in humans. Interestingly, Th17 and 

Treg cell differentiation in the lung appears to 
be mutually exclusive with TGFβ inducing Th17 
and Treg cells, although IL-6 inhibits Treg-cell 
differentiation enabling the Th17 population.91,92 It 
has been proposed that the reversal of Treg cell  
suppressive function that is induced by TLR 
activation may be a reflection of an increase 
in Th17 cell differentiation (involving IL‑6 and 
TGFβ) rather than a decrease in the ability for 
suppression,91 suggesting a role for Th17 cells in 
re-establishing homeostasis. 

Innate Lymphoid Cells

Innate lymphoid cells (ILC) constitute several 
phenotypically distinct groups of innate 
lymphocytes that lack the usual lineage markers 
that define conventional cells, notably antigen-
specific receptors thus ILC do not mediate 
antigen-specific responses.93 ILC numbers are 
largely tissue-resident, enhanced at barrier 
surfaces, and thought to be vital for maintenance 
of tissue homeostasis, repair, and regulation 
of immunity (reviewed in Borger et al.94).95 
Like effector T cells, ILC have been classified 
according to the transcription factors that they 
express and the effector cytokines that they 
secrete ILC1 (T-bet), ILC2 (Gata3), ILC3 (Rorγt)96 
and can rapidly response to changes in the local  
tissue microenvironment. 

ILC2 are the main population of ILC within the 
lung, shown to direct protective immunity during 
helminth infections: development of allergic 
inflammation, tissue repair, and maintaining 
metabolic homeostasis.93,95,97 In an elegant 
series of parabiotic experiments using the ILC2 
found within the lung were demonstrated to be 
of host origin, indicating residency.98 Moreover, 
virtually all of the ILC2 and ILC1 identified were 
situated within the lung parenchyma rather 
than the circulation, with ILC2 being the major 
population. Somewhat surprisingly, even during 
episodes of inflammation such as during helminth 
infection, expansion of ILC2 was largely due 
to local proliferation rather than recruitment.98 
ILC2 accumulation in the lung can be facilitated 
by interaction with both local stromal cells as 
well as haematopoietic cells. Cytokines secreted 
by pulmonary epithelial cells such as IL-33 and 
TGFβ enhance the accumulation of ILC2 cells 
within the lung, particularly after encounter with 
allergen.99,100 Interestingly, the majority of studies 
to date focus on ILC2, however, ILC3 are in fact 
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the most prevalent group in the human lung 
and their rapid secretion of IL-17A and IL-22 has 
led to their investigation in inflammatory and 
infectious diseases.101 Interestingly, although the 
importance of ILC3 as a source of granulocyte-
macrophage colony-stimulating factor, an 
important cytokine in pulmonary host defence, in 
the lung is unknown, ILC3 in the gut are known to  
orchestrate inflammation.

γδ-T Cells

γδ-T cells constitute 8–20% of resident pulmonary 
lymphocytes, where they respond to danger 
signals and facilitate orchestration of immune 
responses.102 The abundance of γδ-T cells 
maintains lung tissue homeostasis. The lung is a 
major site for homing of γδ-T cells during in the 
perinatal period, with Vγ6+ γδ-T cells the major 
γδ-T cell population from birth until 8–10 weeks 
of age, whereas Vγ4+ γδ-T cells predominate from 
that age on.103 In adult mice, γδ-T cells are divided 
into subsets expressing Vγ4+ (45%), Vγ1+ (15%), 
Vγ6+ (20%), and Vγ7+ (rare).104,105 These γδ-T cells 
are present in all regions of the lung, except for 
the airway mucosa. Interestingly, Vγ4+ and Vγ1+ 
populations have a more parenchyma-biased 
distribution.105 Evidence of lymphoid precursors 
present in the lungs indicates that these cells 
might undergo differentiation and selection in the  
lung environment. 

The γδ-T cells residing in the lung are potent 
producers of IL-17 whereas γδ-T cells expressing 
a different T-cell receptor in the skin, gut, liver, 
spleen, uterus, and peripheral blood can produce 
IL-17 or IFN-γ.106 IL-17 producing cells, such as ILC3, 
γδ-T cells, natural killer T cells, mucosal associated 
invariant T cells, and ILC3, as well as adaptive 
Th17 cells, play distinct roles in host defence 
against diverse pathogens.107 The abundance of 
γδ-T cells in the lung supports tissue homeostasis, 
through potentially a similar IL-17/IL-22 axis as 
ILC3, although γδ-T cells have also been shown to 
play critical roles in bacterial clearance and the 
prevention of inflammation and lung fibrosis.108

In the lung, although little is known of the role of 
γδ-T cells in maintaining pulmonary homeostasis, 
γδ-T cells rapidly respond to pathogens as critical 
effector cells in innate host responses.109 This 
now introduces the question of how γδ-T cells, 
along with other tissue-resident unconventional 
T cells (mucosal associated invariant T cells, 

natural killer T cells) functionally integrate with 
ILC to enhance the innate-like immune response 
(reviewed in Borger et al.110). Whether or not 
these innate-like lymphocytes coregulate one 
another or the adaptive T-cell arm, or function 
independently remains to be answered. Their 
enhanced sensitivity to the changing lung tissue 
microenvironment and rapid innate ability to 
respond to diverse antigens, in participation with 
the almost immediate ability of macrophages 
and neutrophils to phagocytose and degranulate 
and the highly specific response of the adaptive 
arm and generation of memory, demonstrates a 
highly complex spatiotemporal network exists 
in the lung immune system to maintain tissue 
homeostasis and protect from lung injury.

Together the cells of the innate and adaptive 
immune system provide diverse effector and 
regulatory mechanisms that maintain pulmonary 
homeostasis during the persistent challenges of 
aeroallergens, airborne pathogens, and noxious 
agents along the respiratory tract (Figure 2). The 
dysregulation of the exquisite balance between 
effector and regulatory immune processes is 
an important disease mechanism contributing 
to chronic lung disease such as COPD and  
asthma;111,112 in viral, fungal, helminthic, and other 
pathogenic infections;113 and in the development 
of lung cancer.114 COPD, for example, is a 
pathologically complex disease with patients 
presenting with inflamed airways containing 
macrophages, neutrophils, DC, and CD8 T 
cells. The influx of these inflammatory effector 
cells and the activation of tissue-resident 
cells including ILC and γδ-T cells drive airway 
remodelling and parenchymal destruction 
through the secretion of inflammatory mediators 
such as reactive oxygen species; chemokines 
including IL-8, proinflammatory cytokine TNFα, 
IL-1β, IL-6, and IL-17; and proteases including 
matrix metalloproteinase and neutrophil 
elastase. Cigarette smoke, an established risk 
factor for COPD, has been shown to have a 
suppressive effect on innate immune cells within 
the respiratory tract and cause defects in the 
generation of adaptive immunity in the lung.115,116 
In this respect, although the immune cells that 
maintain tissue homeostasis and pulmonary 
function are still abundantly present, they are 
functionally deficient or abnormal. 
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Therefore, it could be surmised that in chronic 
lung disease, and other lung pathologies, 
the immune sentinels responsible for 
pulmonary immune homeostasis have been  
detrimentally reprogrammed.

CONCLUDING REMARKS

Numerous immune cell populations contribute 
to the maintenance of pulmonary immune 
homeostasis, and in many cases exhibit 

phenotypic and functional features that 
appear specifically adapted to the unique 
local lung microenvironments. The immune 
cell network provides efficient surveillance in 
the lung, discriminating between innocuous 
and potentially pathogenic antigens due to 
the unique combination and spatiotemporal 
localisation of immune cells residing in the  
microanatomically distinct lung compartments. 

To fully appreciate the maintenance of lung 
homeostasis, a greater understanding of the 

Figure 2: Effector and regulatory mechanisms that maintain pulmonary homeostasis.

Immune homeostasis in the lung requires an exquisite balance between effector cytokine and soluble factors 
with regulatory cytokines and humoral responses. The immediate innate response made of ‘sensor cells’ including 
granulocytes such as neutrophils and eosinophils, AM, IM, and DC, continually sample and respond to inhaled 
antigens to clear localised infections. This first and immediate line of immune defence secrete various factors such 
as IFN to clear pathogens, and other proinflammatory cytokines including IL-1, IL-6, and TGFβ. Tissue-resident 
innate-like lymphocytes, including ILC, γδ-T cells, and TRM cells, bridge the innate and adaptive immune systems, 
secreting proinflammatory mediators and signals to recruit and activate effector cells from the adaptive immune 
system. Together these cytokines and soluble mediators serve to promote pathogen clearance, tissue repair and the 
maintenance of pulmonary immune homeostasis.

AM: alveolar macrophages; DC: dendritic cells; GM-CSF: granulocyte-macrophage colony-stimulating factor; 
Gran: granulocytes; IM: interstitial macrophages; MIF: macrophage migration inhibitory factor; MMP: matrix 
metallopeptidase; NE: neutrophil elastase; NOS: nitric oxide synthase; PGE2: prostaglandin E2; ROS: reactive oxygen 
species; TEFF: effector T cells; TGFβ: transforming growth factor β; Th17: T helper 17; Treg: regulatory T cells; TRM: 
tissue-resident memory T cells; TSLP: thymic stromal lymphoprotein. 

This figure was produced using images modified from Servier Medical Art (Servier, https://smart.servier.com/, licensed 
under a Creative Commons Attribution 3.0 Unported Licence).
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